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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 a textbook for undergradu-
ate students in applied physics, electrical and electronics engineering, and materials sci-
ence. It can also serve as a reference for practicing engineers and scientists who need an
update on device and technology developments.

# WHAT'S NEW IN THE SECOND EDITION

e 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.

e We have also made substantial changes in updating the pedagogy. We have
adopted a two-color format for all illustrations to enhance their presentation;
and all important equations are boxed.

« Al device and material parameters have been updated or corrected . For
example, the intrinsic carrier concentration in silicon at 300K is 9.65 X
10° cm3, replacing the old value of 1.45 x 10*® cro~®. 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

e Chapter 1 gives a brief historical review of major semiconductor devices and
key technology developments. The text is then organized into three parts.

* Part I, Chapters 2-3, 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
1 will be used throughout this book. These concepts requires a background
knowledge of modern physics and college calculus.

o Part II, Chapters 4-9, discusses the physics and characteristics of all major
semiconductor devices. We begin with the p—n 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. \’

e Part I, Chapters 10-14, deals with processing technology from crystal growth

to impurity doping. We present the theoretical and practical aspects of the

major steps in device fabrication with an emphasis on integrated devices.

iv
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& "KEY FEATURES

Each chapter includes the following features:
* The chapter starts with an overview of the topical contents. A list of learning

goals is also provided.

* The second edition has tripled the worked-out examples that apply basic con-
cepts to specific problems.

 * A chapter summary 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 L 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 a full-year sequence in device physics and processing technology.
Assuming three lectures per week, a two-semester sequence can cover Chapters 1-7 in
the first semester, leaving Chapters 8-14 for the second semester. For a three-quarter
sequence, the logical break points are Chapters 1-5, Chapters 6-9, and Chapters 10-14.

A two-quarter sequence can cover Chapters 1-5 in the first quarter. The instructor
has several options for the second quarter. For example, covering Chapters 6, 11, 12,
13, and 14 produces a strong emphasis on the MOSFET and its related process tech-
nologies, while covering Chapters 6-9 emphasizes all major devices. For a one-quarter
course on semiconductor device processing, the instructor can cover Section 1.2 and
Chapters 10-14.

A one-semester course on basic semiconductor physics and devices can cover
Chapters 1-7. A one-semester course on microwave and photonic devices can cover
Chapters 1-4, 7-9. If the students already have some familiarity with semiconductor fun-
damentals, a one-semester course on Submicron MOSFET: Physics and Technology can
cover Chapters 1, 6, 10-14. Of course, there are many other course design options depend-
ing on the teaching schedule and the instructor’s choice of topics.

& TEXTBOOK SUPPLEMENTS

* Instructor’s Manual. A 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-
lisher’s website at: http: /www.wiley.com/college/sze |
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Introduction

1.1 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.
A 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:

e Four building blocks of semiconductor devices.

« Eighteen important semiconductor devices and their roles in electronic
applications. ‘

o Twenty important semiconductor technologies and their roles in device
processing.

e Technology trends toward high-density, high-speed, low-power consumption,
and nonvolatility.

1.1 SEMICONDUCTOR DEVICES

Figure 1 shows the sales volume of the semiconductor-device-based electronic industry
in the past 20 years and projects sales to the year 2010. Also shown are the gross world
product (GWP) and the sales volumes of automobile, steel, and semiconductor indus-
tries.12We 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 semiconductot
industry, which is a subset of the electronic industry, will grow at an even 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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Fig. 1 Gross workd product (GWP) and sales volumes of the electronlcs, subomobile, semioon-

ductor, and steel industries from 1950 to 2000 and projected to 2010,

1.1.1 Device Building Blocks

Semiconductor devices have been studied for over 125 years.? To date, we have about
60} major devices, with over 100 device variations related to them.! However, all these
devices can be constructed from a small number of device building blocks.

Figure 2a is the metal-semdconductor interface, which is an intimate contact betoeen
a metal and o semiconductor. This building block was the first semiconductor device ever
studied (in the year 1574). This interface can be used as a rectifying contact, that is, the
deviee allows electrical current to flow casily enly in one direction, or as an ohmic con-
tact, which can pass current in either direction with a negligibly small voltage drop. We
can use this interface to form many useful devices. For example, by using a rectifying
contact as the gate’ and two ohmic contacts as the source and drain, we can form a MES-
FET (metal-semiconductor ficld-efect transistor], an important microwave device.

I"m B e s |
)
o Semsoodecir | Sevicombutor | o . Pl

e ]

Fig.2 Basic devies building blocks. (o} Metalsembconductor interface: () pn junetion; (<)
Weterjumction interface; and (d) metal-ordde-semicondictor stracture.

*Ll:nubchwd tewma i this paragraph and in subsequent paragraphs ane defined and explained in Part 11
e scacac
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The second building block is the p-n junction (Fig. 2b), which s formed between a
p- type (with positively charged carriers) and an n-fype (with negatively charged carri-
ers) sembconductors. The p—n junction is a key building block for most semiconductor
devices, and p-n junction theory serves o the foundation of the physies of semicondue-
tor devices. By combining two p-n junctions, that is, by adding another p-type semi-
conchsctor, we form the p—n—p bipelar transistor, which was invented in 1947 and bad
an unprecedented impact an the dectronic industry, If we combine theee p-n junctions
to form a pen-p=-n sructure, it is & switching device called a thyristor.

The third building block (Fig. 2c) is the heterojunction interface, that is, an infer-
face formed between two dissimilar semiconductors. For example, we can uwse galliun
arsenide (Gas) and alieminem arsendde (AlAs) to form a heterojunction. Heterojunctions
are the key components for high-speed and photonic devices.

Figure 2 shows the metal-oxide-semiconductor (MOS) structure. The stracture can
be: consichered a combination of & metil-ndde interface and an oxdde-semiconductor nter-
fuce. By using the MOS structure as the gate and two pn junctions as the ssurce wd
drain, we can form a MOSFET (MOS field-effect transistor). The MOSFET is the most
impartant device for sdvanced integrated cireuits, which contains tens of thousands of

dlevices por integrated cireuit chip.

112 Major Semiconductor Devices

Some major semiconductor devices ane listed in Table 1 in chronological order; those
with a superscript b are two-terminal devices, otherwise they are three-torminal or
four-terminal devices? The earliest systematic study of semiconductor devices (metal-
semiconductor contacts) is generally attributed to Braun,® who in 1874 discovered that
the resistance of conticts between metals and metal sulfides (e.g., copper pyrite] depended
on the magnitude aned polarity of the applied voltage. The clectroliminescence phe-
momsenon (for the Hghi-emitting diode) was discovered by Round® in 1907. He observed
the generation of ish light from a crystal of carbomandom when he applied a poten-
tind oof 10 V between two points on the crystals.

TABLE1 Major Semiconducior Devices

Year  Semiconductor Desice® Author{sMTmomors) Ref.
i874  Metal-semiconductor comtact® Trmm B
17 Light emitting deode® Rouml fi
147 Bipolar transistor Bardoon, Brattain, and Shockley 7
1848  p-n junction® Shockley &
1952  Thyristor Ebers !
1954  Solar cell® Chapin, Fuller, and Pearson 10
1957 Hetenmjuisction bipolar transistor Krowmicr 11
1955 Tunnel diode® Esald 12
1960  MOSFET Kahng and Atalls 13
1962 Laser® Hadl et al 15
1963 Heterstrocturo laser® Kroemer, Alferoy and Kazarinoy 1817
1963 Trunsfermed electron diods" Cumn 18
1965  IMPATT diode® Jobmston, DelLoach, and Cohen 1

(e
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TABLE1 (continued)

Year Semiconductor Device? Author(s)/Inventor(s) Ref.
1966 MESFET Mead 20
1967  Nonvolatile semiconductor memory Kahng and Sze 21
1970 Charge-coupled device Boyle and Smith 23
1974 Resonant tunneling diode® Chang,-Esaki, 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

SMOSFET, metal-oxide-semiconductor field-effect transistor; MESFET, metal-semiconductor field-effect transistor;
MODFET, modulation-doped field-effect transistor.. :

. bDenotes a two-terminal device, otherwise it is a three- or four-terminal device.

Tn 1947, the point-contact transistor was invented by Bardeen and Brattain.” This
was followed by Shockley’s® classic paper on p—n junction and bipolar transistor in 1949.
Figure 3 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 pm
(1pm = 104 cm) and pressed onto a 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 ¢ransistor action was observed,
that is, the input signal was amplified. The bipolar transistor is a key semiconductor device
and has ushered in the modern electronic era.

Tn 1952, Ebers® 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
a silicon p—n junction. The solar cell is a 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, Esakil? observed negative resistance characteristics in a heavily doped p—n 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 Kahng and Atalla'® in 1960. Figure 4 shows the first device using a ther-
mally oxidized silicon substrate. The device has a gate length of 20 pm and a gate oxide
thickness of 100 nm (1 nm = 10~ cm). The two keyholes are the source and drain con-
tacts, and the top elongated area is the aluminum gate evaporated through a metal mask.
Although present-day MOSFETSs 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 a channel length of 20 nm has been demonstrated recently.* This device can
serve as the basis for the most advanced integrated circuit chips containing over one tril-
lion (>10'2) devices.

In 1962, Hall et al.’s first achieved lasing in semiconductors. In 1963, Kroemer'® and
Alferov and Kazarinov!” 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 a wide range of applications, including



Fig. 3. The first transistor.” (Photograph courtesy of Bell Laboratories.)

Fig.4 The first metal-oxide-semiconductor field-effect transistor.!® (Photograph courtesy of
Bell Laboratories.)
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digital video disk, optical-fiber communication, laser printing, and atmospheric—pollution
monitoring,

Three important microwave devices were invented or realized in the next 3 years.
The first device is the transferred-electron diode (TED; also called Gunn diode) by Gunn®
in 1963. The TED is used extensively in such millimeter-wave applications as detection
systems, remote controls, and microwave test instruments. The second device is the
IMPATT diode; its operation was first observed by Johnston et al.1%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 Mead? in 1966. It is a key device for monolithic
microwave integrated circuits (MMIC). .

An important semiconductor memory device was invented by Kahng and Sze?! in
1967. This is the nonvolatile semiconductor memory (NVSM), which can retain its stored
information when the power supply is switched off. A schematic diagram of the first NVSM
is shown in Fig.5a. Although it is similar to a conventional MOSFET, the major differ-
ence is the addition of the floating gate, in which semipermanent charge 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.

A 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

— I 1 / Floating gate ( ~ 1 pF)

n-type semiconductor

(a)

Control gate

/ Floating gate ( ~ 1 aF)

Drain

S
o \ Channel

(b)
Fig.5 (a) A schematic diagram of the first nonvolatile semiconductor memory (NVSM) with

a floating gate.?! (b) A limiting case of the floating-gate NVSM—the single-electron memory
cell.22 : '
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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 ofa SEMC
at room temperature was first demonstrated by Yano et al.** 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 Smith? 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.** in 1974. RTD is the basis for most
quantum-effect devices, which offer extremely high density, ultrahigh speed, and enhanced
functionality because it permits a greatly reduced number of devices to perform a given
circuit function. In 1980, Minura et al.?> 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 1. It is hoped that this book
can serve as a basis for understanding other devices not included here and perhaps not
even conceived of at the present time.

1.2 SEMICONDUCTOR TECHNOLOGY
121 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 a stone plate (litho).* 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 2 in chronological order.
In 1918, Czochralski?” developed a 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 Bridgman?® 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 a long time. In 1952, Welker? noted that gallium arsenide and
its related ITI-V 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 for device process-
ing. The basic diffusion theory was considered by Fick® in 1853. The idea of using dif-
fusion techniques to alter the type of conductivity in silicon was disclosed in a patent in
1952 by Pfann.?! In 1957, the ancient lithography process was applied to semiconductor-
device fabrication by Andrus.*® He used photosensitive etch-resistant polymers (photoresist)
for pattern transfer. Lithography is a 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 a significant economic factor, currently representing over 35%
of the integrated-circuit manufacturing cost.
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TABLE 2 Key Semiconductor Technologies

Chapter 1. Introduction

Year Technology? Author(s)/Inventor(s) Ref.
1918  Czochralski crystal growth Czochralski 27
1925  Bridgman crystal growth Bridgman 28
1952 I11-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 Ton implantation Shockley 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 Trving, Lemons, and Bobos 43
1971 Molecular beam epitaxy Cho 44
1971 Microprocessor (4004) Hoff et al. o 45
1982 Trench isolation Rung, Momose, and Nagakubo 46
1989 Chemical mechanical polishing Davari et al. 47
1993 Copper interconnect Paraszczak et al. 48

¢CVD, 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 Derrick® in 1957. They
found that an oxide layer can prevent most impurity atoms from diffusing through it. In
the same year, the epitaxial growth process based on chemical vapor deposition technique
was developed by Sheftal et al.3* Epitaxy, derived from the Greek word epi, meaning on,
and taxis, meaning arrangement, describes a technique of crystal growth to form a thin
layer of semiconductor materials on the surface of a crystal that has a 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, Shockley™ proposed the method of using ion implantation to dope the semi-
conductors. Ton 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
processés. '

In 1959, a rudimentary integrated circuit (IC) was made by Kilby.* It contained one
bipolar transistor, three resistors, and one capacitor, all made in gérmanium and connected
by wire bonding—a hybrid circuit. Also in 1959, Noyce*” proposed the monolithic IC by
fabricating all devices in a single semiconductor substrate (monolith means single stone)
and connecting the devices by aluminum metallization. Figure 6 shows the first mono-
lithic IC of a 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. : ‘



Chapter 1. Introduction <€ 9

Fig.6 The first monolithic integrated circuit.’” (Photograph courtesy of Dr. G. Moore.)

The “planar” process was developed by Hoerni®® in 1960. In this process, an oxide
layer is formed on a semiconductor surface. With the help of a 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 p—n 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 39 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 0 to 1) 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.®’ The memory cell contains one MOSFET and one
charge-storage capacitor. The MOSFET serves as a 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.** This is a very important
epitaxial growth technique for compound semiconductors such as GaAs.

As the device dimensions were reduced, a dry etching technique was developed to
replace wet chemical etching for high-fidelity pattern transfer. This technique was initi-
ated by Irving et al.** in 1971 using a CF, ~ O, gas mixture to etch silicon wafers. Another
important technique developed in the same year is molecular beam epitaxy by Cho.*
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 a simple computer on one chip. It was a four-bit micro-
processor (Intel 4004), shown in Fig. 7, with a chip size of 3 mm x 4 mm, and it contained
2300 MOSFETs. It was fabricated by a p-channel, polysilicon gate process using an 8 bm
design rule. This microprocessor performed as well as those in $300,000 IBM comput-
ers of the early 1960s—each of which needed a CPU the size of a large desk. This was
a major breakthrough for the semiconductor industry. Currently, microprocessors con-
stitute the largest segment of the industry.

Fig.7 The first microprocessor.®® (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.*é 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.#” for global planarization
of the interlayer dielectrics. This is a key process for multilevel metallization. At submi-
cron dimensions, a widely known failure mechanism is electromigration, which is the trans-
port of metal ions through a 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 al.*® to replace aluminum for minimum feature lengths approach-
ing 100 nm. In Part I1I of this book, we consider all the technologies listed in Table 2.

1.22 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 a rate of about 13% per year.*®
At that rate, the minimum feature length will shrink to about 50 nm in the year 2010.
Device miniaturization results in reduced unit cost per circuit function. For example, the
cost per bit of memory chips has halved every 2 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 smaller, 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 8 shows the exponential increase of the actual DRAM density versus the year
of first production from 1978 to 2000. The density increases by a factor of 2 every
18 months. If the trends continue, we expect that DRAM density will increase to 8 Gb
in the year 2005 and to 64 Gb around the year 2012. Figure 9 shows the exponential
increase of the microprocessor computational power. The computational power also
increases by a factor of 2 every 18 months. Currently, a Pentium-based personal com-
puter has the same computational power as that of a supercomputer, CRAY 1, 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.® At the begin-
ning of the modern electronic era (1950-1970), 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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SUMMARY

Although the semiconductor-device field is a relatively new area of study,” it has enor-
mﬂpﬂmmrmﬂﬁ‘mﬂﬂmﬂu&ﬂwu%&TEhEMlemdﬂ;ﬂmdmm
serve s the foundation of the langest industry in the world—the electronic industry.

In this introductary chapter, we have presented a historical review of major semi-
conductor devices from the first study of metal-semiconductor contact in 1574 to the fab-
rication of an ultrasmall 20-nm MOSFET in 2001 G:F#mhr importanoe are the
invention of the bipolar transistor in 1847, which ushered in the modern electranic e
the development of the MOSFET in 1960, which is the most important device for inte-
grated circuits; and the imvention of the nanvelalite semiconductor memory in 1967, which
has been the technology driver of the electronic industry since 1990,

* Seericonductor devdoes and materiab bave been studied snce the eaely ninsteenth century, However,
many traditional Eevices and materials have born shodied for n much longer time. For eaample, steel was
fire sbudioa] s D000 C (iover 00000 yary sl
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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 a vast literature on semiconductor-device physics and technology.> To date,
more than 300,000 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 a major device
or a key technology. Each is presented in a clear and coherent fashion without heavy
reliance on the original literature. However, we have selected a 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
& 2.5 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 a
discussion of crystal structure, which is the arrangement of atoms in a semiconductor.
This is followed by a 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 classes—insulators, semiconductors, and
conductors. Figure 1 shows the range of electrical conductivities o (and the corresponding
resistivities p= 1/0)" associated with some important materials in each of the three classes.
Insulators such as fused quartz and glass have very low conductivities, on the order of

° A list of symbols is given in Appendix A.
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Fig 1 Typical runge of condutivitios for insulstors, sembcondoctors, and conductoss.

10— 107 Sfem; and conductors such as aluminum and sitver have high conductivities,
typécally from 10°to 10 Sfem.” Semiconductors have condctivities between those of insu-
bators and those of conductors. The eonductivity of a semiconductor is generally sensi-
tive to temiperature, lumination, magnetic field, and minute amounts of impurity atoms
{typécally, about | g to | g of impurity atoms in 1 kg of semiconductor materials). This
sensitivity in conductivity makes the semiconductor one of the most impartant materi-
als for electronic applications.

211 Element Semiconductors

The study of semiconductor materials began in the early nineteenth century.! Over the
yvears many semiconductors have been investigated. Table I shows a partion of the periodic
tahle related to semiconductors. The clement semiconductors, those composed of single

TABLE1 Pordon of the Periodic Takle Rolsted to Semicondicion

Paewiod ol uman 11 1 v v Vi
a 1 G | i
Baron Carbos Nitrogen Ohoygen
3 Mg Al i P 5
Magnesinm Alumidnum Silicon Fhesphers Salfur
4 in Ca LD As S
Fine Calliam Germandum Arseni Selenium
5 i In S 5h Te
Cadminm Indium Tin Antimy Tellurisim
fi Hg Fh
Mercury Lewl

* The intermtional satem of wnits i presented in Appendis B,
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species of atoms, such as silicon (5i) and germaniom (Ge), can be found in Caluwinm IV
In the early 1950%, germanium was the major semicondoctor material. Since the early
1960 silicon has become a practical substitute and has now virtually supplanted germa-
nbum as & material for semiconductor fbrication, The main reasons we now use silicon
are that silicon devices exhibit better properties ol room temperature, and high-cuality
silicon dioxide can be grown thermally. There is also an economic consideration. Device-
grade silicon costs much less than any other semiconductor material. Silicon in the form
of silica and silicates comprises 25% of the Earth’s crust, and silicon s second only to
axvpen in abundanee. Currently, silicon is one of the most studied elements in the peri-
odic table; and silicon technology is by far the most advanced among all semiconchsctor

technologies.

212 Compound Semiconductors

In recent years a number of compound semicondactors have found applications for var-
boues chevices. Thie important compound semiconductors as well as the two element semi-
conductors are listed® in Table 2. A binury compound semiconductor is a combination
af two elements from the periodic table, For example, gallium arsenide {GaAs) is a 111-
V compound that is a combination of galliem (Ga) from Column 11 and arsenie (As) from
Cobumn V.

In addition to binary compounds, termary compounds and quatemany compounds
are macde for special applications, The alloy semiconductor AL Ga,_As, which has Al and
Ga from Colamn 111 and As from Column V is an example of a tenary compound, whereas
quatermary compounds of the form A B, C D, can be obtained from combination of
muny hinary and ternary compound mmunldurtnn For example, GaF, Inl, InAs, plus
GaAs can be combined to yicld the alloy semiconductor Ga,ln, (}wnp:red with
the clement semiconductors, the preparation of compound mni:n;:.:ﬂm
form usually invalves 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
Hﬂmpaeddadmﬁumulpbnhunlt:gpﬂﬂﬂﬁﬂm@mdu not ke as musch about

of compound semiconductors as we do shout that of silicon, advances in
sﬂl..-.m technology have also helped progress in compound semiconductor technology. In
this book we are concerned mainly with device physics and processing technology of sil-
jron and galium arsenide.

22 BASIC CRYSTAL STRUCTURE

The semiconductor materials we will be studying are single crystals, that is, the atoms
are arrunged in o three-dimensional periodic fashion. The perodic arangement of
atoms in a crystal is called a lattlee. In a crystal, an atom never strays far from a single,
fixed pasition. The thermal vibrations associated with the atom are centered about this
pusition. For a given semiconductor, there is awnit cell that is representative of the entire
lnttice; by repeating the unit cell throughout the erystal, one can generte the entire
lattice.

221  Unit Cell

A genemlized primitive, three-dimenssonal unit eell s shown in Fig. 2. The relationship
between this cell and the lattice is characterized by three vectors a, b, and ¢, which need



20 = Chapter 2 Energy Bands and Carrier Concentration in Therms! Equilibrium

TABLEZ Semiconducios Materials’

Cleneral Semicomtducior
Classification Symhol Kume
Eloment Bl Silicon
e Germanium
Binagy compouand
T | S R B S Silicon carbide
LA e o i i = AlP Aluminum phosplide
Alds Aluminum areemide
Alsh Aluminum antimonide
GaM Galliam mitrid=
GaP Gallinm phosphide
CaAs Cralliuem areside
Gash Cealliim amfimmanids
P Inclium phosphide
InAs Indium arsenide
InSh Inselium antimsocide
1 Ty (R ] i coicle
ns Tine sulfile
EnSe Zine selenide
fn'le Fine: tellaride
Cals Cacmium silfide
CdSe Cadmium selenide
CdTe Cadmium telluride
Hgs Mercury sulfide
VL evecscensnnnnnnmeesn PHE Leal sulfide
Fhise Lead selenide
FhTe Lead telluride
Ternary compeonnd AL Ga; As Aluminam galllum arsenide
Alln,_ As Aluminam indinm asenide
Gahs, F, Callium arsenic phosphide
Ga,In, As Calliam indinen arsenide
GaIn, P Callinm indinm phosphicde
Cranternary compousd Al Ga, As Sh, Alumiimem gallium arsendc antimoside
Gayn, As, P, Gallium indium arsenic phosphide

s

Fig.2 A generalized primitive unit cell.
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not be perpendicular to each other and which may or may not be equal in length. Every
equivalent lattice point in the three-dimensional crystal can be found using the set

ﬂ-mu-tn&ipc {1}

wheere m, n, and p are integers,

Figure 3 shows some hasic cuble-crystal wnit cells. Figure 3a shows a stmple cubic
(se) cxystal, it has an atom at each cormer of the cubic lattice, and each atom has six
tant nearest-neighbor atems. The dimension a is called the lattice constant. In the peri-
odic table, only poloniom s crystallized in the simple cubic lattice, Figure 3b §s a
bady-centered cubic (bee) erystal where, in addition 1o the eight comer atoms, an atom
is bocated at the center of the cube. Ina bec kattice, each atom has eight neanest-neighbor
atoms. Crystals exhibiting bee lattices inchade those of sodium and tungsten. Figure 3e
shows the Face-centered cubic (foee) crystal that has one atom at esch of the six cubic faces
in addition to the cight comer atoms. In this case, each atom has 12 nearest-neighbor
atoms. A lirge number of elements exhibit the foe lattice form, including abiminum, cop-

peer, gold, and platinum.

~ EXAMPLE 1

If we pack hard spheres in a boo lattioe such that the atom in the center just touches the atoms at
thie corners of the cube, find the fraction of the boe anit cell volume Filled with hard spheres.

SOLUTION  Each comer sphere in & bee unit coll is shared with eight neighboring cells; thus, sach
uniit cell contains ane-cighth of a sphere at each of the eight cormers for & total of coe sphere. In
adddition, each unét coll contains one central sphere. We have the following;

5?|1-I!|ur|:: [mmsrp:runitui-{h‘-!l]xainmmh | (center) = 2;
Newrest. neighbos distance (along the diagonal AE in Fig, 3b) = aV3/ 2;
Radius of cach sphere = aV3/4:

Volume of each sphere = 4503 % (1V34) = 2a™3/16; snd

Sasiminm fraction of it cell fllsl = Hnmb:ruhph!rﬂﬁ voduine of each 1P'|'iﬂ|:u'1|:lrl| e
of each unit cell = 22:2V3/16 6% = x'V3/8 = 068

Therefore, about 68% of the ke unit cell volume is filled with hard spheres, and about 32% of
the volume is empty. 4

Fig-3 Thees cubic-crystal unit colls, {a) Simple cubic. (&) Body-centered cubic. (e} Face-
oentened cuehic.
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222 The Diamond Structure

The element semiconductars, silicon and germanium, have a diamond latice stracture
as shown in Fig. 4. This structure also belongs to the fee crystal fumily and can be seen
as two interpenetrating foc sublattices with one sublattice displaced from the other by
one-quarter of the distunce along the body diagonal of the cube (ie., a displacement of
aV3/4). Although chermically identical, the two sets of atoms belonging to the two sub-
lattioes are different from the polat view of the erystal strocture. It can be seen in Fig,
da that i a comer atam has one nearest neighbor in the body diagonal direction, then it
has no neanest neighbor in the reverse direction, Consequently, it requires two such atoms
i thee unit cell. Alternatively, a unit cell of a diamond lattice consists of a tetrahwdron in
which each atom Is surrounded by four equidistant nearest neighbors that lie at the cor-
wirs (refier to the spheres connected by darkened bars in Fig, 4a).

Mast of the [TV compeound semiconductors {eg., Gads) have a sincllende lattice,
shown in Fig. 4b, which is identical to a diamond lattice except that ane fec sublattice
has Colurmn 111 atoms (Ga) and the other has Column V atoms (As]. Appendix F at the
end of the bouk gives a summary of the lattice constants and other properties of impor-
tant edement and binary compound semiconductors.

EXAMPLE 2

At 300 K the lattice comstant for silicon s 5.4 4. Caleulste the number of silicon atoms per cubic
centimeter and the density of silicon at mom tempersture.

SOLUTION  There are cight atoms per unit cell. Therefore,
Al = BA543 x 107 « 5 x 107 abomsfonr®; and

Dgnsity = wo, of abomsdemn® ¥ atomic welghtAvogalro comstant = 3 = 1P {abpmsiom?) »
28,08 (g'mal 6,02 = 10 (atoms/mol) = 233 ghem™. -

223 Crystal Planes and Miller Indices

In Fig. 3 we note that there are four atoms in the ABCD plane and five atoms in the
ACEF plane {four atoms from the comers and one from the eenter) and that the atomic
spacing is different for the two planes. Thercfore, the erystal properties along different
planes are different, and the electrical and other device charcteristics can be dependent

Fig. 4 (a) Diamond lattice. (b Zinchbonde lattice.
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o the crystal orientation. A comvenient method of defining the various planes in a cns-
tal is to use Miller indices.” These indices are obtained using the following steps:

1. Find the intercepts of the plane on the three Cartesian coordinates in terms
of the kattiee comstant,
2. Tuke the reciprocals of these numbers and reduce them to the smallest three

integers having the same ratio,
3. Enclose the result in parentheses (hkl) s the Miller indices for a single plane.

EXAMPLE 3

As shin (n Fig, 5, the plase has intorcepts af o, Jo, ami 2 along the three coordinates. Taking
the reciprocals of tiese intercepts, we get 1, ¥, and X The smallest three b the sime
ratio ane 6, 2, and 3 (ehtained by mlbphdng each (raction by 8), Thas, the {5 reforvod to as

-l

a [023)-plans,

Figure 6 shows the Miller indices of important planes in a cubic crystal.” Some other
conventions are the fllowing:

L. I:EHII; For a plane that intercepts the x-axis on the negative side of the origin,

such as (TO0),
2, (hkl): For planes of equivalent symmetry, such as (100] for (100), (010), (001),
(Too), (oTo), u:rhd{m?! in cubic symmetry.

3. [hki}: For s crystal dircction, such as | 100] for the c-axds, By definition, the
[100]-direction is perpendiculur to (100)-plane, and the [111]-direction is per-
pendicular to the (111)-plane.

4. (hk[y: For a full set of equivabent directions, such as (100} for [100], [010],
[001], [T00], [0T0], and [00T].

Fig. 5 A (623 }-crvstal plane,

In Chapter 6, we shoor that the (100} orientstion i preforred for silioon metal-mvide-semsoonductor fekd-
effoct tnstton (MOSFET)
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Fig. 5 Miller indices of some importunt planes i a cubic crystal,

2.3 BASIC CRYSTAL GROWTH TECHNIQUE

I this section, we consider briefly how we grow semiconductor crystals, specifically the
silicon crystal because 95% of the semiconductor materials nsed by the electronic indus-
try is gilicon.

The starting material for silicon is a relatively pure form of sund (540} called quartzte.
It is misced with various forms of carbon and allowed to react to form silicon (95% pare :

SHC + 510, = Si (solid) + Si0 (gas) + CO (gas). (2)
The silicon product is reacted with hydrogen chloride to form trichlorosilane,
Si (solid) + 3 HE1 (gas) — SIHC],(gas) + Hylgas). (3)

The trichlorosilane is decomposed using an electric current ina chamber with o controlled
ambient, producing rods of ultrapure poverystallice silicon (ie.. silicon material that con-
tains many single-crystal regions with different size and orbentation with respect to one
another),

SIHCL, (gas) + H(gas) —» 5i {solid] « 3 HC] (gas). (4]

The polycrystalline silicon is now ready for the erystal-growing process. Figure T shows
many pieces of polverystalline silicon in a silica (Si0),) erocible.

Fig. 7 Phatograph of palverystalline
silicon in o silica crucilds.
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Thee most commion erystal growth method is the Crochralshd technique. Figure 8 shows
a schematic drvving of Cimchralski crystal puller. The crucible containing the polyerys-
talline silicon & leated cither l‘l],l' m:[:'n-l‘mlua-my inclisetion ar by o thermal resistance
method to the melting point of silicon (1412°C). The crucible rotates during the growth
ter prevent Hee formation of local bot or cobd regions,

The atmosphere around the erystal-growing apparatus or erystal puller is controlled
to prevent contamination of the molten silicon. Argon s often used as the ambient g
When the temperature of the silicon has stabilized, a piece of sillicon with a suitable ort-
entation (e, (111}}, which is called the seed ervstal, is lowered to the melt and is the
starting point for the subsequent growth off a much larger crystal. As the bottom of the
see] erystal beging to melt in the molten silicon, the downward motion of thie rod haold-
ing the seed is reversed. As the seed erystal is slowdy withdrwn from the melt (Fig, 9),
the molten silicon adhering to the crystal freezes or solidifies, using the erystal structure
of the seed crystal as a template. The seed crystal is, therefore, nsed to initiste the growth
of the ingot with the correct erystal orientation. The rod continees 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 crocible and the rota-
tiom speeds of the crucible and the rod, precise control of the diameter of the erystal can
be maintained. Figure 10 shows a 200 mm diameter silicon ervstal ingot, The desired
impurity concentration is obtained by adding impurities to the melt in the form of heay-
ily doped silicon prior to crystal growth. A more detailed discussion on the crystal growth
of silicon asz well as other semicondwetors can be founded in Chapter 10,

el :ﬁ:'ﬂ-'
hieal
Fremit opening Argon
dinar
Frroant fpening
chamber
Sped sdull
el balder
Sood Vaoimam pumg

Vatumm pump
Ll dufi WS Ars+Si0+00
Fig. 8 Simplified schomatie deawing of the Crochralki Ih.l]]tr. Claclawise (CW),
conmterelocloadse (OTW.
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Fig. 8 Photograph of a 200 mm diametor, (1] -oriented 5i erystul being pulled from the melt
[ Photogrank courtesy of Taisil Electromic Maboriaks Corp., Taiwan, |

'l"|'|

Fig. 10 A 200 num dinmeter silicon crvstal ingot grown by the Caochraiski fechmiguie,
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24 VALENCE BONDS

As discussed in Section 2.2, each atom in a dinmond lattice is surrounded by four near-
est neighbors, Figure 11a shows the tetrabedron bonds of a diamond lattice, A simpli-
fied two-cimensional bonding diagram for the tetrahedron is shown in Fig. 115, Each
atomn has four electrons in the outer orbit, and each atom shares theses valence electrons
with its four neighbors. This sharing of electrons is known as covalent bonding; each eleatron
parir constitutes a covalent bond. Covalent banding ocenrs between atoms of the same
element or between atoms of different elements that have similar outer-shell electron
configurations, Each electron spends an equal mmoont of time with each nucleus, However,
both electrons spenc most of their time between the two nucled. The foroe of attraction
for the electrons by both nuclei holds the two atoms

Crallium arsenide ervstallizes in a zinchlende lattice, “iﬂfhi]ml‘ﬂilﬂh’ﬂiﬂdmm
The major bonding force in Gads s abio due to the covalent bond. However, gallium
arsenide has a small londe contribution that i an electrostatic attrective force between
each Ga® fon and its four neighboring As* ions, or between each As™ jon and its four neigh-
boring Ga* ks, Electronically, this meais that the pained bonding electoons spend slightly
e Bime in the As atom than in the Ga atom,

At low temperatures, the electrons are bound in their respective tetrahedron lattice;
oomsequenthy, they are not mailable for conduction. At higher tempentures, thermal vibra-
tons may break the covalent bonds. When o bond is broken or partially broken, o free
ebectron results that can participate in current conduction. Figure 120 shows the siha-
tion when o valence electron in silicon beeomes a 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 a shift of the deficiency location, as from location A to loca-
tion B in Fig. 126, We may therefore consider this deficiency as a particle similar to an
electron. This fictitions particle is called a fiode. Tt carries a positive change and moves,
under the influence of an applied electric field, in the direction opposite to that of an
electron. Therchore, both the electron and the hole contribate to the total electric car-
rent. The concept of a hole is analogous to that of a bubble in a liquid. Although it is
actually the liquid that moves, it ks much sasier to talk about the motion of the bubble
in the opposite direction,

“pas @

a) i)

Fig. 11 (&) A tetrabiedron hond, () Schematic tvo-dimenstonal representation of & lebrahedoon
bond.
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25 ENERGY BANDS
251 Energy Levels of Isolated Atoms

For an isolated atom, the clectrons ean have discreto enengy levels. For example, the energy
levels for an isolated hydrogen atom are given by the Bohr model;

E, = g BeHitnt = —136/m* eV, (5}
wheere m, is the free-electron mass, g is the electronic charge, & is the free-space per-
smiittivity, i is the Planck constant, and 1 is a positive integer called the qquan-

tum mumber, The quantity €V {electran volt) is an energy unit corresponding to the energy
gined by an electron when its potential is increased by one volt. It is equal to the prod-
wet of g (1.6 % 107 coulomb) and one volt, or 16 = 10-% | The discrete energies are
13,6 eV for the ground state energy level {n = 1), - 3.4 &V for the first excited-state enengy
level (n = 2), ete. Detailed studies reveal that for higher principle quantum numbers
(n 2 2), energy levels are split according to their angular momentum quantum number
£=0012. . %8=1)\

Wi now consider bwo identical atoms. When they are far apart, the allowed enengy
bevels for & given principal quantum number (e, n = 1) consist of one doubly degen-
erate level, that is, both atoms have exactly the same energy, When they are browght closer,
the doubly degencrate eneriy bevels will spilt into twe levels by the interuction between
the atoms. As N isolated atoms are brought together to form a solid, the orbits of the
outer electrons of different atoms overdap and interact with each other. This interaction,
inclucing those forces of attraction and repulsion between atoms, causes a shift in the

levels, as in the case of two interacting atoms. However, instead of two levels, N
separate but closely spaced levels are formed. When N is lange, the result is an essen-
tially continuous band of energy. This band of N levels can extend over a 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 erystal.

The sctual band splitting in a semdconductor is mueh more complicated. Figure 14
sherws an Isolated silicon atom that has 14 electrons. OF the 14 dectrons, 10 occupy deep-
Iying energy levels whose orhital rudius is moch smaller than the interatomic separation
in the crystal. The four remadning valence electrons are relatively weakly bound and can
be involved in chemical reactions, Therefore, we only need to consider the cuter shell

i
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Fig. 12 The basic bond represeatation of intrinsic silicon. (a) A broken bood at position A,
resuibting im 6 condusction ebectron and a holie. (b] A broken beme at position B.
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;

E

Intermiomic Gaianeg =
Fig. 13 The splitting of s degenenate state into a band of allowed energies,

(the n = 3 level) for the valence electrons, since the two inner shells are completely full
andd tightly bound to the nuckeus. The 3s subshell (Le., forn = 3 and £ = 0) has two allowsd
quantum stades per atom. This subshell will contain two valence electrons at T = 0 K
The 3p subshell (ie. n = 3, and £ = 1) has six allowed quantum states per atom. This
subshell will contain the remaining two valence electrons of an individual silicon atom.

Figure 15 is a schematic dingram of the formation of a silicon crystal from N isolated
silicon atoms. As the interatomic distance decreases, the 3s and 3p subshell of the N sil-
icon atoms will interact and overlap. At the equilibrium interstomic distance, the hands
will again split, with four guaantum states per atom in the lower bane and four quantum
states per atom In the upper band. At a temperature of absolute zero, electrons ccoupy
thtln-am‘tmg:rmm.mdnl all states in the lowsr band (the calence band) will be
Full and all states in the wpper band (the conduction hand) will be empty. The bottom of
the conduction band is called Eq., and the top of the valence band is called E,. The bandgap
energy E. between the bottom of the conduction band and the top of the valence band
(Eg = Ey) is the width of the forbidden energy gap, as shown on the far left of Fig. 15,
Fhysically, E_ Is the enerngy required to break a bond in the semiconductor to free an elec-
tran to the conduction band and leave a hole in the valence band.

Six alkrwed levels
At waree iergy

T alloswed bl
8 e ererpy

2 plectrons N elecdenns 4 eloctrons
Fig. 14 Schematic representation of an bodated silioon abom.
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543 A Lattion upacing

Fig- 15  Formation of enengy bands as a diamond lattice crystal is formed by bringing bolated
silicon atoms together.

252 The Energy-Momentum Diagram
The energy E of a free clectron is given by

E.'&r (6}

where p s the momentum and my, is the free-electron mass. If we plot E vs. p. we obtain
a parabola as shown in Fig. 16. In a semicomductor crystal, an electron in the condue-
tion band is similar to a free electron in that it is relatively free to move about in the erys-
tal. However, because of the periodie potential of the nucle, Exq. 6 e no longer be valid,
However, it tums out that we can still use Eq, 6 if we replace the free-clectron mass in
Eq. 6 by an effective mass m, (the subscript n refers to the negative charge on an elec-
fron), that is,

=
o . ¥i]
Zm,

o
4]

Fig. 76 ‘The parabolic encrgy (E) vs. momentism (p) curve for a free electron.
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The electron effective mass dopends on the properties of the semiconductor. I we have
an energy-momentum relationship described by Eq.7, we can obstain the effective mass
from the second derivative of E with respect to p:

=1
i
m, .[L_fJ . (8)

Therefore, the narrower the parabols, corresponding o a langer second derivative,
the smaller the effective mass. A similar expression can be written for holes (with effec-
tive mass i, whero the subscript p refers to the positive charge on a hale). The effective-
sy eoncept is very wseful becanse it enables us to treat electrons and holes essentially
as classical charged :

Figure 17 shows a simplified encrgy-momentum relationship of a special semicon-
ductar with an electron effective mass of m, = 0.25 m, in the conduetion band (the upper
parabola) and a hole effective mass of m, = my in the valence band (the lower parabala),
Note that the electron energy is messired upward and the bole energy is measured down-
ward. The spacing at p = 0 between these two parabolas is the p E,, shovn pre-
viously in Fig. 15.

The sctual energy-momentiem relationships (also called energy-band diagram) for sil-
ican and gallium arscenicle are much more complex. They are shown in Fig. 18 for two crys-
tal directions. We note that the generl featores in Fig, 18 are similar to those in Fig. 17.
First of all, there is a bandgap E, between the bottom of the conduction hand and the top
of the vilenee band. Second, near the minimum of the conduction band or the maximum
of the valence band, the E-p curves are cssentially parabolic. For silicon, Fig 15q, the max-
imuem in the valence band oceurs at p = 0, but the minimum in the conduction band ooeurs
ot thye [ 100] direetion at p = p_ Therefore, in silicon, when an electron makes & trnsi-
thon from the maximum point in the valence band to the minlmum point in the condue-

i, it requires not onky an energy change (2 E_) but also some momentum change (2, ).

E

Comduction band
im, =02 mgi
Eletros
Crergy
K
| ;
Hicde
FTHTRY
Vialenes band
g, =gl

Fig. 17 A schematic energy-momsentum désgram for a specal semiconductor with m, = 025
il ari, = imy



a3z

Chapter 2. Enargy Bands and Carrier Concentration in Thermal Equilibrium

S Comaluction

] ) band

LET

3 e
I |
| A
A i =
i
1
1
' :
Vilercw |
bl : band
g 9 poop Pe my 0 oy
Mamenizm p Memesdus p

{ab Ak}

Fig- 18 Energy band structures of 51 and Gas. Circles (o) indicate boles in the valence bands
and dots (o) indicate electroas in the conduction bands.

For gallivm arsenic, Fig, 185, the maximum in the valence band and the minimum
in the conduction band occur at the same momentum (p = 0). Thus, an electron mik-
ing a transition from the valence band to the conduction band can do so without a change
in momentum,

Callium arsenide is called a direct semiconductor, becanse it does not require 8 change
in momentum for an electron transition from the valence band to the conduction band.
Silicon is called an indirect semiconductor, becanse a change of momentum is required
in & transition, This difference between direct and indirect band structures is very impor-
tant for light-emitting diodes and semiconductor lisers. These devices requine dinget semi-
conductors for eﬂ‘ﬁnmmhn of photons (refer to Chapter 9).

We can obtain the mass from Fig. 18 using Eq. 8, For example, for gallium
arsenide with a very narrow conduction-band parabola, the electron effective mass is
11,063 iy, where for silicon, with a wider conduction-band parabola, the electron effec-
tivee mnss & 0,19 my,

253 Conduction in Metals, Semiconductors, and Insulators

The enormous variation in electrical conductivity of metals, semiconductors, and insu-
lators as shown in Fig. 1 may be explained qualitatively in terms of their enengy bands.
We shall ses that the electron of the highest band or of the highest two banads

determines the conductivity of a solid. Figure 19 shows the enengy band diagrims of three
classes of solids—metals, semiconductors, and insulators.

Metuls

The characteristics of o metal (also called a conductor) include a very low vilue of resis-
tivity, and the conduction band cither is partially filled {such as Cu) or overlaps the valence
band (such as Zn or Ph) so that there 1s no bandgap, as shown in Fig. I9a. As o oonse-
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quence, the uppermost electrons in the partially filled band or electrons at the top of the
valence band can move to the next-higher available encrgy level when they gain kinetic
energy (e, from an applied electric field). Electrons ane free to move with anly a small
applied field in a metal because there are many unoccupled states elose to the oocupied
energy states. Therefore, coment conduction can readily occur in conductors.

Insulators

In an insulator such as silicon dioxide (5i0,), the valence electrons form strong bonds
between neighboring atoms. These bonds are difficult to break, ind consequently there
are no free electrons to participate in current conduction at or near room temperature.
As shown in the energy band diagram Fig. 18, insulators are charsctorized by a large
bandgap. Note that electrons oceupy all energy levels in the valence band and all energy
bevels in the conduction band are empty. Thermal energy’ or the enengy of an applied
electric field is insufficient to maise the uppermost clectron in the valence hand to the
conduction band. Thus, although an insulator has many vacant states in the conduction
band that ean accept electrons, so few electrons actually oocupy conduction band states
that the overall contribwtion to electrical conductivity is very small, resulting in a very
high resistivity. Therefore, silicon dicodde is an insulator: it can not conduict current.

Semiconductors

Now, consider o material that has & much smaller energy gap, on the order of 1 &V
(Fig. 19b). Such materials are called semiconductors. At T = 0 K, 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 tempersture and under normal atmo-
sphere, values of E, are 1.12 &V for 5i and 1.42 &V for Gads. The thermal energy kT at
room temperature sa good fraction of E_, and an appreciable numbers of electrons are
thmnﬂymihﬂanthﬂﬂhnmhmﬂmﬂmmﬂmm“hand Sinee there are many
emply states in the conduction band, o small applied potential can easily move these elec-
trons, resulting in a moderste current.

Fig. 19 Schematic energy band representiations of (o} a conductor with two possibilities (either
the partially filled conduction band shown at the upper portion or the overlapping hands shown
ut the lower postion), (b} a semiconductor, and (¢} an insulatoe

" The thersmal energy s of the order ol KT, At room temperabare, E7 i 01026 oV, which b smuch smaller
than the bandgap of s inulator,
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2.6 INTRINSIC CARRIER CONCENTRATION

We now derive the carrder concentration in thermal equilibrium condition, that ks, the
stesly-stite condition at a given tempertire without sy external excitations such as light.
pressure, or electric fiekd. At a given temperature, continuous thermal agitation results
in the excitation of electrons from the vilence band to the conduction band and leaves
an equal number of holbes 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 (Le., the number of electrons per unit volume) In an
intrinske semlconductor, we first evaluate the electron density in an incremental enengy
range dE. This density n(E) is given by the product of the density of states N(E), that Is,
the density of allowed energy states (inclading ebectron spin) per energy range per unit
volume,” and by the probability of sccupying that enengy range FIE}. Thas, the electron
density in the conduction band is given by integrating N(E) FIE) dE from the bottom of
the conduction band (E.. initially taken to be E = 0 for simplicity) to the top of the con-
duction band E__:

n=[Fwn(EME= [ NEFEME, (%)

where 0 Is in em™, and N{E) is in (em—e¥Vrl.

The probability that an electron occupies an electronic state with energy £ is ghven
by the Fermi-Dirae distribution function, which is also called the Fermi distribution
Tuwctioa

1
14 g \B=Ep 1HT

F(E)= (10

where k is the Boltzmann constant, T is the absolute temperature in degrees Kelvin, and
E, is the energy of the Fermi level. The Fermi energy is the energy at which the prob-
ability of oecupation by an electron is exactly one-half. The Fermi distribution is illus-
trated in Fig. 20 for different temperatares. Note that F(E} is symmetrical around the
Fermi encrzy Ep. Far energies that are 3kT above or below the Fermi energy, the expo-
nential term in Exq. 10 becomes larger than 20 or smaller than 0.05, respectively. The
Fermi distribution function can thus be approximated by simpler expressions:

FlE) = & ®-F4T [or (E= Eg) > 3T, (11a)
e FiE) 2 1-e®-FAT fior (E- Ep) < 3%T. (11k)
Equation 115 can be regarded as the probability that a hole ccoupies 4 state located at

enengy E.

Figure 21 shows schematically from left to right the band diagram, the density of
stutes N(E), which varies as VE fora given electron effective mass, the Fermi distribu-
tion function, and the carricr concentrations for an intrinsic semiconductor. The carrier
concentration can be obtained graphically from Fig, 21 using Eq. 9; that is, the product
of N(E) in Fig. 21k and F(E) in Fig. 21c gives the n(E)-versus-E curve (upper curve) in
Fig, 21, The upper shaded area in Fig. 21d corresponds to the electron density.

* The desnity of states N(E] is derived in Appendix H
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distribation fanction. (o) Carrer concendration.

Thiere are o lurge number of allowed states in the conduction band. However, for an
indrinsic semiconductor thers will not be many electrons in the conduction band. Thenefore,
the probahility of an electron ocoupying one of these states is small. There also are s large
number of allowed states in the valence band. By contrast, most of these are ocoupied
b electrons. Thus, the probability of an electron oocupying one of these states in the
valence band is unity. There will be only 4 few od electron states, that is,
holes, in the valence band, As can be seen, the Fermi bevel is located near the middle of
the bandgap (i.e., Eg is many kT below E.). Substituting the kst equation in Appendix
H and Eq.11a into Eq. 9 yields

. :?*E.Hnwr”’ BV wxp [~ - Ex )/ KTME, (12)

X
where N 12(2mn kTHEP for 5i {13a}
= 2(2m AT for Cads, (13b}

.Wﬂh.l'lutllrﬂ.r.-’hhtﬂ. bemisn FUE) hooomes very small when [E = E b= kT
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1f we lot x = E&T, Eq, 12 becomes
n = N, exp (Ep /RTIE £V e (14)
g ks R
B

The integgral in Eq. 14 is of the standard form and equals V3 /2. Therefore, Eq. 14 becomes
= iﬂ‘{-m:p EE‘.--'IET}- {IE:I

If we refer to the bottom of the conduction band as E,. instead of E = 0, we obtain for
the electron density in the conduction band

n w Noeap [-E - EpVET], (16)

where N defined in Eq.13 is the effective density of states in the conduction band. At
room temperature (300 K], N, is 286 x 10" em for silicon and 4.7 % 107 em™ for gal-
linvm arsenide.

Similarly, we can obtain the hole density p in the valence band:

p = Ny oxp [Ep= ExVET]. amn

and Nym 2 (2, KT, (18)

where Ny, s the effective density of states in the valence band for both Si and Gads. At
room tempersture, Ny is 2.66 > 10" cm for silicon and 7.0 10%em™ for gallinm 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 vilence band, that
is, n = p = n, where n, is the tntrinsic cerrier density. This relationship of electrons and
holes is depicted in Fig. 21d. Note that the shaded area in the conduction band is the

same a5 that in the valence band.
The Fermi level for an intrinsic semiconductor is obtained by equating Eq.16 and
Eq_. 17
E; = E, = (Ec + EVE + (kT72) In (Ny/Ne). (19)

At room temperature, the second term is much smaller than the bandgap. Hence,
thve intrinsic Fermi level E, of an intrinsic semiconductor generally lies very close to the
middbe of the

The intrinsic carrer density is obtained from Eqs. 16, 17, and 18:

np =nk, (200

nf = NNy exp (-E, kT, (21)

ET!! ”I‘ L lNc-‘lrr B’P {_E'Jw?-l iﬂ]




Chaptar 2 Enargy Bards and Casvier Concentration in Thermal Equilibrium -« 37

T (4]
eI N N )

T
1"
II]"' |
ml!l
.,]14. L
lnﬂl
.nl! Sl
ot
[+ 1
i
10
1"
[ o [ S :

08 10 15 20 28 36 35 40 45

RO00 T (5E)

Fig. 22 Intrinsic carrier densities in 5i and GaAs s o function of the reciprocal of
tempe ruture. >

Tearingic carvier density s, (om)

where E = E. - E,. Figure 22 shows the temperature dependence of n; for silicon
andd gallium arsenbde.” At room temperature (300 K), n, is 865 x 10° cm o silicon® and
2.25 % 10" o™ for gallivm arsenide.” As expected, the larger the bandgap, the smaller
the intrinsic carrier density.

2.7 DONORS AND ACCEPTORS

When a semiconductor is doped with impurities, the semiconductor becomes exfringsic
and impurity energy levels are introduced, Figure 23 shows schematbeally that a silicon
atom is neplaced (or substituted) by an arsende atom with fve valence electrons. The arsenic
atom forms covalent bonds with its four neighboring silicon atoms. The fifth electron has
a relatively small binding energy to its host arsenic atom and can be “ionized” to become
a conduction electron at a moderate temperature, We say that this electron has been
“donated” to the conduction band. The arsenic atom is called a donor and the shicon
becomes n-type because of the addition of the negative churge carrier. Similarly, Fig. 236
shows that whien o boron atom with thres videnes electrvons substBubes lor a silicon atom,
an additional electron is “accepted” to form four covalent bonds around the boron, and
a positively charged “hole™ is created in the valence banel. This is a p-type semicondic-
tor, and the boron is an acceptor,

We can estimate the iontzation enengy for the donor Ep by replacing my, with the
electron effective mass m, and taking into account the semiconductor permittivity £ in
the hydrogen atom model, Eq. 5:

(g2

£y ALy
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The lonkzation energy for donors, measured From the conduction bund edige, as cal-
culated from Fa, 23 ix 0.025 eV for silicon and 0,007 eV lor gallinm arsenide. The hydro-
gen atom caleulation for the jontzation level of acceptors is similar to that for donors, We
consider the unfilled valenee hand as a filled band plos a hole in the central foree feld
of u negtive charped acceptor. The caleulated joniztion enengy, measured from the vilence
band edge, is 005 &V fior both silicon and gallium arsenide.
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Fig. 24 Measared onization encrgies (in oV) for various imparities in 5§ and GaAs, The kevels
bedow the gap center are measared from the top of the vabenes band and are scceptor levels

unless mdicated by £ for donor level The levels above the center are measined From the
beottom of the condsction band and are donor M!lnhﬁgﬁmw by A For accepior bevel
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This simple hydrogen atom model cannot account for the details of the innization

energy, particularly for the deep impurity levels in semicondictors (Le., with loaization

2 3 kT). However, the ealeulated values do predict the correct order of magni-

tude of the troe lonkzation energies for shallow impurity levels, Figure 24 shiows the mea-

sured fonfzation energies for virdous fmparities in silicon ad gallivm arsendde.® Note that

it Is possible for u single atom to have many levels: for esample, cxygen in silieon has twe
donor levels and two seceptor kevels in the forhidden energy gap.

271 Nondegenerate Semiconducior

In our previous discussion, wee have assumed that the electron or hole concentration is
much kewer than the effective density of states in the conduction band or the valence
band, respectively. In other words, the Fermi level Ep is at least 3kT above Ey or 35T
below E.. For such cases, the semiconductor is referred to as a nondegenernte semi-
conductor,

For shallow donars in silicon and gallimm arsenide, there wsually is enough thermal
energy to supply the energy Ej, to ionize all donor impurities al room temperature ancd
thus provide the same mimber of electrons in the conduetion banl. This condition is calle
complete jonization. Under a complete lonization condition, we cn write the electron
density as

= Np. {24}

where Ny, is the donor concentration. Figure 250 ilhestrates complete jonization where
the donor level Ej, is measured with respect to the bottom of the conduction band and
equal concentrations of electrons (which are mobile) and donor ions (which are immo-
bile) are shown. From Eqs. 16 and 24, we obtain the Fermi level in terms of the effec-
tve density of states N and the donor concentrution Ny

E~Ep = kT In (N /Ny (25)

Similarly, for shalkow acoeptors as shiow in Fig, 255, if there is complete knization,
thie concentration of holes is

p= NAF ':E'E:I

Where N, is the wceeptor concentration. We can obtain the cormesponding Fermi level
from Eqs. 17 and 26

Eyp=Ey = KT In (No/N,). (27)

{mb ihi

Fig. 35 Schemathc encrgy haml represontution of estrinsic semicondoctors with (o) doenor ks
amd () accepdor kons.



A0 » Chapter 2. Engrgy Bands and Carrier Concantration in Thermal Equilitrium

_____

K E E
CH _/ i
F L) .
o e Sy oty ey o st Fe
i

0 05 Lo
N {E] FiE} m (] amd p (£
tal ik e} il

Fig. 26 n-Type semiconductor, (a) Schematic band disgram. (b Density of states, () Fermi
distribution function. (d) Carder concentration. Note that np = nt.

From Eq. 25 we can see that the higher the donor concentration, the smaller the
energy difference (E. = E;), that is, the Fermi level will move closer o the bottom of
the condection band. Similarly, for higher acceptor concentration, the Fermi level will
move closer to the top of the valence band. Figure 26 illustrates the procedaire for obtain-
ing the carrer concentration. This figure i similar (o that shown in Fig, 21. However,
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 shaded
frest )

llhmfdmupmﬂwumuﬂhnltdemiliu it berms of the intrinsie carrer con-
contration n, and the intrinsic Fermi level E, since E, s frequently used as a reference
level when discussing extrinsic semiconductors. From Eq, 16 we obtain

n = N exp [-(E, - E,JRT],
= N exp [{E - EVET) exp [(E, - EJT],

or n = nyoxp [(Ep = EVET). (28]

and similarly,

p = nyexp [(E, - EVkT]. {29)

Note that the product of n and p from Eqgs. 28 and 29 equals 0,2, This result is iden-
tical to that for the intrinsic case, Eqp. 20, Equation 20 is called the mass action lawe, which
is valid for both intrinsic and extrinsic semiconductors under thermal equilibriom con-
dhaction, In an extrinste semdeonductor, the Fermi bevel moves toward either the botom
of the conduetion band (n-type) or the top of the valence band (p-type). Either a- or
p-type carriers will then dominate, but the product of the bvo types of carriers will remain
constant at a gheen temperature.
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EXAMPLE &

A silievon gt is doped with 10 arsenic stoms/om?. Find the carrier concentrations and the Fermi
lewed it oo temperature (300 K).

SOLUTION At 300 K, we can ssname complete londzation of impurity atoms. We have

io= Ny = 10%em,
From Eq, 20, pom ANy = (965 x 09310° « 0.3 = 10° em®.
The Farmi level measired From the bobtam of the conduction band is given by Eq. 25:
Ec - Ep = kT IniN /N
= 00230 In{ 255 = 107%10%) = 0.205 oV,
The Fermi level measured from the intrinsic Fermi level is given by Eq. 25
By~ B = kT In{NMn,)
= (L0259 In (1079985 = 10F) = QLI5S oV
These results are shewn graphically in Fig, 27, -

1f both donor ad acceptor impurities are present simultaneously, the impurity that
is present in a greater concentration determines the type of conductivity in the semi-
conductor, The Fermi level must adjust itself to preserve charge neutrality, that i, the

total negative charges (electrons and lonized acceptors] must equal the total positive charges
{holes and jontzed donors). Under complete ionization condition, we have

ns N, = p + Np, (30)
Solving Eqg. 20 and 30 yields the equilibrium electron and hole concentrations in an
m=type semiconductor:
n-}i{ﬁ'ﬂ-ﬁﬂq-qufh‘u-ﬂﬁ]'i{nf z {3l
FI- HE'IIHI' Eﬁ':l
05 ey
= = —_".'."._- --..;' -'.E‘:
""" R T S
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Fig. 27 Band dingram showing Fermi level Ej and intringse Fermi level E,
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Chapier 2. Energy Bande and Camier Concantratian = Tharmal Equilibaiusn

The subscript n refers to the n-type semiconductor. Because the eleetron is the domi-
rutnit carrier, it is called the majority earrier, The hole in the a-type semicanductor is called
the minerity carrier. Similarly, we obtain the concentration of holes (majority carrier) and

electrons {minority carrier) in a p-type semiconductor:

Pa =};[Hﬁ = Np+{(Ng =N, +dn] ]

Ay = 'ﬂl’fpl

The subscript p refers to the p-type semiconductor,

By = E, (oV)

£, K (V)

Fig. 28 Fermi bevel for 51 and GaAs as s fanction of temperstare and inpuority comscentration.
The depenehence of the bandgap on temperbure @ shown?

(33)

(34}
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Generally, the magnitude of the net impurity concentration. | N, - N, | is larger thas
the intrinsic cartier concentration n; therefore, the above relationships can be simpli-
fied to

n=N,-N, if Ny>N, (35)

Pe=Ny-Np i Ny=Np (36}

From Egs. 31 to 34 together with Eqs. 16 and 17, we can caloulate the position of the
Fermi level as a function of temperature for a given acceptor or donor concentration.
Figure 28 shows a plot of these enleulations for silicon” and gallium arsenide. We have
i ed in the figure the variation of the bandgap with temperature (see Problem
8, Note that as the tempesature increases, the Fermi level approaches the intrinsic level,
that is, the semiconductor becomes intrinsic.

Figure 20 shows electron density in 5t as a function of temperature for a donor con-
centration of N, = 10% cm, At low temperatures, the thermal enerngy in the erystal is
not sufficient to jonize all the donor impurities present. Some electrons are “frozen” st
the donor level and the electron density is less than the donor concentration. As the tem-
perature is increased, the condition of complete ionization is reached, (e, n, = Np). As
the temperature is further increased, the electron concentration remaing essentially
the same over a wide temperature range. This i the extrinséc reglon. However, as the
tempernture i increased even farther, we reach a point where the intrinsic carrier
concentration becomes comparable to the donor coneentration. Beyond this point, the
sembconductor becomes intrinsic. The temperature at which the semiconductor
becones intrinsic depends on the impurity concentrations and the bandgep value and
can be obtained from Fig. 22 by setting the impurity coneentration equal to n,

3u F

]

Elesctrem dendity m {em ™)

Fig. 29 Electron density s o fanction of temperature for a 5§ sanpbe with a donor eoncentra-
tiom of 10 e,
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212 Degenerate Semiconductor

When the doping concentration becomes equal or larger than the corresponding effec-
tive density of states, we can no longer use the approximation of Eq. 11 and the electron
density, Eq. 8. has to be integrated numerically. For very heavily doped n-type or p-tvpe
semiconductor, E, will be above E. or below E,,. The semiconductor is referved to as a
degenerate semiconductor.

An important aspect of high doping is the bandgap narrowing effect, that is, high
impurity concentrution causes a neduction of the bandgap. The bandgap reduction AE,

for siticon at room temperature is given by

il
hr
AE, -E.'i![m“] mey, LT
where the doping is in em™. For example, for N < 10 om, AE_< 0022 eV, which ix
less than 2% of the original bandgip. However, Iiurh,, N = 256 % 10%m, AE, >
0.12 eV, which is a significant fraction of E,,

SUMMARY

At the boginning of the chapter we listed a few important semiconductor materials, The
properties of semiconductors are determined to a large extent by the erystal structure.
We have defined the Miller indices to describe the crystal surfaces and crystal orienta-
tions and briefly described how semiconductor erystals are grown, More detailed dis-
cussions can be found in Chapter 10

The bonding of atoms and the electron energy-momentum relationship in a semi-
conductor were considered in connection with the electrical properties, The energy
bamid diagram can be wsed to understand why some materials are good conductors of
electric current whereas others are poor conductors. We have also shown that changing
the temperature or the amount of impurities can drastically vary the conductivity of a
semiconductor
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PROBLEMS (* DENOTES DIFFICULT PROBLEMS)
FOR SECTIHON 2.2 BASIC CRYSTAL STRUCTURE
[, [l What is the distance between nearest neighbors in silicon?
(b Fiad the munsher of atoms per square centimeter i silicon in the (1000, (110, and
(111) planes.
2, IFwe project the atoms in & dismond lattice onto the bottom surfece with the heights of

the afoms in unit of the lattice constant shoan in the fgare below. Find the beights of the
three atoms (X, ¥, £) on the Fgure.

4. Find the maxmum fracticn of the anit cell volume, which can be filled by identical hard
spheres in the simple cubic, Face-centered cubic, and dizmond labtioes.

vy, Caloubste the tetrahedral bond angle, the angle between any pair of the four bonds in a
diamond luitice, (Hint; represent the four bonds as vectors of equal length. What must be
the sum of the four vectors equal? Take components of this victor equation along the
directian of ane of these vectors.)

5. IFaplane has intercepts at 2o, Ja, and 4a along the three Cartesian coordinates, when a
s the battice constant, find the Miller indices of the planes.

. (a) Caleulate the density of Gads (the Lattice constant of GaAs is 5.685 A, and the stomic
widghis of Ga snd As are 69,72 and 74.82 g/mol, respectively],

(b) A gallium arsenide sample is doped with tin. 1F the tin displaces gallinm atoms in
the crystal lattice, are donors or scoeploes formed? Why? Is the seméconductor n- or

p-type?
FOR SECTION 2.3 BASIC CRYSTAL GROWTH TECHNIQUE
7. (a} Does silicon ar slicon diodde heve a higher melting polnt® Why?
() Why is a seed ervstal nsed for erystal growth?

(] Why is the ervstal orentation of & waler importam®
() What two variables are used to contral the dinmeter of the slicon rod?

FOR SECTION 2.5 ENERGY BANDS

. The variation of silicon and GaAs bandgaps with temperature can be expressed as E(T) =
E, (0} = aT2(T ﬂ-:l,n.huﬁi[{l}- L1T eV, & = 4.73 x 10 eV, and { = 636 K for



46 = Chapter 2. Energy Bande and Carrier Concentration in Tharmal Equilibrium

.ﬁh:il.p;m{lf‘,tiﬂ] = 1518 &V, & = 5408 & 10 VT K, andd o= 204 K for Gats: Find the
bandgaps of 5§ and GaAs at 100 K and 600 K.

FOR SECTION 2.6 INTRINSIC CARRIER CONCENTRATION

1,

1.

12.

1.

14.

Dierive Ex. 17, (Hint: In the valence basd, the probability of compancy of a state by a
hede is [1 - F(ENL.)

Al o temperatune (300 KJ the effective density of states i the valeoee banad is 2.66
10 ey far silicom and 7 % 10" e for gallium arsenide. Findd the corresporing effec-
Hve mnsisses of holes, Compare these masses with the free-slectron mass,

Calealuls lhuhﬂ.l.i;uufﬂrln |Il.i-n-r||1ll|it|1d-|:| nitrogen bemperatne (77 Kb, atb rosoum lerm-
perature (300 K), and at 100°C (let 1, =10 rrig and m, = 0,09 mg). 15 it reasonsble to
asseimie that E, is in the center of the forbidden gap?

F1||||'|.||1-|:-Hmd¢nmy ol electrons in the conduction lkand of a :h:lm]rg:n-:rlu' n-bype
semmdcomductor st 30K K.

{a} For a free electson with o velocity of 107 cons, what s it de Broglie wavelength,

(b} In GaAs, the effective mass of electrons in the conduction band is 0,063 my, IF they
hervee thee same velocity, find the carresponding de Broglie wivehength.

The intrinsic temperstare of & somiconductor is the tompertures at which the intrinsic
carrier comcentration s s the imqrarity comcentration. Final the iotrinsic temperatune

for & silicom mrq:hduped with l-l]"phnplmu abomsiem’,

FOR SECTION 2.7 DONORS AND ACCEFTORS

15.

1.

17.

15,

15k,

A sillicon sample at T« 300 K conlains an acceptor impurity concentration of N, = 10/
e, Determine the concemtration of donor impurity stoms st must be sdded so that
the stlicon & n-type and the Fermi energy is 0.20 ¢V below the conduction band edge.
Divww a sinple flat energy band disgram for silicon doped with 10 arsenic stomsfem® at
77K, 200 K, and 600 K. Show the Ferml bevel anad use the Entrinsde Fermi level as the
eneTgy Felenence,

Find the clectrom and hale concentrations and Fermi level n silioon at 300 K (a for § =
10 loren saimsdian? snd (B for 3 = 10 boros atoma’em® and 2.0 x 10° srenlc
aboensfem’,

A Si sample is doped with 107 As stoms/em?, What is the equilibrium hole concentration
g 0 300 KP Where is E, relative (o FP

Caleulate the Fermi bevel of silicon doped with 10°%, 1077, and 107 atomma/m”
at roomm temperahine, wsuming complete ionization. From the Fiermi lewel,
eheck il the asumption of complete ionmtion is jastified for esch doping. Asnarme that

the ionized doncirs is given by n = N, [1= FE )]« — Mo
1

P rl!’, = AT

Faor an n-type silicon sample with 10% em phasphorous donor impurities and a dosor
bevel ag Epe S Y, find the ratio of the neutral donar density to the iomised donor den-
gity at 77 K where the Fermi bvel is 000458 below the bottom of the conduction band.
The eprosskon for ionkesd donars 5 given in Prob, 19,
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Carrier Transport
Phenomena

3.1 CARREER DRIFT

3.2 CARRIER DIFFUSION

3. GEMERATION AND RECOMBIMATION PROCESSES
34 CONTINUITY EQUATION

3.5 THERMIONIC EMIGSION PROCESS

36 TUMMELING PROCESS

37 HIGH-FIELD EFFECTS

SUMIMARY

In this chapter, we investigate various transport phenomena in semiconductor devioes.
“The transport processes inchede drift, diffusion, recombination, generation, thermionke
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 a
carrier concentration gradient. We abso discuss the coneept of the nonequilibrivm con-
ditican where the carrier concentmtion Il:r'nl.:lll.l‘;l s different [ram its Ef.ill:ll:lh.rillm value
nt Returning to an equilibrium condition through the generation-recombination processes
s considered next. We then derive the basic poverning equestions for semiconducter device
aperation, which inchides the current density equation and the continuity equation. This
ks followed by a discussion of thermionic emission and tunneling process. The chapter
closes with a brief discussion of high-field effects, which include velocity saturation and
impact ionization.
Specifically, we cover the following topics:

* The current density equation and its drift and diffusion components,
= The continuity equation and its generation and recombination components,

«  Otther transport phenomena, including the thermionic emission, tunneling,
transferred-clectron effect, wnd impact joniztion,

«  Methods to messure key sembconductor parameters such as resistivity, mobil-
ity, majority-carrier concentration, and minority-carrier lifetime.

47
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Chaptar 3. Carries Traregon Phanomena

3.1 CARRIER DRIFT
311 Mobility

Consider an n-type semiconductor sample with uniform donor concentration in thermal
equilibrium. As discussed in Chapter 2, the conduction electrons in the semiconductor
conduction hand are essentially [ree particles, since they are not associated with amy par-
ticular lattice or donor site. The influence of erystal lattices is incorporated in the effec-
tive mass of conduction electrons, which differs somewhat from the miss of free electrons.
Under thermal equilibrium, the average thermal energy of a conduction electron can be
ohtuined from the theorem for equipartition of energy, 1/2 kT units of energy per degree
af freedom, where k is Boltzmann's constant and T is the alsolute temperature. The elec-
troms in a semdconductor have three degrees of reedom; they can move about in a three-
dimensional space. Therefore, the kinetic energy of the electrons is given by

1 3

EI‘I‘I"‘L‘-‘ ﬂkr. 1)
where m, is the effective mass of electrons and oy, & the average thermal velocity. At room
tempersture (300 K} the thermal velocity of electrons in Eq. 1 is about 107 cm/s for sil-
icon and gullium arsenide.

The electrons in the semiconductor are therefore moving rapidly in all directions,
The thermal motion of an individual electron may be visualized s a succession of ran-
dom seattering from collisions with lattice atoms, imparity stoms, and other scattering
centers, as illustrated in Fig. la. The random motion of electrons leads to a zero net dis-
placement of an electron over a sufficiently long period of time. The average distance
between collisions is culled the mean free path, and the average time between collisions
is called the mean fres time 7. For a typical value of 10-* cm for the mean free path, 7,
Is about 1 ps {ie., 10-%n,, & 10 5).

When a small electric field £ s applied to the semiconductor sample, each electron
will experience a force —g & from the field and will be aceelerated along the Geld (in the
oppasite direction to the field) during the time between collislons. 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 doe to the random thenmal motion and the drift component is illustrated in Fig.
16, Note that there is a net displacement of the electron in the direction opposite to the
applied feld.

We can obtain the drift velocity o, by equating the momentum (force x time} applied
to an ebectron during the free flight between collisions to the momentum gained by the
electron in the sume period. The equality is valid becanse in a steady state all momen.

fmil §

{a] b
Fig. 1 Schematic path of an electron in a seniconductor. (@) Random thermal motion.
(b} Combined motion due to andem thermal motion and an apphicd elecire feld,
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tum gained between collisions is lost to the latties in the collision. The momentum applied
o un ebectron is given by =g, and the momentum gained is m o, We have

-, = m g, (2}

A,

Equation 2a states that the electron drift velocity is proportional to the applied electric
field. The proportionality fector depends on the mean free time and the effective mass.
The proportionality factor is called the electron mobility g, in units of em®V-s, or

u = gt (3
Thass, Ta
Oy == el ()

Mohility is an important parameter for carrer transport because it describes how
strongly the motion of an electron is influenced by an applied electrie field. A similar
expression can be written for holes in the valence band:

o, = f, (5)

where o, Is the hole drift velocity and g is the hole mobility. The negative sign ks removed
in Eq. 5 because holes drift in the same direction as the electric field.

In Eq. 3 the mobility is related directly to the mean frée time between collisions,
which in tum is determined by the various scattering mechanisms. The bwo most impor-
tant mechanisms are lattice scattering and imparity scattering. Lattice scattering results
from thermal vibrations of the lattice atoms at any termperature above absalute 2o, These
vibrations disturb the lattiee periodic potential and allow energy to be transfemed between
the carriers and the lattice. Since lattice vibration increases with increasing temperature,
lattice scattering becomes dominant at high temperatures; hence the mohility decreases
with increasing temperature. Theoretical analysis' shows that the mobility due to lattice
scattering g, will decresse in proportion to T-%%,

Imparity results when a charge cormier travacls past an ionized £ imipia-
nw:mlsuwmngwm“edWMrmhmﬂ mmﬂmmmﬂmwm
interaction. The probability of impurity scattering depends on the total concentration of
iomizec] imparrities, that is, the sum of the concentration of negatively and positively charged
bons. However, unlike lattice scattering, impurity scattering becomes less sigmificant at
higher temperatures. At higher temperatures, the carriers move faster; they remain near
the impurity atom for a shorter time and ane therefore less effectively seattered. The mobil-
ity due to impurity scattering y; can theoretically be shown to vary as T*4Ny, where Ny
is the total impurity concentration.®

The probubility of a collision taking place in unit time, 1/%., is the sum of the prob-
abdlities of collisions due to the various scattering mechanisms:

1 1 1

= + ;
T, ity

— fi
i (6)
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ar
s (6a)

Figure 2 shows the measured electron mobility as a function of temperature fior sill-
icon with five different donor concentrations.? The inset shows the theoretical temper-
ature dependence of mobility due to both lattics and impurity scatterings. For Eightly doped
samples (., the sample with doping of 104 em™), the lattice scattering dominates, and
the mability dicreases as the temperatiune inereases. For heavily doped sumples, the effect
of impurity scattering is most provounced at low temperstures. The mobility increases
as the temperature increases, as can be seen for the sample with doping of 10 e,
For a given temperature, the mobility decreases with increasing impurity concentration
because of enhanced impurity scatterings.

Figmre 3 shows the measured mobilities in silicon and galliom arsenide as a func-
tion of impurity concentration at room temperature. Mobility reaches a maimum value
at bow impurity concentrations; this corresponds to the lattice-scattering limitation. Both
electron and hole mobilities decrease with mcreasing impurity concentration and even-
tually approach a minimum value at high concentrations. Note also that the mobility of
electrons is greater than that of holes. Greater electron miohility is due mainly to the smaller
effective mass of electrons.

(g

e, (oI =)

K}

Fig.2 Electron mobility in silicon versus temperature for vasious donor concentrations. Insert
sherws the theoretical temperature dependence of electron mobility.”



Chapter 3, Carrier Tranzpad Phenomens -

LLLe]

Makility femrye)

Mobility (em®v—)

58 888 53w 958 B

i
i
&
i | ol | i 1
- | i T | ]
(=R T i
H..B. <1 1Kl E
. im %
3 4 31
pp,ﬂ, 4 10
= -: 3 o
al s o1 i | L
VA 11 1L ' LA -1 R 1< 1L T

Imprrity concentrabioa {em ™)
Fig.3 Mobilities and diffusivitios in 51 and GaAs at 300 K as a function of imparity

concentralion.”

I~ EXAMPLE1

Caleulabe the mean free Hme of an clecton

3l

u mobility of 1000 cm® Vs at 300 K; also cal-
culate the mean free path. Assume m, = 0.26 m, in these caleulations.

SOLUTION  From Eq. 3, the medn free time is gven by

= Matty _ (026091 %107 g % (0000% 10 m*/ V-g)

q
=148%1077 5 = 0,145 pa.

The mean freo path is given by

Imugr, ={10" cm/s){1.48%
= [4.8 nm,

312 Resistivity

W neww consicder conduction in a lon

18x 107" C

10 Yg)=148%10 ® em

semmiconductor material, Fi

giare: e shens

an n-type semiconductor and its band diagram at thermal equilibrivin. Figure 45 shows

the correspanding band disgram

when a blasing voltage is applied to the rght-hand ter-

minal. We assume that the contacts at the left-hand and right-hand terminals are ohmic,
that is, there is negligible voltage drop at each of the contucts, The behavior of ohmic
contacts are considered in Chapter 7. As mentioned previously, when an electric field &
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S o L 5

[m) (]

Fig. & Conduction process in an a-type semiconductor (a) at thermal equilibrium and
{b] uniher n biasing condition.

is applied to a semiconductor, each electron will experience a force —g & from the feld.
The force is equal to the negative gradient of potential energy; that is,

- = —{gradient of electron potential energy) = -%’-. (7

Recall that in Chapter 2 the bottom of the conduction band E,; 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;. (e.g. Eg, E,, or E,, as shown
in Fig. 4b). It is convenient to use the intrinsic Fermi level E, because we shall use E,
when we consider p-n junctions in Chapter 4. Therefore, from Eq. 7 we have

| dE. _ 1dE
e * e
=g (8)

We can define a related quantity W as the electrostatic potential whese negative gra-
dient eguals the electrie field:

. 9
£m-==. L]
Comparison of Eqs. 8 and 9 gives

Fn—EL, (10)

q

which provides a relationship betwcen the electrostatic potential and the potential energy
of an electron. For a homogeneous semiconductor shown in Fig. 4b, the potential enengy
and E, decrease linearly with distance; thus, the electric field is a constant in the nega-
tive x-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 comesponds to the distance from the band edge (iLe., E; for electrons).
When an electrun undengoes a collision, it loses some or all of its kinetic energy to the
lattice and drops toward its thermal equilibrium position. After the electron has kst some
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or all its kinetic enengy, it will again begin to move toward the right, and the same pro-
oess will be repeated many times. Conduction by holes can be viswalized ina smilar man-
neer but in the opposite direction.

The transport of carders under the influence of an applied electric field produces a
current called the drift eurvent. Consider a semiconductor sunple shown in Fig, 5, which
has u cross-sectional area A, a length L, and a carrer concentration of n electrons’om?,
Suppose we now apply an electrie field & to the sample. The electron current density |,
flowing in the sample can be found by summing the product of the charge (—) on each
electron Hmes the electrons vethocity over all electrons per unit volume n:

i
Iy == Timqui)=~guo, = qua, &, (1)

where 1, is the electron current. We have employed Eq. 4 for the relationship between
o, amd o
A similar prgument applies to holes. By taking the charge on the hole to be positive,
wi have
Jp = gpey, = qpigd. {12}
The total current flowing in the semiconductor sample due to the applied field £ean be
written as the sum of the electron and hole current components:

J -jl +J|: .{q'"#l +* Q'PFP-#- I:la']-
The quantity in parentheses is known as conductivity:
F=glnu, -I-_pll.lr_:l. (14)

The electron and hole contribations to conductivity are sinply additive.
The corresponding resistivity of the semiconductor, which is the reciprocal of g, is
iven by

1 1
P= e qlap, +pp,) )

Generally, in extrinsic semiconductors, only one of the components in Eq. 13 or 14 is
significant because of the many orders-of-magnitude difference between the two carvier
donsitios. Therefore, Eq. 15 reduces to

{15a)

p=
qripy

LR b e S e —

Fig.§  Current condisction in a uniformly doped semicondictor bar with length L and cross-
sectional area A,
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for an n-type semiconductor (since n >> p), and to
p ﬁ_ (15h)
»
for a petype semiconductor (since p > ).

The most common method for measuring resistivity is the four-point probe method
shown in Fig. 6. The probes are equally spaced, A current I from a constant-cur-
rent source is passed through the outer two probes and a voltage V is measured between
the inner two probes, For a thin semiconductor sample with thickness W that is much
snaller than the sample dinmeter o, the resistivity is given by

p:%-'ﬂ-"-EF £1-cm, (LI

where CF ix o well-documented “correction factor.” The correction factor depends on
the ratio of dfs, where 5 is the probe spacing. When dis > 20, the cormection factor
approaches 4.54.

Figure 7 shows the measuned room-temperature resistivity as a function of the impa-
rity concentration for silicon and gallinm arsenide.? At this temperature and For kow impas-
rity concentrations, all donor (e.g., P and As in 5i) or acceptor (e.g. B in 51} impurities
that have shallow energy levels will be iondzed. Under these conditions, the carrier con-
centration is equal to the impurity concentration. From these curves we can obtain the
impurity concentration of a semiconductor if the resistivity is known, or vice versa,

EXAMPLE 2
Find the room-tomperatare resistivity of an a-type silicon doped with 10 phosphorus atoms’cm”,
SOLUTION At room lemperature we assume that all dosors are jongeed; this,

My m 100 o,
From Fig. 7 we find p = 0.5 {3-cm. We can also caleulate the resistivity from Eq. 159

1 1
= -
g, DGR 107" % 10" x 1300

The mobility 1, is obtained from Fig. 3. -

= 45 Berm.

L5

!
)
py

Fig- & Measurement of resistivity using a four-point probe.?
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313 The Hall Effect

mmwm;m&Mmqhﬂﬂm&m r]s,zltnp\,tﬁl:ym
centration, because the lonkzed impurity density depends on the temporature and the
impurity enenzy kevel. To measure the carrier concentration directly, the most commonly
wsexd methed i the Hall effect, Flall measurement is abso one of the mest meth-
ocls to show the existence of holes as charge carriers, because the measurement can give
chirectly the carrier type. Figure 8 shows an electric field applied along the x-axds and a
magmetic feld adong the z-axds, Consider a p-type sembconductor sample. The
Lorentz foroe o % B (= qe.B,) due to the magnetic ficld will exert an average upward
force on the heles flowing in the r-direction. The upward directed current causes an

Fig.- 8 Basic setup bo measure carricr concentration using the Hall effect.
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accumulation of holes at the top of the sample that gives rise to a downward-directed
electric field &, Since there is no net current flow along the y-direction in the steady

state, the electric field along the y-ixis exactly balances the Lorentz force; that ks,
qf, =quv, B, (17}

& =05, (18)

ﬂuulhu-dhptﬁﬂﬁﬂlt]ﬁ;bmmﬁnqmjluu,ﬂ,.mmtﬁmttlhngﬂmy-djmﬂnnis
experienced by the holes as they drift in the r-direction.

The establishment of the electric field is known as the Hall offect. The electric fiekd
in Eq. 15 is called the Hall ,and the terminal voltage Vi, « 4 W (Fig. §) is called the
Hall veltage, Using Eq. 12 for the hole drift velocity, the Hall field £ in Eq. 18 becomes

£ = [—"rﬂ;-]ﬂ = gy Be . (1)

e, (20}
a

The Hall field & is proportional to the product of the current density and the mag-

¥

netic field. The proportionality constant By, is the Hall cosfficient. A similar result can
be obtained for an n-type sembconductor, exeept that the Hall coefficient is negative:

o 21)
qﬂ

A measurement of the Hall voltage for a known current and magnetic field yields
L LB _ aB, _1BW
qRy  qfy,  qlVg/W) qVud

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 dircetly from the Hall mea-

surement,

p= {22)

EXAMPLE 3

A samphe of 51 is doped with 10" phosphorus atomsiom®. Find the Hall voltage in & sample with
W s 500 pm, A = 25 x 109 cm?, [ = 1 mA, and B, = 10~ Whicm™.

SOLUTION  The Hall cosflicent is
i 1
| TP S — —
"M 16x107 k10

Tha Hall voltage is
I
'1-"H= q!'.,W:[HHIHt]w
[ 107 _.] ol
m| 505, ———— 107 | S0x10

“eExi0?
= =125 mV, -
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3.2 CARRIER DIFFUSION
321 Ditfusion Process

In the preceding section, we considered the drift current, that is, the trnsport of carri-
ers when an electric field is applied. Another important current component can exist if
there is a spatinl variation of carrier concentration in the semiconductor material. The
carriers tend to move from a region of high concentration to a region of low concentra-
tion. This corrent component is called diffusion curnent

To understand the diffusion process, let us assume an electron density that vasies in
the x-direction, as shewn in Fig, 9. The semiconductor is at uniform temperature, so that
ﬂmulhtﬂiqg:ﬂmsnnnlﬂnaqgrﬂfnlertnmns:hﬂ¢smu11nu3wwiﬂh:;unﬁpth¢:danm[ynﬁi}unrig,
Conséder the number of electrons crossing the plane a x = 0 per unit time and per unit
area. Because of finite temperature, the clectrons have random thermal motions with a
thermal velocity oy, and a mean free path [ {note that | = o, 7. where . is the mean free
time. ) The electrons at 1 = —{, one mean free path sway on the left side, have equal chances
of moving left or right; and in a mean free time 1, one half of them will move across the
plane x = 0. The average rate of electron flow per unit area F, of electrons crossing plane
x = [ from the left is then

Sat-D-l
Fl = - HEHI:—H - 1:'*. fﬂ}

Similarly, the average rate of electron flow per unit area F, of electrons at x « [ crossing
plane x = 0 from the right is

R =E'nmr s (24)

Luarent

nigh

1 bt v

CRLIH

ni—i)

Emtnmtleulﬂ}-ni:i

e -

i
i
!
i
i
1
1
1
i

=] 0

Divten 1

Fig.9 Electron concentration versus distance; [ is the mean free path. The directions of elec-
llmtmltuﬂﬁﬂﬂﬂnmindﬂleﬂlrym
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The net rate of carrier fow from left to rght is
F = F, = Fy = vy [ni=l}=nil . (25}

Approimating the densities at x = =1 by the: first two terms of a Taylor series expansion,

wer odslaln
il i
F o= '&“rﬁ [[ﬂ{u}';j]— [I'I“}] * !E]}

-l 2 a0, . (26)

where D_ = p,[ is called the diffusion coefficient also called the diffusioity. Becanse each
electron curriers a charge —g, the carrier flow gives rise to a current

in .
Is = =ijF = ql}, E- (27)

The diffusion current is proportional to the spatial derivative of the electron den-
sity. Diffusion current results from the random thermal motion of carrers in o concen-
tration gradient. For an electron density that increases with x, the gradient is positive,
and the electrons will diffase toward the negative g-direction. The current is positive and
fows in the direction opposite to that of the electrons as indicated in Fig, 9.

EXAMPLE 4

.'-mnu.-.-lhu,Inu--qﬁmﬂmduﬂmlw-:ﬂﬂx.ﬂumwmﬁmvuhllmdy
From 1 = 10™ to T = 107 em™ over o distance of 0.1 e Calealabe the diffusion carmrent devsity i
e eloctron diffuston coeMicient s D, = 225 em®s.

SOLUTION  The diffission eurrent density is given by

dn An
_.F-,M -qﬂ‘ E-qﬂ. &T

Lh 7
= (1.6 H.'lﬂ'"'l[ﬂ&f{l—%ﬂ—] =108 Afem®. |

322 Einstein Relation

Equation 27 can be written in & more useful farm using the theorem for the equiparti-
tion of energy for this one-dimensional case. We can wrile

1 L
Em_nm’-im. (28)
From F,qs.lmmdﬂﬂuduringthemhﬁwhipicn“,f,.wunhuin
B, l“ﬁi-m[umfr]'ﬂri{&_‘;n )*[:_'T}[&qﬂ*‘)- (2
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kT
D, = [h:,r- u (30}

Equation 30 is knovwn as the Einstein relation. It relates the two impartant constants (dif-
Fusivity and mobility) that charseterize curier transport by diffusion and by drift in o semi-
conductor, The Einstein relation also applies between 13, and g Values of diffusivities
for silicon and gallium arsenide are shown in Fig, 3,

EXAMPLE 5

Minority carriers (holes] are ingocted into a bomegeneoas n-type semicondisctor sanple at one polnt.
An electric field of 50 Viem is applied across the sample, and the fiek] moves these minority car-
rhers a distance of 1 em in 100 ps. Find the drift velocity and the diffusivity of the minosity carrders.

1 em
SOLUTION & =—— = 10" i
" 100x10" 5 Gk

D, -*Tr;.r,,-: 00250 % 200 =518 cm /s, e

323 Current Density Equations

When an electric field is present in addition to a concentration gradient, both drift car-
rent and diffusion current will fow, The total current density at any point is the sum of
the drift and diffusion components:

in
Jo = qiané +qD, ==, {31}
where & s the electrie field in the rodirection,
A similar expression can be obtained for the hols current:
ap (32}

JF=ITF,|.I.P;_EHF EEI! "

We use the negative sign in Eq. 32 because for a positive hole gradient the hobes will dif-
fuse in the negative x-direction. This diffusion results in a hole current that alse lows in
the negative t-direction.

The total conduction carrent density is given by the sum of Eqs, 31 and 32-

Jomt = Ju +] (33
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The three expressions (Eqs. 31-33) constitute the current density equations. These equi-
tions are important for analyeing device operations under low electric fields. However,
ut sufficiently high electric fields the terms g & and (@, should be replaced by the sat-
aration velocity v, discussed in Section 3.7.

3.3 GENERATION AND RECOMEINATION PROCESSES

In theermal equilibriam the relationship pn = n.? is valid. If excess carriers are introduced
to & sembconductor so that pn > n7, we have & nonequilibrium situstion. The process of
introducing excess carrbers is called carvier infection. Most semiconductor deviees oper-
ate by the creation of charge carriers in excess of the thermal equilibrium values. We can
hﬁ;iu:tmmmmhynpmﬂwhmmmﬁ:mmﬂ-bhﬂngap&nhnm{dmm
in ter 4).

Whenever the thermal-equilibrium condition is disturbed (Le., pn # 0}, provesses
exist to restore the system to equilibrium (Le., pn = ni}. In the case of the injection of
excess carriers, the mechanksm that restares equilibrium is recombination of the injected
minosity carriers with the majority carriers. on the nature of the recombi-
mution process, the rebeased enengy that results from the recombination process can be
emitted as a photon or dissipated as heat to the lattice. When a photon s emitted, the
process is called radiative recombination; otherwise, i is called nonradiative recombination.

Recombination phenomena can be classified os direct and indirect processes. Direct
recombination, also called band-to-band recombination, usually dominates in direct-
bandgap semiconductors, such as gallivm arsenide, wheres indirect recombination via
bandgap recombination centers dominates in indirect bandgap semiconductors, such as
silicon.

331 Direct Recombination

Consider a direct-bandgap semiconductor in thermal equilibrium, The continnous ther-
sl vibration of lattice atoms causes some bonds between neighboring atoms to be bro-
ken. When a bond is broken, an electron-hole pair is generated. In terms of the band
diagram, the thermal energy enables a valence lectron to make an upward transition to
the conduction band, leaving a hole in the vilence band. This process is called carrier
generation and is represented by the generation rate Gy, (number of electron-hole pairs
generated per cm® per second) in Fig, 10a. When an electron makes a transition down-
ward From the conduction band to the valenoe band, an electron-hole pair is annihilated.
This reverse process is called recombination; it is represented by the recombination rate
R, in Fig, 100. Under thernal equilibrium conditions, the generation mbe G, must eyl

Fig. 10 Dirvet generstion and recombination of electron-hole pair: (a) at thermal equilibrium
and (k) under ilumination.
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the recombination rate R, , so that the carrier concentrations remain constant and the
condition pn = n? i muintained,

When excess carrers are introcheced to a direct-bandgap semiconductor, the prob-
ahility is high that electrons and holes will recombine directly, because the bottom of thi
conduction band and the top of the valence band are lined up and no additional momen-
tum s required for the transition across the bandgap. The rate of the direct recombina-

tiom H is to be proportional to the number of electrons available in the conduction
band and numbser of holes available in the valence band, that is,
R = finp, 34}

where ffis the proportionality constant. As discussed previously, in thermal equilibrium
the recombination rate must be balanced by the generation rate. Therefore, for an n-
type semiconductor, we have

Crg = Ry = P p.,. (35)

In this notation for carrier concentrations the first subseript refers to the type of the semi-
conductor. The subscript o indicates an equilibrium quantity. The n_ and p_, represent
electron and hole densities, respectively, in an n-type semiconductor at thermal equilibbum,
When we shine a light on the semiconductor to produce electron-hole pairs at a rate G
(Fig. 10b), the carrier concentrations are above their equilibrium vahses. The recombi-
nation and generation mbe become

A= fnp, =Pln, +aalp, +4p) (36}
C=0; +Cy,. (37}
where An and Ap are the excess carrer concentrations, given by
An=n,=-n_ (35a)
Apmp, =Py, (35b)

and An = Ap to maintain everall charge neutrality.
The net rate of change of hole concentration is given by

E':.:'tn..:;-a-c:,,m“-ﬂ. (39)
In steady state, dp, / dt = 0, From Eq. 3% we have
G =R=-Cyull, (40)
where U ks the net meeombination rate. Substituting Eqs. 35 and 35 into Eq. 40 yields
U= Ping +p., +apldp. (41)

For low-level injection Ap, p,, << n,, , Eq. 41 is simplified to
U=fn Ap =Eu;1|”_m__
Bng, (48)

Therefore, the net recombination rate is proportional to excess minority carrier con-
centration. Obviously, U = 0 in thermal equilibrivm. The proportionality constant 1fn_
is called the lifetime 1, of the excess minority carrers, or
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(43}

(44)

The physical meaning of lifetime can best b illustrated by the transient response of
a device after the sudden removal of the light sorce. Consider an n-type sample. as shown

[",;3 114, that is illaminated with light and in which the electron-hole pairs arne
e unifrmly throwghout the sample with a generation rate G, The time-depen

expression is given by Eq. 39. In steady state, from Eqs. 40 and 43

ﬂt.-:UIE.iE‘
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Fg. 11 Decay of phobnescited carriers, (a) n-type sample under comstant illomination,
{h) Decay of minarity carriers (holes) with time. (o] Schematic setup to measure minority
carrier [ifetine.
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r
Pu= a0l 1 45a)

If at an arbitrary time, say ¢ = 0, the light is seddenly turned off, the boundary condi-
Hons are p it = 0) = p, + 0, & given by Eq. 459, and p_(t—=) = p_. The time-
dependent expression of Eq. 30 becomes

s g, -R=-v=-P2Pn (46)
dt 1

wred thee solution is
p0=p 5ol "

Figure: 115 shows the variation of p, with time. The minority carrders recombine with
meajority carriers and decay exponentially with a time constant £, which eorresponds to
the lifetime defined in Eq. 44.

This case illustrates the main idea of measuring the carrer lifetime using the pho-
toconductivity method. Figare §le shows a schematic setup. The excess carriers, gener-
ated uniformly throughout the sample by the light pulse, canse n momentary increase in
the conductivity, The increase in conductivity sanifests itsell by a drop in voltage across
the samnple when a constant current is passed through it The decay of the conductivity
can be ohserved on an escilloscope and is a measure of the lifetime of the excess minor-
ity earriers,

EXAMPLE &
A St sample with n, = 10" e is illuminated with light and 109 electron-hole pairelem® s cre-
ated every microsecomd. If 7, = €, = 2 ps, find the change in the minority carrier concentratinn,
SOLUTION  Before ilhumEnation
Poe = 0 {0 = (B65x10%F /10" = 931%10° e
After illamination

109
1

w 23 10" om™, .|

Pu = P+ FGy = 0312 10% + 2% 107" x

332 Indirect Recombination

For indirect-bandgap sembconductors, such as silicon, a direct recombination process is
very unlikely, becwse the electrons at the bottom of the condisction band hive noneers
momentum with respect to the holes at the top of the valence band (see Chapter 2). A
direct transition that conserves both enengy and momentum is not possible without a simul-
taneous lattice interaction. Therefore the dominant recombination process in such somi-
conductors is indirect transition via bacalized energy states in the forbidden energy gap.*
These states act as stepping stones between the conduetion band and the valence band.

Figure 12 shows various transitions that oceur in the recombination process throwgh
intermediate-level states (also called recombination conters), Wi illstrate the changing
state of the center before and after each of the four basic transitions takes place. The
arrows in the fgure designate the transition of the electron in a particular process. The
illustration is for the case of a recombination center with a singbe energy level that is neutral
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Fig. 12 Indirect generation-recombination processes at thermal equilibrium.

when not occupied by an electron or negative when it is eceupied. In indirect recombi-
nation, the derivation of the recombination rte is more complicated. The detailed deriva-
tion is given in Appendix 1, and the recombination rate is given by ¢

=

s
ik, -E, hrk-'r'i ’ (48)

alp. + l1~|vl'[“_ﬁ':”:'ﬂl-]-I-::l'_[n=l +n,e

where ¢, is the thermal velocity of carriers given in Eq, 1, N, is the concentration of the
recombination center in the semiconductor, and o is the cipture cross section of elec-
troms. The quantity o, describes the effectiveness of the center to capture an electron
and is 4 measure of how close the electron has to come to the center to be captured. g,
is the capture cross section of holes.

Wi can simplify the general expression for the dependence of U on E, by assuming
equal electron and hole capture cross sections, that s, @, = g, = o, Equation 45 then
becomes

o s viosN {Fﬂ“l _"l.} (48]
= ¥y g lty J
P+, + 2n, uﬂ{%:f&]

Unsder u low-injeetion condition in an n-type semiconductor so that i, > p,, the recom-
bination rate can be writben o
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U= vao, ¥, —r—fa=Fa i (50}
1+[ "']md{ 'mE'] F
N kT

The recombination rate for indirect recombination is given by the same expression as
Eq. 43; however, T depends on the locatkons of the recombination centers.

333 Swriace Recombination

Figure 13 shows schematically the bonds at a semiconducior surface.® Becnise of the
abrupt discontinuity of the kattice structure at the surface, a large number of localized
energy states or generation-recombination centers may be introduced at the surface region.
These enorgy states, called surfoce 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. The total number of carriers recombining at the surface
per undt area and unit time can be expressed in a form analogous to Eq. 45. For o low-
injection condition, and for the limiting case where electron concentration at the surface
is essentially equal to the bulk majority carrer concentration, the total number of carri-
ers recombining at the surface per unit area and unit time can be simplified to

LI: a“’-liu-jﬁ',ﬂ":fjr = Pua k 131}
where p, denotes the hole concentrations at the surface, and N is the recombination
center density per unit area in the surface region. Since the product g, g N, has its dimen-
sion in centimeters per second, it is called the lee-infection surface recombination
velocify 5,

Sr..- DO, |"i'.|. 52}

Fig. 13 Schematic diagrem of bonds 2t a clean semdconductor surfece. The bonds ane
axlsatropic and differ from those in the bulk®
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Fig. ¥ Auger recombination.

334 Auger Recombination

The Anger recombination process oceurs by the trunsfer of the energy and momentum
released by the recombination of an electron-hole pair to a third particle that can be either
un electron or a hole. The exmple of A recombination process is shown in Fig. 14.
#mﬁndehtmnmh:wndmﬂmhmﬂmﬂwwr&mdbﬁhmm reCOm-
binathon. After the Auger process, the secomd electron becomes an energetic electron.
It Josess its emerrgy to the lattice by scattering events, Usually, Auger recombination is imvpor-
tant when the carrier concentration is very high as a result of either high doping or high
injection kevel. Because the Auger process imnlves three particles, the rate of Auger recom-
hination can be expressed as

Ry, = Ba'p or Bap®, (33
The proportionality constant B has & strong temperature dependence.,

34 CONTIMUITY EQUATION

In the previous sections we considensd individual effiects such o drift due to an clectric
field, diffusion due to o concentration gradient, and recombination of carders through
intermediate-level recombination centers. We now consider the overall effect when detfi,
diffusion, and recombination oceur simubaneously in a semiconductor material. The gov-
erning equation is called the continuity g

To derive the one-dimensional continuity equation for electrons, consider an infinites-
imald slice with a thickness dx located at x shown in Fig. 15. The number of electrons in
the slice may increase due to the net current Oow into the slice and the net carrier gen-
eration in the slice. The overall rate of electron increase is the algebrale sum of four com-
prments the pmber of electrons Bowing into the stice ot 1, minos the nuomber of electrons
fewing out at £ + de, plus the rate at which electrons are generated, minus the rute at
which they are recombined with holes in the shce.

The first two components are found by dividing the currents at each side of the slice
brv the charge of an electron. The generation and recombination rates are desimated by
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Fig. 15 Current Aow and generation-recombination processes in an infinitesimal slice of thick-
i i,

G, and B, respectively. The overall rate of change in the number of electrons in the shice

e w| dalE0A_ Jylx ¥ “”‘"‘]uc_ - R, )Adx, (54)
ot -4 -

where A i the cross-sectional area and Ady s the volome of the stice. Expanding the
expression for the cument at 1 + dx in Taylor serics yields

j‘{;—+rh]-=_;*m+—a£—i:+_ B (55)
W thus obtain the basic continuity equation for electrons:
an 18, i
s il LA ) (56)

A similar continuity equation can be derived for holes, except that the sign of the first
term on the rght-hand side of Eq. 56 is changed becase of the positive change associ-
ated with a hole:

A
ik ol R,). (57)

Wi can substitute the current expressions from Eqe. 31 and 32 and the recombination
expressions from Eq. 43 into Eqs, 56 and 57. For the one-dimensional case under low-
injection condition, the continuity equations for minority carriers (ie., n in a p-type semi-
comductor or p, in an p-type semiconductor] ane

(38)

dn R e
F il "Rl .

dd i -
%—=-F.Fp¥-ﬂf%+ﬂpﬁ*ﬂr“h:f"- o5
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In addition to the continuity equations, Poisson’s equation

af _p (0]
dr &,

must be satisfied, where £ is the semiconductor diclectric permittivity and g, is the space
charge density given by the algebrase sum of the charge carrier densities and the ionized
impurity concentrations, gip —n + Mg =Ny

In principle, Eqs, 58 through 60 together with appropriate boundary conditions have
a unigue solution. Because of the algebraic complexity of this set of equations, in most
cases the equations are simplified with physical approximations before a sohution is
attempted. We solve the continuity equations for three important cases.

34.1  Steady-State Injection from One Side

Figure 16a shows an n-type semiconductor where excess curriers are injected from one
sicle a8 a result of ilumination. It is asswmed that light penetration is negligibly small (Le.,
the assumptions of 2ero field and zero generation for x = 0). At steady state there is

Fig. 16 Steady-state carvier injection from one side. (a) Semiinfinite sample. (b] Sample with
thsckness W.
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concentration gridient near the surface. From Eq. 59 the differential equation for the
minarity carriers inside the semiconductor is

a* -

The boundary conditions are p, (£ = 0} = p, (0] = constant value and p, (x—=) = p, The
soldution of p,_ (x) is

Pul) = Py +1pa (0 =p o Je ™ (62)
The length L, is equal to VD, T and is called the diffiusion length. Figure 16a shows the
warkation nl'ﬁ:: I':EI'EI."[}' ca:ﬂ'a?dnudly. which decays with a characteristic length given
by L.

If we change the second boundary condition as shown in Fig. 165 so that all excess
carriers at x = W are extracted, that is, p, (W] = p,_. then we obtain a new solution for
Eq. 61:

W=
sin ’]
LJ’

SR ) (63)

Pult)=pu +pa 0= pol

The current density at x = W is given by the diffusion current expression, Eq. 32 with
&'m

D, 1
Ip= “‘Fﬂ-%"h 'q'l”“m""'“]:,_ir

: (B4)
WiL,)

342 Minority Carriers at the Surface

When surface recombination is introduced at one end of a semiconductor sample under
illumination {Fig. 17], the hole current density Nowing inte the surface from the bulk of

Fig. 17  Surface recombination at £ = 0. The minosity cerrier distribution near the surface i
affected by the surface recombination velocity®
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the semiconductor is given by gL In this exsmple, it s assumed that the sample is uni-
formlby lsminated with oniform generation of carriers, The surfice recombination lears
toa bower earrier concentration at the surface. This gradient of hole concentration yields
a diffusion current density that is equal to the surface recombination current. Therefore,
the boundary condition at © = 0 is

D,2s| = g0, =S,1p0)- Pl 65
The boundary condition at £ = s is given by Eq, 43, At stendy state the diffesential equa-
Lwinn 35
a* Pu—Pae
T e
The solution of the equation, subject to the boundary conditions above, is*
=it I,
T T i
p.ix?=v_+fﬁb[|——t§;:—rs:]- (67)

A plot of this equation for a finite 5, is shown in Fig. 17. When 8, — 0, then p,x) =
P *+ By , 85 cibdmined Flltﬂ'il:lnﬂt'_lu":ﬂl.l. 45a). When 5, =, then

polx)mpg, + TG 1-e"7), (68)
From Eq. 65 we can sec that at the surface the minority carrier density approaches its
thermal equilibrivm value p_,

343 The Haynes—Shockley Experiment

Ome of the classic esperiments in semiconductor physies is the demonstration of drift
and diffusion of minority carrers, first made by Haynes and Shockley.” The experiment
allows independent measurement of the minority carrier mohility g and diffusion coef-
ficient [, The basic setup of the Haynes-Shockley experiment is shown in Fig. 18a. The
voltage source, V), establishes an electric field in the +x direction in the n-type semi-
conchector bar. Excess carriers are produced and effectively injected into the: semicon-
ductor bar at contact (1) by a pulse, Contact (2) will eollect a fraction of the exeess carriers
as they drift through the semiconductor, After a pulse, the transport equation is given by
Eq. 58 by setting G, » 0 und 8/ = 0 (Le., the applicd fickd is constant across the semi-
eanddisctar barlk:

@p, Pa-p
%n_yﬂs%m,&l- o (69)

If no field is applied along the sample, the solutbon Is given by

Py, t)= N L+ p {70)
ahis BF A s ey . i
‘iqnﬂrg Aoy v | Y

where N is the number of electrons or bales generated per unkt area. Figure 156 shows
this sobution as the carriers diffuse away from the point of injection and recombine,

1f an electric field is applied along the sample, the salution is in the form of Eq. 70,
except that  is replaced by x — g &t (Fig. 18¢). Thus, all the excess carrers move with
the drift velocity g & At the sume time, the carriers diffuse ootward and recombin i
in the feld-free cuse.
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Fig. 18 The Haynes-Shockley experiment. (o) Experimental setup. () Carrier distributions
weithaut an applied field. (o} Carrier distributions with an applied Geld.”

~ EXAMPLE?

In a Haynes—Shockley experiment, the masimum amplitudes of the minority carders at ¢, = 100
ps anad £y = 200 ps differ by a factor of 5. Caleulste the minosity carver Bistime.

SOLUTION  ‘When an electric feld is applied, the minarity carrier distribution is given by

Gpmp, =P 'F:I-—-a;u[i ]

At meedlmmom amplitude

S
Aallt i
Thirelom

ﬂ-ﬁ_—'ﬁh_‘l"’f :I JE wrlm =5
Anty | T expi—ty (T,} "lll{:l} 'I'J,l:.l-l']
:.f,:m"m-‘m

-
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3.5 THERMIONIC EMISSION PROCESS

In presions sections, we considered canrier transport phenomena inside the bulk semi-
conchsctor, At the semiconductor surface, carriers may recombine with the recombina-
tion centers due to the dangling bonds of the surface region. In addition, if the carriers
!ummmﬁ:ntenergr:ﬂ:q-mn}-ba“lhetmhmhﬂy'mLHEdMIuﬂtwuum.mhuﬂad
thie thermionic emieion process.

Figure 1% shows the band diagram of an isolsted n-type semiconductor. The clec-
tron affinity, g, is the energy difference between the conduction band edge and the vae-
aum bevel in the semiconductor; and the work function, g9,. is the energy between the
Fermi level and the vaenum level in the semiconductor. From Fig, 19, it is clear that
an electron e be thermionically emitted into the vacuum if its enengy is above g,

The electron density with energies above g can be obtuined from an expression sim-
{lar to that for the electron density in the conduction band (Eqs. 9 and 16 of Chapter 2)
cxoept that the lower limit of the integration is gy instead of Eg:

ng = | nlEME= H'E(:l:[{w ﬂ;—vﬂl] 7

L

“immH,_.i;ﬂweﬁu@udm,ﬁlynfnﬂlmhﬁtmnducﬂmbﬂﬂ,uﬂvihlh:dﬁh
ence between the bottam of the conduction band and the Fermi level.

Yoo level o
T %
[
ey R—— | S ——— E_
i i Lq‘-’l By
:p-m 5,
Viaruum == | == Seamiconductor
{n)
] Fre tharrauhinhi: ciosses
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Fig. 18 () The band disgram of an isolated n-type semiconductor. () The therméanic emission
oy,
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EXAMPLE 8

Cilculate the thermionkcally embtted electron demsity, ny, , at room temperatiare for an p-tvpe sil-
icon saniphe with an clectron affinity of g = 4.05 eV and gV, = 0.2 oV IFwe redoce the effective
i 1o 08 &V, what & n,P

SOLUTION o, (4.05cV) = 286 = 107 dq{—%] = 286 x 10" oxp |:-|5.|:|
= 0" =0
g (06 6V) = 256 10° q{— L ]: 256 x 10" exp (~300)
= 1 % 10* em™, 4

From the above example, we see that at 300 K there is no emission of electrons into
vacuum for gy = 4.05, However, if we can lower the effective electron affinity to 0.6 eV,
a substantial number of clectrons can be thermionically emitted. The thermionic emis-
sion process is of particular important for metal-semiconductor contacts to be consid-
ered in Chapter 7.

3.6 TUNNELING PROCESS

Figure 20a shows the enengy band disgram when two isolated semiconductor samples
are brought close together. The distance between them ks d, and the potential barrier
height gV, is equal to the electron alfinity gy, I the distance is sufficient small, the elec-
troms in the left-side semiconductor may transport across the barrer and move to the
right-side semniconductor, even if the electron energy ks much less than the barrier height.
This process is msociated with the quantum tunneling phenomemon.

Based on Fig. 200, we have redrivm the ong-dimensional potential barrier diagram
in Fig, 20b. We first consider the transmission (or tunneling) coefficlent of a particle (e.g..
electron) through this barrier. In the corresponding classic case, the particle is abwvays
reflected IF its energy E bs less than the potential barrier height gV, We see that in the
ﬁwm case, the particle has fnite probability to transmit or “tunnel”™ through the poten-

N v

The behavior of a particle (e.g., a conduction electron) in the region where Vi) =

0 can be described by the Schriidinger equation:

]
‘“_;,, “’IE1=;: (72)
= &
2m_E
ﬁ--.—n;_v_ {‘;I'_']]

where m_ is the effective mass, & is the redoced Planck constant, E is the kinetic energy,
and  is the wave function of the particle. The solutions are

vix)= Ae™ + Be™™ 220, (74)
wir)=Ce’™ xzd, (785)

where k & V2m EW. For x =0, we have an incident-particle wave function (with ampli-
tede A) and a reflected wave fanction (with amplitode B); for ¢ 2 d, we have a trans-
mitted wave function (with amplitude C).
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Fig. 20 (&) The band disgrans of two isolated semiconductors with o distance o, (B} Cue-
dimensicnal potential barrier, (e] Schematic representation of the wave function across the

pobendial barrier,

Instde the potential barrier, the wave equation is given by

—;E%WV#FEF (76
oar
dly 2 lgVy-E} (70
elr® n
The solution for E < gV is
wix)=Fe™ + G, (78)

where & V2m, (gV, - EV¥. A schomatic representation of the wanve functions scross
the barrier is shown in Fig, 200, The continuity of g ind dyids at £ = 0 and 1 = d, which
is requined by the boandary conditions, provides four relations between the five cooffi-
cients (A, B, C, F, aml G). We can sobve for (CAAF, which is the tronseission coefficient;
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= # 3 =k
[E;] :[k + gV, uﬂl'-.ﬂul:ll ] (7a)
A 4E(qV, - E)

The tnmamizsion coefficlent decreases monotonically as E decreases, When o == 1,
the transmission coefficient becomes quite smuall and varies as

| -
[.E] - expi=2ut = gl 22 gV~ E) ] (50)

To have a finite transmission coefficient, we require & small tumeling distance d, a low-
potential barrier gV, and o small effective mas. These results will be used for unnel
diodes in Chapter 8.

3.7 HIGH-FIELD EFFECTS

At low electric-fields, the drift velocity is linearly proportional to the applied field. We
assume that the time interval between collision, 1, | is independent of the applicd field.
This is & rensonable assumption as long as the drift velocity 5 small comparned with the
thermal velocity of carriers, which is about 107 exis for silicon at roem temperature.
As the drift velocity approaches the thermal velocity, its field dependence on the elec-
tric: ficeld will begin to depart from the linear relationship given in Section 3.1, Figure 21
showws the measured drift velocities of electrons and holes in silicon as o function of the
electric ficld. It is apparent that initially the field dependence of the drift velocity is
linear, corresponding to a constant mobility. As the electric field is further increased, the
elrift velocity increases less rpidly. At sufficiently large fields, the drift velocity approaches
a saturation velocity. The experimental resulbts can be approsimated by the empirical
expression”
0

s O e s e
[1+{& rEFTT

Dvifk vesbocity (cms fx}

£V om)
Fig, #1  Drift vedocity versus slovinic feld in 5%
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where v, is the saturation velocity {107cm/s for S at 300 K), & is 4 constant, equal to
7 % 10" Vem for electrons and 2 x 10° Viem for holes in high-purity silicon materiaks,
and ¥is 2 for electrons and 1 for holes. Velocity saturatbon at high felds is particolarly
likely for field-effect transistors (FETs) with very short channels, Even 1 vaolt-
age can result in a high fleld along the channel. This effect is discussed in Chapter 6.

The high-field transport in n-type gallium arsenide is different from that of silicon.”
Figure 22 shows the measured drift velocity versus fiold for n-type and p-type gallium
arsenidhe. The results for silicon are also shown in this log-log plot for comparison. Note
that for n-type Gads, the drift velocity reaches o madmum, then decreases as the ficld
frther increases. This phenomenon is due to the energy hand stroctore of gadlim arsenide
that allows the trunsfer of conduction electrons from a high-mobility energy minimum
(called a valley) to bow-mobility, higher-energy satellite valleys, that is, ebectron transfer
from the contral valley to the satellite valleys along the [111] direction shoeam in Chapter 2.

To understand this phenomenon, consider the simple two-valley model of n-type gal-
lium arsenide shown in Fig 23, The energy separation between the two valleys is AE =
0,31 eV, The lower valleys electron effsctive mass is denoted by my, the electron mobil-
ity by ;. and the electron density by n,. The uppervalley quantities are denoted by m,.
fig, and ny, respectively; and the total electron concentration is given by n = ny + ny . The
steady-state conductivity of the n-lype GaAs can be written as

o =gl + ighg ) =gn, (52)
where the average mobility is
= (gyny + prang )/ {mg +0g ). 83
The drift velocity is then
v, = g, (B4)
1®

s,

3

Carrier deilt velocity (om/s}

[

Fip. 22  Drift velocity versus electric Aeld in 5i and GaAs. Note that for n-type Gads, there isa
region of negatiee dilferential mobiling®®
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Fig. 3B  Electron distributions under various conditions of electric felds for a twosalley semi-
comtluctor.
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For simplicity we make the following assignments for the electron concentrations in
thes various renges of electric-field values ilustrated in Fig. 23. In Fig. 234, the feld is
leww el all electrons remaln in the lower valley. In Fig, 235 the Beld is higher and some
electrons gain sufficient energies from the fiedd to mawe to the higher valley, In Fig, 23,
the field is high enough to transfer all electrons to the higher valley. Thus, we hive

n=n il ng =0 forQl < ff < &,
ny 4y EN for f, < £ < &, (83)
n =10 anvd Mg E N for o > &

Using these relations, the effective drift velocity takes on the asymptotic valnes
nEld  for0< i,
o, =d for £> 4, (56])

Iy, s h.rga.rl.ha.n [T there is a region in which the drft Wkﬂvth!tmmﬂlh
am Increasing fickd between &, and &, | as shown in Fig. 24. Because of the chancteris-
ties of the drift velocity in n-type gallinm arsenide, this material is used in microwmee
transferred-electron devices diseussed in Chapter 8.

1i.'||-"|:..-_~n the electric field in & semiconductor is increased above a certain valoe, the
carriers gidn enough kinetic energy to gencrate electron-hole pairs by an avalanche pro-
nmr}mhsl’rrmnu:lmmulh:all:}'m Fig, 25. Consider an electron in the conduction band
{designated by 1), 1 the electric field i high enough, this electson can gain kinetic energy
before it collides with the lattice. On impact with the lattice, the electron mist
of its kinetic energy to break a bond, that is, to ienize a valence electron from the valence
hand to the conduction hand and thereby generate an electron-hole pair (destgnated by
2 and 2. Similarly, the generated pair now begins to accelerate in the field and collides
with the lattice as indicated in the figure. In turm, they will generate other electron-hole
pairs fe.g., 3 and 3, 4 and 4, and 5o on. This process ks the avalanche process; it
is also referred to gs the fmgpaet iondzation process. This process will result in breakdesam
in p=ri junction, which is discussed in Chapter 4,

1
I
i
i
I
1
" A
Electric fiehd

Fig- 24 One possible velocity-feld charactoristic of & two-valley semiconductor:
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Fig, 25 Encrn."lnn:l |:|.I.lj;rn.rr|. for the avalanche process.

To gain some ideas aboot the ionization energy invelved, let us consider the process
leading to 2-2° shown in Fig. 25, Just prior to the collision, the fast-moving electron
(no. 1) has a kinetic energy ¥ mye,? and a momentum m;e,, where m, is the effective mass
and v, is the saturation velocity, After collision, there are three carters: the original elec-
tron phas an electron-hole pair (no. 2 and no. 2. Ifwe assume that the three carriers have
the same effective mass, the same kinetie enengy, ind the sune momenturn, the total knetic
cnerﬂrmkln.q’anddwrmﬂummﬁumh&n whamﬂsthevﬂuﬂ}-qﬁu-mﬂm

To conserve both enengy and momentum before and after the collision, we require that
1 3
Emln, =E +—-m]|::|j- (87}
and
G, = Jm o, (88}

where in Eq. 87 the energy E_ is the bandgap corresponding to the minimum
mql_:lmr]nugwmﬂumelamuu hole pair. Substituting Eq. 88 into Eq. 87 vields the
rexquired kinetic enengy for the onization process;

E;= ém.u.’ =15E,. (89)

It is obwious that E, must be larger than the bandgap For the ioniztion process to occur,
The actual energy required depends on the band structure. For silicon, the value for £,
is 3.6 eV (3.2 E) for electrons and 5.0 ¢V (4.4 E,) for holes.

The number of electron-hole pairs generated by an electron per unit distance trav-
eled is called the tonization rate for the electron, e, Similarly, &, is the jonization rate
for the: hales. The measuned jonization rates for silicon and galliom arsenide are shown®
in Fig. 26, We note that both o and &, are strongly dependent on the electric field.
For a substantially large lonization rate (say 100 em™'), the corresponding electric field
is 2 3 % 107 Viem for silicon and 2 4 x 10° Viem for gallium arsenide. The electron-hole
pair generation rate G, from the avalanche process is given by
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Fig. 26 Measured jonization rates versus reciprocal field for 5§ and GaAs®

Go= 1 el ) (%0)

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.

SUMMARY

Various transport processes are at work in semiconductor devices. These include drift,

diffusion, genention, recombination, thermionic emission, tunneling, and impact jonization.

One of the key transport processes is the carrier drift under the influence of an elec-

tric field. At bow felds, the drift velocity is proportional to the electric field. This pro-

ity constant is called mobdlity. Another key transport process is the carrier diffusion

under the influsnce of the carrier concentration gradient. The total current is the sum
of the drift and diffusion components.

Exvess carriers in a semdconductor cause a nonequilibrium condition. Most semi-
comductor devices operate under nonequilibrium conditions, Carriers can be generated
by various means such as forward biasing a p—n junction, incident light, and impact ion-
ization. The mechanism that restores equilibsium is the recombination of the excess minor-
ity carviers with the majority carriers by direct band-to-band recombination or via localized
energy states in the forbidden energy gap. The governing equation for the rate of change
af eharge carrers is the continuity equation,
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Amaong other transport processes, thermionie emission accurs when carriers in the
surface region gain enowgh energy to be emitted into the vaeuum bevel. Another, the tun-
neling process, is based on the quantum tunneling phenomena that results in the trans-
port of electrons across a potential barrier even Hﬂlzdaﬂmmﬁru]m than the
barrier height.

As the electric fleld becomes higher, the drift velocity departs from its linear rela-
tionship with the applied field and approaches a saturation velocity, This effect is par-
tcularly important in the stucly of short-channel field-effect transistors discussed in Chapter
6. When the field exceeds a certain value, the carriers gain enough kinetic energy to gen-
erate electron-hole pair by colliding with the lattice and breaking a bond. This effect is
particularly important in the study of p-n junctions. The high feld acoelerates these new
electron-hole pairs, which collide with the lattice to create more electron-hole pairs. As
this called impact ionization or the avalanche process, continues, the p—n junc-
Hﬂnm&m and eonducts a large current. The junction breakdown is discussed in
Chapter 4.
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FROBLEMS (* INDICATES DIFFICULT PROBLEMS)

FOR SECTION 3.1 CARRIER DRIFT
I. Find the resisitvities of intrinsie 54 and intrinsic Gais ab 300 K.

2 Assume that the mobility of electrons in silicon st T = 300 K s g, = 1300 cm®V-s. Also
assuane that the mobility is magnly limited by lattice scattering. Determine the electron
mability at (a) T = 200 K and (b) T = 400 K.

3. Two scattering mechanisms exist in a semiconductor. 1f anly the st mechanism s pre-
sent, the mobility will be 250 em® Vs, I oaly the second mechanism is present, the
mohbility will be 500 cm®V-s. Dietermine the mohility when both seattering mechanisms
exist ad the same time.

4. Find the electron and hole concentrations, mobilities, and resistivities of silicon samples at
300 K, for each of the {ollowing impurity concentrations: {2} 5 % 101 bargn atomsicm®:
(b} 2 x 10" baron atomafern® and 1.5 x 10" arsenic stomsfem®; and (g} 5 % 10'* baron
atomsem?, 10°7 arsenie stomsicm®, and 10°7 gallium atoms/em®,

*5. Consider a compensated n-type silicon at T = 300 K, with a conductivity of o = 16
(f-cm)* and an soceptor doping concentration of 10'7 e, Detenmine the donos
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poncentration mnd the electron mobiling (A :mrl'plhu-.!ed semicomdwctor is one that con-
tains both dinos and acceptor impurity atoms in the sune region. )

6. For a semiconductor with a constant mobility rutio b e g/ g > 1 independent of impurity
concentration, find the maximum resistivity p,, in terms of the intrinsic resistivity o, amd
the mobility ratio.

A four-point probe (with probe spacing of 0U5 mm) is used to measare the resistivity of a
pretype silicon samgile. Find the resistivity of the sample if its diameter is 200 mm and its
thickness is 50 jm. The contact current i 1 mA, and the measured voltage between the
immer two probes i 10 mY,

%, Given a silicon sample of unknown doping, Hall measureisent provides the following
imformation: W = 0,05 cm, A = 16 % 10 em? (refer to Fig. 8], 1 = 2.5 mA, aned the mag-
netic fiekd is 30 0T (1 T « 107 Wivem®). 1If a Hall voltage of +10 mV is messured, find the
Hall coeffictent, conductivity type, mujority carrier concentration, resistivity, and mobility
af the semicenductar ssmphe.

8. A semiconductor s doped with Ny, (N == n,} and has a resistance H,. The same semicon-
ductor ks then doped with an unknown amount of acceptors Ny (N, == Np), viekding a
resisiance of 0.5 K. Fied N, in terms of Ny, il /3, =50,

*10. Considor & semiconductar that is sonumiformly doped with denor impanity stoms Nylx).
Shosw that the induced electrie feld in the semiconthoctor in thermal equilibrium is gven

I:-.-HIJ'*-{E]—I dhgf(x)
- q J Nplz)

olx

FOR SECTION 3.2 CARRIER DIFFUSION

11. An intrinsic Si sample is doped with domors from ane side such that Ny, = N, exp (-ax).
{a) Find an expression for the batlt-in field () at equilibriam over the mnge for which
Np = 0, (b) Evalsate & (x) whena = 1 pm™,

12, An w-type Sislice of a thickness L is imbomogeacously doped with phasphons donor
whose concentration profile is given by Nix) = Ny « (N - NyJ (w/L). What is the formula
for the electric poteatial difference betwesn the front and the back surfsces when the

i at thermal and edectric squilibria regardless of how the nﬂﬂiamhimﬂl‘rﬂ}'
varies with position? What is the formula for the equilileium electric feld a2 a plane 5
from the front surface for & constant diffasivity and mobdliey®

FOR SECTION 3.3 GENERATION AND RECOMBINATION PROCESS

12, Caleulate the ebectron and hole concentration under steadv-state ilhimination in an a-type
silicon with G; = 10" e, Ny = 10 e, and 1, =T o= 10 s

14. An n-type slicon sample has 2 % 10 arsendc atoms/cnr’, 2 % 100 bulk secombination cen-
ters'em?, and 10" surface recambination centersiom?®. (a) Fied the bulk minority carrier
lifetimme, the diffision leogth, wed the sarfsce recombination velocity imder low-injection
conditions. The values of &, and o are 5 x 107 and 2 3 10-'° e, respeetively. (b) 1F the
sampde is ifluminated with uniformly absorbed light that creates 1007 electron-hole
pairsicen®-s, what is the bobo concentration at the surface?

15, Assume that an n-type semiconductor is uniformly lluminated, prodicing a ualform
mMmﬂ.WWInﬂuﬂyﬂﬂm:ﬁﬂ#MlhnwﬂmﬂMm
conductivity is given by &g =gy, + 4, r G,

FOR SECTION 3.4 CONTINUITY EQUATION

16. The total current in & semiconductor is constant and is composed of electron drift current
aml hale diffsion current. This electron concentration is constant and equesl to 10% om,
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The hole concentration & gren by

plzi= Hll“m:l{_rx] o {2,

where L = 12 pm. The hole diffudon cosfficient b5 B = 12 o' i the elestmon mohil-
ity is g, = 1000 em® V5. The total current density is [ « 4.8 Afem®, Caloulate (a) the hole
diffusion current density veras £, (h) the electron current dlensity versus x, snel (e} the
eboctric fleld versus .

Exeess carriers are injected on one surfoce of a thin slice of n-type silicon with thickness
W and extracted at the opposite surfaoe where p (W) = p_. Thers is no electric field in
the: region 0 < x < W. Derive the expression for curvent densities at the two sarfaces,

In Prob. 17, if carrier lifetine is 50 ps and W = 00 mm, caloulate the portion of njected
current that reaches the opposite surface by diffusion (D < 50 co¥is).

An n-type semicanchictor has excess currier boles 10 con, and a bulk minority carrier life-
timee 107 5 i thee halke matortal, and a minority carder lifetine 107 5 al the surdace. Assumse
aero applied eloctric ficld and et 0, = 10 cn'/s, Determine the stead-state exvorss carvor
eonceniration as & fusction of distwsce fram the surfics (= = 0) of the semioonductor.

FOR SECTION 3.3 THERMIONIC EMISSION PROCESS

20.

A metal, with a work function @, = 4.2V is doposited o6 an n-type silicon semiconductor
with alfivity = 4.0V aid E, = 112 ¢V, Whal is the potential harrier height seen by elec
trons in the metal moving et the ssinicondictor?

Comsider a tumgsten filament with motal work fanction 8, inside a high vaoomm chamber.
Sherw that if o current is passed through the flament to heat i up sufficently, the elec.
troms with enough thermal energy will escape inta the vacum and the reslied

thermionic curnent density is
= AT o —Lim
I=AT mq:{ = ]
whene A" is dmpnk® /I amel m s free electron mass. The: definite integrl

I:r"'nﬁ-z[E]ﬂ.

if

FOR SECTION 36 TUNNELING FROCESS
22. Consider a electron with an energy of 2 eV impinging on o potential barrer with 20 ¢V

2.

asul 2 width of 3 A, What is the tanneling probability?

Evaluate the transmission coeflicient for an electron of encrgy 22 eV npinglng on
potential barvier of height 6.0 0V and thickness 107 meters. Repeat the caleulation for &
Barrier thickness of 1007 meters.

FOR SECTION 3.7 HIGH FIELD EFFECTS
24. Use the velocity-field relations for Si end Gads shown in Fig, 22 10 determine the transit

time of eloctrons through a 1 pm distance in these materials for an eloctric feld of (a) 1
kViem and (b) 50 kviem,

25, Asume that & conduction electron in 81 (g, = 1350 con/V-s) has a thermal enengy kT,

rofated bo its mean thermal velocity by Ey = mgo, %2, This electron s placed in an
electric field of 100 Vice, Show that the drift velocity of the electron in this case is
small compared to its thermal velocity. Repeat for -Kldul 10F Ve, usingg the same
value of g Comment on the actual mobility offects at s higher valise of Geld
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& 41 BASIC FABRICATION STEPS
4.7 THERMAL EQUILIBRILEK CONDITION
4.3 DEPLETION REGION
4.4 DEFLETION CAPACITANCE
45 CURRENT-VOLTAGE CHARACTERISTICS
45 CHARGE STORAGE AND TRANSIENT BEHAVIOR
47 JUNCTION BREAKDOWN
b 48 HETEROJUNCTION
= SUMMARY

In the preceding chapters we considered the carrier concentrations and transport phe-
nemena in homogeneous semiconductor materials, In this chapter we discuss the behay-
for of single-crystal semiconductor material containing both p- and s-type regions that
form & p-n junction. Most modern p-n junctions are made by planar technology to be
described in Section 4.1

A p-n junction serves an important role both in moderm electronic applications and
in understanding other semiconductor devices. It is used extensively in rectification, switch-
ing, and other operations in electronic circaits. It is a key building block for the bipolar
transistor and thyristor (Chapter 5), as well as for metal-oxide-semiconductor field-cffect
transisitors (MOSFETs) (Chapter 6). Given proper biasing conditions or when exposed
to light, pp=n junction also functions as either microwave (Chapter 8] or photonle device
{Chapter 9).

W also consider a rebated device—the heterojunction, which is 4 junction formed
between two dissimilar semiconductors. It has many unbque Features that ase not read-
ity snailable from the conventional p-n junctions. The heterojunction b an important buikd-
ing block for heterojunction bipolar transistors (Chapeer 5), modulation doped field-
effect transistors {Chapter 7), quantum-effect devices (Chapter 8), and photenic devices
(Chapter 9).

Specifically, we cover the following topics:

» The formation of a p-n junction physically and electrically.

s The behavior of the junction depletion kyer under voltage biases.

= The current transport in a p-a junction and the influence of the generation
and recombination processes.

* The charge storage in a p-n junction and its influence on the transient
bhehavior
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*  The malinche multiplication in & p-n junction and its impact on the maudmom
reverse voltuge.

*  The heterojunction and its basic characteristios.

4.1 BASIC FABRICATION STEPS

Today, planir techmology is ied extensively for integrated circuit (IC) fabrication. Figures
1 anad 2 show the major steps of a planar process. These steps include addation, lthography,

n=354
()
i
REL "G
> Mask s
b — - 3
Sily
=2l
i}

Fig.1 (al A bare n-type Si wafer. (b) An codidized 5§ wafer by dry or wet oxdation.
{e) Application of resist, () Resist exposure through the mask
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Fig.? (o) The wafer after the development. () The wafer after S0, removal. (o] The final
mmhﬁnlnm?kmHhmmﬁqwﬁﬁghﬂhpﬂhnﬁuhHnmdhﬂhﬂﬁﬁmar
implantation process, (¢} The waber after metallization. () A p-n junction after the complete
procosses.

ion implanation, and metallization. We deseribe these steps briefly in this section. More
detziled discussions can be found in Chapters 10-14.

41.1 Oxidation

The development of a high-cuuality silicon dioide (5i0,) has helped to establish the dom-
inance of Si in the production of commercial 1Cs. Generally, S0, functions as an insu-
lator in a number of deviee structures or as a barrer to diffusion or implantation during
device fabrication. In the fabrication of 4 p—n junction (Fig. 1), the Si0y film is used to
define the junction ares,

There are two SI0, growth methods, dry and wet oxidation, depending on whether
dry ooygen or water viipor is nsed. Dry oxidation is usually used to form thin oxides ina
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devier structure because of s good 5i-510, interface characteristics, whereas wet oxi-
dution is used for thicker Livers becanse of its higher growth nite. Figure Lo shovws o sec-
tion of a bare 5 wafer ready for addation. After the oxidation process, & $10, laver is
formed afl over the wafer surface. For sinplicity, Fig. 1b shows only the upper surface
af an oxidized wafer,

412 Lithography

Another technology, called photolithography, is used to define the geometry of the p-n
janction. After the formation of Si0y, the wafer is coated with an ultrsdolet (UV)-light-
sensitive material called o photoresist, which is spun on the wafer surface by a high-
spinner. After spinner (Fig. 1e), the wafer is baked ut about BO°-100°C to drive the sol-
vent out of the resist and to harden the nsist for improved adhesion. Figure 1d shows
the next step, which is to expose the wafer through a patterned mask using an UV-light
source. The exposed negion of the photoresist-coated walier undergoes a chemical reac-
tiom depending on the type of resist. The area exposed to light become polymerized and
difficult to remove in an etchant.” The polymseroed region remains when the wafer is
placed in o developes, whereas the unexposed region (under the opaque area) dissolves
and washes away. Figure 3¢ shows the wafer after the development. The walfer is again
baked to 120°-150°C for 20 minutes to enhunee the ailheston and improve the resstance
e the: subsequent ctehing process. Then, an eteh using buffered hydroflooric ackd (HF)
remeves the unprotected Si0l, surfice (Fig, 2h). Last, the resit is stripped aomy by o chem-
ical solution or an oxygen plasin system. Figune 2c shows the final result of a region with-
out oxide (3 window) after the lithography process. The wafer is now ready for forming
the o junetion by a diffusion or jon-implantation process.

413 Diftusion and lon Implantation

Iin the diffusion method, the semiconductor surface not protected by the oxide is exposed
ton source with a ligh concentration of opposite-type impurity. The imparity moves into
the semiconductor crystal by solid-state diffusion. In the jon-implantation method, the
intended impurity is introduced into the semiconductor by aceelerating the impurity ions
toa bigh-enengy level and then implanting the ions in the semiconductor. The $i0, Tayer
serves as barrier to imparity diffusion or fon implantation, After the diffusion or implan-
tution process, the p—o junction is formed as shown in Fig 24 Due to latera diffusion
of imparities or lateral stragghe of implnted jons, the width of the p region is slightly
wider than the window opening,

414 Metallization

After diffusion or ion-implantation process, o metallzation process is used to form ohmie
eontats and interconnections {Fig. 2¢). Metal films can be formed by plysical vapor depo-
sition and chemibcal vapor deposition. The lithography process is again used to define the
front contact which is shown in Fig. 2. A similer metallization step is done on the hack
contuct without using a lithogmphy process. Normally a low-temperature (S 500°C) anneal
woild also be performed to promaote bow-resistance contacts between the metal laoers

" This s a negative pliotoresis, W om sl se poitive phoioeesist. Lithesgraplry and plastumesiies are cos.
shibered fn ifetail |r|.l:!|u"q|q- 12
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and the semiconductor. With the completion of the metallization, the p-n junetions become
functional.

4.2 THERMAL EQUILIBRIUM CONDITION

The most important characteristic of p—n junctions is that they rectify, that is, they allow
current to flow easily in only one direction. Figure 3 shows the curment-voltage chasc-
teristics of a typécal silicon p-n junction. When we apply “forward bias™ to the junction
{Le., positive voltage on the p-side], the curment increases rapidly as the voltage increases.
However, when we apply a “reverse bins,” virtually no curment flows initially. As the reverse
hiks i increased the current remains very small until a critieal voltage is reached. at which
point the current suddenly increases. This sudden increase in current is referred to as
the junction breakedown. The applied forward veltage is usually less than 1V, but the reverse
critical voltage, or breakdoun voltage, can vary from just a 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 E, is near the valence band edge in the p-type material and near the conduction
band edge in the n-type material. While p-type material contains a krge concentration
of holes with few electrons, the appesite is true for n-type material

When the p- and n-type semiconductors are jointed together, the large carrier con-
centration gradients at the junction canse carrier diffusion. Holes from the p-side dif-
fuse into the n-side, and electrons from the n-side dilfuse into the p-side. As holes contimue
to beave the p-side, some of the negative scoeptor iens (N,7) near the junction are left
uncompensated, since the acceptors are fived in the semiconductor lattice, whereis the
holes are mobile. Similardy, some of the positive donor jons (V") near the junction are

left uncompensated as the electrons leave the n-side. Consequently, » negative space chirge
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Fig.3 Currenl-voltage characteristion of a typleal silicon p-n jusiction.
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Fig. 4 {a) Uniformby doped p-type and n-type semiconductors before the junction is formed.
ih) The electric field in the depletion region and the energy band diagram of o p—u junction in
thermal equidibirizm.

forms near the p-side of the junction and a positive space charge forms near the r-side.
This space charge reglon ereates an electric hield that is directed from the positive clargs
boward the negative charge, as indicated in the upper ilhistration of Fig. 4b.

The electric field is in the direction epposite to the diffusion current for each type
of charge carmier. The bwer illustration of Fig. b shows that the hole diffusion current
Heras from left to right, whereas the hole drift current doe to the electric field Oows from
right to left, The electron diffision current also flows from left to rght, whereas the elec-
trom dirift current fows in the opposite direction. Note that because of their negative charge,
electrons diffuse from right to left, opposite the direction of electron current.

422 Equilibrium Fermi Levels

At thermal equilibrinm, that is, the steady-state condition at & given temperature with-
out any external excitations, the individual electron and hole current Rowing across the
junctions are identically zero, Thus, for each type of carrier the drift current due to the
electric field must exactly cancel the diffusion current due to the concentration gradi-
ent. From Fq. 32 in Chapter 3,

Jin 'Ip':dﬁ“}'l'fp{'-umﬂim:'

==rﬂ,.r[i%’-]-ﬂ‘ﬂ,i=ﬂ. (1)

where we have used Eq. § of Chapter 3 for the electric field and the Einstein relation
D, = (kTigju,. Substituting the expression for hole concentration

e e (@)

and it derivative

dp _ p |dE _dEp (3)
de kT e dr
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into Eqj. 1 yields the net hole current density

dE
B= =
Jp=mp —-ﬂrj, 0 (4)
afF
dEy _ o (%)

Similarly, we obtain for the net electron enrrent density

1, =] ehrift) + J,, (liffussion)
dn

i
dE
=y n—m 0, i
Fli dl [ J

=g nd +ql,

Thus, for the condition of zero net electron and hole corrents, the Formi level must
be constant (Le., independent of £} throughout the sample as lustrated in the energy
band diagram of Fig. 4b.

The constant Fermi level required at thermal equilibrivm results in a unique space
charge distribution at the junction. We repeat the ane-dimensional p—n junction and the
corresponding equilibium energy band disgram in Figs. 5a and 5b, respectively, The
unigue space charge distribation and the electrostatic potential yare given by Poisson’s
S EELE

o® d& il
d‘: -_.I|=—E—.1=—-EH:[HH—HI‘+F-‘H}. [ﬂ

Hiere we assume that all donors and scceptors are ionised.
In regions fitr awary from the metallurgical junetion, charge neutrality is maintained
and the total space charge density ks zero, For these neotral regions we can simplify Erj.

T
]
%:ﬂ (8)
il
Np=N,+p-a=i {8

Far a p-tvpe nentral region, we assume Np = 0 and p >> n. The electrostatie potential
of the p-type neutral region with respect to the Fermi level, designated as i, in Fig, 55,
can be obtained by sotting N, = 0 = 0 in Eq. 9 and by substituting the result (p = N,}
into Eq. 2:

1 % kT. [ N
r,.--q-[E.Fer.-;-.,--? '—"‘:L} (10)

Similarly, we obtain the electrostatie potential of the n-type nentral region with respect
to the Fermi level:
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Fig. 5 (a) A pon junction with abrapt doping changes at the metallurgical junction. (h) E
band dingram of am abrupt junction at thermal equilibrium, fr}Sp-mﬂlw'gedﬁﬂﬂhuhLm[:}w
Rectangular approximation of the space charge distribution.

u,,h%{a-s,”..,_ -%rin[%. (1)

The total electrostatic tinl difference between the p-side and the n-side neuw-
tral regions at thermal equilibrium is called the built-in potential Vy;:

I o
v,,-w.--p,-?fth*lﬂ-J. (12)
F
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423 Space Charge

Mmﬁ;&um.munﬂm#mm:m!ﬂm.wemﬁawtmmm

shown in Fig, 5e. Here the rpnu&ﬂwgmﬂmpmiq'inmhparﬁnﬂymuwumdhydu
mobile carriers. Bevond the transition region we enter the completely depleted region
u-hmﬂmwhﬂeuniﬂd:nﬂﬂusmmm.ﬂmhmﬂudth:dfphﬂmmﬁmmmmﬂud

. L s
the rectangular distribution shown in Fig. 54, where z, and x, denote the depletion laver
widths of the p- annd n-sides far the completely depleted region with p = r = (. Equation
T becomes

d
ﬁ—fni{uﬂ-%} (13)

The mugnitudes of [y and g, a5 calculated from Eqs.10 and 11 are plotted in Fig,
as & function of the doping concentration of silicon and gallium arsenide. For a given
ﬁu{ﬁngcmmﬂmunn,dmemmuﬂpﬂmﬁﬂnfpﬂiumuﬁenﬂuithlﬂmbwpmnf
its srnaller intrinsic concentration n;.

» EXAMPLE 1

Calculate the bailt-in potential for & silicon p-n junction with Ny = 10 cor? and Np = 101 e
al 30 K.

SOLUTION  From Eq, 12 we obtain

o = (0.258) 10°% x 10" e
{nm:m‘}‘

Vi =W, +]p,| =030V - 04TV R DTV,

Also from Fig. 6,

Fig 6 Buaik-in potentials on the p-side and n-sidde of abrupt junctions in 5 and GaAs as a func-
thon of impurity concentration.
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4.3 DEPLETION REGION

To solve Possion's equation, Eq.13, we must know the impurity distribution. In this sec-
tion we consider bwo important eases-—the abrupt junction and the linearly graded junc-
tica. Figure Ta shows an abrupt junction, that is, a p-n junction formed by shallow diffusion
ar low-energy ion implantation. The impurity distribution of the junction can be appros-
imated by an abropt transition of doping concentration between the n- and p-type regions,
Figure Th shows a linearly graded junction. For either deep diffusions or high-enenzy
bon implantations, the impurity Emﬂha may be approdmated by linearly graded june-
tions, that is, the impurity distribution varies linearly across the junction, We consider
the depletion regions of both types of junction,

431 Abrupt Junction

The space charge distribution of an abrupt junction is shown in Fig, Sa. In the depletion
region, free carriers are totally depleted so that Possion’s equation, Ei.13, simplifies to

ﬂ=+ir.'1d. for __-;.5_1:4:{!, (1)
de* E,
N =N, N N,
{md
= =]
— I g o £
~ =]
Na
=Ny o= N,
=»
an'l i ]
. “Wie ’
Ny

Fig. 7 Approximate doping profiles. (o} Abrupt junction. () Lineasly graded junotion.



Gd » Chopter 4, p=n Junction

Fig. 8 (o) Space chinge distribation in the depletion reglon st thermal equilibeum. (b}
Electric-field distribution. The shaded area corresponds to the bulli-in potential

2
d.-.—“' -..E—EH for D<isx,. {14b)
dx® E,

The everall space charge neutrality of the semicondusctor requires that the total neg-

ative space charge per unit area in the p-side must precisely equal the total positive space
charge per wnit area in the n-side:

MNyx, = Npx,. (15)
The total depletion layer width W is given by
Wez, +1,. (16)
The clectric field shown in Fig. 8 is obtained by integrating Fes, 14a and 14b, which
Eives
I
[{3;}--.-‘1—“-—&2{}- far -;l."-.'l'.:-:ﬂ (1Ta)
ax &
anul
.I'[_-r}-..{‘.pigﬂf-uf;lri{:-r-] for O=xrsxx,, (1Th)
where &, is the maximum field that exists ot © = 0 and is given by
"""ﬂfh'm' (18)
L tt
Iitesgating Eqs. 172 and 17 over the depletion region gives the total potential vari-
athon, ramely, the built-in potential Vy,:

Vig =52 &(x)is = 1, o] s = 157 (]

GNAZ,  gNpz® 1
‘T.*j?_f"'?'-“r' (19)
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Therefore, the area of the field triangle in Fig. 8b corresponds to the built-in potential.

Combining Eqs. 15 to 19 gives the tatal depletion layer width as o function of the
built-in potential,

|
2 [N, +N
‘J q [ NaNp N
When the impurity concentration on one side of an netion is much higher
than that of the other side, the junction hﬂ]hﬁ]ﬂm&-&ﬂr‘ pt junction (Fig. Sa).

Figure 3 shows the space charge distribution of a one-sided abrupt p*-n junction, where
Ny == Ny In this case, the depletion liyer width of the p-side is much smaller than the
n-side (i.e., x, << x,], and the expression for W can be simplified to

W=z, = fﬁl’u (21

The expression for the electric-field distribution is the same o Eq. 17h:

£z} =-4, +51:fi. (22}

where Ny, s the lightly doped bulk concentration (i.e., Ny, for a p*—n junction). The field
decreases 1o zero ot ¥ = W, Therefare,

(23)

il i W

Fig. 9 (o) One-sided abrupt junction (with N, == N | in thermal equilibrium. (5] Space change
distrilwation. (o) Electric-field distrilnation, (o} Potential distribution with distance, whers Vy, is
the built-in patential.
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and

#x)= ﬂg-::!'{-“"fj.']':' -J_[I - %} (24)

which 1 shown i Fig, %.
Integrating Possion’s equation once more gives the potential distribution
2
wlz)=-]; fdx= J_[: - ;?}+ constant, (25)

With zero potential in the newtral p-region as a reference, or (0] = 0, and employing
Eq. 19,

w[;}=l’5[ -%} (26)

The potential distribution is shown in Fig, Sd.

EXAMPLE 2

Far a silicon ane-sided abrupt junction with ¥, = 10" e and Ny, = 10 e, caleiilate the deple-
tion kyer width and the maximam fiebd st zer biss (T = 300 K),

SOLUTION  From Eeqgs. 12, 21, and 23, we obtain

10% x 10"

Vi = 0.0259 =
{ﬂﬁ&x I.l]'“}

= 0505V,

-
Wa [V . 341107 = 0343 pm,
qNp

£ =E_l_i'";“'.mxm' Viem. “

The previous discussions are for a p-n junction at thermal equilibrium without exder-
nal bias. The equilibrium energy band diagram, shown again in Fig, 10a, 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 gV, If we apply a positive voltage
V} to the p-side with respect to the s-side, the p—n junction becomes forward-biased,
as shown in Fig. 106, The total electrostatic potential across the junction decreases by
Vy, that is, it is replaced with Vi, = V. Thus, forward bias reduces the depletion layer
width.

By contrast, as shown in Fig. 10z, if we apply positive valtage Vy; to the n-side with
respect to the p-side, the p-n junction now becomes reverse-blased and the total elec-
trostatic patential across the junction increases by Vi, that is, it is replaced by Vi, + V.
Here, we find that reverse bias increases the depletion layer width. Substituting these
voltage values in Eq. 21 yields the depletion liyer widths as a function of the applied volt-
age for a one-sided abrupt junction:
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1]

Fig. 10 Schematic representations of depletion Liyer width and energy hand diagrams of 2 p-n
junction under various biasing combitions. (o) Thenmal-equilibium condition. () Forwand-bias
comlitbon, () Boverse-bias comdition.

W= MI (27)

qNg

where Ny is the lightly doped bulk concentration, and V is positive for forward bias and
negative for reverse bias. Note that the depletion Layer width W varies as the squane root
of the total electrostatic potential difference across the junction,

432 Linearly Graded Junction

We first consider the case of thermal equilibrium, The impurity distribution for a lin-
earhy graced junction is shown in Fig. 11a. The Possion equation for the case is

d'y _-df _-p,_-gq W w
e e F.un: 3 S*S— (28)
where a is the impurity gradient (in cm™) and W is the depletion-layer width.
Wi have assumed that mobile carriers are negligible in the depletion region. By inte-
grating Eq. 28 once with the boundary conditions that the electric field is 2o at $W/2,
we obtain the electric-field distribution shown in Fig, 116
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Fig. 11  Linoary graded junction in thermal equilibrinm, {a) lnpurity distribation. {b) Electric-
fedd distribution. () Potential disteibution with distance. (d) Energy band diagram.

!w.fs -zt
*'{f]'-gﬂl ]: !] (29
The madmuom feld stz = 0 &

1]

Z - 5%. (29a)
L]

Integrating Eq. 28 once again yields bath the potential distribution and the corresponding
energy band diagram shown in Figs. 1le and 114, respectively, The built-in potential and

L 4w
Vi 12z, (30)
anel

1/3
w,:[_u_t'i”' ] ) (31}
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Since the vahses of the impurity concentrations at the edyges of the depletion region (-2
and W/Z) are the same and both are equal to aWr2, the built-in potential for & lineary
graded junction may be expressed in a form similar to Eq, 127

fﬂﬂ.{f“‘”ﬂ!;“”ﬂ]-ﬂ;f o2) @
b

q In,

Solving the transcendental squation that results when W is eliminated from Eqs. 31 and
32 yields the built-in potentiol as & function of 8. The results for slicon and galliom arsenide
graded junctions are shown in Fig. 12.

When either forward or reverse bias is applicd to the linearly graded junction, the
variations of the depletion layver width and the energy band disgram will be similar to
those shown in Fig, 10 for abrapt junctions, However, the depletion laver whdth will vary
as (Vi = V1'%, where V is positive for forwand blas and negative for reverse bias.

- EXAMPLE3

For a silicom Enearly graded fuiction with aim gradient of 107 e, the depletion-kyer widih
s 0.5 pLimi. Muhelhemuhmmmﬂ il mwlugﬂ'.l‘ SOK )

SOLUTION  From Eq. 25 and Exq. 32, we obtain

[ |
qaw? _ 16107 x 1% (05 10

Be, B |1 BxEsS= 10

1]
'-"...-EI [-w]_hwm 10% % 0.5% 1074 S
9 \2n, 2 965 10" -

L= =4.75%10° ¥ / em,

v, (V)

L i Ill'i

aal LI 1] T

1 1w L

i (o™

Fig. 12 Built-in potentisl for a Bnearly graded junction in 5 and GaAs as 2 fmeticon of imparity
pruclient.

* Based on am sccurste numerical tectmbique, the buill-tn potential b gves by Vi, -!Eh{'—"“‘—'i-]

For a ghven |mparity geadiss, the Vi, i smaller than that caloulated from Eq2 by shout 0005 - 000 ¥,
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4.4 DEPLETION CAPACITANCE

The junction depletion layer capacitance per unit area is defined as €, » dQ/V, where
di is the incremental change in depletion h}frl:hu?pl:runﬁdiﬂﬁ‘:rrmhmmmmh!
change in the applied voltage dV.”

Figure 13 illustrates the depletion capacitance of a p—n junction with an arbitrary
impurity distribution. The charge and electric-field distributions indscated by the salid
lines correspond to a vol V apgplied to the n-side. If this voltage is increased by an
amount 4V, the charge and field distributions will expand to those regions bounded by
the dashed lines. In Fig. 13, the incremental charge 40 rids to the colored area
between the two charge distribution curves on cither side of the depletion region. The
incremental space an the n- and p-sides of the depletion region are equal but
with opposite charge v, thus maintaining overall charge neutrality. This incremental
charge di() causes an increase in the electric ficld by an amount d & = dQVE, (from Possion’s
equation). The corresponding change in the applied voltage dV, represented by the cross-
hatehed area in Fig, 13¢ s approximately Wl d, which equals Wedl(Ve, Therefore, the deple-
tion capacitance per unit area is given by

GJ'Jv=_d'E_"-.!v" (33)
w e
£,
_E [
ar C‘,—ﬁ_'- Flom®, (35}

—aVsdV  (ad

e

Fig 13 (o) p-n 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 distribrution.

"The capacitesce b also referned to as the transitics region capacitance.
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441 Capacitance-Voltage Characteristics

Equation 33 for the depletion capacitance per unit area is the same as the standard expres-
sion for a parallel-plate capacitor where the spacing between the two plates represents
the depletion-layer width. The equation is valid for any arbitrury impurity distribution.
In derving Eq. 33 we have assumed that only the variation of the space charge in
the depletion region contributes to the capacitance. This certainly is a good assamption
for thie reverso-biss condition. For forward binses, however, a lange corrent can fow across
the junction corresponding to a lurge number of mobile carriers present within the new-
trul region. The incremental change of these mobile carriers with mhm
voltage contributes an additional term, called the diffusion capacitance, which is conss
in Section 4.6,
For a one-sided abrupt junction, we obtain, from Egs, 27 and 33,

=£L={ N

=2 \E[%_L}v..-v (34)
Vo -V

..l.-ﬂ“—l_ ':ﬂﬁ.l'

I:T QE,.H.

It is clear from Eq. 35 that a plot of 1427 versus V produces a straight line for a one-
sided abrupt junction. The slope gives the impurity concentration Ny of the substrate,

and the intercept {at 1C/"= 0} glves V.
EXAMPLE 4

For a silicon one-sided abrapt junction with ¥, = 2 10/ e~ and Ny = 8% 10 e, caleulate
the: jumetion capacitance at zero bias am reversed bias of 4 V(T = 300 K}

SOLUTION From Eqs. 12, 27, and 34, we obtain at zero bias

19 &
V, = nmmw_.mv,

(065 m']'

[E:li.ﬂ % 5,85 107 x 0,908

=156 %107 =0.356 pm,
W= ‘Iqﬂ’n L6 107 w107

¢l W’T_"‘I!jf‘l-'& = 27282 10" F/om®.
L]
W=l

From Eqs. 27 and 34, we can obiain at reverso blas of 4 'V

| = l b
"""1., . _EE.{E’H 1-"'|=l |80 L0 o BSTR e 1N ﬂ{ﬂ‘.:ﬂﬁ"l"ﬂ‘_.mxm-; = 0.999 pm,
- aNp | 16x107™ x8x 10

]
B o 98N 1 7es107 F/em? -
€l 7 ‘qlﬂm.—vl 11725 107" F/ em®.
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442 Evaluation of Impurity Distribution

The capacitance-voltage charcteristios can be used to evaluate an arbitrary i dlis-
tribution. We consider the case af p-a junction with a doping profile on the n-side, as
shown in Fig, 14b. As before, the incremental change in depletion laver charge per unit
area 4 for an Incremental change in the applied voltage 4V is given by gNWIdW (ie.,
the shaded area in Fig, 145). The corresponding change in applied voltage (shaclod area

in Fig, 14c) is
7 z
dv = (de) W =($] w .ﬂ";’;ﬂ. (36)
" L
By substituting W from Eq, 33, we obtain an expression for the imparity concentration
at the edge of the depletion region:
Nw)=—2| 1 (37)

9%, n'[:lf::',’ Fdv

L~ Metalhsngical junction

117

.; -
o Fmdiie,
-

el
Fig. 14 (a) p"-a junction with an arbitury impurity distribution. (b) Changs in space change

distribation in the lightly doped side dwe to & change tn applied bias. (e} Corresponiding chamge
s the electric-Geld distribution.
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Thus, we can measure the cipacitance per undt area versus reverse-bias voltage and plot
1, *versus V. The slope of the plot. that is, o (1/C, * 1V, yields N[W), Simmultaneously,
W is obtained from Eq. 33. A series of such ealeulations produces a complete impurity
profile. This approach is referred to as the C-V method for messuring impurity profiles.

For a lineardy graded junction, the depletion keyer capacitance i abtained from Egs.
31 and 33

g T3
C = . T 5 Frem®. (38)
W 1w, -V

For such a junction we can plot 1/C7 versus V and obtain the impurity gradient and V,
from the slope and the interoept, respectively.

443 Varactor
Many ecircuit applications employ the voltage-variable properties of reverse-hiased pn
junctions. A p-n junction destgned for such a is called a varrctor, which is a short-

ened form of variable reactor. As previously derived, the reverse-biased depletion capac-
Itance ks given by

€, = (Vig + V) (39

Cpw (Va) " for  Vipum Wy, (3%a)

where n = ¥ for a lineardy graded junction and n = ¥ for an abnpt junction. Thus, the
voltage sensitivity of C (i.e., variation af C with V) is greater for an abrupt junction thiams
for u linearly graded junction. We can further increase the voltage sensitivity by using a
hyperabrupt junction having an exponent n (Eq. 39) greater than K.

Figure 13 shows three p*-n doping profiles with the doner distribution Np(x) given
by Bix/x, '™, where B and £, are constants, m = | for o linearly graded junction, m = 0 for
an abrupt junction, and m = ~¥% for & hyperabropt junction. The hyperabrupt profile can

Wy =] p* L] 1

Hypeer aliript m= —_;

Fig. 15 Tmpurity profiles for hyperabrupe, one-sided abrpt, and one-sided linearly graced
Jansctions.



LT

k-

Chapter 4 p-n Junction

be achieved by epitasial growth techniques discussed in Chapter 10, To obtuin the
capacitance-voltage relationship, we solve Possion’s equation:

d'w B[: ]'
e e ] (40)
dx * Ty
Integrating Eqp. 40 twice with appropriste boundary conditions gives the dependence of
the depletion liyer width on the reverse hias:

tvﬂ_{vﬂ]“-lqmﬂ (413

Therefore,
R\ (42)

Comparing Eq. 42 with Eq. 39a yields n = 1/im + 2). For hyperabrupt junctions with
M=, m mhlwﬁwnumhn
E}rdmmgdlﬂ'mntmhmfmm_mmnnbulnam:hmﬂer}lrl'ﬂrmwpﬂﬂnk-pc_n-
thencies for specific applications. Cne interesting example, shown in Fig. 15, is the case for
i = =} For this case, n = 2. When this varmcor is eonmected o an indector L in g resonant
dmuﬁ.lhemmufmqmymﬂeshmﬁy“&ﬂlﬂuuihguqﬂdmllmmm

1 1
o, = =—I.—='||-",| for n=2 (43}
‘l_.lm.i YVi®

45 CURRENT-VOLTAGE CHARACTERISTICS

A voltage applied to a p-n junction will disturb the precise balance between the diffu-
sion cairrent and drflt current of electrons and bales, Under forward bias, the applied

reduces the electrostatic potential across the depletion region, as shown in the
midele 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 carder injections occur, that is, elec-
trons are injected into the peside. whereas holes ane injected into the n-side. Under reverse
bias, the applied voltuge inereases the electrostatic potential across the depletion region
as shown in the middle of Fig. 16b. This greatly redhsces the diffusion currents, result-
ing in & small reverse current, In this section, we first consider the ideal current-voltage
characteristics. We then diseuss departures from these ideal chamcteristics due to gen-
eration and recombination and other effects.

451 |deal Characteristics

We now derive the ideal current-voltage characteristics based on the following assumgp-
tions: {a} The depletion region has abrupt boundaries and, outside the boundaries, the
semiconductor s assumed to be neutral; (b) the carrier densities at the bowndaries are
related by the electrostatic potential difference scross the junction. (c) the kw-injection
condition, that is, the injected minority carrer densities, are small compared with the
majority carrier densities; in other words, the majority earrier densities are chus neg-
ligibly at the boundaries of neutral regions by the applied bas; and (d) neither genera-
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L4

06 = P

CEET

Fig- 16 Depletion region, energy band diagram and earvier distribution. (a) Forward bias. ()
Rarveree bias.

tion nor recombination current exists in the depletion region, and the clectron and hole
curments are constant throughout the depletion region. Departures from ihese idealized
psumptions are considered in the next section,

At thermal equilibrivn, the majority carrier density in the neutral regions i essen-
tially equal to the doping concentration. We use the subscripts n and p to denote the
sembconductor type and the subseript o to specify the condition of thermal equilibrium.
Hence, n,,, and n,,, are the cquilibrium electron densities in the n- and p-sides, respec-
tively, The expression for the bullt-in potential in Eq. 12 can be rewritten s

Vy = g Pl KTy B (44)
¢ ad 4 m
where the mass action low pn, = n? has been used. Rearmunging Eq. 44 gives
M = u_.u"u"r“. (45)
Similarky;, we have
Ppo =Pt (46)

We note from Eqs. 45 and 46 that the electron density and the hole density at the two
boundaries of the depletion region are related through the electrostatic potential dif-
ference Vy, at thermal equilibrium. From our -H:ﬂﬂl‘lﬁ assumption we expect that the
samee relation holds when the electrostatic potential difference is changed by an applied
voltage.
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When a forsard bias is applied, the electrostatic potential difference s reduced to
Vi = Vi but when a reverse bias is applied, the electrostatic potential difference ks
increased to Vi, + Vig. Thus, Eq. 45 is modified to

n, = n YT 47

where n, and m,, are the nonequilibrium electron densities at the boundaries of the deple-
tion region in the n- and p-sides, respectively, with V pasitive for forward bias and neg-
ative for reverse bias. For the low-infection condition, the injected minority carrier density
is much smaller than the majority carrier density; therefore, n, = n. Substituting this
eondition and Eq. 45 into Eq, 47 yields the electron density at the boundary of the deple-

tion region on the p-side (x = —z):

n, = npew"‘" (45)
or
ny =g m g [T - 1) (48a)
Similasly, ve bave
i AT )
ar
PP = F-[r"mr = 1} (48a}

at x = 5, for the n-type boundary. Figures 16e and 1686 show band diagrams and earrier
concentrations in a p—n junction under forwasd-bins and nrverse-bias conditions, respec-
tively. Note that the minority carrer densities at the boundaries (-x, and 1, ) inerease sub-
llﬂnﬂhﬂ}'thnn!hrlrnqulﬁh'hm values under forward bias, whereas they decrease below
their equilibrium values under reverse bias. Equations 48 and 49 define the minority car-
rier densities at the boundaries of depletion region. These equations are the most impaor-
tant boundary conditions for the ideal current-voltage characteristics.

Under our idealized assumptions, no current is generated within the depletion region;
all eurrents come from the neutral regions. In the neutral n-region, there is no electric
fieldl, thus the steady-state continnity cquation reduces to

““Eu _P1=Pum _
oy ? D,t, L (50)

The solution of Eq. 50 with the boundary conditions of Eq. 48 and p, (x = =) = p,_, gives
Fa=Paa = F’-'{Eﬂnr— I] 'E-[:_..J”I' ) 151}

where L, which is equal to VD, ¢, is the diffusion length of holes (minority carriers) in

the n-region. Atr = x
il GBpPoe | gvinr
k .._[;L(I. 1} 52}

F

J',.{i.} =1ﬂr%
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Similarly, we obtain for the neutral p-region

Hy—n, = np{u"i'r”'r 5 I} F“*‘rJ"L* (53)
and
Julx,)= a0, 22| =ﬁ%{u"‘"“ -1} (54)

where [, which s equal to % D1, 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 recombie with the major-
ity carriers as the minority carriers move away [rom the boundaries. The electron and
hole currents are shown at the bottom of Fig, 17, The hole and electron currents at the
houndaries are ghaen by Egs. 52 and 54, respectively. The hole diffusion current will decay

n, ¥

i

¥
i = b ]
] I }ﬁ"

R
-
T
.,'.ll-|

Fig. 17 Injected minarity carrer distribution and ebectron and hole currents. (a) Foroard bias.
() Rieverse hiss. The figure ilhistrates idealized carrents. For practical devices, the currents ane

not constant across the space change byer.



108 - Chagter 4, p-n Junclion

expanenttally in the n-region with diffusion length L, and the electron diffasion current
will decwy tially in the p-region with diffusion length L.

The MI is constant throughout the device and is the sum of Eqs. 52
and 54:

J=pfxa) thf=xg) =Rl -1} (35)

qﬂ qIIJn
L= ;f"'*- I:_"'ﬂ (55a)

where ], is the saturation current density. Equation 55 is the fdeal diode equation.! The
ideal corrent-voltage characteristic is shown in Figs. 15a and 155 in the Cartesian and

Forwand

Vi
-]
Fig. 18 Tedem] current-valtsge charcteristics, (o) Cartestan plat. () Semilog plot.
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semilog plots, respectively. In the forward direction with positive bias on the p-side, for
V = kT, the mte of carrent increase is constiant, as shown in Fig. 18b. At 300 K for
every deeade change of current, the voltage change for an ideal diode s 60 mY (= 2.3
kTig). In the reverse direction, the current density saturates at .

EXAMPLE 5

Calculate the jleal reverse saturation eument in a 58 p-n jusction disde with & cross-sectionsl srea
of 2 x 107 cm®, The parameters of the diode ane

Ny= 5% 10%cond,  Np= 0%, n,= 065 = LM, e

0, = 21 em®s, D, = 10 ens, L=t =0x107s

SOLUTION From Eq. 550 and L, « VI3 €, we can obtain

'F

Ly T

Il.ﬁnlﬂ'“n{‘ﬂ.ﬂxlﬂ'} P T =
u'”r:- 1077 Sx10™ Y5x 107

obn Doty [l\fﬂh_i,ﬁ}
L, '.!.',, N .\t

w555 107" Afem®,
From the cross-sectional area A = 23 10 em®, we abtain

= Ax],=2x 107" x858x 107" = 1 7ax 107" A, <

452 Generation-Recombination and High-Injection Effects

The ideal diode equation, Eq, 55, adequately describes the current-voltage charmeteris-
tics of germaninm pn junctions at low current densities. For silicon and galliom assenide
pn junetions, however, the ideal equation can only give qualitative sgreement beeause
of the generation or recombination of carriers in the depletion ;

Consider the reverse-bias condition first. Under reverse bias, carrier concentrations
in the depletion region fall far below their equilibrium concentrations. The dominant

recombination processes discussed in Chapter 3 ane thise of electron and hole

emissions through handgap generation-recombination centers. The caplure processes ane
not important becanse their rates are ;:mlnrl:lnnal to the concentration of free carriers,
which is very small in the reverse-biased region,

The two emission processes operide in the steady state by alternately emitting elec-
troms and holes. The rute of electron-hole pair generation can be obtained from Exq. 48
of Chapter 3 with the conditions p, < n,and n, < n,:

a0, Uy N,

ool BE oyl B[

where 1. the generation lifetime, is the reciprocal of the expression in the square brack-
ets. We can wrrive at an important conclusion aboot electron-hole generation from this

{58}
f:
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expression, Let us consider a simple case where 0,0, =4, . For this case, Eq. 56 reduces
b

2 L Wl
2 7

The genoration rate reachis a masimum value at E, = E, and falls off exponentially as E,
s in either direction away from the middle of the bandgap. Thus, only those cen-
ters with an energy level of E, near the intrinsic Fermi level can contribute significantly
to the pencration rate.

The current due to generation in the depletion region is

Jom =11 e m g = L (3)

€
where W ks the dipletion kayer width, The total reverse eurrent for ap*—n junction, that
is, for N, = N, and for Vg > 3kTig, can be approximated by the sum aof both the diffu-
sion eurrent in the neutral regions and the generation current in the depletion region:

ﬂp nd W
A bt JEL L . il

For semiconchsctors with lusge values of n,, such as germanium, the diffusion corrent dom-
imates al room tempersture, and the reverse current follows: the ideal diode equation.
Bt if n, is small, such as for silicon and gallium arsenide, the generation current in the

depletion region may dominate.

» EXAMPLE 6

Cmﬂdnr&rslp—djnmﬂhndhﬂemﬂunphﬁmdmmq-t_-t..ulmlleﬂrgum
current density for & reverse bias of 4V

SOLUTION  From Eq. 20, we obtain

- ]

q a Nidp A9
far — 8
_ |2x119x885x107M [ 310" + 10" Ex 10 x 10
TP R E ITNTES (965 107}
- 397 %0756+ V % 107 cm,
Henee the generation cument density is
18 sy
e LOXIU X085 o 0 TER Y X107 Adcmt
T, 5107

=182 /0758+ V %1077 Adem’,
1§ we apply 1 reversed bias of 4 V, the generation current density is 266 2 107 Afen®. -
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Under forwand bias, the concentrations of both electrons and holes exceed their equi-
lbrinm vilues. The carriers will attempt to retum to their equilibrium values by recom-
hination, Therefare, the dominant generation-recombination processes in the depletion
region are the capture processes, From Eq, 48 we obtuin

p.n, Ep_,ﬂ_le“'v"“--nllr""?""r. (60)

Substituting Eq. 60 in Eq. 45 of Chapter 3 and assuming o, = @, = o, yields
gViT I]

n, +p, +32n, cosh F;II:TEr

In elther recombination or generation, the most effective centers ane those located near

E,. As practical examples, gold and copper yield effective generation-recombination cen-

ters in silicon where the vahses of E, - E, are 0.02 V for gold and -0.02 oV for copper.

In gallium arsendcle, chromium gives an effective conter with an E, = E, vilue of (L05 e\
Eqquation 61 cin be simplified for the case E, « E;

Vik
n-,gﬁr" : 1'__1}

ng*p, +3n

For a given Forward bias, U reaches is masinmuom valoe at a location in the depletion ﬂ
either where the denominator n, + p, + 2n, is 2 minimam or where the sum of the
trom and hole concentrations, n, + p,_. i at it minimem value, Since the product of these
concentrations is a constant given by Eq. 60, the condition dip, + n,) = 0 leads to

dph=_‘ﬁ'“u='&;l'ﬂtl’q. (53

ﬁn“ﬁ”{"?l{'
I =

(61)

U=au,.N [B2)

o
Pa = hy (B:4)
us the condition for the minfmum. This condition exists at the location in the depletion

reghon, where E, is halfway between Ey, and Ep,, as illustrated in the middle of Fig, 164,
Here, the carrier concentmtions ane

p,mn, = an"""'“r (65)
and, therefore,
nf{cﬂlm =1
Vi =R ﬂn,{f"'"'mr * 1] I i
For V = 371,
U e B lia_u,., Ny e BT (67)
The recombination enrrent is then
Jowe = L glicls EH;I' ot Nymge? T = H-Evvf'-f'w“r. (65)
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where 1, is the effective recombination lifetime given by Li{a,u,N,.) The total forward
current can be approximated by the sum of Eqs. 55 and 65. For p,, >> n and V = 3kTig

we
|ﬂ_ W
Jp=q et REEE LN L B g (64}
fl' Hu ﬂ'r,.

In general, the experimental results can be represented empirically by

Jp's %} (70

where the factor 1 is called the ideality factor. When the ideal diffusion curment domi-
nates, 1 = 1; whereas when the recombination current dominates, 7 = 2. Wheeni both cur-
rents are comparable, 1 has a valee of between 1 and 2.

Figure 19 shows the measured forwurd characteristics of a silicon and gallium arsenide
P junction at room temperature.* At bow corrent levels, recombination current dominates
and 1] = 2 At higher current levels, diffusion current dominates and 1 approaches L.

At even higher current Jevels, we notice that the cument departs from the ideal n =
1 situation and increases more grachsally with forward voltage. This phenomenan is asso-
ciated with two effects: series resistance and high injection. We fint consider the series
resistance effect. At both low- and medium-current levels, the IR drop across the ne-
tral rogions is usually small compared with KT/ (26 mV at 300 K), where [ is the for-
ward current and R is the series resistance. For example, for a silicon diode with & =

1 &

L n El:'l ﬂ:ﬂ 'I]'J.B I.j[r IIE
v

Fig. 19  Comparison of the foraand current-voltage characteristics of 5 and GaAs diodes® at 300

K. Dashed lnes indicate shopes of different ideality factors 1.
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1.5 ohms, the IR drop at | mA is only 1.5 mV. However, at 100 mA, the IR drop becomes
0,15V, which is six times larger than kTdy. This IR drop reduces the biss across the deple-
thon reghon; therefore, the current becomes

Isf.—:p[ qlv - m}] ijﬁkj—] o

and the ideal diffusion carrent is reduced by the factor exp{giIRVET].

At high-current densities, the injected minority carrier density is compariahle to the
majority concentration, that & at the n-side of the junction p, (r =x,) =n_. This is the
high-injection condition. By substituting the high-injection condition in Eq. 60, we obtain
P, (x = x.} 8@ n,exp (gVi2kT), Using this as a boundary condition, the corment becomes

proportional to exp (gV/2ET). Thas, the current increases at a slower rate under
the high-injection condition.

453 Temperature Effect

Operuting temperature has a profound effect on device performanee. In both the
forward-bins and reverse-blas conditions, the magitudes of the diffusion and the
recomhbination-peneration currents depend strongly on temperature. We consider the for-
wartl-hias case first. The mtio of hole diffusion current to the recombination is given by

— #
_iﬂmill_-i_"l.ﬁlzr.g‘l"""“,. _M (T2}
‘m-.hiulm l1"'r.l'ﬂ w Ty %T

This ratio depends on both the temperature and the semiconductor bandgagp. Figure 20q
shovars the temperature dependence of the forward charscteristics of a silicon diode. At

1 s
hor® bt /;5/
s
- =3 L
:h. o :—:I:. 1
HT"' tﬂ”-' o
g
ID'II i i L L HrJ.l i I 1 i
0 02 04 058 05 10 1o 1 [
Ve V) Vv
mi iThj

Fig. # Tﬂu]:l:r.u:u.lr-:ll.-pﬂﬂm al the n.l.ntuiﬁ'l:ﬂlq:: chararteristics af o 51 diode®,
i) Forward bias. (i) Reverse btas,
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room temperature for small forward voltages, the recombination current generally dom-
inates, whereas at higher forward voltuges the diffusion eurrent usually dominates. At
given foromrd bias, as the temperature increases, the diffusion eurrent will increase mose
rapidly than the recombination current. Therefore, the icdeal diode equation will be fol-
bowed over a wide range of forward bisses s the temperature increases.

The temperatire dependence of the saturation curnent density |, (Eq. 5] for a one-
sidheel pt-n junction in which diffusion current dominates is given by

Dop g E
e .L.q,|-_a
L= = L kT} (73)

Thus, the sctivation energy obtained from the slope of a plot of J, versus UT corresponds
to the energy bandgap E

In the reverse-bins eondition for a p*—n junction, the ratio of the diffusion current
to the genemtion current is

Lt 'r_'LJ"__".E_ (74)
Tosersin  NoW T,

This ratie is proportional to the intrinsic carrier density n,. As the temperature increases,
the diffusion current eventually dominates, Figure 208 shows the eflects of temperature
on the reverse churacteristics of a silicon diode. At low temperatures, the gencration cur-
rent dominates and the reverse current varies as V' Vy, in aceordance with Eq, 55 for an
abrupt junction (ie., W - ¥V, As the temperature increases beyond 175°C, the cur-
rent demonstrates o saturation tendenoy lor Vg 2 3k Ty, at which point the diffusion cur-

rent becomes dominant.

46 CHARGE STORAGE AND TRANSIENT BEHAVIOR

Under forwsird bias, electrons ase injected from the 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 majority carriers aned decay exponentially with dis-
tunce, as shown in Fig, 170, These minority-carrier distributions lead to curent flow and
to charge storage in the p-n junction. We consider the stoned charge, its effect om junc-
thon capacitunce, and the transient behavior of the p-n junction due to sudden changes

o hias.

461 Minority-Carrier Storage

The charge of injected minority carriers per unit area stored in the neutral n-region can
be found by integrating the excess hobes in the neutral region, shown as the shaded area
in the middle of Fig. 170, using Eq. 51:

@r.qI:{Pn_Flﬁ] d,

=i pacfe™ ™ -1) T v,
=qLpo(e™"7 -1} (78)

A similar expression ean be obtained for the stored electrons in the neutral p-region. The
number of stored minority earriers depends on both the diffusion length and the charge
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density at the boundary of the depletion region. We can express the stored charge in terms
of the injected current. From Eqg. 52 and 75, wa have

L3
Cp= E"%-‘Il"[I ‘} Z fsjpit-} (T8}

Equation 76 states that the amount of stored clnge is the product of the current and
lifetime of the mincrity carders, This is becase the injected holes diffuse farther into
the n-regiom before recombining if their Efetine is longer; thus, maore boles ane stored.

~ EXAMPLE 7

Faor an bdeal abrupt silicon pe—n junction with N, = 8 x 10 o, caleulate the stored minarity
carriers per unit area in the neatral s-region when o forward bias of 1V is applied. The dilfusion
length of the hales is 5 pm,

SOLUTION  From Eq. 75, we obtain

2
065 10" !
Q, =q1.,p_,[¢-""“ —1] =16x 107" %5 % 107 em L—L—L u[;"m - |]

8 10"
=480 % 1070 Clam?, 4

462 Diffusion Capacitance

The depletion-layer capacitance considered previously accounts for most of the junction
capacitance when the function is reverse biased. When the junction is forward biased,
there is an additional significant contribution to junction capacitance: from the mear-
rungement of the stored charges in the neatral reglons. This is called the diffusion capeac-
itance, denoted G, a term derived from the ideal-diode case in which minority carriers
move aeross the nentral region by diffusson.

The diffusion capacitance of the stored holes in the neutral n-region is obtained by

applying the definition ;= AdQ, 4V to Eq, 75

|
C4 =i:1&" VAT (77)

where A is the device cross-section area. We may add the contribution to €, of the stored
electrons in the neutral p-region in cases of significant storago. For ap®—n junction, how-
Ve, R, << iy, and the contribution to C; of the stored electrons becomes insignifi-
cant. Undler reverse bias (1.0, Vis negative), Eq. 77 shows that G is inconsequential becanse
of negligible minority-carrier storge.

In many applications we prefer to represent a p-n junction by an cquivalent cirenit.
In wddition to diffusion capacitance C; and depletion capacitance €, we must include
conductance to account for the current through the device, In the ideal diode the con-
chctanoe can be obtadned from Eq. 55

_Adl _gA L vir _gA gl 0
G T H__I,r.- \T +‘F’]lk'r' (T8)
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L } ¥ v g{.‘ L

Fig. 21 Small-sigmal equivalent cirouit of a p-n junction.

I L
1]
=

The diode equivilent elreuit is shown in Fig, 21, where C, stands for the total depletion
caparitance (Le., the resalt in Eq. 33 times the deviee area A). For lwovoltage, sinusoidal
excitation of n diode that is biased quisscently (Le., ot de), the dreuit shown in Fig. 21
provides adequate accuracy. Therefors, we refer to it as the diode small-signal
equivalent cirouit.

463 Transient Behavior

For switching applications, the forwurd-to-reverse-hias transition must be nearly abrpt
anal the transient time short, Figure 222 shows a simple cireult where a forward current
I Donws through a p-n junction. At time t = 0, switch 8 is suddenly thrown to the rght
and an initial reverse current g B VIR Oows. The tramsient time §;, plotted in Fig. 225,
i thie time required for the carrent to reach 10% of the initial reverse curment [y

The transient time may be estimated as follows, Under the forsard-hias condition,
the stored minority carriers in the n-region for o p=n junction is given by Eq. T

Qp = ol =1, K, ()

where [ is the total forsard curvent and A is the device area. IF the average current Oow-
kg during the turn-off period is 1, ., the tum-off time is the length of time requined
to remave the total stored charge

.| =r,,[ Iy } (80)

| - .

-'|' ii T*! l].ll“

Is

T L

Fig. 2 Transient hrh.nwnfnp—n ’1.I:I'I:d‘|-l:i1_'=ﬂ] E-l.dcm'l.ll:lingd.n:'l.l.ll. {h) Transient TEspRieE
of the current switchied from forasind Idas to reverse bias
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Fig. 23 MNosmalized transiest Hme versus the ratio of farvard current to reverse carrent.?

Thus thee tum-off tinse depends on both the ratio of forward to reverse currents and
the lifetime of the minority carriers. The result of a more precise tum-off time calcula-
tion® accounting for the tme-dependent minority-carrier problem is shown in
Fig. 23, For fust-switching devices, wo must reduce the lifetime of the minosity cirders.
Therefore, recombination-genertion centers that have enengy levels located near mid-
bandgap, such as gold in silicon, are vsually introduced.

4.7 JUNCTION BREAKDOWN

When a sufficiently large reverse voltage is applied to a p-n junctéon, the junction breaks
dowm amd conducts a very large current, Although the breakdown process is not inher-
ently destructive, the muximum current must be limited by an external circuit to aveid
excessive junction heating. Two important breakdoan mechanisms are the tunneling efect
and avalanche multiplication. We consider the firt mechanism briefly and then discuss
avalanche multiplication in detail, because svalanche breakdown imposes an upper limit
om the reverse bias for most diodes. Avalanche breakdown also limits the collector valt-
aegee of a bipodar transistor (Chapter 5) and the drain voltage of 8 MOSFET (Chapter 6).
In addition, the avalanche multiplication mechanisms can generate microwave power, as
in an IMPATT diode (Chapter 8), and detect optical signals, as in an avalanche pho-
todetector (Chapter ),

471 Tumneling Effect

When a high electric Gield is applied to a p—n junction in the reverse direction, o valence
electron can make a transition from the valence band to the conduction bamd, as shown
in Fig, 240. This process, in which an electron penetrates through the energy bandgap,
is ealled tunneling.

The tunneling process is discussed in Chapter 3. Tunneling oceurs only i the elec-
tric: field is very high, The typical field for silicon and gallivm arsenide is about 10° Viem
or higher, To achieve such a high field, the doping concentrtions for both p- and n-regions
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(al {hb

Fig. 2  Energy band disgrams under junction-breakiown conditions. {a) Tunneling effect. (b)
Avalanche multipBestion.

must be quite high (>5 % 1077 ¢m®). The breakdown mechanisms for silicon and gallium
arsenide junctions with breakdown voltages of less than about 4E /Ay, where E_ is the
bandgap, are the result of the tunneling eflect. For junctions with breakdown voltages
in excess of 6E, /g, the breakdown mechanism is the result of malunche multiplication.
At voltages between 4 and 8E /g, the breakdown is due to a micture of hoth avalanche
multiplication and tunneling,*

472 Avalanche Multiplication

The avalanche multiplication process is illustrated in Fig. 24b, The p-n junction such as
i p*-n one-sided abrupt junetion with & doping concentration of N = 107 cm™ or less
is under reverse bias, This figore is essentially the same as Fig, 25 in Cl:mﬁc( 3. A ther-
mally generated electron in the depletion (designated by 1) gains kinetic energy
from the electric field, If the feld is sufficiently high, the ebectron can gain enough kinetic
energy that on collision with an atom, it can break the lattice bonds, creating an elec-
trom-hobe pair (2 and 2). These newly created electron anid hole both acquire kinetic energy
from the Reld and ereate additional electron-hole rﬂlﬂ{e.g.,ﬁwﬂlﬂr}.ﬁmh farm ean-
tinue the process, creating other electron-hole pairs. This process ks therefore ealled

To derive the breakdown condition, we sssume that a current [, is incident at the
beft-hand side of the depletion region of width W, as shown in Fig. 25. If the electric

field in the depletion region is high enough to initiate the avalanche multiplication pro-
ciss, thee electron current I, will increuse with distance throwgh the depletion region to
reach a value M1, at W, where M, the multiplication factor, is defined as

L{w
M, = ;
I,

{81}

Similarly, the hole current [, increases from © = W ko x = (0 The total corrent T = (1, +
1) is constant at steady state. The incremental electron current at x equals the number

of electron-hole pairs generated per second in the distance di:
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Fig. 25 Depletion region in o p-a junction with multipfication of an inckdent current.

{3 Jear (o -

%ﬂw{np —r.r*]r, =a,l, (52a)

¥

where &, and g, are the electron and hole foniztion rates, respectively. 15 we use the
simplified assumption that &, =&, =a, the sobstion of Eq. 52a is

1_!“'!!- 1.[0) ¥ s, s

From Eqgs. 81 and 53, we have
L w
o= k. (8:3a)

The avalanche breakdown voltage s defined as the voltage where M, approaches infin-
ity. Hence, the breakdown condition is given by

[y ade=1. (84)

From both the breakdown condition described above and the field dependence of
the fonization rates, we may caleulate the eritieal field (e, the mudmum eectric field
at breakdown) at which memhndmprmtﬂmsp[me Using measured @, and o,
(Fig. 26 in Chapter 3) the critical field &£ are calealated for silicon and gallium arsenide
ant-sieled abnapt junctions and shown in Fig, 26 as functions of the impurity concentra-
tiom of the substrate. Also indicated is the eritical flield for the tunneling effect. It is evi-
cent that tunneling ocowrs only in semiconductors having high doping concentrations,

With the eritical field determined, we may calculute the breakdown voltages. As dis-
cussid previously, voltages in the depletion region are determined from the solution of
Possion’s squation:

Vi (breakdown voltage) = _:._ - Jﬁ_{n,] (85)
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Fig. 26 Critical field at breadudderwn versus background doping for 51 and GaAs ane-sided abrupt
junctions®
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for linearly graded junctions, where Ny is the background doping of the lightly doped
sides, £ is the semiconductor permittivity, and a is the impurity grsdient. Since the crit-

ical field is a slowly varying function of cither Ny or a, the breakdown voltage, as a first-
order approvimation, varies as Ny" for abrupt junctions and as a2 for linearly graded

Junetions.

27 shows the calculated mvalanclhe breakdown voltages for silicon and gallinm
arsenide junctions.* 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
voltzges than silicon for a given Ny or a, mainly because of its larger ban The larger
the bandgap. the lurger the eritical feld must be for sufficient kinetic energy to be gained
bﬂummmﬂ Eqs. 85 and 86 demonstrate, the langer eritical field, in tom, ghves
rise (o higher breakdown voltage.

Thee inset of Fig. 28 shows the space-charge distribution of a diffused junction with
a linear gradient near the surface and a constant doping inside the semiconductor. The
hreakdown voltage lies between the two limiting eases of abrupt junction and lnearly
graded junction considered previously® For large a and low Ny, the breakdown voltage
af the diffused junctions is given by the abmopt junction resalts showm on the battom liniz
in Fig. 25, whereas for small o and high Ny, Vg i given by the lnearly graded junction
results indicated by the parallel lines in Fig. 28.

EXAMPLE &
Caleulate the beeakdoun voltage for o Si one-sided p*—n abrupt junctions with ¥, = 5 x 10" cm .

SOLUTION  From Fig. 26, we see that the critical field at breakdown for o Si one-sided abrupt
Jumsction is about 5.7 = 10° Yiem. Then from Eqg. 85, we oldain
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Fig. 21 Avalanche breakdown voltage versus inapurity concentration for one-sided abnigpt junc-
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In Figs. 27 and 28 we assume that the semiconductor laver is thick enough to sup-
port the: reverse-hiased depletion kayer width W,_ at breakdown. If the semiconductor
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Fig. 28 Breakdoan voltage for diffased junctions. Inset shens the space charge distribution



122

Chapter 4. p—n Junction

layer W is smaller than W, as shown in the inset of Fig. 28, the devies will be punched
through; that is, the depletion layer will reach the n-n* interface prior to breakdown.
Increase 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 voltage Vy for
the punch-through diode is

Vi _ ;]mr.'led:rru[nl"ig_ﬂﬂhuﬁ.
Va (W, )/ 2

W L
= [ﬁ ﬂu-“a-:} (57)

Punch-through occurs when the doping concentration Ny becomes sufficiently low,
s in apt=g-n" or p'-v-n' dhdu.uhmlmfﬂnﬁghth*dﬂpﬂdp tvpe and vstands
for a lightly doped n-type semiconductor, The breakdown voltages for such diodes cal-
culuted from Eqs. 85 and 87 are shown in Fig. 29. For a given thickness, the breakdown

voltage approaches a constant value & the doping decreases.

EXAMPLE 3

For o GaAs p—n one-sided abrupt junsction with Ny, = 8§ 10" e, caloulate the depletion width
at breskdown, 17 the n-type reglon of this strocture is redisced to 20 im, caleulate the breakidown
voltage.

SOLUTION  From Fig, 27, wo can Fod the breakdown voltage (V) i alout 500 %] which s much
larger than the buile-in valtage (Vy,). And from Eq. 27, we obtan

2 2, (Vg = V) (2 12,4 8,88 % 107 x 500

W = 290x 1077 =29.3 pm.

.l
GNg Vo 1e=x10r™x5x10"

10" 1o 10 1o 1
tmptuit}'mﬂl[m‘a'l
Fig. 28 Breakdown voltage for j-8-n" and p*-v-n* junctions. W is the thickness of the lightly
daped p-type (=) or the lghtly doped n-type (v reglon.
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Fig. 30 (o) Planar diffusion process that forms function curvature near the edge of the diffosson
md,“hmahﬂﬂﬂmnrﬂmum. [J.I-]C!- nﬁiﬂ!.ndipﬂi&ﬂﬂ]@m‘uﬁmﬂ]ryiﬁﬂh-

séon through a rectangular mask.

When the n-type region reduces to 20 pm, the punch-through will scour first. From Eq. 87, we
i elsain

ﬁ_sh.ﬂ-eduumrg.mm_[il’z_i}
Vy (ew, )2 W, W,
v;-v.[%lz-w—“:]-m:c[% 2-%]-449 v, »

Another importint consideration of breakdown voltage is the junction curvature effect.”
When a p-n junction is formed by diffusion through a window in the insulating laver on
a semiconductor, the impurities diffuse dewward and sideways (see Chapter 13). Hence,
the junction has o plane (or flat) region with nearly cylindrical edges, as shown in Fig,
3. IF the diffusion mask contains sharp comers, the comer of the junction will acquire
the roughly spherical shape shown in Fig. 306, Because the spherical or eylindrical regions
of the junction have a higher field intensity, they determine the svalanche brea
voltage. The caleulated results for silicon one-sided abrupt junctions are shown in Fig
31, The solid line represents the plane junctions considered previoushy. Note that as the
Junetion radins r, beeomes smaller, the breakdown veltage decreases dramatically, espe-
cially for spherical junctions ot bow imparity concentrations.
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Fig. 1 Breskdown voltage versus impurity concentration for one-sided abrupt doping profile
with eylindrical and spherical junction geometries,” where v, is the rading of curvature indicated

in Fig. 30

4.8 HETERDJUNCTION

A heterojunction is defined as a junction formed between two dissimilar semicondue-
tors. Figure 324 shows the energy band diagram of two isolated pieces of sembeonduc-
tors prior to the formation of a heterojunction. The two semiconductors are assumed to
have different encrgy bandgaps E,, different dielectric permittivities £, different work
fumetion i, and different ebectron affinities gy, The wark function is defined as the energy
::}uhﬂl ter rerone an electron from Fermi level Ep to o position just outside the mate-
(the vaeuam level), The electron affinity is the energy requined to remove an ebeo-
tron Fram the bottom of the conduction band E,. to the vacium level. The difference in
energy of the conduction band edges in the two semiconductons is represented by AE,
and the difference in energy in the valence band edges Is represented by AE,. From Fig,

32a, AE anad AF, can be espressed by
AEe = glxs-11) (55a)

and

AEy = Eq + gy — {E.n + 'i'l':} = AE, - AE. (58ds)

where AE, is the energy band difference and AE_ = E, - £,

Figure 3% shows the equilibrivm band diagram of an ideal abript heterofunction
formed between these semiconductors ® In this disgram it is assumed that there is a neg-
ligikde number of traps or generation-recombination centers at the interface of the two
cissimilar semiconductors. Note that this asswmption is valid only when heterojunctions
are formed between semiconductors with closely matched lattice constants. There{ore,
we must coose lnttice-matched materials to satisfy the asammption | For example, the
AlLGa, , As materials, with x from 0 to 1, is the most important material for heterojune-

Hhe Lattice-mismatched opitay, also called the strained-layer epitaxy, s considersd in Soction 108,
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Fig. 32 (o} Energy bard disgram of two isolated semiconductors. (b) Energy band disgram of
am heleal n—g hut:rqumﬁnnllﬂumllﬂﬂﬂihdum.

tions. When x = 0, we have GaAs, with a bandgap of 1.42 eV and o lattice constant of
5.6533 A at 300 K. When x = 1, we have AlAs, with o bandgap of 2.17 eV and a lattice
constant of 56605 A. The bandgap for the ternary AL Ga, , As inereases with x: however,
the lattice constant remains essentially a constant. Even for the extreme cases where
x=0andx = 1, the lattice constant mismatch is only 0.1%.

There are two basie requirements in the construction of the energy band diagram:
{a} the Fermi level must be the same on both sides of the interface in thermal equilib-
riumn, and (b) the vacuum bevel must be continuous and to the hand edges. Becanse
of these requirements, the discontinuity in conduction band edges AE and valence band
edges AE, will b:!mlﬁududbyduplngmhquﬂﬁhﬁdgﬂpE‘uldeLﬂmﬂnﬂinit}r
i are not functions of doping (Le., & in nondegenerate smniconductors). The total butlt-
in potential Vi, can be expressed by

Vg = Vi + Vi, (8G)
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where Vy, and Vi, are the electrostatic potentials st equilibrium in semicondhctors 1and

2, 3

I,u'nd:::r}; conditions that the potential and the free-carrier flux density (defined as
the rate of free-carrer low through a unit area) ane continuous ot the heterointerface,
we can derive the depletion widths and capacitance from the Podsson equation using the
conventional depletion approximation. One boundary condition is the continuity of elec-
tric displacement, that is,£, & = &7, where & and & are the electric fields at the inter-
face (x = 0) in semiconductors | and 2, respectively. ¥y, and V, are given by

EgNa [Viy = ¥
Wy = M1 (50
BNy + £ N,

= N, (Vi - V)

LY '

(90

where N, and N, are the doping concentrations in semiconductors 1 and 2, respectively.
The depletion widths 1, and x; can be obtained by

rzz,sga.r, (v, - ¥)

= (9]
7 Y ¥y [E'LH!I + eyl )
and
- !IE'EilﬁiHLrn_Vh = 1"'} o1b)
1|'I'-f"= {Eij""l * E:I:',"l]
* EXAMPLE 10

Comsicor an ideal abrupe hpterojunction with a built-in potential of 1.6 V. The inparity concen-
traticas in semiconductor 1 and 2 are 1 % 10" donorsom® and 3 x 10 acooptorsem”, aed the dislee-
irie comstants are 12 and 13, respoctively, Find the electrostatic potential and depletion width in
each material af thommal squilibriom.

SOLUTION  From Eq. 80, the cloctrostatic potentials of 4 heterojunction of thermal equilibrium
of V= 0 ame

. 13::{3:-: m“‘}x L6 e
L 12110 + 13x[310") .
nad
lan{lxlﬂ”]xi_ﬁ
v, = 8% 107V

e lgu{um"} ¥ 1:3:-.:{:1: m‘“}

The depletion widths can be calculated by Eq. 91:

|' 2x 12 13x 5852 10 ) (3% 107 < 1.6

- - 3
i 1||||r|.a:4m“‘]n{lxln"]x[m-lxm“ + m-a:uu“] BN A05
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FXISX *31{33%1[!‘“ :-:{lxm"']m.ﬂ .
& \ (L8103 10712 110" + 13-3%107) PROR

W see that most of the built-in potential is in the semiconductor with a lower doping concentra-
tin, The depletion widdth there i also mach wider. 4

SUMMARY

A p-n Junction is formed when a p-type und an n-type semiconductor are brought into
intimate contact, The p-n junction, in addition to being a device that is used in many
application, is the basic building block for other semiconductor devices. Therelore, an
understanding of junction theory serves as the foundation to understanding other semi-
conductor devices,

Muost meern pn junctions are fibricated using “planar technology.” This technal-
opy inclades the thermal cddation process (o grow an oxide layer on the semiconductor
surface, the lithography process to open an window in the oxide, the diffusion or ion implan-
tabon process to form a pen junction in the window area, and the metallization process
to provide contacts to connect the junction to other cireuit elements. Planar technology
is eovered in detail in Chapters 10-14.

When a p-n junction is formed, there are uncompensated negative fons (N} on the
peside and uncompensated positive ions (N Jon the neside. Therefore, a depletion region
(Le., depletion of mobile carriers) is formed at the junction. This region, in tum, creates
an electric field. At thermal equilibriom, the drift carrent due to the electric field is exactly
balanced by the difusion current due to concentration gradients of the mobile carrers
om the two sides of the junction, When a positive voltage is applied to the p-side with
respect to the n-side, o large current will flow through the junction. However, when a
negative voltage ks applied, virtually no current Aows. This “rectifying” behavior is the
most important characteristio of p-n junctions.

The basic equations presented in Chapters 2 and 3 have been used to develop the
ideal static and dynamic behaviors of p-n junctions. We derived expressions for the deple-
thom region, the depletion copacttance, and the ideal curment-voltage chomcteristics of pn
junctions. However, practical devices depart from these ideal charcteristics becase of
carrier genermtion and recombination in the deplotion layers, high infection under for-
ward biss, and serles-ressstance effects. The theory and methads of calonlating the effects
aof these departures from the ideal are discussed in detail. We also considered other fac-
tors that influence p-n junctions, such as minority-carrier storage, diffusion capacitance,
and transient behavior in high-frequency and switching applications.

A limiting factor in the operation of p-n junctions is junction breakdoown—especially
that due to svalanche multiplication. When a sufficiently large reverse voltage ks applied
to ap-n junction, the junction breaks down and conducts a very large current. Therefore,
the breakedown voltage imposes an upper limit on the reverse bing for p-n junctions. We
derived oquations for the breakdown condition of the p-n junction and have shown the
effect of device geometry and doping on the breakdown voltage.

A related device is the heterojunction formed between two dissimilar semicandue-
tors, Wee obtained expressions for its electrostatic potentials and depletion widths. These
expressions are simplified to that for a conventional p-n junction when these two semi-
conductors become identical.
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PROBLEMS (* DENOTES DIFFICULT PROBLEMS)

FOR SECTION 4.3 DEPLETION REGION

*1. A diffused silicon p-n junction has a linearly graded jonetion on the p-side with a = 10'
em™, and a uniform deping of 3 % 10° e on the n-side, I the depletion layer width of
the p-side is 0.5u0m 3 ero béss, find the total depletion layer width, bailt-in potential, and
maximum fekd st zero bl

#2. Sketch the potential distribution in the 51 p—n jusction in Prob, 1,

3. For an ideal silicon p-n abrupt junction with N, = 107 cm™ amd N, = 104 e, (a) cal-
culate ¥y, t 250, 300, 250, 400, 450, amd 500 K and plot V, versus T; (k) comment on
your result in terms of energy hand diagram; and (¢} find the depbetion layer width and
the maximam field & zero biss for T = 300 K,

4. Determine the n-type doping concentration to meet the follvwing specifications for o Si
p-njl.n'l.:.-l;hn:

Nom10® emd, &, = 4 % 10 Viem ot Vy = 30V, T » J00 K.

FOR SECTION 4.4 DEPLETTON CAPACTTANCE
5. An abrupt p-n junction has a doping concentration of 10°%, 10", or 10" cm™ an the
lightly doped m-side and of 10" em~ an the beadly doped p-side. Oltain series of carves
of VC? versus V, where V ranges from —4 V to 0V in steps of 0.5 ¥, Comment on the
slopes and the interceptions at the voltage wis of these carves.

i, For a silicon linearky graded junction with a impurity gradicat of 105 om, caloilate the
buili-in potential and the junction cipscitance st reverse bias of 4 V(T = 300 K],

7. A ono-sided po-n 5 josction ltm:hdq:ﬂdwﬂh N, = 10™emc D-E.H!g;nlhejl.l:rlﬂ:l-l:m
5o that €, = .85 pF at Vy = 4.0V,

FOR SECTION 4.5 CURRENT-VOLTAGE CHARACTERISTICS
5, Assume that the p-n junction considered in Prob. 3 containg 10" con™ generation-recom-
hination centers located 0.02 ¢V above the intrinsic Fermi bkevel of sibcon with @, = @, =
1 em®. ey = iﬂ'mﬁ.mﬂmlnnhymﬂmmdmmnhuﬂmmnwtu-ﬂﬁ?
. Comskder a Si p-n junction with n-type doping concentration of 10" em and is foreand
hln:dnihl’-ﬂ.ﬂ\’ﬂﬁﬁl.ﬂdmhhﬂ}nmlmﬂ)hﬂnhrhkwmmnﬂu
edge of the space charge region.
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Caleulate the applied reverse-bias voltage st which the ideal reverse carrent in a pn
junction dicde al T = 300 K reaches S5% of ity reverse saburation current valoe.

« Design the Si p-n diode such that [, = 25 Alem® and J, = 7 Alem® st V, = 07 V. The

renuaining paramseters ate ghen in Ex, 5,

- An ideal silicon pn janction has Np = 109 cm™!, N, « W0 em ™, g, = 1, = 10-% 5, and a

divicr aren of 1.2 = 10* en®. () Caloubate the thearetical ssturation curment af 300 K.
i) Calculate the foraand and reverse Gusrends & £0.7 W

Tin Prob, 12, assume the widths of the two sides of the junction are much greater than the
respective minority-carrier diffirsion length. Caleulate the applied voltage at a forward
current of 1 mA at 300 K.

A silicon pe—n punction has the follewing parameters at 300 K:g, = = 1075, N, = 10
e, N, o 10 e, () Plot diffusion current density, [, hutnl:urrmldrmllym
sus applied reverse valtage, th:ﬂepmthlbtn!rwﬂmlwﬂprlm o,

FOR SECTION 4.6 CHARCE STORAGE AND TRANSIENT BEHAVIOR

For an ideal abrupt silicon p*-n junction with Np, = 10™ con?, fiid the stored minority
carriers per unit area in the nestral n-region when & foreard bias of 1V is applied. The
length of neatral region is 1 pm and the diffusion length of the holes is 5 pm.

FOR SECTION 4.7 JUNCTION BREARDOWN

L,

17.

18,

18

For a silicon j*—n ome-sided shrupt jusction with Ny, = 107 conc?, find the depletion layver
width at breskdown. If the n-region i reduced to 5 pm, caleulate the breakdown woltage
anel compare yvoar resalt with Fig. 2.

Diesign an abrupt S p° —ﬂ]umﬂndulhﬂhnlmhuﬂnhnnfdugaﬂlﬂﬂ\’
and has & forward-biss current of 2.2 mA at V, = 0.7 volt. Assume ©,=10"%

In Fig. 206, the mvalanche hreakdewn voltage increases with increasing tempenature. Give
a qualitative argument for the resuls,

If e= e, = WOP[ &4 2 10FF om? in gallinem areenide, where £is in Viem, find the break-
down of () a p-i-n diode with an tntrinsic-lger width of 10um and (b) p*-a june-
tiem with & doping of 2 = 10°* cen™ for the lightly doped sde.

Consider that & 5i p-n junction at 300 K with a linearly doping profile varies from N, =
0P coni b Ny = 1P ewver a distancs of 2 pen. Caleulste the breakdown voltage.

FOR SECTION 45 HETEROJUNCTION
21. For the ideal heterojunction in Ex. 10, find the electrostatic potential and depletion width

e

in each material for applied vollage of 0.5 V and -5 ¥

For am n-type GaAs/ p-type Al 505, -As heterojunction at room temperature, AE; = 0.2]
eV, Find the total depletion width st thermal equilibrinm when both sides have impurity
concentration of 5 x 10 em, (Hint: the bandgap of ALGa, As is given by E (z]= 1424
+ 1247z oV, andd the diclectric constant is 124 - 3125, Asnune N-amnd Ny are the spme
far .H.l.'ﬂn.,q.ﬁ.l-uiﬂ: 0 x < D
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Bipolar Transistor and
Related Devices

51 THE TRANEISTOR ACTION

52 STATIC CHARACTERISTICS OF BIFOLAR TRANSISTOR

5.3 FREQUENCY RESPONSE AND SWITCHING OF BIPOLAR TRANSISTOR
54 THE HETERDUUNCTION BIPOLAR TRANSISTOR

55 THE THYRISTOR AND RELATED FOWER DEVICES

SUMMARY

The: transistor (contraction for transfer resistor] i a multijunction semiconductor device,
Normally, the transistor is integrated with other circuit elements for voltage gain, cur-
rent gain, or signal-power gain. The bipolar trinsistor, abso called the bipolar junetion
transistor (BJT), is one of the most fmpostant semiconductor devices. It has been used
extensively in high-speed circuits, analog cirenits, and power applications. Bipolar devices
are semlcondisctor devices in which both electrons and holes participate in the conduc-
tiom process. This is in contrast to the feld-effect devices, discussed in Chapter 6 and 7,
in which predominantly only one kind of carrier participates.

The bipolar transistor was invented by a research team at Bell Laboratories in 1947,
The denvice had two metal wires with sharp points making contact with a germanium sub-
strate (see Fig 3 in Chapter 1), The first transistor was primitive by today’s standards,
vet it revolutionized the electronies industry and changed our way of life.

For modem hipolar transistors, we have replaced the germaniom with silicon and
replaced the point contacts with two dosely coupled p-n junctions in the form of pn-p
of i-p-n structures. We consicer the transistor action of the coupled junctions and derive
the static chamcteristics from the minority carrder distributions in the regions, We also
discinss the frequency response and switching behavior of the transistor. In addition, we
briefly consicler the heterojunction bipalar trunsistor in which one or both p-n junctions
ar formed between dissimilar semiconductors.

In the final section, & related bipolar device called a thyristor s introduced. The basic
thyristor has three cdosely coupled p-n junctions in the form of & p-a-p-n structure ! The
device exhibits bistable characteristics and ean be switched between a high-impedance
“ofl ™ state and a bow-impedance “on” state, The name thyristor is derved from gas thyra-
trom, which is a gas-filled tube with similar bistable chameteristics. Because of the two
stabile state (on and off) and the low power dissipation in these states, thyristors are use-
ful in many applications. We consider the physical operation of the thyristor and a few
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related switching devices. Furthermare, the various thyristor types and their applications
are briefly introduced.
Epet:iﬂl;‘aﬂ_l.:‘, we eover this ﬁ:‘|||m'l.'1|l?_ toaics:

* The current gain and modes of operation of bipolar transistors.

*  The cutoflf frequency and switching time of a bipolar transistor.

*  The shantages of heterojunction bipobar transistar,

* The power handling capability of thyristor and related bipolar devices.

5.1 THE TRANSISTOR ACTION

A perspective view of a discrete p-n-p bipolar transistor is shown Fig. 1. The trunsiitor
is Formed by starting with 4 p-type substrate. An n-type region s thermally diffused through
an oxide window into the p-type substrate. A very heavily doped p* region is then dif-
fused into the n-type region. Metallic contacts are made (o the p*- and n-regions through
the: windows apened in the oxide layer and to the p-region at the bottom. The detalls of
transistor fabrication processes are considered in later chapters.

An idealized, one-dimensional stricture of a p-n-p bipolar transistor is shown in Fig. 20,
Normally, the bipolar transistor has three separately doped regions and two p-n june-
tione. The heavily doped p*-region is called the emitter (defined as symbol E in the fig-
ure). The narrow contral n-region, with moderately doped concentration, is called the
hase (symbol B), The width of the hase is small compared with the minority-carrier dif-
fusion length. The lghtly doped p-region is called the collector (symbol C). The doping
concentration in each region is assumed to be uniform. It shoukd be noted that the con-
copts developed for the p-n junetion can be applied directly to the transistor,

Figure 2 {llustrates the circuit symbaol for a p-n-p transistor. The current compo-
nents amd voltage polarities ase shown in the fipire. The armows of the various currents
indlicate the direction of current fow under normal operting conditions (also eidled the
active mode), The + and — signs are used to define the voltage polasities. We can also

dencte the voltage polarity by a double subseript on the voltage symbol. In the active
maode, the emdtter-base junction is forwand biased { Vi, = 0) and the basée-collector junction

Fig.1 Perspeciive i off o silican pen-p bipalar transistor,
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Fg. 2 {a) Idealized one-dimensional schematic of a p-n-p hipolar tranststor and (B) its circuit
“:HMIW ane-dimensional schematic of an p-p-n bipolar trnsistor and (d) it crcwit
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is reverse biased (Ve = 0). According to KirchhofFs circuit laws, there are only two inde-
pendent currents for this three-terminal device. If two currents are known, the thind cur-
rent can be obtained.

The ni-p-n bipolar transistor is the complementary structure of the p-r-p bipolar tran-
sistor. The structure and cirevit symbol of an ideal n-p-n transistor are shown in Figs. 2
and 2d, respectively. The n-p-n structure can be obtained by interchanging p for n and
m for p from the p-n-p transistor. As a result the current flow and voltage polarity ane all
reversed. In subsequent sections, we concentrate on the p-n-p type because the diree-
tion of minority-carrier (hole] ow is the same as current flow. Tt provides a more intu-
itive: base: for understanding the mechanisms of charge transport. Onee we understind
the gr-i-p trinsistor, we necd only to reverse the polarities and conduction types to deseribe
thi np-n transistor.

51.1 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 dﬁluﬁm reghons near the
two junctions are dlustrated by colored areas, Figure 3b shows the impurity densities in
the three doped ns, where the emitter is more heavily doped than the collectar,
However, the base doping i less than the emitter doping, but greater than the collector

doping, Figure 3¢ shows the corresponding clectric-fleld profiles in the two depletion
regions

Figure 3d illustrates the energy band diagram, which is a simple extension of the
thermal-equilibrium situation for the p-n junction as applied to a pair of closely coapled
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Fig. 3 {a:l.ﬁ.p-n-‘: trurmsistor with all hadlpmnd!d {af thermal 'Eq1.-1|.|:ll'|-l.l.l:l1]. {hl Duii.ﬂ“pm-
file of a transistor with abropt imparity distributions. (¢} Electric-field profile. () Energy band
diagram at thermal squibibrim,

p-n and n-p junctions. The results obtained for the p-n junction in Chapter 4 are equally
to the emitter-base and base-collector junctions. At thermal equilibrium there
s o net current Now, hence the Fermi level s a constant in the regions.

Figure 4 shows the corresponding cases when the transistor in Fig. 3 is blased in the
active mode. Figure 4 is a schematie of the transistor conneeted as an amplifier with
the common-base configuration, that is, the base lead is common to the input and out-
put circuits * Figures 4b and 4c show the charge densities and the electric fields, respoc-
tively, 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. 3.

Figure 4d shows the comesponding enengy band dingram under the active macd.
Since the emitter-hase junction is forward biased, holes ane injected (or emitted) from
the p* emitter into the base and electrons are injected from the n base into the emitter
Undler the ideal-diode condition, Here i no gene ration-recombination curment in the deple-
tion region: these two current components constitute the total emitter curent. The
collector-hase junction is reverse biased, and a small reverse saturation current will fow
across the junction, However. if the base width is sulficiently narrow, the holes injected
from the emitter can diffuse through the base to reach the base-collector depletion edge
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Fig. & (a) The transistor shown in Fig. 3 under the active mode of operation.” (b) Daping pro-
files and the depletion regions arder biasing conditions. (¢} Electric-febd profile. (d) Energy

andd then “float up” into the collector (recall the “bubble analogy”™). This transport mech-
anism gives rise to the terminalogy of emdtter, which emits or injects carriers, and of col-
lector, which collects tese carriers injected from a nearty junction, 1 mast of the injected
holes can reach the collector without recombining with electrons in the base region, then
the collector hole current will be very close to the emitter hole current.

Therelore, carviers injected from a nearby emitter junction can result in a lsge eur-
rent flow in a reverse-biased collector junction. This is the transistor action, and it can
b realized anly when the two junctions are physically close enough to interact in the
manner described. Therefare, the two junctions are called the interacting p—n junctions.
If, on the other hand, the two junctions are so far that all the injected loles are
mecombined in the base before reaching the base-collector junction, then the transistor
action is bost and the p-n-p structure becomes merely two diodes connected back to back.
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512 Current Gain

Figure 5 shows the various current components in an ldeal p-n-p transistor binsed in the
active mode. Note that we assume that there are no generation-recombination currents
in the depletion regions. The holes injected from the emitter constitute the current g,
which is the kargest current component in a well-designed transistor. Most of the injected
Ioles will reach tye collector junction and give rise to the current /g, There are three
bhase current components, labeled Jyg, I, and I, fgy comresponds to rons that must
bee supplied by the base to replace electrons recombined with the injected holes (i, Iy
= Iy = Igg). I, o0 to the current arising from electrons being injected from
th;r:uc to the emitter. However, I, is not desirable, as is shown later 1t can be mini-
mized by using heavier emitter doping (Section 5.2) or a heterojunction {Section 5.4).
I, corvesponds to thermally generated electrons that are near the base-collector junc-
tion edge wnd drft from the collector to the base, As indicated in the figure, the direc-
tiom of the electron current is opposite the direction of the electron flow.

W can now express the terminal carrents bn terms of the various current compo-
nents deseribed above:

T P m
g = Iq: + i‘:..'p.l [E:l
:l' = It - jc = ri.h D - E;EF- - :'_-,:l - Iﬂ.. ia:l

An important parameter in the chameterization of bipolar transistors ks the common-
biase eurrent gain o, This quantity is defined by

oy = LI:L i)

Ig’

Emitter (p*] B (] Calbector ip)

||
:}':n- r;‘> | E.,
=B
z

—> ke i Fllectrom currrnl
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Fig.5 Various current components in a pen-p transistor under acthr mode of opemtion. The
electron Mo is (a the opposite direction to the electron carreat.
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Substituting Eq. 1 into Eq. 4 vields

f I I
- SRS - =
% = IEF' + ‘rﬁl [IF; ¥ IhJ[IEF] *5':'

The first term on the dight-hund side is called the emitter efficiency 3 which is a mea-
sure of the injected hole current compared with the total emitter current:

yale Iy (6)
IE Ih-[-'iln

The second term is called the base transport factor o, which i the mtio of the hole eur-
rent reaching the collector to the hole current injected from the emitter:

I
o u T‘-‘E (7]
Fp

Therefore, Eq. 5 becomes

& = Yor {5)

For u well-designed transistor, because [, is small compared with J,, and I, is close to
Ty, both yand e approach unity. Therefore, g, is close to 1.

We can express the collector current in terms of &, The collector current ¢an be
described by substituting Eqs. 6 and 7 into Eq. 2

i{
fe = lgy + Igy = ogly, + I, = m[—}]ﬂ.:. = tply + I, (8)

whetre fp, corresponds to the colloctor-base current flowing with the emitter aperi-cincudted
(fg = 0. We designate [, a5 fog,. where the first two subseripts (CB) refer to the two
terminals between which the current (or voltage) is measured and the third subseript (0)
refiers to the state of the third terminal with respect to the second. In the present case,
L cnp designates the beakige current between the collector and the base with the emitter-
bese junction open. The collector current for the common-base configuration is then given
b

lo = Gyl + Igup. | (10)

EXAMFLE 1

For an ideal p-n-p transistor, the curment companents are given by £, = 3 mA , I, = 0.0] mA, I,
= 208 mA, anel [, = 01 mA. Determine (a) the emitter efficiency 7, (b) the base transport fac-
bor e, () the common-base current gain oy, end (d) [,
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SOLLTION

{n} Using Eq. 6. the emitter efficiency is

o o
Iy + Ipe 3+ 001

() The base transport fuctor can be obtained from Eq, T:

= (LT

oy = :—tl = E = 8067
I, 3
(] The commuan:-base current gain is given by Eq. &
iy = pore = (5067 x (.806T = 094954,

id) fg = Iy, # [g, = 3 + 001 = 301 mA
Ic = I, + gy = 209 + 0001 = 2.09)

Usirg Eq, 10, we find
.lm = ,c - E’J: -E-Wl'u-m‘“ﬂmnlﬂ-‘ﬂm ||IA.. -

5.2 STATIC CHARACTERISTICS OF BIPOLAR TRANSISTOR

In this section, we study the static current-voltage characteristics for an ideal transistor
and derive equations for the terminal currents. The curnent 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
T derive the current-voltage expression for an ideal transistor, we assume the following:

I. The device has uniform doping in each region.

2. The hole drift current in the base region as well as the collector saturation
current s negligible.

3. There is low-level injection.
There are no generation-combination currents in the depletion regions.

5. Thers are no serles resistances in the deviee.

Basically, we assume that holes are injected from the emitter into the base under
forward-hiased condition. These holes then diffuse across the base region and reach the

callector junction. Once we determine the minority-carrier distributéon (Le., holes in the
i-typee base region), we can obtain the current from the minority-carrier gradient.

=

Base Region
Figure 4c shows the electric-field distributions across the junction depletion regions. The
minority-carrier distribution in the neutral base region can be deseribed by the field-free,

steady-state continuity equation
DF[;EE:.] - P Pe - g, {11}

Ty
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where D q,nn:l wre the diffission constant and the lifetime of minority carrbers, respece
tively. The gemml solution of Eq. 11 i

palz)l = p, + ce?'r O, {12}

where L, = VD, ¢, is the diffusion length of heles. The constants ©) and €, can be deter-
wined by the buumh:}' eonditions for the active mode:

p, 0} = P Eﬂl"'l'ufﬂ' (1%

amd
puW) =0, (13}

where p_ is the equilibrivm minority-carder concentration in the base, given by p =
nEfN, and Ny denotes the uniform donor concentration in the base. The first boundary
condition (Eq. 13a) states that undes forward bias, the minority-carrier concentration at
the edge of the emitter-base depletion region (x = 0) ks increased above the equilibrium
vathue by the exponential factor #¥=, The second boundary condition (Exqg, 1) states
that under reverse bias, the minority carrier concentration of the edge of te base-collector
depletion region (x = W) is sero.
Substituting Eq. 13 into the gencral solution ﬂ:prrsmd in Eq. 12 yields

| f,- 2

rl.l'l-T o +F.-| l_
[L
n

Thusui-.ﬁumﬁm,sinhinﬁ.mbcnppﬁmtdyawﬂmih}rﬁﬁmmﬂ 1. For exam-
ple, when A < 0.3, the difference between sinh{A) and A & bess than 1.5 porcent, Therefore,
when WIL, << 1, the distribution equation can be simplified as

Polt) = po e (14)

Palt) = P-—'ﬁ"m[l ) Tvx’] =,._qu{' ; %] ' i

The distribwtion approaches a straight line, The approcimation is reasonable because the
width of the base region is designed to be much smaller than the diffusion length of the
minarity currier. Figure & shows a lnear minority-carrier distribution in a typical tran-
sistor operated under active mode, Note that sssuming linear minority-carrier distribu-
tiom can ify the derivation of corment-voltage chareteristics. Therefore, we use the
pssumplion hereafter to derive equations for the current-voltage characteristics.

Emitter and Collector Regions

The minarity-carrier distributions in the emitter and collector can be obtained in a man-
ner similar (o the one uwsed to obtain the distributions for the base region. In Fig. 6, the
boundary conditions in the neutral emitter and collector regions are

nplx m=xp) = ngy e T (16

anvdd
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Fig. & Minority carrier distribation in varions regions of a p-n-p transistor under the sctive
mode of operation.

Vel _ (17

Nl & Xo) = Ay @

where ng, and mey are the equilibrium electron concentrations In the emitter and col-
lector, respectively, We assume that the emitter depth and the collector depth are mach
Larger than their corresponding diffission kengths Ly and L, respectively, Substituting these
boandary conditions into expressions similar to Eq, 12 yields

Loy
nplx) = ngy + nm{rul',_.."k:l‘ - I}r Fe 5 —-xp, {(18)
= =¥,
nelT) = Ny = g e F i (18]

522 ldeal Transistor Currents for Active Mode Operation

Once the minarity<carrier distributions are known, the various current components shown
in Fig. 6 can be calculated. The hole current 7, injected from the emitter at x = 0, s
proportional to the gradient of the minority carrier concentration. For WL, << 1, the

hole carment fy, can be expressed by using Eq. 15:

AL B
]

Similarly, the hole current collected by the collector at © = Wis

ey

i
. W_F Cel (21}
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Note that Iy, is equal to I, when WIL, << 1. The electron current I, which is due to

electron flow [rom the buse to the emitter, und I, which is due to electran fow from
the colbector to the hase, ars

Yo R "["‘u‘%‘[ a ﬂﬂf_"’m (eeT 1) (22)
= =g | E

Io = 4| -qD, 5% - FADgncg (23)
dx Ie

- r:
where Dy and [} are the diffusion constants in the emitter and collector, respectively.

The terminal currents cin now be obtained from these equations. The emitter cur-
rent is the sum of Eqgs. 20 and 22:

Iy ua“[t‘”“"ﬂ—l}+ﬂﬂ (24)
where
Dy P e ERgo
dy = q-.-t[ “;F: + BLH ]_ [28)
E
AD
- o
The collector current is the sum of Eqs. 21 and 23:
I = oy {ﬂ"‘ﬂ-"" - l] Fili (27)
whers
n
ay w T2l (28)
n
dgy ™ qﬂ[—% + E':L—:'Ei'-] ! {20

Note that a,, = ay;. The base current for the ideal transistor is the difference between
the emitter current (f) and the collector current (1), Therefore, the base current can
be obtained by subtracting Eq. 27 from Eq. 24:

Iy = [ﬂu - ﬂﬂ}{t‘m‘"’*r - I] + {d“ - au} : (30)

From these discussions, we see that the currents in the three terminals of a transis-
tor are mainly determined by the minority carrier distribution in the base region. Once
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we derive the current compaonents, the common-base current gain o, can be obtained
by using Eqs. 6 throngh 5,
EXAMPLE 2

An ideal po-n-p irnsstor has inspurity concentrations of 107, 1077, apd 5= 10" o in thie emiz-
ter, base, and colloctor regions, respectively; the corresponding lifetimes are 107, 107, and 101
Assaimne that an effective cross section area A i 005 mm® and the emitter-base junction is forwand-
hiased 1o 06 V. Find the common-hase cusent gain of the transistor, Note that the other dovice
parnmeters are Dy = 1 ems, D, = 10 em®s, D = 2 cm¥s, and W = 0.5 pm,

SOLUTION [ the buse region,
L,= Dz, = V10107 = 10 em,
2f. ’ I g %
Po = 0 Ny = (585210°) /107 = 030x10% em?

Similarly, in the ensitter region, Lg = VDt = 104 em and ay, = /N, =931 em™,
Sinoe WIL, = (.05 << 1, the current components ane given by

165107 5 5% 1074 % 10- 8.30 x 10
;_# = = MK
5= 10
fg, = LTIAT=107" A,

RN 0 = L TI3Te 107 A,

L6 107" x5 107 % 1 % 9.31
o

Therefore, the comman-base current galn @& is

{ ’““"-1} = 55687 3 1074

Tes

e _ L7137 = 107"

= = 0.9905 . 4
Ig # fpa 171372107 4 55657 x 1078

X

For the case of WL, << 1, we can simplify the emitter efficiency rom Eqs. 20

and 22
; Bypu :
e —_— 8 L1 = (31)
g+l DyPw . Dgngp 1,0 %0 W
W I"I Df P o I'I
or = 2
1ol Np W (31a)
D, Ny Ly

where Nyl =i /p,,) is the impurity doping in the base and Ny(=r /ng,) is the impurity dop-
ing in the emitter. This equation shows that to improve 1 we should decrease the mtio
Ny/N,. that is, there should be much hesvier doping in the emitter than in the base. This

is the reason why we use p*-doping in the emditer,
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523 Modes of Operation

A bipolar trunsistor has four medes of operation, depending on the voltage polarities on
the emitter-base junction and the collector-hase junction. Figure 7 ghows the Vg and

¥y voltages for the four modes of operstions of a p-n-p transistor. The correspanding
minarity carrier distributions are also shovm, So far in this chapter we have considered
the actice mode of transistor operation. In the active maode, the emitter-base junction is
forward biased and the hase-collector junction is reverse biased.

In the: saturation mode, both junctions ane forwand bissed, leading to the nonzero
mibnority-carrier distribution at the edge of each depletion region, Therefore, the bound-
ary condition ot x = W becomes p, (W) = p_ e jnatead of the one given by Eq. 130,
The saturation mode cormesponds to small biasing voltage and large output current. that
is, the transistor i in a conducting state and acts as 0 chosed (or on) switch,

In the cutoff mode, both junctions are reverse biased. The boundury conditions of
Eq. 13 become p (0] = p (W) = 0. The cutoff mode cormesponds to the apen (or off) state
of the transistor as a switch.

The fourth mode of operation is the ineerted mode, which is sometimes called the
inverted active mode, In this made, the emitter-hase junction is reverse biased and the
collector-buse junction is forward biased. The inverted mode comesponds to the case where
thie collector acts ke the emitter and the emitter acts like o collector, In soch condition,
the divice is used backward. However, the current gain for the twerted mode is gener-
ally leweer than that for the active mode. 18 is because of poor “emitter efficiency™ result-
ing from low collector doping with respect to the hase doping {Eq. 31).

The current-voltage relationships for the various modes of operation can be obtained

by following the same procedures used for the sctive mode, with an appropriate change

Vin
B
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Fig.7 jhlﬂh‘ll?ﬁllﬂ.ﬁ“ﬂ! il minurity carrier di.'.ln'}ml:llmulnp-rhp trasisistar uncer Tour
miches nl:'n[h,ﬂl.nn.
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in the boundary condlitions as in Eq. 13. The general expressions applicable to all modes
of operations ane

IE = ﬂll {E‘iﬂ.‘ll“r = I] = du{tﬂvﬂ;}r — 1} :m]
e

Iﬂ- = ﬂ.” {Eq'l"n,l'l:l" — ]l - E_H {ﬂﬂ"'r‘r o ]} I:!]Eb]
where the coefficients oy, ay,. @y, and ayy are given by Eqs. 25, 26, 28, and 20, respec-

tively. Note that in Eqs, 32 and 325 the biasing voltages for the junctions can be posi-
tivee or negative depending on the mode of operation.

524 Current-Voltage Characteristics of Common-Base and Common-
Emitter Configurations

Using Eq. 32, we can obtain the current-voltage characteristics for a transitor in comman-
hase configuration. We note that in this configuration, Vi and Vi, are the input and out-
putt voltages, and Iy and I are the input and output currents, respectively.

Howenver, in circuit applications the commen-emitter configuration i most often used,
where the emitter lead is commaon to the input and output circuits, The generl expres-

sions of the currents, shown in Eqg. 32, are also a le bo the common-emilter con-
figuration, In this case, to gencrate the current characteristics, Vg and I are the
input parumeters s Vo and £ are the outpul parameters.

Commaon-Base Confi

Fignre Sa shows the comman-base configuration of a p-n-p transistor. Figure 56 shows
the measured results of output current-voltage chamcteristics for the commaon-base con-
figuration. The various mades of aperition we indicated on the figure. Note that the col-
kector current is practically equal to emitter current (Le., @, = 1) and virtually §

of Ve This is in close agreement with the ideal transistor behavior given by Eqs. 10 and
27. The collector current remains practically constint, even down to zero volts for Ve,
where the hobes are still extracted by the collector. This ts indicated by the hole distributions

Aaknrafem
I= Bk
opE —
5
: L
E B €
Iy - !_'__._ . Mt i
E + P ﬁ P _= i
Ven |1 Vex
. - ol
[ R
m'ﬁ' Casinf¥ 'l"l_..
fa) it}

Fig. 8 (&) Commaon-base configurstion of a p-n-p transistor. (k) Its oatpat current-valtage
charmcteristics.
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showm in Fig. Bo. Since the hole gradient at x = W changes only slightly from V- » 0 to
Ve = 0, the collector current remains essentially the sume over the entire active mode
of operation. To reduce the collector current to zero, we have to apply o small forwand
hiag, about 1V for silicon, to the base-collector junction {(in the sshuration mode), as shown
in Fig. @, The forward bias will sulficiently increase the hole density at x = W to make
it equeal to that of the emitter at x = 0 (see the horizontal line in Fig. ). Therefore, the
hole gradient at x = W as well as the collector current will be reduced to zerm.

Common-Emitter Configuration

Figure 10a shows the common-emitter configuration for a p-n-p transistor. The collec-
tor current for the common-emitter configuration can be obtained by substituting Eq. 3
into Eq. 10:

lo = &l + Ig) + Inpo - (33)
Solving for 1., we obtain
- Aepo
e l-ﬂ,}”-hl-nﬂ,' {34}

We now designate f§; as the common-emitter current gain, which s the incremental change
of I with respect to an incremental change of 1. From Eq. 34, we obtain

Al
e
A T (33)
We can also designate /-, as
I
I, :
™ - (36)
Fqlﬂ Fl[:J
W, W, -
(0
P I.=0
I.=0
P P [=== e =i <
[ W
i) L]

Fig. 8 Minority carrder distributions in the base region of a p-n-p transistor. (g) Active mode for
Ve = 0 il ¥ > 0, () Saturation mode with both junctions foreard biased.
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Fig. 10 (o) Common-emitter configuration of a p-p-p transistor, (k) 1ts outpat current-voltage
chamcteristics.

This current corresponds to the collector-emitter leakage current for £y » 0. Equation
34 bocomes

Iﬂ " ﬂu.!" b Icm f Ifﬂ-T,I

Because the vahse of @ is generally close to unity, f, is much larger than 1. For exam-
phe. if 6t = 0.98, f is 99; and if o, is 0.998, f, is 499, Therefore, a small change in the
base current can give rise to a much lasger change in the collector current. Figure 106
shows the measured results of output eurrent-vollage charscteristics with various input
h:u;“mmnl_s. Note that the figure shows nonzero collector-emitter leakage current [,
w l"- D,

EXAMPLE 3

Refering to Ex. 1, find the common-smitter current gain ;. Express I, in terms of f§,
and [y and find the value of 1o,

SOLUTION  The common-base current gain @, in Exumple 1 & 09934 Henoe, we can obtnin fi,

by
9534
b= ome =
Ecpuation 38 can be expressed by

:ﬂﬂ.‘.l = [I_TE-FI]

= {ﬁ,il}fﬂu L

Therefore, Topo = (15054 1)x 08T x10* = 1.32x 107" A «
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I"
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Fig. 11 Schematic disgram of the Early effect and Easly voltage V. The collector carrents for
different base currents meet at <V,

In an ideal transistor with the common-emitter configuration, the collector current
for a given [ is expected to be independent of Vi for Vo > 0, This is troe when we
assume that the neutral base width (W) is constant. However, sinee the width of the space
charge region extending into the base region varies with the hase-collector voltage, the
base width is a function of the base-collector voltage. The collector current, therefore,
is dependent on Ve As the base-collector reverse-bias voltage increases, the base width
will be reduced. The reduced base width canses the gradient in the minority-carrier con-
centration to incresse, which cases an increase in the diffusion corrent. As a result,
will be increased. Figure 11 shows pronounced slopes, and 1 increasing with increasing
Vi This devdation is known as the Early effect® or the base width modulation. By extrap-
oluting thie collector corrents and interseeting the V- ads, we cn obstain the voltige V.

which is called the Early voltage.

5.3 FREQUENCY RESPONSE AND SWITCHING OF BIPOLAR TRANSISTOR

In Section 5.2 we discussed four possible modes of operation that depend on the bias-
ing conditions of the emitter-baze and collictor-base junctions. Generally, in anadog or
linear cireuits the transistors ane operated in the active mode only. However, in digital
eirenits all four modes of operation may be invelved. Tn this section we consider the fre-
quency response and switching chamcteristios of bipolar transistors.

531 Frequency Response

High-Frequency Equivalent Cireuit
In previous discussions, we were concermed with the static [or direct current (de}] char-

acteristics of the bipolar trunsistor. We now study its altermating current (ac) character-
istics when a small-signal voltage or current is superimposed upon the de valses. The
terrm small-signal means that the peak valoes of the ac signal curment and voltage are smaller
than the de vilues. Consider an amplifying circuit shown in Fig. 120, where the transis-
tor is connected in a common-emitter configuration. For a given de inpat valtage Vi, a
de base current [, and de collector current £ flow in the transistor. These currents cor-

to thee operati at shown in Fig, 12, The boad line, determined by the applied
voltage Vi and the Eﬂ"fmw R, hﬁ-erﬁ:iﬂ.i the V- ads al Vi and E:s a slope of
(= LR ). When a small ac signal ks superimposed on the input voltage, the base corrent
fy will vary as a function of time, as illndrated in Fig, 12h. This variation, in tun, brings
ahout & corresponding variation in the output current i, which is 8, times karger than
the input current varation. Thus, the transistor amplifies the input signal.
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Fig. 12  [a) Bipodar trapsistor comneched in the commen-emitter configuration. (] Small-signal
operation af the transistor cincait,

The equivalent cirouit for this low-frequency amplifier is shown in Fig. 132, At higher
frequencies, we extend the equivalent cincuit by adding the appropriate capacitances, Since
the emitter-hase junction is forward binsed, we expect to have a depletion capacitance
Cyp and a diffusion capacitance C, simdlar to that of a forward-biassed p-n junction. For
the reverse-hiased collector-base junction, we expect to have only a depletion capacitanes

a
(%)“ju
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T >
11“ Cn ir;_l_* Ly EViw
Ee a E
il
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Vo T Ly - Zn
| o Vs
E a E
Amd

Fig- 13 i} Basic transistor ecueivadent circuit. (h) Basic cirouit with thee sddition of depletion
sl aiffnsion capacitanoes, (o} Basic crewit with the sddition of resistancs amd conductance,
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Cy The high-frequency equivalent circuit with the three added capacitances is shown
in Fig, 13b. Note that g, (=i /5y is ealled the tronsenductance and g (91 /Tpy) is
called the input conductance. To account for the base width modulation effect, there is
a fnite output conductance gy = 1o/ In addition, we have a hase resistance ry and a
collector resistance 1. Figure 13 represents the high-frequency equivalent cirouit incor-
parating all of the above elements,

Cutoff Frequency
In Fig 13c, the transconductance g, and the input conductance gge are dependent on

the common-hase current gain, At low frequencies, the current gain ks a constant, inde-
pendent of the operating frequency. However, the current gain will decrease after a cer-
tain eritical frequency is reached. A typical plot of the current gain versus operating
frequency is shown in Fig, 14. The common-base current gain & can be described as

P V=
wIIA i

where e is the low-frequency {or de} common-base current gain and £, is the common-
base eutoff frequency. At f = §, the magnitude of o is 0.707 & (3 dB down).
Figure 14 alss shows the common-emitter current gain . From Eq. 38 we have

.ﬂ = ¥ = '& - {38}
l-a 1 .-;w_f,'_]
ﬂwmth:f,htbummnﬂnﬂmrﬂwﬂﬁwwymdhgwmh}'
fp = (1-a)fa (40)

Since = 1, f, is much smaller than f . Another eutafl frequency is f; when | 8| becomes
unity. By setting the magmitude of the right-hand side of Eq. 39 equal to 1, we obtain

fr= B - 1y = Bl - &l = afy (41)

Hence, f; is very close to but is smaller than f_.

W
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Fig 14 Current gain as a function of operating frequency.
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The cutalf frequency f; can alio be expressed as (2xg,)" where € is the total time
of the carrier transit from the emitter to the collector. 7; includes the emitter delay time
Te, the base transit time 5and the collector transit time f.. The most important delay
tmie i Ty The distance traveled by the minority corriers in the hase in a time interval d
is dx = p{x) dr, where vix) is the effective minority-carder velocity in the base. This veloo-
ity is related to the current as

I, = quiz)pix]A, (42)
where A is the device area and pix} is the distribution of the minority carrers. The tran-
sit time: T, required for a hobe to traverse the base is given by

v elr “'EE:H
Ty L E;i = jﬂ ‘H ar [43:'

For a straight-line hole distribution, as given by Eq. 15, the integration of Eq. 43 wsing
Eq. 21 for £, leads to

wt
g = .E.FT' )

#

To improve the frequency response, the transit time of minority carviers across the
braser st be shaort. Therefore, high-frequency transistors are designed with o small base
width. Because the electron diffusion constant in silicon &s about three times larger than
that of holes, all high-frequency silicon transistors are of the n-p-n type (Le., the minor-
ity carrier in the base is electron). Another way to reduce the base transit time is to use
n graded base with a built-in fleld. For a large doping variation (ie., high base doping
near the emitter and low base doping near the collector], the built-in field in the base
will aid te motion of carriers toward the collector and reduce the baso transit time.

532 Switching Transients

For digital applications, 1 transistor is designed to function a3 o switch. In these appli-
cations, we use & small base current to change the collector current from an off condi-
tiom o am o condition (or viee versa), in a very short time, The off condition corresponds
to & high-voltage and low-current state, and the on condition correspands to a low-voltage
and high-current state. A basic setup of a switching cireuit ks shown in Fig. 15q, whore
the emitter-base voltage Vg is suddenly changed from a negative vidoe to a positive value,
The cutput current of the transistor i shown in Fig. 156, The collector carrent is ini-
tially very low because both the emitter-base junction and the collector-hase junction are
reverse hinsed. The current will follow the load line through the active region and will
finally reach a high current level, where both junctions become forward bissed. Thus,
the transistor is virtually open-circuited between the emitter and collector terminals in
the aff condition, which corresponds to the cutoff mode, and short-circuited in the on
condition , which corresponds to the ssturation mode. Therefore, a transistor operated
in this mode can nearly duplicate the function of an ideal switch.

The switching tme is the time recuired for a trnsistor to switch from the off con-
dition to the on condition, or vice versa. Figure 164 shows that when an inpot current
pulse is applied to the emitter-base terminal at time ¢ = 0, the transistor is being turned
on. At f = fy, the hase current is suddenly switched to zero and the transistor is being
turned off. The transient behavior of the collector current I can be determined by the
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Fig. 15 (a) Schematic of o transistor switching cincuit. () Switching operation from cutolf to
saturatian,

(el i

Fig. %6 Transistor switching charscteristics. (a) Input base current pulse. ) Virations of the
basse-stared charge with time. (¢) Variation of the collsctor cament with time. (d) Minority-
carrier distribustions in the base at differcat times.

wariation of the totul sweess minority carrier charge stored in the base, @g(t). A plot of
@4l as a function of time is shown in Fig. 166, During the tum-on transient, the base-
stored charge will increase from sero to Qglty). During the tum-off transient, the base-
stomed charge will decrease from @ylty) to 2ero. For @ylr) < @5, where 0, is the base charge
when Vi, = 0 {i.e., at the edge of saturation, as shown in Fig, 16d), the trinsistor is in
the active mode.
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The variation of I with time ts plotted in Fig. 16¢. In the tum-on transient, the stoned
base: charge reaches @, the charge at the edge of saturation at ¢ = 1,. For @ > 0, the
divice i operated in saturation mode, and both the emitter and collector currents remain
essentially constant. Figure 164 shows that for any £ = £, (say ¢ = ¢,), the hole distribution
#.lx) will be parallel to that for £ = £, Therefore, the gradients at x = 0 and x =« W, as well
as the currents, remain the same. In the tum-off transient, since the device is inittally in
the saturation mode, the collector current remnins relatively unchanged until @, is reduced
to @y (Fig. 164}, The time from £, to ¢, when @ = @, is called the storage time delay 1,
When 0y = @y, the device enters the active maode at £ = ¢, After that time, the collector
current will decay exponentially towarnd zero.

The tum-on time depends on how fast we can add holes (minority carres in the
p-n=p transistor) to the base region. The tum-off time depends on how fast we cin remove
the holes by recombination. One of the most important paruneters for switching tran-
sistors is the minority carrier lifetime T, One effective method o redoce t, for faster
switching is to introduce efficient generation-recombination centers near the mmidhgap.

w54 THE HETEROJUNCTION BIPOLAR TRANSISTOR

We have considered the heterojunction in Sec. 4.8 A | ungtion bipolar transistor
(HBT) is a transistor in which one or both p-n junctions ane formed brhl.rl:n dissimilar
semiconductors, The primary advantage of an lIHTIsltshlghmH:terefﬂElnﬂc} [7r. The
creult applications of the HET are essentially the same as those of bipolar transistors.
However, the HBT has higher-speed and higher-frequency capability in circuit opera-
tion. Because of these features, the HBT has gained popularity in photonie, microwave,
and digital applications. For example, in microwave applications, HBT is used in solid-
state microwave and millimeter-wave power amplifiers, oscillators, and misers,

541 Current Gain in HBT

La=t sesmieomdnctor 1 be the emitter and semiconductor 2 be the base of a HET. We pow
congider the impact of the bandgap difference betwesn these pwo semiconductors on the
current gain of a HET.

When the base-transport factor @ is very close to unity, the common-emitter cur-
rent guin can be expressed from Egs. 8 and 35 as

% By w-l (fora.=1) 45
Aom gl n B al (ora; (45)

Substituting ¥ from Eq. 31 in Eq. 45 yvields (for p-p-n transistors)

1 M

B = - (46)
_{]E _Fu,r_ E_ Pes
D, g, Lg
The minarity carrier concentrations in the emitter and the base are given by
H ¥
ny {emitter] _ NeNy E':ﬁ-EE;J"kTI'
r Ny (emitter) Ng * sl
ne NNy —E_ 5 /kT)
0] (base) _ Ne v exp(—E 5 /&T) : P

F hnl_h'a-'“-':l -"‘ra
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where N and Ny are the densities of states in the condoction band and the valence band,
respectively, and E 4 is the bandgap of the emitter semiconductor. N, Ny, and E_y are
l:he:mnuspmd]ngpm’ammm for the base semiconductor. Therefore

B - hw{_,nf_e] i %‘.} (48)

EXAMPLE &

A HET has & bandgap of 1.62 eV for the emitter, and o bundgap of 142 ¢V for the base. A BIT
has a bandgap of 1.42 &V for both the emitter and base materials; it has sn emitter doping of 10°
e and a base doping of 1047 con,

(&) If the HBET has the same dopings as the BJT, find the improvement of &, (b) 17 the HET has
the same emitter doping and the same [, as the BJT, how much can we increase the hase doping
of the HET? Assume that all other device parameters ano the same.

SOLUTION

A,{Hn*r} Gﬂ{fﬁ;}—ﬂf—]nqvm-tﬂ]:q{ 02 ]tq:i'.".'n"ﬁ:l-ﬂ-'ﬁ.

B[ BIT) 1 00250 00256

W have an improvement of 2257 times in fi,
(b} BolHET) = SE exp(7.722) = B, (BT} = L
Ng Ny

2Ny = Ny explT.722) = 2257 3 10* = 2.86  10¥em Y,

The base doping of the heterojunction can be increased to 2.26 * 10 cm™ to maintain the =
same f,

542 Basic HBT Structures

Most developments of HBT technalogy are for the AL G, A<'CaAs materal system.
Figure 17 shows a schematic strocture of a basic n-p-n HET. In this device, the
n-type emitter i formed in the wide bandgap Al Gay , As whereas the p-type base is formed
in the lower bandgap GaAs. The n-type collector and n-type subeollector are formed in
Gads with light doping and heavy doping, respectively. To Facilitate the formation of ohmie
contacts, & heaily doped n-type Gas layer is formed between the emitter contact and
the AlGaAs layer. Due to the large bandgap difference between the emitter and the hase
materials, the common-emitter current gain can be extremely large. However, in homo-
junetion hipoelar 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 transis-
tors (see Ex. 4.

Figure 17h shows the encrgy 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. In fact, the superior performance of the HBT results directly
from the valence-band discontinuity AE, at the heterointerface. AE, increases the valence-
band barrier height in the emitter-base heterojunetion and thus reduces the injection of
holes from the base to the emitter. This effect in the HBT allows the use of a heavily
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Fig- 17 (a) Schematic cross section of an n-p-n in bipolar transistor (HET) stroc-
ture. (1) Energy band diagram of a HBT operated wetive mode.

doped hase while maintaining a high emitter efficiency and current gain, The beavily doped
base can redhuce the hase sheet resistance. In addition, the base ean 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. A thin base region is
desirable because it reduces the base transit time and increases the cutofl frequency®

543 Advanced HBTs

In recent years the InP-based (InPAnGaAs or AllnAs/InGads) material systems have been
extensively studied. The InP-based heterostructures had several advantages.” The
InP/InCads structure has very low surface recombinatbon, and becanse of o higher elec-
tron mobility in InGaAs than in GaAs, superior high-frequency performance is expected.
m performance curve for an InP-based HBT is shown * in Fig, 18 A very high

frequency of £34 Gl is obtained. In addition. the InP collector region has higher

WL Pl MR T |

1 1] L1 0

Froquency (GHz)
Fig- 18 Current gain as a fanction of operating frequency for an InP-hased HET®
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drift velocity at high fields than that in the Gads collector, The InP collector breakdown
voltage is also higher than that in the GaAs,

Anctlser heterojunction b in the SVSiCe material system. This system les severad prop-
erties that are attmetive for HET applications. Like AlGaAsGads HBTs, 5i5iGe HBTs
have high-speed capability since the base can be heavily doped because of the handgap
difference, The small trap density ot the silicon surface minimizes the surface recombi-
nition current and ensures a high current gain even at low collector current. Compatability
with the standard silicon technology is another attractive feature. Figure 180 shows a typ-
ical SU5iCe HBT structure. A comparison of the base and collector currents mwasiured
from a SV5iGe HBT and a $i homojunction bipolar transistor & given by Fig. 196, The
results indicate that the 55iGe HBT has a higher current gain than the Si bomojunction
bipolar transistor. Compared with GaAs- and InP-bused HETs, the SSiCe HBT, how.
ever, has a lower cutoll wency becanse of the lower mobilities in 5i.

The conduction band discontinuity AE; shown in Fig, 175 is not desirable, since the
discontinuity will make it necessary for the curriers in the heterojunction to transport by
means of thermionic emission ncross a barrer or by tunneling through it Therefore, the
emitter efficiency and the collector current will suffer. The problems can be alleviated
by improved structures such as the graded-lyer and the graded-base heterojunctions.
Figure 20 shows an energy band disgran in which the AE, is eliminated by a graded

Callecsnor, hase corresd [A)

/ HET .
F —— !F |

A

0 L1 04 0.6 b5 Lo
Ease-emitter biay (V)
s}

Fig. 18 (o} Device structure of an n-p-n SE58CeS HBT, [b) Collector and lxse current verus
Yy for u HBT and bipolar junction iransistor {B]T).
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Without graded layer
ST W precled baver
- v

Fig.- 20 Energy band diagrams for a beterojunction bipolar transistor with and without graded
Layer in the junction, and with and without o graded-base lver

layer placed between the emitter and base heterojunetion. The thickness of the graded
loveer is W,

Thh.uncr@innmnn]mhawagrﬂad profike, which results in a reduction of the
bandigap from the emitter side to the collector side. The energy band diagram of the graded
base HET is illustrated in Fig. 20 (dotted line), Note that there is 2 built-in electric fiekd
dhy in the: quasi-neutral base, It results in a reduction in the minority-carder transit Hme
andd, thus, an inerease in the common-emitter current gain and the cutoff frequency of
the HET. &, can be obtained, for example, by varying lineary the Al mole fraction 1 of
Al Gay As in the base fromx = 0.1 oz = 0,

For the design of the collector layer, it is necessary to consider the collector transit
time delay and the breakedewn voltage requirement. A thicker collector byer will improve
the breakdown voltage of the base-collector junction but proportionally inerease the tran-
sit timee. In most deviees for high-power applications, the carriers move through the col-
lector at their saburation velocities because very large electrie fields are maintained in
this layeer,

It is possible, however, to increase the velocities by kevering the electric field with
certain doping profile in the collector laver, One way is to use p- collectors with a p* pulse-
m Layer near the subcollector for an n-p-n HBT. Therefore, electrons entering the

or layer can maintain their higher mobility of the lower valley during mest of the
collector transit time. Such a device is called a ballistic collector transistor (BCT)* An
encrgy band diagram of a BCT is shewn in Fig, 21, The BCT has been shown to have
mwre fvarable frequency response characteristics compared with conventional HBTs over
a narrow range of biss voltages. Because of its advantuges at relatively low collector volt-
age and current conditions, the BCT is wsed for switching applications and microwave-
power amplifications,



156 © Chapter 5. Bipolar Transistor and Reksted Devices
Rallingia
—N/‘_”:IL
:
I
I
|
—/—\:\—__
]
i

r_.ri"

-y

= -
- -

n B i n

Emikier Base Collevinr
Fig- 21 Energy band disgram for the ballistic collector transistor (BCT). *

5.5 THE THYRISTOR AND RELATED POWER DEVICES

The thyristor is an important power device that is desigoed for handling high voltages
and large eurrents, The thyristor is mainly used for switching applications that require
the device to change from an off or blocking state to an on or condueting state, or vice
versa!? We have considered the use of bipolar transistors in this application, in which
the base carrent drives the transistor from cutofl to saturation for the on-state, and from
saturation to ctoelT for the off-state, The operation of a thyristor is intimately related to
the hipolar transistor, in which both electrons and holes are involved on the transport

. However, the switching mechanisms in a thyristor are different from those of
a bipolar transistor. Also, because of the device construction, thyristors have s mch wider
range of current- and voltage-handling capabilities. Thyristors are now avuilable'! with
current ratings from a fow milliamperes to over 5000 A and voltage ratings extending above
10,000 V. We first consider the operating principles of basic thyristors and discuss some
related high-power and high-frequency thyristors.

551 Basic Characteristics

Figure 22 shows a schematic eross-sectional view of a thyristor structure, which is a foor-
layer p-n-p-n device with three p—n jusctions in series: [1, J2, and J3. The contact elec-
trode to the outer p-layer is called the anode and that to the outer a-lyer is called the
cathode. This structure without any additionu electrode is a two-terminal device and is
called the p-n-p-n diode. If an additional electrode, called the gate electrode, is conmected
b the inner pelayer (p2), the reubting three-terminal device is commenly called the semi-
conductor-controlled rectifier (SCR) or thyrisfor,

A typical doping profile of a thyristor is shown in Fig. 22b. An n-type, high-resistivity
silicon wafer is as the starting material (n 1-layer). A diffusion step is used to form
the p1- and p2-layers simultaneously. Finally, an n-type layer is alloyed (or diffused) into
one side of the wifer to form the n2-laver. Figure 22c shows the energy band dingram
of a thyristor in thermal equilibrivm. Note that at each junction there is a depletion region
with & built-in potential that is determined by the impurity doping profile.

The hasic current-voltage charscteristics of & p-n-p-n diode is shown in Fig 23. It
pchibits fivee distinet reghons:
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Fig. 22 (a) Fourlayer pn-p-n diode, () Typéca! dopieg profile of a thyristor. (c) Energy band
diageam of a thyristor in thesmal equilibrivm.

0-1: The device is in the forward-blocking or off-state and has very high
impedance, Forward breakover (or switching) ocours where dVidl = O, and at
point 1 we define a forward-breakover voltige Vg and a switching current I,

1-2:  The device is in a negative-resistance region, that is, the current incresses s
the voltage decreases sharply.

2-3:  The device is in the forvard-conducting or on-state and has ko
At point 2, where dV0dl = 0, we define the holding current I';,ml.llnldmg
voltage V.

0-4: The device is in the reverse-blocking state.

45 The device is in the reverse-breakdown region.

Thus, a p-n-p-n diode operated in the forward region is a histable device that can
switch from a high-impedance, kow-current off-state to a low-impedance, high-current
on-stafe, or vice vers,

To understand the forward-blocking charcteristics, we consider the device as two
bipolar transistors, a p-n-p transistor and an s-p-n transistor, connected in a special way,
as shown in Fig. 24, They are conmected with the base of one transistor attached to the
collector of the other, and viee versa, The relationship between the emitter, collector, and
hase: currents and the de common-hase current gain were given in Eqs. 3 and 10, The
base current of the p-n-p trnsistor (tmansistor 1 with current gain a,) is

I = Ig = Iy
= {I e Eﬁ}[Et — :1
= [1-e )t - 1y, (50)
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Fig. 3 Current-voltags characteristios of a p-n-p-n diode,
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Fig. 28 Two-transistor representution of o thyristor®

where I, is the leakage current [, for the transistor 1. This base current is supplied by
the collector of the n-p-n transistor {transistor 2 with the current galn &), The collector

current of the n-p-n transistor is
Tog = @ales + 1y = &3] + Iy, (31}

where 1 is the leakage current f ., for the transistor 2. By equating fy, and /5, we obtain

- I + I
I-{ﬁ,+r.‘t1:-| ' (a2
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EXAMPLE 5

Consider a thyristar in which the leakage currents 1, and I, are 04 and 06 mA, respoctively. Explain
the forward- blocking characteristics whon [ + 4,) is 0.01 and 09089,

SOLUTION  The current gains are functions of the corment T ad generlly increase with increas-
g carrent. At kow currents both oy and a; are omsch less than 1, and we have
0.4 % 1077 + 006 % 107
[ = T=00l = L0l mA
Ins this case, the current Bowing through the devios is the sum of the leakage currents 1, and 1,
(= 1 mal,

As the spplied voltage increases, the current 1 also increases, as do o and . This in tum
catzses | o increase further—a regenemtive bobonior, When o, + o, = 009K,

0.4 % 107"+ 0.6 10
I =
- 00999 1A
This valise is 10,000 timnes kurger than £ + I Therefore, as (e « @) approaches 1, the current [
increases withaiet lms, that i, lhudmneuu Torvard breakover. |

The vartations of the depbetion layer widths of & p-n-p-n diode biased in different
regions are shovwn in Fig. 25, At thermal equilibrium, Fig, 25, there is no current flow-
ing and the depletion layer widths are determined by the impurity doping profiles. In

)
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Y i W
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Fig. 5 Depletion kyer widths and voltage drops of a thyristor operated under (2} equilibrinm,
i} forwasd blocking, () frrwarnd conducting, and () reverss blocking,
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the forward-blocking stabe, Fig, 25b, junction J1 and 3 are forward biased and [2 is reverse
biased. Most of the voltage drop occurs across the central junction j2. Tn the forward-
conduction state, Fig. 23¢, all three junctions are forward biased. The two transistors (pl-
nl-p2 and nl-p2-n®) are in saturation mode of operation. Therefore, the voltage drop
aeross the deviee is very bow, given by (V= [V + V), which is approximately equal to
the voltage drop across one forward-biased p-n junction. In the reverse-blocking state,
Fig. 25, junction J2 is forwurd biased but both J1 and J3 are reversed biased. For the
doping profile shown in Fig. 225, the reverse-breakdown voltage will be mainly deter-
mined by J1 because of the lower impurity concentration in the nl-region.

Figure 261 shows the device configuration of u thyristor that is fabricated by planar
processes with a gate electrode connected to the p2-region. A cross section of the thyris-
tor abong the dished lines is shown in Fig, 26b. The eurrent-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 @, + o and results in a breakover at a lower voltage. Figure 27 shows the
effect of gate current on the current-voltage charscteristics of a thyristor. As the gate cur-
rent increases, the forward breakover voltage decreases.

A simple application of a thyristor is shown in Fig. 28a, where a variable power is
delivered to a ko from a constant line source. The load &, may be a light bulb or a 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. 285). If the current pulses
are delivered to the gate near the beginning of each cycle, more power will be delivered
to the load. However, if the current pulses are delayed, the thyristor will not turm on until
later in the cycle, and the amount of power delivered to the load will be substantially
reduced.

LY

Ae— pl nl p | n2 P—PK

Fig. 2 (s} Schematic of a planar three-terminal thyristor. (b} Cwe-dimensional cross section of
the planar thyristor.
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Fig. 28 (o) Schematic circuit for a thyristor application. (&) Wave forms of voltages and gate
current,

552 Bidirectional Thyristor

A bidirectional thyristor is a switching device that has on- and off-states for positive and

anode voltages and is therefore vseful in ac applications. The bidirectional
pere-pen clinde switch & called a dine (diode ac switch), It behaves like two conventional
peneep=n diodes with the anode of the first diode connected to the cathode of the second,
amd vice versa. Figure 28a illustrates such a stracture where M1 stands for main termi-
nal 1 and M2 for main terminal 2. When we integrate this arangement into a single bwo-
terminal device, we have o diae, ns shown in Fig, 29b, The symmetry of this strocture
will result in identical performance for efther polarity of applied voltage.

When a positive voltage is applied to M1 with respect to M2, junction [4 is roverse
biasesd s that the n2” region does not contribute to the functioning of the device. Therefore,
the pl-nl-p2-n layers constitute a p-n-p-n diode that produces the forwand portion of
the I-V characteristic shown in Fig, 28, If a positive voltage is applied to M2, & curment
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Fig- 3 (0] Two meverse-connected po-p-n dicdes. (b} Intogration of the diodes into & single
tai-terminal diccle se switch (disc). (o) [hnﬂtnﬂagcdn:xfmﬁﬂu af o dise.

will comduct in the opposite direction and [3 will be reverse binsed. Therefore, the pl1°-
nl"p2n2" lavers from the reverse p-n-p-n diode produce the reverse portion of the
I-V characteristies shown in Fig. 28

A bidirectional thres-terminal thyristor is called a trise (frode oo switch). The trise
can switch the eurrent in either direction by applying a low-voltage, low-current pulse
of efther polarity between the gate and one of the two main terminals, M1 and M2, as
showm in Fig, 30, The operational principles and the -V characteristics of a triac ane sim-
iar to those of a diac. By adjusting the gte current, the breakover voltage can be var

ied in either polarity.

553 Related Thyristor Types and Applications

In addition to the bidirectional thyristors, there are many other types of thyristors for
different applications.'® The majority of these types are based on the fourlayer thyristor
structure bat with

ﬁmmmﬂanﬂtﬁymmmmdemd in Secticn 3.5.2 are uswally designed to have
smilar forward and reverse blocking capabilities. Two browd clisses exist in the conven-
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Ml
Fig. 30 Cross section of a triode ac sadtch, a sts-layer strocture having five pn junctions.

tienal thyristor: one is the converter grude thyristor, and the other is the inverter grade
thyristor. The former is used for low frequency and is designed to have the lowest pos-
sible om-state voltage drop bt can only switch showly. The Latter is designed for high fre-
quency and has a Fast tum-off but it gencrally has o larger an-state voltage drop.

The: aeymmatric thyristor is shown in Fig. 31a. It not lkave a reverse blocking
capability since the n-base contains an additional n* layer adjscent to junction f1.
Figure 315 shows the structure of a conventional thyristor for comparison. Note that the

= f
Fig. 31 Comparisan of the structune and electric field for the same forsund-blocking voltage
fal the asvimmeteie thyristor and (B} the comventional thyristor.



164

Chaper 5. Bipoler Transistor and Related Devices

asymmetric thyristor his a higher-resistivity nl-base and an adjecent low-resisthvity n*=
I:a]mr In forward blocking the depletion boer on the neside of the blocking junction spreads
to thee n*-layer. However, the depletion h;mrislhnﬂ effectively constrained from further
sih'ﬂdhlgl!}'lhtrhighduphtghﬂnflhthjﬁ Comsequently, as shown in Fig, 31, the

electric-fleld distribution is approdmately constant for the asymmetric thyristor compared
with the triangular distribution for the conventional thyristor. The additional n*-lover allows
the nse 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 tum-on time of the
dhevicn through the narmower base. The tum-off performance is also improved since the
narrower u-base results in a lower value of stoped charge,

The gate turm-off (GTO) thyristor is a device that overcomes one of the basic thyris-
tor's limitations, since the GTO can be tumed on and off by the gate control ™ This is
achieved by a tight control on the current gain and by distributing the gate over the whale
cathode area. Figure 32 shows a CTO with a negative voltage applied to the p-gate. To
turn off the current, a reverse-mate voltage and current are applied instead of reversing
the: polarity of the main terminals. As a result, the holes from the anode begin to be par-
thalky removed by the gate. On the other hard, the electrons injocted by the cathode emit-
teer wre pushed away from the negative gate voltage toward the active center of the device,

The light activated thyrister is a thyristor in which the gate terminal i not electri-
cally contacted but is designed to respond to an aptical signal. Usually the optical signal
is very weak and consequently the device has & high gain.

The power switching applications of the thyristors cover a broad range of both I:uwl::r
and frequency " Figure 33 illustrates the major application areas for thryristors
rizedd by switching frequency and power. At the low-frequency and h;gh uud of
the spectram, we have the high-voltage direct current (HVDC) devices, vrﬂﬁl.hnnnd
the highest power. On the other hand, for hlgll- nq|r and low-power applications,
s hanve the lighting control, ultmsonic generators, h 'r?'hp:uﬂ comversion equip-

ment, and switched-mode power supplies (SMPS). However, the major applications are
K
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Fig. 32 The gate tum-ofT thyristor with & negative veltage applied to the gate. The main appli-
calioes of Hyrstors 1"
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Fig. 33 The main spplications of thyristoss.

for mator drives and T 5 1w.uih:i1nnrrnmdn range of power and frequency.
The motor drive applicat :J-:' example, range from small motors used in domestic
appliances to the hlgh—pnwer motor drives wsed in rolling mills.

SUMMARY

The bipolar transistor, developed in 1947, remains one of the most important semicon-
ductor deviees. A bipolar transistor is formed when two p—n junctions of the sane seinl-
condisctor materials are physically close enough to interact. Charge carrlers injected from
the: foraand-biased first junction result in a large current fow in the reverse-biased sec-
ol junction,

We have considered the static characteristics of bipolar transistors, such as the modes
of operation and the: curment-voltage characteristics of the common-emitter configurn-
tiom. We have also considered the frequency respanse and switching behavios, A key divice
parameter of hipolar transistor i the base width, which must be very small compared
with the minority-carrier diffusion kength to improve the comrent gain and to inerease
the cutoll frequency.

Bipolar transistors are used extensively as diserete devices or in integrated circaits
for current-gain, voltage-gain, and power-gain applications. They are also used in bipolar-
CMOS combination cireuits (BICMOS), eovered in Chapters 6 and 14, for high-density,
high-speed operations.

The frequency limitations of a comventional bipolar transistor ane the resalt of its low-
base doping and relatively wide base. To overcome these limitations, a heterojunction
bipalar transistor (HBT) formed between two dissimilar sembeonduetors ean have much
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Iljgﬂ‘llﬂ.ﬂ& ani:uH and a much nurrowver base, The HBT has, therefore, E;Hjllll'.'d popu-
larity In milimeter-wave and high-speed digital applications.

Anvother i t hipodir device is the thyristar, which is formed of three or more
p=n junctions, The: thysistor is used mainly for switehing applications. These devices can
have current ratings from a few milliamperes to over 5000 A and voltage ratings extend-
iregr above 10,000 V. Wi have considered the basic churacteristic of thyristor operation,
In acheithon, we discussed the bidirectional thyristor (dise and triac) that las an-off states
with either positive or negative terminal veltages, the asymmetric thyristor that has very
short turm-om and tum-off times, the gate tum-off thyristor (GTO), and the light-activited
thyristor. Thyristers cun cover & widke range of applications from low-frequency high-current
power supplies to high-frequency, low-power applications, incdluding lighting controlbs, home
appliances, and industrial cquipment.
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PROBLEMS (* INDICATES DIFFICULT PROBLEMS)

FOR SECTION 5.2 STATIC CHARACTERISTICS OF BIPOLAR THANSISTOR

1. Am nsgrn transizior hos a o Eranspart factor e of 0965 an :rdbtﬂ'd“nhwnfﬂ.w.
and an £, of 10 nA. (o) Caleubate o and f, for the device, (b) 1F iy = 0, what is the et
ter current?

2. Given thet an ideal transistor has an emither uﬂ'hir:t:-'n[m s dhie ool bect o bhase
leakape corrent s 10 @A, caloubate the active region emitter carment due to holes if [, = 0,
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A silicon pn-p transistor has impurity concentrations of 5 10, 2 x 10'7, and 109 e
ins the emtter, base, and collector, respectively, The base width is 1.0 jpm, and the device
orois-soctiooal anes s 0.2 mm®, When the emitter-base fanction is forward bissed o 05 Y
and the base-collector junction is reverse hiased to 5 %, calculate (a) the neutral base
width and (b} the minority carrier conoentration st the emittor-base junction,

Far the transistor in Prob. 3, the diffusion constants of minority carriers in the emitter,
base, and collector ane 52, 40, and 115 cns's, respectively; and the lifie-
times are 10°%, 107, and 10-* 5. Find the current componests B, fe. T, foy, and 2y il
tratedd ins Fig, 5.

Usineg the sesulls ohtalned from Prob. 3 and 4, (a) find the terminal eurments fg, J, and 1,
of thir fransistor; (b) calealate emitter efficiency, Tase transport factor, comme-hase cur-
rent g, and comisn-smitber eument gain: asd (o} somment on how the emétter effi-
ciency asl base transport factor can be inproved.

Referring bo the minority carrer concentration shown in Eq, 14, sketch p (o (0) curves
a5 a function of © with different WAL, . Show that the distabution will approach a straight
line when WiL, is small encugh (say WL, < 0.1),

For a transistor under the sctive mode of operation, wse Eq. 14 to find the exact solutions
of I, and I,.

Deerive the expression for total excess minority-carrier charge @, i the transistor is oper-
ated under the active mode and p (0] => p_. Explain hew the charge can be approxi-
mated by the trinngle area in the base shown in Fig, 6. In sddition, using the parametens
in Prob. 3, find 0,

Using @, derived from Prob. &, show that the collector corrend expressed in Eq. 27 can
be approsimated by I, = (20, /W0,

Shiww that the base transport factor o, can be simplified to 1= (W52,

IT the emitter efficiency is very close to ity show that the common-emitter cament gain
f, cam be given by 2L2WE, (Hint: Use a in Prob. 100}

Fuor o p*-n-j trasistor with high emitter efficiency, ind the comaimoa-smitber curment gain
[, IF the: hase width is 2 pm and the diffusion constant of minority carrier in the baso
region is 100 em?fs, assume that the fietime of the carrer in the base region s 3 x 1077 5.
{Hind: Refer to &, derved in Prob. 11.)

A silieon n-p-n hipobar transistor has impurity concontrations of 3 x 100%, 2 x 10, and 5 x
10" em i the emitter, base, and collector, respectively. Detenmine the diffusion con-
stamts af minotity carrier in the three regions by asing Einstein’s relationship, £ =

(kT Assume that he mobilities of electrons and holes, g, amd g, can be expressed as

, 1252 E o7 )
e o x 10 ) i Hj*[nmﬂxtu'“ﬂuT i

Usineg the resists obtained from Prob. 13, determine the curment companents in esch
reggion with Vi, = 06V (operated under active mode). The deviee cross-sectional area is
0 mrm® aned the neutral-base width bs 005 e Assame the minorty-carder Bletime in
m-hmgh,ni:r]-: ﬂl:l'l:ll.l'luﬂ.l!ll]l.lllltﬂ lir* s

Based o the resalts obtain from Prob, 14, lind the emitter efficiency, base trusport fac-
b, corimaon-lase current gain, and comman-emitier carreok g

For an ion implanted n-p-n trunsistor the net inparity doping in the neatral base is given
by Nix) = N where N = 2% 10% e and [ = 0.3 e, (a} Find the total namber of
inmepaaritiess in the neatral-base region per unit area (b) Find the merge impurity conces-
tratice in the neutral-base region for & meutral-ase widih of 0.8 pm.
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17. Referring to Problem 18, i Ly = 1pm, Ny = 10™cm®, Dy = 1 em®s, the average lfctime
is 10r® 5 i the base, and the average diffusion coefficient in the base cormsponds to the
Impuity concentration in Prob. 16, find the common-emitter comment gain.

I8, Estimate the collector current leved for the transistor in Probs. 16 and 17 thet has an emit-
ter area of 10- cm®, The base resistance of the transistor can be exprossed s 107 By/W,
where W is the neutral-base width and j, Is the average base resistivity:

%15, Plot the common-mitter current gain as a function of the base current Iy from @ 1o
5 A at a fioed Ve of 5 V for the transistor shown in Fig. 106. Explain why the
current gals 5 not o constant.

20, The general squations of the emitter and collector carrents for the basic Ebers-Moll
mnocled []. J. Ebers and J. L. Modl, “Large-Single Behasvdor of Junction Transistors, ™
Proc.IRE., 42,1761 1854)] are

Iy = Lio[e"" " — 1) = aplag(e™"T - 1),
| .r,:m{."’“"" =3 I} - im[u“""’“ - |}.

where o and o are the forwand comraon-dite current gain and the neverse oommon-
base cwrrent goin, mm:g Iy il I, aire the satiration curments of the normally for-
aard- and reverse-bigsed , espoectively, Find ey and ey i terms of the constants in
Eqs. 25, 26, 25, and 5.

#a]. Referring to the trmsistor in Example 2, find oy, o, Ty, and Ty, by using the equaticns
derived in Problem 2iL
28, Derive Eq. 32b for the collector current starting with the field-free steady-state continuity
equation. {Hint: Consider the minarity carrer distribution in the collector region. |

FOR SECTION 5.3 FREQUENCY RESPONSE AND SWITCHING OF BIFDLAR
TRANSISTOR

23, A 5 transistor has D, of 10 cm®s and W of 0.5 jam. Find the cutoff frequencies for the
transistor with a commen-base current galn &, of 0.595. Neglect the emitter and colloctor

delays.

24, If we want to design a bipolar transistor with § GHz cutodT frequency fr, what the neatral
hase width W will be? Assume I3, is 10 cm¥s and neglect the emitter and collector delays.

FOR SECTION 5.4 THE HETEROJUNCTION BIFOLAR TRANSISTOR

a5, Consider a §i,_Ge, /S HET with x = 10% in the base region (and 0% in emitter and col-
lector region). The handgap of the base region is 8.5% smaller than that of 53, 1f the baso
carrent is due to emitter injection efficiency ony, what is the expected chango in the
CONMIPENE-emither carment !inhatl!ﬁlﬂ“lnd]m

o, For an ALGa, AsCals HET, the bandgap of the AL Ga_As is a function of x and can be
expressed s 1424 + 1.24TreV (when 1 5 0.45) and 1.9 + 01250 « 0.1430% oV [when 0,45
< x5 1), Fot B(HBTVAIB]T) as a function of .

FOR SECTION 5.5 THE THYRISTOR AND RELATED POWER DEVICES

27. For the doping profile shewn in Fig. 22, find the width W (> 10pm) of the nl-region so
that the thyristor has a reverse ng valtage of 120V IF the current gin o for the
nl-p2-nd transstor is 0.4 independent of current, and &, of the pl-nl-p2 transistor can be
expressed as 0.5VE,W Inlf{,), where L is 25 pm and J; is 5 x 10-* A, find the
eross-sectional area of the thyristor that will switch at o carvent I; of 1 mA.

28, For o GTO theyistor shown in Fig. 32, find the minimom gate curvest I, to tum off the
ﬂ1_:,1'i|.'mr. Azsume the mmgﬂmnﬂl}epl-ﬂlfi Illlill'll-p!?‘:-ﬂi tl"l-l'l!-'|IlI:l:r!il-l'E-ﬂ'1.l:rl.I5
i, respectively.
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MOSFET and Related
Devices

B.1 THE MOS DIDDE

6.2 MOSFET FUNDAMENTALS
6.3 MDSFET SCALING

B4 CMOS AND BiICMOS

6.5 MOSFET ON INSULATOR

66 ADS MEMORY STRUCTURES
6.7 THE POWER MOSFET
SUMMARY

The metal-oxide-sembconductor field-effect transistor (MOSFET) is composed of an MOS
diode and two pn junctions placed immediately adjacent to the MOS diode. Since its
first demonstrution in 1960, the MOSFET has developed quickly and has become the
mast important device for advanced integrated cirouits such as microprocessors and semi-
conductor memories. This is because the MOSFET consumes very low power und has
a high vield of working devices. OFf particular importance s the fact that MOSFET can
be readily sealed down and will take up less space than a bipolar transistor using the same
design rule.

Specifically, we cover the fallowing topdcs:

« The inversion condition and threshold voltage of an MOS diode.

=  Basic chamcteristics of o MOSFET.

*  MOSFET scaling and its associated shont-channe] effects.
*  Low-power complementary MOS (CMOS] logic stracture,
»  MOS memory structures.

* Related devices including charge-coupled deviee, silicon-on-insulator device,
and power MOSFET.

16
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6.1 THE MOS DIODE

Thie MOS diode is of peramount important in semiconductor device physics bocas: the
device is extremely useful in the study of semiconductor surfaces, In practical applica-
tion, the MOS diode is the heart of the MOSFET—the meost important device for advanced
integrated circuits. The MOS diode can also be used us  storage capacitor in integrited
cireuits and it forms the basic building block for charge-coupled deviees (CCLY), In this
section we consider its characteristics in the ideal case, then we extend our consideri-
tion to include the effect of metal-semiconductor work-function dilference, interface traps,

and oxide charges.!

611 The ldeal MOS Diode

A perspective view of an MOS diode s shown in Fig, la. The eross section of the device
is shown in Fig.1b, where d is the thickness of the oxide and V is the applied voltage on
the metal field phate, Throughout this section we use the convention that the voltage V
is pasitive when the metal plate is positively biased with respect to the ohmic contact
and V is negative when the metal plate is negatively biased with respect 1o the ohmic
comitact.

Thie energy band disgram of an ideal p-type semiconductor MOS at V' » 0 is shown
in Fig. 2 The work function is the energy difference between the Fermi level and the
vacuim level (e, q@,, for the metal and g, for the semiconductor). Also shown are the
electron affinity g, which is the energy difference between the conduction band edge
and the vacuum level in the semiconductor, and gy, which is the energy difference
between the Fermi bevel Ep and the intrinsic Fermi level E.

ke eon ket

Fig-1 (a) Perspective view of a metal-edde-semiconductor {MOS) diode. () Cross-section of
an MO8 diode,

¥ A more general class of devicr s the metal-insslator semiconductor {M15] diade. Hewever, hecase in
st experimental stodies the insulstor has been siioon dinxide, in this et the tenm MOS diode is wed

interchangeably with M5 dode.
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An Ideal MOS is defined as follows, (0) At zero applied bias, the energy difference
hetween the mietal work function g, and the semiconductor work function g, is zero,
or the work function difference g, is zen.f

E
q#....'{r.r*.—q#*]=-ﬂ-—[*ax+"-§+w;]=-ﬂ~ {n

where the sum of the three items in the brackets equals to g @, In other words, the energy
band is flat {flat-band condition) when there is no applied voltage. (h) The only charges
that exist in the diode under any biasing conditions are those in the semiconductor and
those with equal but siim on the metal surface adjscent to the oxide. (¢) There
is no carrier transport through the axdde under direct current (de)-Iasing conditions, or
the resistivity of the oxdde is infinite. This ideal MOS diede theory serves as a founda-
tion for understanding practical MOS devices,

When an ideal MOS diode is bissed with positive or negative voltages, three cases
may exist at the semiconductor surface. For the case of p-type semiconductor, when a
negative voltage (V < 0) is applied to the metal plate, excess positive earriers (holes) will
b inchuced at the Si0,-Si interfice, In this case, e bands near the sendeonductor sur-
fce were bent upaard, 08 shown in Fig e For an ideal MOS diode, no curment flows in
the: device regandless of the value of the applied voltage: thus, the Fermi level in the semi-
comductor will remain constant, Previously, we determined that the carrier density in the
semiconductor depends exponentially on the energy difference E, - E; . that is,

py = T, (@)
The uprward bending of the energy band at the semiconductor surface canses an increass
in the energy E, - E; there, which in tam gives rise to an enhanced concentration, an

aecumulation of holes near the oxide-semiconductor interface. This b called the aces-
murdation case, The corresponding charge distribution is shown on the right side of Fig, 3a,

FTheka b for o= typee semioondiocton, Fior an n-type sembmndectos, the term gy will be replaced by g,
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Fig. 3 Energy busd diagrams and charge distributions of an ideal MOS diode in (2] sccumula-
tion, (b) depletion, and (o} mersion cases.

where (), is the positive charge per unit area in the semiconductor and ¢, is the nega-
tive charge per unit area ([ Q1 = (0, ) in the metal.

When a small positive voltage (V = 0] is ed to an ideal MOS diode, the energy
bands near the semiconductor surface are bent ward, and the majority carriers (holes)
are depleted (Fig. 3b). This is called the depletion case. The space charge per unit area,
Q.. in the semiconductor is equal to -gN W, where Wis the width of the surface deple-
tion region.

When a larnger positive voltage is applied, the energy bands bend downward even
more 5o that the intrinséc level E, at the surface crosses over the Fermi level, as shown
in Fig- ¢, That means, the positive gate voltage starts to induce excess negative carrers
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{electrons) at the 5i0,-5i interface. The electron concentration in the semiconductor
depends exponentially on the energy difference E,— E, and is given by
N Ep=E, AT

My, = : (3]

In the case shown in Fig. 3¢, (Ey- E,) > 0. Therefore, the clectron concentration n,
at the interface is larger than n, and the hole concentration given by Eq. 2 is bess than
1, The number of electrons (minority carriers) at the surface is greater than holes (major-
ity carriers}: the surface is thus inverted, This is called the inpersion case.

Initially, the surface is in a weak incersion condition since the electron concentra-
tion is small. As the bands are bent further, eventually the conduction band edge comes
close (o the Fermi level. The onset of strong inversion acours when the electron con-
centration near the Si0,-5i interface is equal to the substrate doping bevel. After this point
most of the additional negative charges in the sembconductor consist of the charge 0,
(Fig. 3¢ in a very namow n-type inversion layer 0 € 1 £ 1, where x; s the width of the
inversion region. Typically, the value of 1, mnges from 1 to 10 nm and is always much
smaller than the surface depletion-layer width.

Omee strong inversion occurs, the surface depletion-layer width reaches a maximum,
This is because when the bands are bent downward far enough for strong inversion to
oceur, even a very small increase in band bending corresponding to a very small increase
in depletion-layer width results in a large increase in the charge (3, in the inversion layer.
Thas, under 4 strong imversion condition the charge per unit area ), in the semdconchsctor
is the sum of the charge @, in the imversion laver and the charge 2, in the depletion
region:

0, =0 + Qe =0 N, W, (4)
where W, is the mutimum width of the surface depletion region.

The Surface Depletion Region

Figure 4 shows a more detailed band diagram at the surface of a p-type semiconductor,
The electrostatic potential wis defined as zero in the balk of the semicondoctor. At the
semiconductor surface, = W W, is called the surface potential. We can express elec-
tron and hole concentrations in Eqs. 2 and 3 az a funetion of g

a, = n " I (5a)
py e T (5}

where i is positive when the band is bent downward, as shewn in Fig. 4. At the surface
the densities are

i "'Eu[r.*r-rfﬂl (s}

'ﬂ"j —'r]"‘rl I:H]

= ne

From this discussion and with the help of Eq, 6, the following regions of surface poten-
tiad ean be distinguished:

W, <0 Accumulation of holes (bands bend npaward).
=0 Fhat-bamd condition.
Wy, >0 Depletion of holes (bands bend dowrward).
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Fig. 4 Energy hand diagrams at the surface of a p-type semiconductor.

o= Midgap with n, = n, = n, (intrinsic concentration).
W, Wy Inversion (bands bend diswnward .

The potential yas a function of distnee can be obtained by using the one-dimen-
sional Poisson'’s equation:

dy _=pls) -
de® £,

where g,(x) is the chasge density per unit volume at position = and & is the dielectric per-
mittivity, Wie use the depletion approximation that we have employed in the study of p-n
junctions, When the semiconductor is depleted to a width of W and the change within
the semiconductor is given by p, = - g, integration of Poisson’s equation gives the elec-
trostatic potential distribution as a fanction of distance x in the surface depletion region:

1
p.p‘_[] - #] : (8}
The surface potential w, is
N W
yoeti ()

Note that the potentinl distribution is identical to that for @ one-sided n*-p junction.

The surface is inverted whenever y, is larger than gy, Howeves, we need a eriterion
for the onset of strong inversion, after which the charges in the inversion layer become
significant. A simple criterion is that the eloctron concentration ut the surface is oqual
1o the substrate impurity concentration, i.e., 5, = N,. Since N, = ne®" from Eq. e
we obluin
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w.{inv) = 2py = %b{-:-r*} (10)
I

Equation 10 states that a potential y is required to bend the encrgy bands down to the
intrinsic condition at the surface (E; = Eg), and bands must then be bent dovaomrd by
another gy at the surfice to obtain the condition of strong inversion.

As discussed previously, the surface depletion laver reaches a madmum when the
surface is strongly imverted. Accondingly, the muximum width of the surface depletion
region W, is given by e, 9 in which y; equals wling), o

(e, {inc) ; (26, (2,

W, =.| {11}
T N, 1|| qN,
e kT :ri]
ar W, = E{ 3 ! (1)
q Ny
and Qu =—gNu W,y 52088, (204) . (12
- EXAMPLE 1

For am ideal mestal 560,58 diode hoving ¥, = 10" om™ ealoalate the maximuam width of the s
Faces abeplotion region.

SOLUTION At room temperstare kT = G026 asd 0, = 9.65 = WP e, the diclsctric penmit-
-H'I.'i't}'-nlﬁli'l- 11.9 = 8485 = 1Y Flem. From Exq. 1la

Jma 2,853 107 % 0.026 h{“}" _:]
W w3 i . i 8,65 = 10"
L5 | 1L6% 1072 % 107

= 107 cm= 0,1 pm. «

The relationship between W and the impurity concentration is shown in Fig 5 for
silicon and gallium arsenide, where N, is equal to N, for p-type and Ny, for n-type semi-
conductors,

Ideal MOS Curves

Figure fa shows the energy hand diagram of an ideal MOS diode with band bending
identical to that shown in Fig. 4. The charge distribution is shewn in Fig, 6b. In the absence
of any work function differences, the applied voltage will appear partly across the oxide
and partly across the semiconductor. Thus,

Ve¥ o+ (13
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where V, is the patential across the oxide and is given (Fig, Go) by
V,=dd= N -C.:' (14}

where & is the ficld in the oxde, (), ts the charge per unit area in the semiconductor,
and C, (= £_/d) is the oxide capacitance per unit area. The corresponding electrostatic
potential distrilustion is shown in Fig. G,

The total capacitance C of the MOS diode is a series combination (Fig. Ta, inset) of
the axide eapacitance C, and the semiconductor depletion-layer capacitance C:

E'HIEJ—] F/emd, {15}
C,+C,

where C, = £/W, the same as for an abrupt p-n junction.
From Egs. 9, 13, 14, and 15, we can eliminate W and obeain the formula for the capac-
ilance:

E-— | I—Il—--l_-I
2o,V
qﬁﬂsﬁi

which prechicts that the capacitance will deerease with increasing metal-plate voltage while
the surface is being depleted. When the applied valtage is negative, there is no

tion region, and we have an accumualation of holes at the semiconduetor surfice. As a
result, the total cupacitance is chose to the oxide capacitance £, /4.

L+
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Fig. 7 (o) High-frequency MOS C-V carve showing its lﬁ?nmimuu‘: segments (dashed limes).
Irset shows thee serbes conniection of the capacitors. (b) Effect of frequency on

In the other extreme, when strong inversion oceurs, the width of the depletion region
will ot increase with a further increase in applied voltage. This condition takes place at
a metal-plate voltage that causes the surfuce potential w, to reach w,lino), as given in Eq,
10. Substituting w{inv) into Eq. 13 and noting that the comesponding charge per unit
area is gV, W, vields the metal-plate voltage at the onset of strong inversion. This vole-
age 1s called the threshold voltage:

==
. 2,
v, Jlg‘ie_ﬂl{m}g L*I_SM* 2yt (17)

Once the strong inversion takes place, the total capacitance will remain at o minimum
vahue given by Eq. 15 with C, = £,/W,,,

Co = £ ; (18)

)

A typical capacttance-voltage characteristics of an ideal MOS diode is shown in Fig,
7 based on both the depletion approdmation (Eqs. 16-18) and exact caleulations (solid
curve). Note the close correlation between the depletion approximation and the exact
calculations.

Although we have considered only the p-typ substrate, all of the considerations are
equally valid for an n-type substrate with the proper changes in signs and symbols (e.g..
@, for (1), The capacitance-voltage characteristics will have identbcal shapes but will be
mirror images of each ather, and the threshold veltage is a negative quantity for an ideal
MOS diode on an n-type substrate.

In Fig, 7a we assumed that when the voltage on the metal plate changes, all the inere-
meental charge appears at the edge of the depletion region. Indeed, this happens when
the measurement frequency is high. If however, the messurement frequency is krw enough
s that generation-recombination rates in the surface depletion region arc equal to or
Fuster than the voltage variation, then the electron concentration (minarity carrier} can
fllow the alternating current (ac) signal and lead to charge exchange with the imversion
bayer in step with the measurement signal. As a result the capacitance in strong fwer-
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sion will be: that of the exde laver alone, €, Figure Th shows the measured MOS C-V
curves at different frequencles.” Note that the onset of the low-frequency curves ocours
at f < 100 He

~ EXAMPLE 2

For un ideal metil-Si0,-51 diode huntng N, = 10" enr?and o = 5 nm, caloulate the minimam capac-
itance of the C-V curve in Fig. Ta. The relative disleciric constant of Si0, is 3.9,

SOLUTION
=4
O, = Sa o SWNBEEXNT o 1077 Fom?,
o 51077

Q. =—gN,W_ ==L6x 107 x 10" 21w 107" = -1 107 Clem®.
W, is ohtaimed (n Example 1.

W, o) = Eﬁr:'%h:[%}- E“m}“‘{g_“!f::ﬂ‘]=“ﬂ Y.

The minimam capscitunce O at Vy i

G [ = 35885 107"
" delel o) Wo  (Bx 007 )+ (AW 1L = 10°)

=Q1% 10" F/em®,
Therelore, © Is about 13% of C, -

612 The $i0,-8i MOS Diode

Of all the MOS diodes, the metal-5i0,-5i is the most extensively studied. The electrical
chamcteristics of the 5i0,-5i system approach those of the kdeal MOS dinde, However,
for commonly used metal electrodes, the work function difference g, is generally not
zevo, and there are varlous charges insice the oxide ar at the Si0,-5i interface that will,
in one way or another, affect the ideal MOS characteristics.

The Work Funetion Dilference

The work fimction of & sembconductor g@,, which is the energy difference between the
vacuum bevel and the Fermi level (Fig, 2), varies with the doping concentration. For a
given metal with a fixed work function g@,, we expect that the work function difference
g, = (ge, —ga,) will vary depending on the doping of the semiconductor. One of the
maost common metal electrodes is aluminum, with g@, = 4.1 eV Another material also
used extensively is the heavily doped polyerystalline silicon (also called polysilicon). The
work function for n*- and p*-polysilicon are 4.05 and 5.05 eV, respectively. Figure B shows
the work function differences for alomimam, n*-, and p*-polysilicon on silicon as the dop-
ing is varled. It s interesting to note that @, can vary over a 2 V mnge depending on the
electrode materials and the silicon doping concentration.

Tor comstruct the energy band diagraom of an MOS diode, we start with an isolated
metal and an isolated semiconductor with an exide layer sandwiched between them (Fig.
fa). In this isolated situation, all bands are fat; this is the fat-band condition, At ther-
mal equilibrium, the Fermi level must be a constant and the vacuum bevel must be
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Fig. 8 Work Functicn difference as a fanction of buckground kmpurity comeentration for Al n'-,
andl p-pohsilicon gate materials.

continuous, To accommedate the work function difference, the semiconductor bands bend
deramoward, as shewn in Fig. S, Thus, the metal is positively charged and the semicon-
ductor surface is negatively charged at thermal equilibrium. To achieve the kdeal fat-
band condition of Fig. 2, we have to apply a voltage equal to the work function differ-
ence g, This corresponds exactly to the situation shown in Fig, Sa, where we must
apply a negative voltage Vi, to the metal, and this voltage is called the fat-band voltage
(Vi = -

Interface Traps and Oxide Charges

In addition to the work function difference, the MOS diode ks affected by charges in the
onide and traps st the 5i0,-5 interface. The basic classification of these traps and charges
are shown in Fig. 10, They are the interface-tripped charge, fived-oxide charge, oxide-
trapped charge, and mobile ionic charge.?

Inberfuce-trapped charges O, are due to the Si0,-Si interface properties and depen-
dent on the chemical composition of this interface. The traps miw!&riﬂ the Si0,-5i
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Fig. 9 {a) Enengy band disgrim of an solated metal and an isolabed semiconductor with an
aidle layer between them. () Energy band diagram of an MOS diode in thermal equilibrinm.

mterfice with enengy states in the silieon forbidden bandgap, The interface trap density,
Le., number of interface traps per unit area and per eV, ks orentation dependent. In (100)
orientation, the Interface trap density is about an order of magnitude smaller than that
in (111} orientation. Present-day MOS diodes with thermally grown silicon diodde on
silicon have most of the interface-trapped charges passivated by low-temperture (450°C)
hydrogen annealing, The value of Q@ for {100)-oriented silicon can be as low a 10 cm-?,
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Fig. 10 Terminobogy for the charges associated with thermally oxidized silicon.
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which nmounts to aboat one interfice-trapped charge per 107 surface atoms. For <111>-
oriented silicon, (4 is about 107 em®,

The fixed charge Qf ks located within approximately 3 nm of the Si0,-5i interface.
This charge is fised and cannot be charged or discharged over a wide variation of sur.
face potential y,. Generally, Q) bs positive and depends on oxidation ad annealing con.
ditions and on silicon orientation. It has been suggested that when the axidation is
some fonie silicon is ket near the interface. These ions, along with uncompleted silicon
bands {e.g., $i-8i or $i-0 bonds) at the surface, may result in the positive interface charge
@y - @y can be regarded as a charge sheet located at the $i0y-5i interface. Typical fixed-
ociche charge: densities for a carefully treated Si0,-5i interfuce system are about 10" et
for o {100} surface and about 5 5 100 cm® for a (111} surface, Because of the lower val-
ues of 1, and ), the {100) oriontation is preferred for silicon MOSFETS.

Thes cxsiche-trapped charges (3, ire ssseciated with defects im the: silicon dioxide, These
charges can be croated, for example, by X-ray rackiation or high-energy electron bom.
bardment. The traps are distributed inside the oxdde layver, Most of process-related 0,
can be removed by low-temperature annealing,

The mobile tonic charges 0. such as sodium or other alkali jons, are mobile within
the: edelie undeer rised-temperature (e.g., > 100°C) and high-electric field operations. Trace
eontamination by alkali metal ions nuay canse stability problems in semiconductor devices
aperated under high-bias and high-tempensture conditions. Under these conditions mobile
bomic: charges can move back and forth through the exide layer and cause shifts of the C-
V curves abong the voltage s, Therefore, special attention must be paid to the elimi-
nation of mobile fons in device Rbrcation.

The charges are the effective net charges per unit area in Clem?®, We now evaluate
the influence of these charges on the flat-band voltage. Consider a positive sheet chasge
per unit area, (. within the axide, as shown in Fig. 11. This positive sheet charge will

Py Py
i’l .Ed
[l af i
t'_ == o i o x
Mtal Cheiede 5 Cixide 5

Fig. 11 Effect of u sheet charge within the oxide.* (2] Cordition for Vi « 0. (4] Flat-basd
oo,
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incheee negative charges partly in the metal and partly in the semiconductor as shown in
the upper part of Fig. 11a. The resulting field distrshution, obtained from integrating
Polsson’s equation once, is shown in the lower part of Fig, 11a where we have assumed
that there is no work function difference, or gg,, = 0.

To reach the fat-band condition {Le., no charge induced in the semicondsctor), we
mist apply a negative voltage to the metal, as shown in Fig. 115, As the negative voltage
increases, more negative charges are put on the metal and thereby the electrie-field dis-
tribution shift dovarward until the electric field ot the semiconductor surface is zero. Under
this condition the area contained under the electric-field distrbution corresponds to the
flat-band voltage Vig:

v}]=_ﬂiu=_$:‘.:"--%:'fj- (19}
The flat-band voltage is, thus, dependent on both the density of the shect charge (0, and
its location £, within the adide. When the sheet charge is located very close to the metal—
thatis , if x, = 0—it will induce no charges in the silicon and therefore have no effect on
the flat-bamad voltage, On the other hand, when @, is located very chose to the semi-
comductor—x, « d | such as the fixed-oxide charge 0, it will exert its maximum influ.
ence and give rise to a fat-band voltage

L L
K e b (20)

For the more general case of an arbitrany space charge distribution within the odde, the
flat-band voltage is given by

V= E_‘L% j::p{r]d:]. (21)

where pix] is the volume charge density In the odde. Onee we know p_(x), the volume
change density for oxice-trapped charges, and p_(x), the volume charge density for mobile
lonie charges, we can oldtain 0, and Q' and their correspanding contribution to the flat-
band voltage:

Qw5 [ xpufx)ds. (224)

0. == [ sp (e (22)

IF the value of the work function difference g, is not #ero and i the vale of the

interface-trapped charges is negligible, the experimental capacitance-voltage curve will
be shifted from the ideal theoretical curve by an amount

N Qs +0n +0u) -

Co

Thi curve in Fir. 12a shows the C-V chasscteristies of an fdeal MOS diode. D o noneeno
P P P or 2, the C-V curve will be shifted by an amount given by Eq. 23 The
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Fig. 17 Effect of a fived axikde charge and interface traps on the C-V charscteristics of an MOS

dliode.

parallel shift of the C-V curve is illustrated in Fig. 125 1f. in addition, there are large
amounts of interface-tmpped charges, the charges in the interface traps will vary with
the: surface potential. The C-V eurve will be displaced by an amount that itself

with the surface potential, Therefore, Fig. 12c is distorted as well as shifted because of

interface-trapped charges.

» EXAMPLE 3
Caleulate the flat-band voltage for an #*-polysilicon-§i0,-51 diode having N, = 107 cnr? and d =
5 nm. Assume the (3, and (0, are neghigible in the oxide, and 0 Ay is 5 x S i

SOLUTION  From Fig 8, ¢, bs -0.98 V for n° pobysilicon (p-5i) system with N, = 107 em™. C_ I
obtained from Ex. 2.

,_,"“_‘;@ﬁa.ﬂ;'..]

g,

(LBx107"" x5 10"
B 1077

= 095

==1.10V. 4

» EXAMPLE 4
Assume that Hee voleme charge density, p,(x), for oxide-trapped charge Q,, in an ozide layer hus
a trianguilar distribuition. The distribution ks described by the function (101 - 5 x 108 x 1) con™,

um;mhemrmhln:ﬂmmhmﬂmdumm.mmmﬂmm
layer is 20 nm. Find the change in the Mat-bangd voltsge dus ta 0,

SOLUTION  From Eqs. 21 and 225,

AVpp = %’--% %j:'w-xp.-{ri‘h
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6.1.3 The Charge-Coupled Device (CCD)

A schematic view of a OCD is shown! in Fig. 13. The basic device consists of a closely
aray of MOS diodes on a continuous insulator (oxide) layer that covers the semi-
conductor substrate. A CCD can perform a wide range of electronic functions, inchading

# =5V 8, = 10y L
==
L ‘Illi!ll """"""""
p=%i

e —————— _----.I:. ..‘ 'K | —_— ‘.- ="y
i ]
----- --'-'rl"'-. ra Ly
it et i)
p =50
B}

Fig. 13 Cross section of a three-phase charge-coupled device.? (a) High voMage on
if) @, pubsed to a higher voltage for chasge transfer. o e
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image sensing and signal processing. The operating principle of the CCD invelves the
charge storage and transfer actions controlled by the gate electrodes. Figure 13a shows
a CCD to which sulficlently large, positive bias pulses have been applied to all the elec-
trodes to produce surfice depletion. A slightly higher bias has been applicd to the cen-
ter electrode so that the center MOS structure is under greater depletion and a potential
well is formed there, ie., the potential distribution is shaped like a well because of the
larger depletion-layer width under the center electrode. If minority carriers {electrons)
are introduced, they will 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 distribation shown in Fig, 13b, In this case, the minority earriers will be trnsferred
from the central electrode to the right-hand electrode. Subsequently, the potential on
the electrodes can be readjusted so that the quicscent storage site is located at the right-
hnduhﬂmdaﬂymﬁmﬁngthapm.wmm&rﬂwmmmﬂwﬁnhg
a linear array.

» 6.2 MOSFET FUNDAMENTALS

The MOSFET hus many acronyms, including IGFET (insulating-gate field-effect tran-
sistor), MISFET (metal-insulator-semiconductor field-effect transistor], and MOST {metal-
enidle-semiconductor transistor), A perspective view for an n-channel MOSFET is shown
in Fig. 14_ It is o four-terminal device and consists of a p-tipe semiconductor substrate
i which two nr* regions, the source and drain, are formed.! The metal plate on the oxbde
is called the gte. Hemvily doped polysilicon or a combination of a silicide such as W5l
and polysilicon can be used as the gate electrode. The fourth terminal is an ohmie con-

F‘gﬂ"}

I
(£}
Fig. 1 Perspective view of a metal-oxide-semiconductor field-effect transistor (MOSFET].

¥ Feg p-channel MOSFET:, doping types in sobutrabe and ssarceidrain regins become n and p°.
respecthvely,
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tact to the substrate. The basic device parameters ane the channel length L, which is the
distance between the two metallurgical a*-p junctions, the channel width Z, the oxide
thickness d, the junction depth r, and the substrate doping N,. Note that the central sec-
tion of the device corresponds to the MOS diodie discussed in Section 6.1,

The firt MOSFET wus fabricated in 1960 using o thermally oxidized silicon sub-
strate.” The device had a channel length of 20 pm and a gate axide thickness of 100 nm.*
Although present-day MOSFETs have been scaled down considerably, the choice of sil-
beon and thermally grown silicon dioxide used in the firt MOSFET remains the maost
important combination. Most of the results in this section are obtained from the $i-5i0,
systenm.

621 Basic Characteristics

The: source contact is used us the voltage reference throughout this seetion. When no
voltage is applied to the gate, the source-to-drain electrodes correspond to two p-n june-
tions connected back to back. The only current that can flow from the source to drain s
the reverse-leakage current.! When we apply & sufficiently lange positive bias to the gate,
the MOS structure is inverted so that a surface inversion baver {or channel) is formed
between the two o*-region. The source and drain are then connected by o conducting
surfivce n-channed through which a lange current can flow, The contductance of this chan-
nel can be modulated by varying the gate vollage. The substrate contact can be at the
reference voltage o ks reverse biased with respect to the source; the substrate bias volt-
age will abo affect the channel conductance.

Linear and Saturation Regions

We now present a qualitative diseussion of MOSFET operation. Let us consider that a
voltage is applied to the gate, cansing an imversion at the semiconductor surfsce (Fig,
15). If a small drain voltage is spplied, electrons will fow from the source to the drain
(the cormesponding curment will How from druin to source] through the conducting chan-
nel. Thus, the channel acts as a resistor, and the drain carrent I, is proportional to the
drain voltage. This is the lnear region, as indicated by the constant-resistor lne in the
right-hand diagram of Fig. 15a.

When the drain voltage Increases, eventually it reaches Vi, at which the thickness
of the inversion layer x, near y = L is reduced to zero; this is called the pineh-off point,
F (Fig. 15b). Eeymdﬂ:apﬂnctwﬁpui-m the drain current remains cssentially the same,
because for Vi > Vi, at point P the voltage Vi, remains the same, This, the number
of carriers arriving at point P from the source or the current fowing from the dradn to
the source remains the sime. This is the saturation region, since I, is a constant regard-
bess of an increase in the drain voltage. The major change is a deerease of £ ta the value
L’ shevwn in Fig, 150, Carrier injection from P into the drain depletion region is similar
to that of carrier injection from an cmitter-base junction to the base-collector depletion
region of a hipolar transistor.

We now derive the basic MOSFET charucteristics under the following ideal condi-
Hons. (a) The gate structure cormesponds to an ideal MOS diode, as defined in Section
ti.1, that is, there are no interface trups, fived-oxide charges, or work function differences,
(h) Omdy drift current is considered, (¢) Carrier mobility in the inversion laver is constunt,

* A photograph of the first MOSFET is ahown in Figg, 4 of Chagater 1.
! This i e i thee m-chanmel. sonmally ofl MOSFET. Othes types of MOSFET are discussed In Section
628,
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Fig. 15 Operations of the MOSFET and output I-V characteristics. [a) Low drsin voltage. (&)
Omset of saturation, Paint P indicates the pinch-off point. (¢} Beyond saturation.

(d) Doping in the channel is uniform. (o] Reverse-leakage current is negligibly seall. (£}
The transverse feld created by the gate voltage (£ in the x-direction, shown in Fig. 14,
which is perpendicular to the current feww) i thes channed is much larger than the lon-
gitudinal field created by the drain voltage (£ in the y-direction, which is in parallel to
the current fow). The kst condition is called the gradual-channel approsmation and gen-
erally is valid for long-channel MOSFETs. Under this approsimation, the charges con
tuined in the surface depletion region of the substrite are induced solely from the fhekd
created by the gate voltage.

Figure 16a shows MOSFET ed in the linear region. Under the above ideal
conditions, the total charge induced in the semiconductor per unit area, £, at a distance
y from the source is shown in Fig. 166, which is an enlarged central section of Fig. 164.
0, is given from Eqs. 13 and 14 by
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0. =vs -w.(v)] c.. (24)

“hmﬁ.{yﬁht}u-mrliua}mmﬂaluymdﬂ_zf_fd is the gate capacitance per unit
area. Since (), is the sum of the charge in the inversion layer per unit area, ,, and the
charge in surface depletion region per unit area, (1, we can obtain Q1

@n I:!|I'} = @.{HJ*?J!I'J.

- '[1"'1: ‘*’-{?}}7- =~ Qucly). (23)

The surface potential w(y) ot inversion can be apprendmated by 2y, + Vig), where Viy)
us shown n Fig. 16 Is the reverse bins between the point y and the source electrode
{which hmmwdluhnwud:d}.ﬁdurga“lrﬂnﬁ:urﬁmd@htm:ﬁﬁmﬂjy]
was given previoushy as

':"-:{!I'}' =N W, = \IIEE:'T‘T"A[EFl ¥ "'{m 120
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Substituting Eq. 26 in Eq. 25 yields

I'—'_ —_—
Qu(y)=] Ve~ V{y) - 2wa] €. + | 220y 2w + V()] (27)
The conduetivity of the channel st position y can be approximated by
aix) = gniziplx). |28}
For a constant maobility the channel conductance is then given by
& £,
g= 2 [ ofxie = [ an{)is. (281

“The integral [ q'n{t.:llﬁ' correspandds to the total charge per unit area in thie inversion
lyer and Is therefore equal to [Q,L or

Zu
H=T}i?.l- (30
The channel resistance of an elemental section dy (Fig. 16D) is
di = - 31}

etz fo.ly)
and the voltage drop across the elemental section is

I
fV o= [l : 32)
7 7,10, [u)

where I, is the drain curent, which is independent of y. Substituting Eq. 27 fnto Eq.
32 and integrating from the source {y = 0, V = 0) to the drain (i = L, V=Vy) yield

[2e,gN
Ip= %"ucn [(vﬂ - 2yy '_1;‘1] Vo= %%[‘.vﬂ + zvl}m _{h’.}aﬂ} - (33

Figure 17 shows the current-veltage charscteristics of an idealized MOSFET based
on Fx. 33, For a given Vi, the drain current first increases linearly with drain voltage
(the linear region), then gradually kevels off, approaching a saturated value (the satura-
tion region). The dashed kine indicates the locus of the drain voltage (V) at which the
current reaches a maxdmwm value.

We now consider the linear and saturation regions. For a small Vi, Eq. 33 reduces

[}

‘!ﬂ i%FHE¢{UE = '||_r1]|'l.,l'p for 1I'IID bk ivl;; = li‘ll:F'.:Ir ‘M]

where Vi is the threshold voltage given previously in Eq, 17:

Vr c Wi (35)
i)
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Fig. 17 Mdealized drain characteristics of a MOSFET. For ¥V, 2 V. the drin carrent remains
constant.

By plotting Iy, versus Vi, {for a given small Vi), the threshold voltage can be deduced
from the linearly extrapolated valoe at the Vi, axis. In the linear region, Eq. 34, the chan-
nel conductance g, and the transconductance g, are given as

el Z
ﬁn'ﬁ,‘i‘  wesmtrs =7 8:C3(Ve ~ V1) 36)

al Z ’ -
L ,a_p:- |'|.'a.-|:-r-l-rl 2 E#'c"‘ o 37)
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When the drain voltage b inereased to o point that the charge §,(y} in ther inversion
layer at y = L becomes zero, the number of mobile electrons at the drain are reduced
drastically. This point is called plnch-off. The drain voltage and the drain current at this
point are designated as Vi, and o, respectively. For drain voltages larger than Vo,
we have the saturation region. We can obtain the value of Vi, from Eq. 27 under the
condition (L) = 0:

Voo 8V5 —Ep‘ﬂ#H![l—.ql-i-EF%E} (38)
EqN .
where K= = , The saturstion current can be obtained by substituting Eq. 35 into
Fg. 33 :
l'm. .[Eltq"}vﬂ ! r}‘- tﬂﬂ:

The threshold voltage V; in the saturation region for low substrate doping and thin cxide
layers is the same as that from Eq, 35. At higher doping levels. V; becomes V; dependent.

For an idealized MOSFET in the saturation region, the channel conductance is zero,
and the transeonductance can be obtained from Eq. 39:

= %‘E"{vn = 1"'!']- {40}

Em ™ 'j.i_'.:' —

+ EXAMPLE S
For an n-chansel n"-polysilicon-Si0,-$i MOSFET with gate adde « 8 nm, N, = 107 cur™ and
Vi = 3%, caloulate Vi,
SOLUTION
LY
c, Ay &ﬂaﬂ.lﬁx_m‘ 322107 Frem®,
o Sx 107
r oM. J110x Vet B i1 20T
h-.rf.qif.__m.mm:cm-' xL6x 107" X107 .
C, 432=107"
2y = 054 V from Ex &

Therefore, rom Eqg, 3%,

Viow & V5~ 205 +a:'[l -JH*’%,]
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The Subthreshold Region

Whien the gate voltage is bedow the threshold voltage and the semiconductor surface is
only weakly inverted, the corresponding drain current is called the subtfreshold current,
The subthreshold region is particularly important when the MOSFET ks used as a low-
voltage, low-power device, such as a switch in digital logic and memory applications,
becanse the subthreshold region describes how the switch tums on and off.

In the subthreshold region, the drain current is dominated by diffusson instead of
drift and is derived in the same way as the collector current in a bipolar transistor with
homogeneous base doping. 1 we consider the MOSFET as an n-p-n (source-substrate-
drain) bipolar transistor, Fig. 166, we have

rﬂ._qm_%.q,w_M, {41)

L

where A is the channel cross section of the current flow and n(0} and sl L) are the chec-
trom densities in the channel at the source and drain, respectively. The electron ibensi-

thes are given by Eq. Sa:

I'I“]} i H'E#['I". Wa rl'l'l".' I:m:l
(L) = 0,7 e T (425)

wheere 4, is the surface potential at the source, Substituting Eq. 42 into Eq, 41 gives
o qﬂﬂ.ﬂ:'“‘ faT {1 _'_IT.,,.““]-} £ (43)

The surface potential g, bs approximutely Vi - Vi Thenefore, the dnin current will decrease
exponentially when Vi becomes less than Vi

rﬂ - cq-l,'l-': =ik :I'I {44)

A typical measured curve for the subthreshold region is shown in Fig. 18. Note the
exponential dependence of I, on { V- V) for Vi, < Vi An important pasameter in this
region is the subthreshold swing, 5, which is defined as [a(loglp VAV, § is typically
T0 = 100 mV/decade at room temperature. To reduece the subthreshold current to a neg-
ligible value, we must bias the MOSFET a halfvolt or more below Vi

622 Types of MOSFET

There are basically four types of MOSFETS, depending on the type of inversion layer.
If, at zoro gate bias, the channel conductance is very low and we must apply a positive
voltage to the gate to form the n-channel, then the desice is a normally ofT (enhancement)
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Fig. 18 Subthreshald charscternistics of a MOSFET.

n-channel MOSFET. If an n-channe] exists at zero bias and we must apply a negative
to the gate to deplete carriers in the channel to reduce the channel conductance,

then the device is a normally on (depletion) n-channel MOSFET. Similarly, we have the

prchannel normally off {enhancement) and normally on (depletion}) MOSFETS.

The divice cross sections, outpat charscterstics (Le., Iy, versus Vi), and transter clar-
acteristics {ie., I, versus V) of the four types are shown in Fig. 19. Note that for the
normeally off n-channel device, a positive gate hias lurger than the threshold voltage Vi
must be applied before a substantial drin current flows. For the normally on n-channel
deviee, i large current can Alow at Vi, = 0, and the current can be increased or decreased
by varying the gate voltage. This discussion can be readily extended to p-channe] device
by changing polarities.

623 Threshold Voltage Control

One of the most important parameters of the MOSFET is the threshold voltage. The
ideal threshold voltage is given in Eq, 35. However, when we incorporate the effects of
the fixed-ondde charge amd the difference in work function, there is a flat-band voltage
shift, Additionally, substrate bias can also inflluence the threshold voltage. When o reverse
bias is applied between the substrate and the source, the depletion region is widened
and the threshold voltage required to achieve inversion must be increased to sceomimo-
date the larger . These factors in tum cause a change in the threshold voltege:

J26.gN  (20g + Vis)
C ¥

L]

(45)

lF-'- - "F] +2F' +




Chaglar & MOSFET and Related Devices -~ 196

Type (v section Chutpert charscteristic Traniler chararieriis
Iy V=¥ I
i -channel
enhanement 3
{nasrmally 2
e i
L L - oW #
Ty W= 1Y iy
n=iFuiie]
dephl.lrm. 5]
{mesrmmally 1 Vi
i.l"] o n +
] Vo ¥e
-V : a ; Ve
prevhasck o - "I @ &
exhanoriiel %
{nuormally 3
affy
Vg =iV [ I
-V a Ve
pr-chamme] - LU g
depletion LS
| nusemmally ]
]
AT | 8 Iy

Fig. 1 Cross section, output, snd transfer characteristics of four types of MOSFETS.

where Vg is the reverse substrate-souree bias. Figure 20 shows the caleulated threshold
voltage of n-channel (Vy,) and p-channel (Ve ) MOSFET: with n*-, p*- pobysilicon and
micl-gap work function gate electrodes as a function of their substrate doping, assuming
d = 5nm, Vg = 0, and ':'.F" 0. Midl-gap gate matertals are those with a work function af
461 eV, which equals the sum of the electron affinity gy and E /2 of silicon {see Fig, 2).

Precise control of the threshold voltage of MOSFET: in an integrated circuit is
exsential for relishle cireuit operation. Typically, the threshold voltage is adjusted
through ion implantation into the chanmnel n. For example, n boron implantation
through a surface cxdde is often used to adjust the threshold voltage of an n-channel
MOSFET (with p-type substrate), Using this method. it is possible te obtain close con-
trol of threshold voltage because very precise quantities of imparity ean be introduced.
The negatively charged boron aceeptors inerease the doping level of the channel. As
a result, Vi increases, Similarly, a shallow boron implant into a p-channel MOSFET
can reduce the absolute value of Vi

~ EXAMPLEG

For an r-chamne] H-.Wﬁhﬁlurﬁl MOSFET with N, = Iﬂ"Tt'm".l.rl.d.{;l‘I.n'lll = 5 10Y en®,
calenbate ¥y for a gate eaide of 5 nm, What is the borom jon dose 1o iperense Vi lo 06 VF
Assume that the implanted aseceptors form a sheet of negative charge ot the Si-Si0, nterfuce.
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Fig. 20  Caleulated thoeshold voltage of n-channel (V) and p-chanme] (V) MOSFETs as
function of impurity concentration, fr divdees with n'=, p*—pobilicon. and méd-gap work
fumction gates atiuming zero fixed charge. The thickness of the gate odde i5 5 am, NMOS,
n-channed MOSFET; PMOS, p-channel MOSFET.

SOLUTION  From the exaniples in Section 6.1, we have C, = 589% 1077 Flom?®, 2y = 084 V, and
Vpy = ~L1 V. Themlors, fron Eq. 5 {with Vg = 0),

I' il
vf.vn*#ltl_'?*{h_.}

V2119 %585 10M % 16 107 x 107 % 084

==l + 054+ -
i 10

= =002 ¥,

The baron charge causes a flat-band shift of gF /40 Thus,
F
B9x107

062 x6.8% 107
Famom—

0= =002+

= 2672 10" e,
L6x 107 &
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We cam also contral Vi by varying the oxide thickness, Threshold voltage becomes mare
positive for an n-channel MOSFET and more negative for a p-channel MOSFET as the
endde thickmess is increased. This is simply due to the reduced field strength at a fived
gate voltage for & thicker oxide. Such an approach is used extensively for isolating tran-
sistors fabricated on a chip. Figure 21 shows the cross section of an isolation oxide (also
called feld oxide) between an n® diffusion and an n-well. Dietadls about the Geld odde
formation and the well technology are given in Chapter 14, The n° diffusion region is
the seuree or drain region of a normal n-channel MOSFET. The gate oxide of MOSFET
is much thinner than the ficld oxide. When a conductor line s formed over the field odde,
a parasitic MOSFET, also called a field transistor, results with the n” diffusion and n-
well regions as the source and drain, respectively. The V; of the field oxide is typically
an order of magnitude larger than that of the thin gate axide. During circuit operation,
the feld transistor will not be tumed on, Consequently, the field axide offers good kso-
latiom between the n° diffusion and n-well regions.

EXAMPLE 7

For an n-chamel field transistor with N, = 107 e and iy = 5 x 10" ene®, caleulate Vi fora
geie oxide (Le., the Geld cxide) of 500 nm.

SOLUTION %, = £, /df = 60 10 B,
From Exs 2 and 3, wee have 29 = 054 V. and Vi = =L1 ¥,
Therefore, [rom Eq45 (with Vg, = 0

(22,08 2w
&
‘rr_ -:\-’u - h‘. - JI_E‘{—
=14 1m &
= oL 14 084+ J!xll.ﬁxﬂ..ﬂ&x 10" = 1.{2:14]‘ 3w 10" 084
6,0 10
=212V, 4
Lawzal diilviivaiisssed

(gate of the fickl transor )

Fig. 81 Cross section of o parasitic Geld transistor in an n-well strocture.
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Substrate blas can also be used to sdjust the threshold voltage. According to Eq. 45,
the change in threshold voltage due to the substrate bias is

foe N ' =
AV = é‘i’ A {\fgpr + Vi -filrﬂ} (48}

If we plot the: drain corent versus Ve, the intercept at the V_-axds cormesponds 1o
the threshold voltage, Eq. 36, Such a plot is shown in Fig. 22 for three different sub-
strate binses. As the magnitde of the substrate Vg increases from 0V 10 2V, the thresh-
ald v also inereases from 0,56 V to 1.03 V. The substrate effect can be used to riise
the threshold voltage of a marginal enhancement device [V = 0) 1o a larger vilue,

EXAMPLE 8

For the MOSFET discussed in Ex, & with Vy af —0.02 V. if the substrate bins Is increased from
zero o 2V, caloulate the change in threshold voltage.

SOLUTION
From Er, 46,

ﬂvr'i“{;ﬁl[ﬂrﬂr"'vu "15';1

[E1.1]
i -
i =
1

.ﬂ}_
i .

if = 4.5 um

i L =043 pm

Z=10pm

1 i 'l

Vg v}
Fip. 22 Threshald volage sifustisnt using substrate bias
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I T T -1 o
L N2x 11O 555 = 1 u_l.Eiuln w107 [~;u.+u+2-1'nm|:|
B8 107

w 2T = (166 - 0,620 = 0.2] V, «

Another way to contrel Vi is to adjust the work function difference by choosing an
appropriate gate material, A number of conducting materials have boen proposed, such
as W, Tid, and a heavily doped polyerystalline silicon-germanium bayer® In deep submi-
eron device fabrication, control of the treshold voltege and device performance becomnes
mote difficult because of the geometric effects encountered in device scaling (see the
discussion in the next section). The use of other gate materials to replace the conven-
tiomal n* polysiticon could make deviee design mose flexible in deep submicron abrication.

63 MOSFET SCALING

Sealing down of MOSFET s dimensions is 4 continuous trend since its inception. Smaller
device size enables higher device density in an integrated circuit. In addition, a smaller
channel length improves the driving carrent (I ~ VL) and, thus, the operation perfor-
mince. As a device’s dimwmsions are reduced, however, influences from the side regions
of the channel (i.c., source, drain, and isolation edge) become significant. Device char-
acteristics, therefore, deviate from those derived from long-channel approximation.

631 Short-Channel Effects

The threshold voltage given in Eq, 43 is derived based on the gradual-channe] spprosd-
mation stated in Section 6.2.1. That is, the charges contained in the surfiuce depletion
region of the substrute are induced solely from the field created by the gate voltage. In
other wards, the third term in Eq, 45 is independent of the lateral fields from the source
and drain. As chanmel length is reduced, however, 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-OfT in Linear Region
When the channel side effect becomes nonnegligible, the threshold voltage in the lin
ear region usually becomes less positive @ channel length decreases for n-channel
MOSFETs and less negative as channel length decreases for pchannel MOSFET. Figure
23 shows an example with Vi, = 005 V of this Vy mll-off phenomenon.” Roll-off can be
explainee by the eharge-sharing model * as illustrated in Fig. 24. This figure shows the
eross section of an n-channel MOSFET. This device is operated in the linear region (Vo
% 0.1 V), Hence, the depletion region width for the druin junction is almost equal to that
for the source junction. Since the channel depletion region overlaps the source and drain
depletion regions, charges induced by the fiekd created by the gate bias can be appros-
imated by those within the t region,

The threshold voltage shift AV is due to the rediction of charges in the depletion
liper from the rectangular region L x W, to the trapezoidal region (L + LW, /2 AV
is given by (see Prob, 27)

M:r__‘f_”iw_-"i.'r I],.Eﬂ".u, -|1"_ (47)
Cal- H s I
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FigZ  Threshold voltage moll-off charscteristics in a 015 jgm conplementary metal-oxide-
sembconductor (CMOS) field-effect transistor technology.”

where N, is the substrate doping concentration, W the depletion width, r, the junction
depth, L the channel length, and C, the gate cudde capacitance per unil anea.

For bonge-channel devices, the charge reduction is smaller, since A (Fig. 24) is much
smaller than L. For short-channel devices, however, the charges needed to tum on the
device are dematically reduced, since A is comparable to L, As can be seen from Eqg.
47, for a givem set of N, W,,, ryand C, the threshold voltage decreases with decreasing
channel length.

Drrain-Induced Barrier Lowering

When the drain voltage of a short-channel MOSFET inereases from the linear region
tosvard the saturation region, its threshold voltage roll-off becomes lager (see Fig. 23).
This effect EWMMMMWM{DIEL!.MNMWMM
source and driin for several n-channel devices with different channel kengths ane shown®
in Fig. 25. The dotted lines are for Vige 0 and the solid lines for Vig=0. When the gate
voltage is below Vi, the p-5i substrate forms a potential barrier between a* source and
drain and limits the electren ow from soarce to dmin. For a device operated in the sat-
uration region, the depletion-bayer width of the drain junction is significantly wider than
that of the source junction, In the long-channel case, the increase in depletion-laver region
width of the drain junction will not affect the potential barrder height (see Fig. 25, the
| wm case), Nevertheless, when the chunned length is short enough, the increase in clrait
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Fig. 2 Schematic of the charge sharing model *
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Fig. 35 Caleulsted surface potential alemg the chanmsl for n-chunne]l MOSFETs with diffeeent
channel lengths * The source-channel boundary is at y = 0. A ferwe (0005 'V, dottedd lines) and a
high (1.5 V, salid lines) Vi are applied. Cudde thickness o snd substrate doging N, arel nm
and 10 e, respectively. The substrate bess is 0V
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vorbtagre decreises the potential barrber height (the 0.3 and 0.5 pm cases in Fig. 25). This
is ascribedd to the field penetration at the surfiace region from the drain to the source when
they are too close. Such a barderlowering effect leads to a substantial increase: in elec-
trom injection from the source to the drain, As a result, subthreshold current increases,
The threshold voltage, thus, decreases further with increasing drain blas in short-channe]
ihevices.

Figure 26 illustrates the subthreshold characteristics of a bong and a short a-chan.
nel MOSFET ot low and high drain bias conditions. The parallel shift in subthreshold
current in the short-channel device (Fig. 266 as the drain voltage increases indicates thet
a significant DIBL efect has been induced.

Bulk Punch-through

DB, canses the formation of a leakage path at the 5005 interfuce. IF the drain volt-
age i large enough, significant leakage curment may also flow from drain to source via
the bulk of the substrate for & short-channe]l MOSFET. This s also sscribed to the increase
in the depletion-loyer region width of the drain junction with increasing drain voltage.
In a short-channel MOSFET, the sum of deplotion-layer width for source and drain junc.
Hons is comparable to the chanael length. The depletion region of the drain junction grad-
ually merges with that of the source junction when the drain voltage i increased. As 2
result, o lurge leakage current may fow from the dmin to the source through the bulk.
Figure 27 shows the subthreshold charseteristics of a short-channel (L = 0.23 pm) MOS-
FET. When the drain voltage is increased from 0.1 to 1V, DIBL i inchoced with the par-
allel shift in the subthreshold characteristics similar to that shown in Fig. 266, When the
drain voltage is further increased to 4 V, the subthreshold swing is much larger than that
for lower dmin hiases, Consequently, the deviee has a very high lealage current. This
indicates that the bulk punch-through effect is very significant. The gate can no long tum
the deviee completely off and loses control of the drain current. High-leakage current
limits deviee operation for short-channel MOSFETs.

632 Scaling Rules

As deviee dimensions are reduced, the short-channel offects must be minimized to main-
tain mormial device and cireuit operation, Sone guidelines are necessary in scabed-device design.
Ome elegant spproach for maintaining the kng-chonne] beliuvior i to simply reduce all dinsen-
sicms amd voltages by o sealing factor 500>1), so that the intemal electric fields are the ame
s those of a bng-channel MOSFET. This approach is called constant-field sealing 1"

Tabbe 1 summarizes the scaling rbes of constant- field scaling for various deviee panun-
eters wnd cireuit performance factors."! The circult performance (speed and power con-
sumption in the on-state) can be enhanced s the device dimensions are scaled down.!
In practical integrated dreuit (1C) manufacturing, hewever, the electric fields inside the
smuller divices ane not kept constant bt increase to some extent, This is mainly because
the voltage factors (e.g., power supply. threshold voltage) cannat be sealed arbitrarily. If
the threshold voltage is too small, the besakagrer level in the aff-state (V; = 0) will increase
sigmificantly becuuse of the nonscalahle subthreshold swing. Consequently, standly power
consumption will also increase.”* By applying the scaling rules, MOSFETSs have been fab-
ricated that have a channel bength as short as 20 nm, a very high transconductance (> 1000
m&mm}, and a reasanable subthreshold swdng (=120 mVfdecade).™

I_‘me-mu{uu_- cubof] Frespaesy for diflrrent Beld-v Tt tmsskaon (incdloding MOSFET] s shmam i
Fig, 18 ol Chapter 7
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Fig. 26 Subthreshold chamcteristics of (o) & long-channel and (B a short-chasne] MOSFET.
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Fig. 71 Subthreshald charscterstics of an n-chansel MOSFET with Vi = 0.1, 1, and 4 V.

TABLE1 Scaling of MOSFET Dewice and Circuit Parometers

MOSFET device and Mubtiplying factor
Determinant cirowit parameters (x> 1}
Scaling assumptions Dievice dimensions {d, L W r) Vx
Diping concentration (N, N, K
Violtage (V) I
Deerived scaling behavior of Electrio field (£} I
device parmeters Carvior velocity (c) 1
Depletion-keyer width (W) e
Cuapaditunce (C = £AM] Irx
Inversion-laver charge density (2, I
Current, drift (f) e
Channed resistanes () |
Drerived scaling belandor of Circuit delay time (1~ CVIT) Liw
circuit panimeters Power dissipation per cirauit (I - ¥} It
Perwer-delay prochsct per cirouit (Pr) ®
Ciret) donsity (- 1A) e

Power density [F{A)
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6.4 CMOS AND BICMOS

Complementary MOS (CMOS) refers toa complementary p-channel and n-channel MOS-
FET pair CMOS logic is the most popular technology utilized in present-day integrated
circuit design. The main reasons for the seeoess of CMOS are bow power consumption
and good nokse immunity. In fact, currently only CMOS technology is used In adhanced
integrated-cireuit manufacturing due to the low power-dissipation requinement.

6.4.1 The CMOS Inverter

A CMOS inverter, which is the basic element of CMOS logic cincuits, is shown in Fig.
28. In a CMOS inverter, the gates of the p- and n-channe] transistors are connected and
server as the input node to the inverter. The drains of the two tamsistors are abso con-
nected and serve as the output node to the inverter. The source and substrate contacts
of n-channel MOSFETS are grounded, whereas those of p-channel MOSFETSs are con-
nected to the power supply (V). Note that both p-channel and n-channel MOSFET:
are enhancement-type transistors. When the input voltage is bow (e, ¥V, = 0, Vi, =0
< V), the n-channel MOSFET is off.} The p-channel MOSFET, however, is on, since
Ve l= Vi s Wyl (Vieg, and Vi, are negative). Consequently, the output node is charged
to Vg theough the p-channel MOSFET. When the input voltage goes high so that the
gate voltage equaks Vi, the n-channel MOSFET is tumed on, sinee Vi, = Vi, 2 Vo
and the p-channel MOSFET is turned aff, sinee h’m|5{! < Wy | Therefore, the out-
put node is discharged to ground through the n-channel MOSFET.

For more detailed understanding of the operation of the CMOS inverter, we can first
plot the output chameteristies of the transistors. This & ghven in Fig. 28, in which [, and
1, are shown as a function of outpat voltage (V). I, is the carent of p-channel MOS-
FET in the direction from the source {connected to Vip) to thee drain (outpat node). I,
is the current of n-channel MOSFET in the direction from the draln (ostput node) o
the source (connected to ground ). It is noted that the increase in input voltage (V) tends
to increase [, but decrease [ at a fixed V. In steady state, however, I, should be equal
ol F-nrEgh'nn'l-",_mm&m“ﬁmﬂtmﬁh\gvﬂfmnhmﬂl.ﬁu
and 1(V, ), as shown in Fig. 28 The V, -V, curve, as shown in Fig, 30, is called the trans-
fer curve of the CMOS inverter!!

An important characteristic of the CMOS inverter is that when the oatput s in a
steady logic state, L.e., V,, = 0 or Vi, , only one transistor is on. The cument flow from
the power supply to ground is thus very bow and is equal to the leakage current of the
off device, In fact, there is significant current conduction only during the short transient
period when the two devices are temporarily on. Therefore the power conamption is
very how in the static state compared with other types of bogie circuits, such as n |
MOSFET:, bipolas, ete.

642 Latch-up

In order to fabricate both p-chunnel and n-channel MOSFETS in the same chip for CMOS
applications, extra doping and diffusion steps are needed to form the “well” or “tub” in
the substrate. The doping type in the well is different from that of the swrounding

¥ Wy, and Vi, represent the veltage difference between the gate and the source for s- and p-channed
MOSFETs, respectively,
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Fg. 28 The CMOS inverter.

substrate, Tpical well types ane the p-well, n-well, and twin well. Details of the well tech-
nology are given in Chapter 14, Figure 31 dhows a cross-sectional view of a CMOS inverter
fabricated using p-well technology. In this figure, the p-channel and n-clannel
MOSFETs ane fabricated in the n-type 54 substrate and the p-well region, respectively.
A Mo l:lrl“jh:lll redated fo e wall strmectons in CMOS cincuits is the kkbeh- 1_|'|I:|-|:|||,¢
nomenon. The cause of latch-up is the action of the parsitic p-n-p-n diode in the well
structure. As showm in Fig, 31, the parasitic p-n-p-n diode consists of a lateral p-n-p and
a vertical nepen hipolar transistors. The pechannel MOSFETS source, n-substrate, and
p-well correspond to the emitter, base, and collector of the: kateral p-n-p hipolar transis-
tar, respectively. The n-channel MOSFET s source, p-well, and n-substrate are the emit-
beer, s, and collector of the vertionl n-p-n bipolar transistor, respectively. The equivalent
circuit of the parasitic components is iflustrated in Fig. 32. R, anid By ore the series resis-
tance in the substrate and the well, respectively. The base of each transistor is driven by
the collector of the other to form a positive feedback loop, This configuration is similar
to thie thyristor discussed in Chapter 5. Lateh-up i induced when the current grin prod-
uctnfthum'nhipuhrmiﬂmn_ . is larger than 1. When Iatch-up ocours, a large
current will flow from the power supply (Vi) to the ground contact. This can intermupt
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Fig. 3 ‘Trassfer curve of a CMOS inverter." Points labeled &, B, C. and [¥ cormespond to
thase points labeled in Fig, 26,
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Fig- M Cross section of s CMOS inverter fabricated with powell technodogy.

=}
Fig. 3 Equivalent circuit of the powell structure shewn in Fig. 31
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Fig. 3 Prevention of lateh-up with & beavily doped substrate,

normal circuit operation and even destroy the chip itself because of the high power

To avoid kateh-up, this current gains of the parasitic bipolar transistors st be redoced
One method is to use gold doping or nevtron frradiation to lewer the minority carder
lifetimes, However, this gpproach is diffieult to control, Besides, it also causes an vcrease
of the leakage current. 3@"" well structure or high-energy implantation to form ret-
rograde wells can also reduce the current gain of vertical bipolar transistor by mising 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 a heavily doped substrate with devices fb-
ricated on a lightly doped epitaxial layer, as shown™ in Fig, 33. The heavily doped sub-
strate provides a highly conductive path to collect the current. The current then is drained
wway through the surface contacts.

Latch-up can abso be avoéded with the trench isolation scheme. A process for form-
ingg trench isolation i discussed in Chapter 14. This approach can eliminate latch-up
because the n-channel and p-channal MOSFETs are physically isolated by the trench,

643 BIiCMOS

CMOS has the advantages of low power dissipation and high deviee density, which make
it suitable for fabricating complex circuits. However, CMOS suffers from low drive capa-
bility eompared with bipolar technology. limiting its circuit performance. BiCMOS isa
technology that integrates both CMOS and bipolar device structures in the same chip.
A BICMOS circuit contains mostly CMOS devices, with a relatively small number of hipo-
lar devices. The hipolar devices have better switching performance than their CMOS coun-
terparts without consuming too much extra power. However, this performance
enhancement is achieved &t the expense of extra manufacturing complexity, longer fab-
rication time, and higher cost. The fabrication processes for BICMOS are discussed in

Chapter 14.

6.5 MOSFET ON INSULATOR

For certain applications, MOSFETSs are fabricated on an insulating substrate rather than
on a semiconductor substrate. The chamcteristics of these transistors are, however, sim-
ilar to those of a MOSFET. Usually, we call such devices thin filin trunsistors (TFT) if
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the channel luyer is an amorphous or a polyerystalline silicon. IF the chammel kyer is a
meneerystalline silicon, we call it silicon-on-insulatar (SOI).

65.1 The Thin Film Transistor (TFT)

Hydrogenated amorphous silicon (a-SiH) and polysilicon are the two most popalar mate-
rials for TFT fabrication, They are usually deposited on an insulating substrate such as
a glass, quartz, or 5i substrate with a thin 5i0, capping layer.

The lydrogenated amorphous silicon TFT is an important device in electronic appli-
cations that require a large arca, such as liquid crystal displays (LCD) and contact imag-
ing sensors (CIS). The a-8i:H materials are usually deposited with a plasma-enhanced
chemical vapor deposition (PECVD) system. Since the deposition lemperature is boww (tvp-
ically 200°P-400°C), inexpensive substrate materials such as glss can be used. The role
played by the hydrogen atoms contained in the a-5iH is to passivate dangling bones in
the amorphous silicon matrix and thus redisce the defiect density. Without hydrogen pas-
sivation, the gate voltage can not adjust the Fermi level at the insulator and the a-5i inter-
face, since the level Is pinned by the large amount of deleets.

The a-5EH TFT is usually fabricated using the inverted staggened structure, as shown
in Fig. 34. The inverted staggered structure is with a bottom-gate scheme, A metal gate
can b used since the post process temperature is low (< 400°C). A dielectric lyer such
as silicon nitride or silicon dicadde, also deposited by PECVD, is often used as the gate
dieloctrie. An undoped a-5i:H layer is subsequently deposited to form the channel. The
source and drain of the TFT are formed with an in situ-doped n* a-SiH layer comply-
iz with the requirement of low process temperature. A dielectric layer that serves as an
etch-stop for patterning of n* a-Si:H is often used. Device charscteristics of TFTs with
the bottom-gite structure are usually better than those with the top-gate structure. This
is hecause the a-5i:H channel could be damaged by plasma during PECVD gate-dielectric
deposition of top-gated TFTs. In addition, the source/drain formation process is easier
for the bottom-gate structure. A typical subthreshold characteristic of the a-5iH TFT is
shewam in Fig, 35, Because of the amorphous matrix presents in the channel material, i
carrier mobility is usually very low (< 1 cm'/V-s).

O S H

-5 : H

Milrids
dielmoiric

Fig. 3 A typical a-56H thin fibm transistor (TFT) stracture.
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Fig- 35 Subthreshol] charactoristios of an &-SEH TFT (LE = 1060 pojim), The fickl-effect
varrier mobdlity is 0123 om®/ Vg

The poysilicon TFT uses a thin polysilicon s the channel layer, Polysilicon is a mate-
rial consisting of many §i grains, Within the grain are the monocrystalline 5i lattices. The
orientations af two side-byv-side grains are, however, different from each other. The inter.
face between the two grains is called the grain boundary. Polysilicon TFT exhibits much
higher earrer mobility and thas better drive capability than a-5i:H TFT becanse of higher

linity, Carrier mobility of these devices typically ranges from 10 to several hun-
dred cn®V-s, depending on the griin size and process conditions. Polysilicon is usually
deposited with low-pressure CVD (LPCVDY). The grain size of polysilicon is an impor-
tant factor in determining the TFT performance, since the earder mobility generlly
decreases with decreasing grain siee, This is mainly because of the lange number of defects
contained in the grain boundaries that impede the transport of carriers,

The defects at the grain boundary could also affect the threshold voltage and sub-
threshold seing of the device. When gate voltage is applied 1o induce an inversion Layer
in the channel, these defects act as traps and impede the movement of the Fermi level
in the forhidden gap. To alleviate these drwbacks, a hvdrogenation step is aften
after deviee fabrication, The hydrogenation treatment ts usaally done in a plasma reac-
tor. Hydrogen atoms or jons generated in the plasma diffuse into the grain boundaries

andd passivate these defects. After hydrogenation, there is significant improvement in device
performunes .

Unlike a-Si:H TFT, polysilicon TFT is usually fabricated with the top-gate structure,
as shown in Fig. 36. A self-aligned implant s used to form the source/drain. One main
limitation of pobysilicon TFT manufacturing is the high process temperature (> G00°C).
Consequently, expensive substrates such as quartz are usually needed to tolerite the high
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Fig. 3 A palysiBoon TFT structens,

rocess temperatunes. This makes pobysilicon TFT less attractive than a-54:H TFT In pro-
ﬁum:n for lowe-end applications because of higher cost. Laser crystallization of 5i is a
potential way to gvercome the problem, In this method, an a-5i layer is deposited first
on a glass substrate at ow temperatures by PECVD or LPCVD. A high-power laser source
is then used to irmadinte the a-5i. The energy is absorbed by the a-50 and melting oceurs
locally in the a-5i laver. After cooling, the a-5i tums into polysilicon with very large grain
skze (2 100 pm). Very high carrier mobility, approaching that of erystalline 5§ MOSFETS,
cin be obtained using this method.

652 Silicon-on-Insulator (S01) Devices

Many SO devices have been proposed, including silicon-on-sapphire (508, silicon-on-
spinel, silicon-on-nitride, and silicon-on-oxide." Figure 37 shows a schematie diagram
of an 501 CMOS buikt on silicon dioxide. Compared with CMOS built on a bulk 5§ sub-
strate, also called bulk CMOS, SOT% isolation scheme is simplified and does not need
complicated well strectures. Device density can thus be increased. The latch-up phe-
nomenon inherent in bulk CMOS cireuits is also eliminated. The parasitic junction capac-

II-l'JI.IJI.-H'I ?' !.II‘.II'II'I

Hulk silivos walmirste

Fg. 37 (Cress section of the sibcon-on-insalator (SO0}
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itance in the source and drudn regions can be significantly reduced with the insulating
substrate. Additionally, significant improvement over bulk CMOS in radiation-damage
toleration is achieved in SOL. This is because of the small volume of i svailable for electron-
hode pair generation by mdiation, This property is particulary important for space appli-
cations,

Depending on the thickness of the Si channel layer, SO1 can be classified into par-
tially depleted (FD) and fully depleted (FI)) types. PD-S01 uses a thicker 5i channel
bayer so that the depletion width of the channel does not excecd the thickness of 5i layer.
Device design and performance of a PD-S01 is similar to that of bulk CMOS, One major
difference is the floating substrate nsed in SO1 deviees. During device operation, a high
field near the drain could induce impact onization there, Majority carriers, holes in the
psubstrate for an n-channel MOSFET, generated by impact jonization 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 a reduction of the threshold velt-
age. This, in turn, may cause an increase or a kink in the current-voltage characteristics.
The kink phenomenon is shown' in Fig, 38, This float-body or kink effect is especially
drumatic for n-channel devices, because of the higher impact-ionkzation rate of electrons.
The kink effect can be eliminated by forming a substrate contact to the source of the
transister, This will, however, complicate the deviee layout and process flow.

FD-501 uses a 5 bayer thin enough so that the channel of the transistor s completely
chepleted before threshold is reached. This allews the device to be operated at a bower
field. In adddition, the kink effect cansed by high-field impact iontzation can be eliminated.
FD-S01 is very attractive for low-power applications. Nevertheless, the FD-801s char-
acteristics are sensitive to the 5i thickness variation. 1Fan FD-501 circuit is built on a
waler with nonuniform 5i thickness. its operation will be unstable.

~ EXAMPLE 9

Calculate the threshold voltage for an a-channel $01 device having N, = 100 em=, o = 5 nm, and
Qpfy = 53 10" e, Si thickness, g, for the device is 50 nm.

I A e B i -~ s - e o o

Fig. 38 The kink effect in the oulput chamctertsiics of an n-channel 501 MOSFETY
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SOLUTION  From Ex. 1, the maximam drp{ﬂhuwldﬂ't. W, for a balk MMOS device i 100 nm,
Therefore, the SO device is o fully depleted tvpe. Since I'J:n: h'hll'.hul'lbc depletion region is now
the 5i thickness, W_ used in Bq. 17 amd Eq. 45 for calculating the threshold soltsge should be
replaced byl

N
Ve=V,
r = Vin + 39 + .
Froem Exs. 2 and 3, we have C, = 68 x 107 Fiem®, Vi = =11 V. und 2y, = 054V,
Therelan,
=1k T o
Vi w114 054 o I 10 xll_l'_i-cs:-:!'ﬂ- — GV, o
.8 10

6.6 MO3S MEMORY STRUCTURES

Semiconductor memories can be clasified as volatile od nonvelstile memores, Volatile
memories such as dynamic random aocess memories (DRAM ) and static random aceess
memories (SRAMs) lose their stored information if the power supply is switched off.
Nonvolatile memories, on the other haed, can retain the stored information, Currenthy,
DRAM and SRAM are extensively used in personal compaters and work statbons, mai
because of DRAM 'S attributes of high density and low cost, and SRAM S attribute ul'high

. The nonvolatile memory is nsed url:r.-n:lmlym portable electronics systems such
as the cellular phone, digital camern, and smart 1C eands, mainly beeuse of its sttributes
af low-power consumption and nonvolatility.

661 DRAM

Modem DRAM technology consists of & cell array using a storage cell structune shown '™
in Fig. 38. The cell includes an MOSFET and an MOS capacitor [i.e., one transistor/one
capacitor (1T71C) cell]. The MOSFET acts as a switch to control the writing, refresh-
ing, and read-out actions of the cell. The capacitor is used for charge storage. During
the write cycle, the MOSFET is tumed on 5o that the logic state in the bit line is trans-
ferred to the storge capacitor. For practical applications, charges stored in the eapaci-
tor will be gradunlly lost because of the small but nonnegligible leakage current of the

W fimee
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Fig. 39  Basic configuration of & dynamic random acsess memaory (DEAM] cel], ™
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stornge node. Consequently, the operation of DRAM is “dynumic,” sinee the data nsed
to be “refreshed * periodically within a fived interval, typhcally 2-50 ms.

The 1TAIC DRAM cell has the advantages of very simple and small area constre-
tion. In order to increase the storage density of a chip, aggressive sealing of the cell size
is necessary, However, this will degrade the storage capability of the capacitor, since the
capacitor electrode area will be diminished as well. To sobve this probldem, three-dimension
(3-I} capacitor stroctures ane requined. Some novel 3-D eapacitor structures ane discussed
in Chapter 14, The utilization of high dielectric-constant materials to replace comven-
tional oxide-nitride compasite livers (diclectric constant: 4 ~ 6) as the capacitor dielec-
tric materials can also be emploved to increase the capacitance.

662 SRAM

SRAM is a matrix of static cells using a bistable fip-flop structure to store the logic state,
as shown in Fig. 40. The flip-flop consists of two cross-coupled CMOS inverters (T1T3
anil T2, T4). The output of the verter is connected to the input node of the other inverter,
This configuration is called “latched.” Two additional n-channel MOSFET:, T3 and T8,
with their gates connected to the word line, are used to access the SRAM cell. The s -
ation of the SRAM is stathe since the logie state is sustained is long as the power is applied.
Therefore SRAM does not have to be refreshed. The two p-channel MOSFET: (T1 and
T2) in thee inverters ane used os the load transistors. There is essentially no de corrent
flow through the cell, except during switching. In some situations, p-channel polysilicon
TFTs or polysilicon resistors are nsed instend of bulk p-channel MOSFETs. These
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Fig. 40 Configuerstion of & CMOS SRAM cell. T1 and T2 are logd tranesistors (p-chasinel], T3
arst] T are dvtve trusiston (o-channel}. T5 ol TS are sooets tmndiston (o-chamnel )
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polysilicon load devices can be fabricated over the bulk n-channel MOSFETs. 3-1 inte-
ion can effectively reduce the cell areq and, therefore, increases the storage capac-
ity of the chip.

663 Nonvolatile Memory

When the gate electrode of a conventional MOSFET ks modified so that semipermanent
charge storage inside the gate Is possible, the new structure beeomes a nonvolatile mem-
ory device. Since the first nomvolatile memory device proposed'” in 1967, various device
structures have been made. Nomvolatile memory devices have been used oxtensively in
s such as the erasable-programmable read-only memory (EFROM), electrically erasable-
programmalbile read-oaly memory (EEPROM ), and Mlash memory.

Most of the devices used for present-ciay nonvolatile memories have a floating-gate
structure (Fig, 41a), Charges are injected from the silicon substrate or the drain to the
foating gate across the first insulator, They are then stored in the floating gate. This pro.

Control
et
Fliuilissg
i [
Smiirre J L iraiis
Sulatrate
]
Gl
-
s T

Soumrve [ | Dheain

Fig. 1  Nonwolstile semicomductor memon ' (#) Fleating-gage nanvolatile memory. (B)
Expuivalent circuit of the nonvelatile meaory.
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Fig- 42 (2] Hlustration n‘fhﬂfﬁ?ﬂﬂlﬂ]ﬂﬂh}n in an n-chanmed, ﬂmhg-wwe -
ory. (I} Single-electron memory cell ™

cess is called “programming.” The equivalent cireuit for the Noating-gate device can be
represented by two eapacitors in series for the gute structure, as llustrated in Fig. 415,
The stored eharge gives rise to a threshold voltage shift, and the device is switched to a
high-voltage state {e.g., logic 1). For a well-designed memory device, the charge reten-
thom Hine can be over 10 years. To erse the stored charge and retam the device to a low-
threshobd voltage state (e.g., logic 0), an electrical bias or other means, such as UV light,
cam be used.

In floating-gate devices, the programming can be done by either hot carrier injec-
Hon or i tunneling process. Figure 420 shows the hot electron injection scheme in an
n-channel floating-gate device, The hot electrons are “hot” because they are heated to a
high-energy state by the high field near the drain. Some of the hot electrons with enengy
higher than the barrier height of 560,81 conduction band (-3.2 &V) can then surmount
the barrler and are injected into the floating gate. Several types of Doating-gate dovices
are differentisted by the erase mechanisms, In the EPROM, which has only a floating
gate: but no control gate, erising is done by UV irradiation, since the UV light can excite
the stored charges into the conduction band of gate cxide. The EPROM has the advan-
tage of a small cell area due to the 1T¢cell structure, Nevertheless, its erase scheme nsces-
sitates the use of an expensive package with a quartz window. In addition, the erasing
time is long,

The EEPROM uses tunneling process to erase the stored charges. Unlike the EPROM
deviee, in which all cells are erased during erasing, a cell in an EEPROM can be erased
only when it is “selected.” This function is sccomplished through the selective transistor
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comtained in cach coll. Such “byte-erasable” characteristics reake the use of EEFROM
more Mlexible. However, the 2T (one selective transistor phus one stomge transistorioel]
feature of EEPROM limits its storage capacity.

The storage cells fora Mash memory ane divided into several sectors (or hlocks], Tl
erasing scheme is performed on one selected sector with the tunneling process. Dhiring
erasing, all cells in the selocted sector are erased simultuncously. The erasing speed is
mvuch faster than EPROM and the 1T/eell feature makes the storage capacity of the flah
memory higher than EEPROM.

A related device structure is the single-electron memory cell (SEMC), which isa
limiting case of the floating gate stucture.'” By reducing the length of the floating gate
to ultrasmall dimensions, say 10 nm, we obtuin the SEMC. A cross-sectrional view of a
SEMC is shown in Fig. 42b. The Moating dot corresponds to the Hoating gate in Fig, 420,
Because of its small size the capacitance ks also very small (~1 aF). When an electron
tunnels into the foating dot, becanse of the small eapacitance, a large tonneling barder
can arise to prevent the transfer of another electron. SEMC is an ultimate foating gate
memory cell, since we need only one electron for information storge. A single-clectron
memory with densities as high as 256 terabits (256 > 10 bits) that can be operated at
room tempersture has been projected.

6.7 THE POWER MOSFET

The ingut impedance of MOS devices is very high because of the insubating 560, between
the gate and semiconductor channel. This feature makes the MOSFET an attractive can-
didate in power-device applications. Because of the high-input impedance, the gate leak-
agre s very low, and thus, the power MOSFET does not require comples input drive
cireuitry 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 becanse the unipo-
lar characteristics of MOS operation do not involve storsge or recombination o milmor-
ity carriers during turn-off,

Figure 43 shows three hasic power MOSFET structures. ™ Unlike the MOSFET strc-
ture used in ULSH circuits, the power MOSFETs employ a vertical structure with the
source and drain at the top and bottom surfaces of the wafer, respectively. This vertical
scheme has the benefit of large channel width and reduced fiebd crowding at the gute.
These properties are important for power applicathons.

Fignre 43 is the V-MOSFET in which the gate has a Vshaped groove. The V-shaped
groove can be formed by preferential wet-ctching using a KOH solution. When the gate
voltage is larger than the threshold voltage, an inversion channel is induced at the sur-
e abonge the edm of the Veshaped groove and forms the conductive path between source
anvd dradn. One main limitation of V-MOSFET development is related to process com-
trol. ‘The high fiebd ot the tip of the V-shaped groove may lead to carrent crowding there
and degrade device performance.

43 shows the crons-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 fickds at the bat-
tom cornars are substantinlly lower thun that at the tip of the Veshaped grove. Another
power MOSFET s the D-MOSFET, shown in Fig. 43c. The gate is formed at the top
surface and then serves as a mask for the subsequent double-diffusion process. The dou-
ble diffusion process (this is the reason why it is call "D™-MOSFET] is used to form the
p-base and n* source portions. The advantages of D-MOSFET ase its short drift time
across the p-hase region and the svoldance of high-field cormers.
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Fig. 43  (w) Vshaped MOS (VMOS), (b) U-shaped MOS (UMOS), and (¢) dosbbe-diffised
MOS (DMOS] power devies stractures,™

There is an n” drifi region in the drain for all the three power MOSFET structures.
The doping concentration of o~ drift region is lewser than p-base region, Therefore, when
o positive voltage is applied to the drain and the drain'p-base junction is reverse biased,
mst of the depletion width will be developed across the v drift region. Therefore, the
doping level and width of the n~ drift region are important purameters that determine
the drain blocking voltage capability. On the other hand, there exists a parasitic n-p-n--
n* device in the power MOSFET stractures. 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 a fived potential.
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SUMMARY

In this chapter, we introduced the hasic characteristics and the operational principles of
the MOSFET. The core compenent of the MOSFET is the MOS diode. Charge distri-
bnutions at the axide/semiconductor interface (aecumilation, depletion, and inversion) in
an MOS device can be controlled by the gate voltage. The MOSFET is formed when a
source and a drain are placed adjacent to the MOS diode. Cutput curment (Le., drain cur-
rent) is controlled by varying the gate and drin voltages. The threshold voltage & the
main parameter that determines the on-ofl characteristics of a MOSFET. Adjustment
of the threshold voltage can be done by choosing suitable substrate doping, axide thick-
ness, substrate bias, and mte materals (soe Eq. 45)

The 5i MOSFET is the most important device for advanced integrated-circult (1C)
applications. [ts success is mainky ascribed to the high-guality $i0y msaterial and the sta-
ble Sif $i0, interface properties. To meet the stringent requirement of low power con-
sumption in an 1C chip, CMOS technology is eurrently the only viable solution and is
widely implemented. Superior performance in power dissipation can be understood from
the discussion of the CMOS inverter given in Section 6.4.

Scaling down of device dimensions is a continuing trend in CMOS technology to
increase the device density, operating speed, and functionality of a chip. The short-chan-
nel effects, however, canse deviations in device operation and require attention in device
sealing, Optimization of device structural parameters depends on the main requirerment
of the applications, such as minimized power consumption or faster operating speed.

TFT and 501 are MOSFET devices fabricated on insulating substrates, in contrast
to the conventional MOSFETs fabricated on a bulk Si substrate. TFT uses an amorphaoas
or a polyerystalline semiconductor as the active channel layer. The carrier mobility of the
TFT is degraded by the presence of o large number of defects in the channel. However,
TFT can be applied to a lange-area substrate, which is difficult for bulk MOS technol-
omy, e.g., the switching element of pixels in a large-area flat-pane] display. TFT can also
be used as the Joad devices in the SRAM cell. 01 MOSFETS use a monocrystalline 5i
channel layer. Compared with bulk-MOS devices, SO devices previde lower parasitic
junction capacitance and improved resistance to radiation damage. SOT is also more attrc-
tive for bow-power, high-speed applications.

MOSFETs have been employed for semiconductor memory applications, including
DRAM, SEAM, and no e memory. These products share a 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 every 18 months and the single-electron memory has been projected to reach a k-
tterabit level. Finally, we discussed three power MOSFETs. These devices use a vertical
structure to allow higher operating voltage and current.
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* PROBLEMS (* DENOTES DIFFICULT PROBLEMS)
FOR SECTION 6.1 THE MOS DIODE

1. Plot the band diagram of an ideal MOS diodo with s-type substrate at Vi, = V.

2. Plot the band diagram of an n*-pobysilicon-gated MOS diode with p-type sobstrate at

V= 0.

. Flot the band disgram of an n*-polysflicon-gated MOS diode with p-type substrate of fla-

band condition.

4. Flot {a) the charge distribution, (b) electric-field distribution, and (c) potential distribis-

tion of an ideal MOS diode with n-type substrate under inversion.

5. Fora medal-5i0,-5i capacitor having N, = 5% 10 e, caloulste the mudmus width of

surface depletion region.

6. For a metal-Si0,-5i capacitor having ¥, = 5 % 101 e and d = 5 nm, calculate the mins-

maien gapacibance on the £-1 carve,

*7. Foran ideal S1-5i0, MOS diode with d = 5 nm, ¥, = 107 e, find the applied voltage

arstl the electric field at the mterface roquired to make the silicon surface imrinsic.

8. For an ideal Si-5i0, MOS diode with d = 10 nm, ¥, = 5 10 e, find the apphiod

voltage and the electric field st the Interface requined to bring about strong verdon,
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Assumae: that the oxide trapped change Q. in an oxide Lyer has an uniform volume change
dhernsity, ). af i 2 107 enr®, whiore y is thie distance from the location of the change to
the metal-<edde interface. The thickness of the axide biver (8 10 am, Fiad the change in
the Aat-band valtage due o .

Assumie that the oxide trapped chasge G in on odde Liver is a charge sheet with an area
density of 5 % 10" e locating solely at g = 5 nm. The thickness ol the oxide byyer b

10 am. Find the clhange in the Mat-band soltsge dse Q)

Assamie that the oside tmpped charge (1, in an odede loyer his a triangular distribaition:
i) m g 5 105 % ) oY The thickmness of cdde Layer is 10 non. Find the change in
the fat-hand voltage due to (.
Assame that initially thero bs a sheet of mobile ions at the metal-5i0, inerface. Aler a
kg poriodd of eloctrical stressing under a high pesitive gate vollage snd raised temper-
ture conddition, the mohile ions completely drifi o the 50,-51 interface. This leads tna
of 0.3 V in the flat-band woltage. The thickness of cuide lyer is 10 nm. Find the
area density of (.

FOR SECTION 6.2 MOSFET FUNDAMENTALS

1.

14

15

i,

17.
1%,

19

21.

Derive Eq. 34 from Eq, 33 in the text assumting ¥y, << (Vi = Vil

Pherive the 1V chamcteristics of o MOSFET with the ddrsin and gate commected together
and the souree and substrate grounded. Can ane obitain the thresbold valtage from these
characterisdics?

Consider a long-channel MOSFET with L = 1 pm, Z = 10em, N, = 5% 10 em™, i, =
800 o Ve, €, = 345 2¢ 107 Friom®, amd Vi = 0.7 V. Find Vi and I, for Vg = 5V
Consider & submicron MOSFET with L = 0.25 pm, £ = 5 pm, N, = W em™, g, = 500
e/ Vig, €, = 3,45 » 1077 Fiem®, and ¥y = 0.5 V. Final the channel condisctance for Vi =
1V and V=01V,

For the device stated in Prob, 18, find the transconductunce.

An w-chanmel, n*-polysilicon-$i0,-5i MOSFET has N, = 1017 em, Oy = 5 10" em?,
and d = 10 am. Caleokate the iresbold voltage,

Far the devdes stated in Prob. 18, baron fons are implanted to increase the threshobl wlt-
age to 0.7 V. Find the implant dose, assume that the implanted joos form a sheet of neg-
ative: charges . the 53-580, interfuce,

A pchannel, n*-polysilicon-SI0,-51 MOSFET bus Ny, = 107 em?, (g = 53 10%erm®,
il of =10 nm, Caleulate the threshold voltage.

Far the device stated i Prob, 20, boron sons are wnplented to decrease the value of
threshold voltage to <0.7 V. Find the implant dose, assaming that the implanted jons form
a sheet of vegative charges ot the Si-5i0, interfoce.

For the desice stated in Prob., 20, i the n* poly-5i gate is replaced by p* poly-Si gate,
whil will the threshold volteze be?

A fiekd transistor with a stracture similar to Fig. 21 in the text has Ny= 107 om, Qg =
107 e, aned am n* pobysilicon local interconnect as the gate eloctrodie. I the equire-
ment for sufficient isolation betwoen devics and well is Vi > 20 ¥, caleulate the minimuom
fiedid oide: thicknsess.

A MOSFET has a threshold « of Ve = (U5 ¥, a subtlseshold swing of 100
mVideeade, and o drain curment of 01 A at V. What is the subthreshold leakage cur-
rond af ¥z = 0P

. For the device stated in Prob. 24, calculale the reverse subsinsto-somrcs vollage

recquired to reduce the leakage current by one onder of magnitude. (8, = 5 % 10°7 cm™,
i =5 am),
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FOR SECTTON 6.3 MOSFET SCALING

26, When the lincar dimensions of MOSFET are scaled dovwn by o factor of 10 hesed on the
comstant feld scafing, what is the scaling factor for the corresponding switching energe®
*27. Based on the charge-shasing model, Fig. 24, show that the threshold voltage roll-off is
given e Eq. 47.

FOR SECTION 64 CMOS AND BIiCMOS
28. Describe the pros and cons of BICMOS,

FOR SECTION 6.5 MOSFET ON INSULATOR

25k For an n-channel FIX-S00 dovice havieg ¥, = 5 = 107 enr amd of = 4 nm, caloubate the
maximum allewable thickness for 5i channel lver ().

0. For an n-channel SO0 device with ne-polysilicon gute having ¥, = 5 % 107 cm?, d =
4 mm, and dg = 30 nm, calendste the threshold voltage. .ﬂ.:u.um:ulur Qs Q. wnd O wre
all aemo.

31. For the device stated in Prob. 26, caloubate the rangs of ¥, distribution i the thickness
variation of o scross the walier i 45 pan.

FOR SECTION 66 MOS MEMORY STRUCTURES

52, What is the capacitance of a DRAM capacitor if it is planar, | pm = 1 pm, with an oside
thickness af 10 nm? Calculate the capacstance if the same surface area i used for o trench
that i 7 pm deep and with the same oxide thickness.

43 A DRAM must operste with a mininum cefresh time of 4 ms. The storge capssitor in
each cell has a capacitance of 30 fF and is fully charged b 5 V. Find the worst-case beak-
age current (iLe., during the refresh cvele 50% of the stored change is Jost) that the
dyvmamic nixle can telerate,

. A floating:gate nomolatile memory has an initial threshold voltage of =2 ¥, and a linoar-
reggion irain conductance of 10 grmhos at 8 gate voltage of -5 V. After o write operating,
the drain conductance increases to 40 gmbos st the same gate voltage. Find the threshold

voltage shidt,

FOR SECTION 6.7 THE POWER MOSFET
45, A power MOSFET has an n*-palysilicon gate and a p-base with N, = 107 cor. Gate
pxicle thickness o = 100 wm, Caloulate the threshald voltage.

36, For the device stated in Prob. 35, calonlate the effect of & posithve Fued change dessity of
S 10" o on the theshold valtage.
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MESFET and Related
Devices

7.0 METAL-SEMICONDUCTOR CONTACTS
72 MESFET

7.3 MODFET

SUMMARY

The metal-semiconductor field-effoct transistor (MESFET) has current-voltage charue-
toristics similar to that of o metal-odde-semiconductor field-effect transistor (MOSFET).
Howsver, it uses a metal-semiconductor rectifving contact insteasd of a MOS structure
fior the gate electrode. In addition, the source and drain contacts of MESFET are olmic,}
whereas in a MOSFET they ane p-n junctions,

Like other field-efect devices, a MESFET has a negative temperature coefTicient
at high current levels; that is, the current decreases as temperature increases. This char-
acterstic beads to more uniform temperature distribution and the device is, therelore,
thermally stable, even when the active anea is large or when many devices wre connecied
in parallel. Furthermore, because MESFETS cun be made from compound semiconductors
with high electron mobilities, such as GaAs and InP, they have higher switching speeds
and highor cutoff frequencies than s sibicon MOSFETS,

The basic building block of a MESFET is the metal-semiconductor contact. This
contaet is ebectrically similar to & one-sided abrupt p—n junction, vet it can be operated
as & majority carrier device with inherently fast response. There are two types nlE'cmElﬂ
semiconductor contacts: the rectifying and the nonrectifying or ohmic types. In this chap-
ter, we begin with the two types of contacts and then consider the basic characteristics
andd 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
a 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 resistanes.
* The MESFET and its high-frequency performance,

FThe cotsowpt al sroifying was discused in Chapter 4. The concept of ohmic cotact 8 prescotod s
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*  The MODFET and its two-dimensional electron gas.

« A comparison of three Reld-effect transistors—MOSFET, MESFET, and
MODFET.

7.1 METAL-SEMICONDUCTOR CONTACTS

The first practical semiconductor device was the metal-semicondactor contact in the form
of a point contact rectifier, that is, a metallic whisker pressed against a semiconductor.
The device found many applications beginning in 1904, In 1938, Schottky, suggested that
the rectifying beluvior could arise from a ntial barrier as a result of the stable space
charges in the semiconchuctor.! The | arising from this comeept is known as the
Schottky barrer. Metal-semiconductor contacts can also be nonrectifiing that is, the con-
tact has a negligible resistance regardless of the polarity of the applicd voltage. This type
of contact is called an ohmic contect. All semictmductor devices as well as integrated cir-
cutits need ohmic contact to make connections to other devices in an electronic system.
Wie comsider the encrgy band diagram and the current-voltage characteristics of both the
rectifying and ohmic metal-semiconductor contacts.

111  Basic Characteristics

The characteristics af point contact rectifiers were not reproducible from one divies to
another. They have beon largely replaced by metal-semiconductor contacts fabricated by
planar processes (see Chapters 10-14). A schematic diagram of such a device is shown
in Fig. la. To fabricate the device, a window is opened in an oxsde layer, and metal layer
is deposited in & varoum system. The metal layer covering the window is subsequently
defined by a lithogmphic step, We consider a ono-dimensional strecture of the metal-
semniconductor contact shown in Fig, 1b, which cormesponds to the central section in Fig.
1a, between the dashed lines.

Fig.1 (2] Pemspoctive view of o metel-semiconductor comtset fabrizated by the planar process.
{h) Omeedimensional strctam: of 8 metal-emiconductor contact.
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Figure 2a shows the energy band diagram of an isolated metal adjacent to an iso-
lated n-type semiconductor, Note that the metal work function g9, is generally differ-
ent from the semiconductor work function g4, The work function s defined as the energy
difference between the Fermi level and the vacunm bevel. Also shown is the electron affin-
ity q, which is the energy difference between the conduction band edge and the vac-
uum Jevel in the semiconductor. When the metal makes intimate contact with the
semniconductor, the Formi levels in the two materials must be equal st thermal equilib-
rinm. In addition, the vacuum level must be continuous. These two requirements deter-
mine o unicque enengy band diagram for the ideal metal-semiconductor contact, as shown
in Fig. 2b.

For this ideal case, the barrier height @y, is smply the difference between the metal
work function and the semiconductor electron affinity':

0. =G0, —GX- L
Sl.milnrlj.gl'nfdmmzn{mHndmmhebnmnmﬂmdupl}'pemnmmM
the barrier height g, is given by

995 = Eg (990 —az). ()
............ iyl AR
1 £ 4
g | s
&“’-ZE’L """"" R
F’T
Slstal Semicomchichar
fa)

Fig.2 (o) Energy hand diagram of an jsolated metal adjacent to an iolated o-type

semiconductor under thermal ponequilibium condition. {(b) Enengy band dingram
of » metal-semboondueior contact In thermal equilibrium.

| Both g, [ in electeon volts) and @y, {in volts] s peferred 10 m the barrier beight.
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where E_is the bandgap of the semiconductor. Therefore, for u given semiconductor and
for any rrl-l:lq] the sum ﬂfl]u*lurrn.-rlrlgl'llzl- ML =By :.mlp -bype substrates is expected

to be aqual to the bandgap:

(e + 00, ) = E,.. (3

On the semiconductor side in Fig, 2b, V, is the built-in potentisl that is seen by elec-
trons in the conduction band trying to move into the metal.

Vie =0 =V . (4)

The gV, is the distance between the bottom of the conduction band and the Fermi level.
Similar results can be given for the p-type semiconductor.

Figure 3 shows the measured barrier heights for n-type silicon® and n-type gallium
muﬁfﬁmmu% increases with increasing g, However, the dependence is not
as strong as predicted by Eq. 1. This is because in practical Schotthy diodes, the dismp-
tiom of the crvstal Eattice ot the semiconductor surface produces a large number of sur-
face enerpy states located in the forbidden bandgap. These surface states can act as donors
or acceptors that influence the final determination of the barrier height. For silicon and
gallium arsenide, Exq. 1 generally undenstimated the n-type barrier height wd Eg, 2 over-
estimates the petype barrier height. The sum of gé,, and géBp, however, is in agreement
with Eq. 3.

Fi 4 shivws the energy band diagrams for metals on both n il o= by semi-
:‘mthl:lyimm under diEFl:r:utrE;siiig condstions. Consider the ﬂ-lypETnﬂ.ﬂhdlbﬂﬂr first.
When the bias voltage is xern, as shown in the left side of Fig. 4a, the band diagrm is
under a thermal equilibrium condition. The Fermi levels for both materials are equal.
1T we apply a positive voltage to the metal with respedt to the n-type semiconductor, the
serniconductor-do-metal barrier height decreases as shown on the left side of Fig. 45, This
s a fosrward bias. When a forwand bias is spplied, electrons can move essily from the semi-
conductor into the metal beennse the burier has been redeced by a valtage V. Fora

AR Au
Md Mg HE TIAlL W PN M

1 | IR P ol AN |
a0 4n A0 Bl

Huﬂhm&hmﬁulﬁ"{u'h'!l
Fig.3 Measured barrier height for metal-silicon and metal-gallium arsonide contacs ™
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Fig.4 Esergy band disgrams of metal n-type and p-type sembtonducion under different bias-
fmg eomdlitions: (a) thermal equilibrinm; (b} forward bias; and (c) reverse bisa.

reverse bias (Le., a negative voltage is applied to the metal), the barrier has been increased
by a voltage Vy, s depicted on the left side of Fig, 4c. It is more difficult {or electrons
to flow from the semiconductor into the metal, Wi have similar results for p-type semi-
conductor, however, the polarities must be reversed. In the following derivations, we con-
sidher omly the metal-n-type semiconduetor contact. The results are equally applicable to
i p-type semiconcluctor with an appropriate change of polarities.

The charge and field distributions for 4 metal-semiconductor contact are shown in
Fig, 5a and 5b, respectively. The metal is assumed to be a perlect conductor: the change
transferred to it from the semiconductor exists in a very narmow region at the metal sur-
fuce. The extent of the space charge in the semicondwctor is W, ie., g, = gNp forx < W
gl p, = 0 for x = W, Thus, the change distribation is identscal to that of a one-sided abrupt
Fo-n junction,

The magnitude of the electric field is decreasing linearly with distance. The max-
mum electric field & is Jocated at the interface. The electric feld distribation is then

given by



Chapter 7. MESFET and Redated Dovices -~ 229
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Fig.5 (i) Charge distribution and (b) ebectric-field distribution in & metal-semicondactor
comtact.

N,
|I{:”-LEIE{W-:]II'_ -%L 5]
£, = (6)

&
where g Is the diclectric permittivity of the semiconductor. The voltage across the space-
charge region, which is represented by the area under the field curve in the Fig. 5b, is
ghven by

Vi -V nf-;i-ﬂi";f—:. (7)
The depletion-layer width W is expressed a3
W =26, (Vi =V ) fgN 5, ()
and the space-charge density, Q. in the semiconductor bs given as
Qsc =qNpW =28, Np(Viy = V) Crem®, i

where the voltage V equal to «Vy for forward bias and to -V, for reverse bias. The
depletion-layer capacitance C per unit area can be caleulated by using Eq, 9

o s N E-E | )|
c-}?ﬂ_ |H‘i5_ﬂ“_v -ﬁ_:- Ffem {10}

Lzﬂ_”“ (F/cmt)”. (1
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Wi can differontiate 1/0° with respect to V. Rearranging terms we abtain ;

2 -1
N = —_— e |, {1g
' qs,[duxc’:sw] }

Thus, measurements of the capacitance C per unit area as a function of voltage can pro-
vide the impurity distribution from Eq. 12, 1T Ny is constant throughout the depletion
region, we shoubd obtain a stralght line by plotting 1L/C* versus V. Figure 6 is a plot of
the measured capacitance versus voltage for lungsten-silicon and tngsten-gallivm wrsenide
Schottky diodes. From Eq. 11, the intercept at LG = 0 corresponds bo the built-in poten-
tial V. Once V,, is determined, the barrier height @, can be calculated from Eq. 4.

EXAMPLE 1
Find the donor concentration and the barrber helght of the tungsten-sificon Schottky diode shewn
in Fig, 6.

SOLUTION The plot of 1/C* versus V is a strafght line, which implies that the donor concentri-
ticwn is constumt throughout the depletion region. We find

'{j:’]'_uxm“-w:m" e I:m:'?r |

=] =0

{m® 7 F M = 10 W=ats )

I e S 5 1008 (W=BIL)

VI¥}

Fig. B LG versus applied valtage for W-Si and W-CaAs diodes.*
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From Eq. 12,

&
Ny= = - = :-c[ L 11]:1‘4‘xl:r“-mu",
L= 107" x{l 19885 107" 4= 1

5]
v, = 002soxin 220211 goq v,
eT=ln

Since the intercept Vi, is 0.42 V, then the barrier hedght is gy, = 042 + 0.24 = 066 V. .

712 The Schottky Barmrier

A Schottky barrier refers to a metal-semiconductor contact having a lurge barrier height
(ie., O, OF @y, >> kT and a low doping concentration that is less than the density of
states in the conduction band or valence band.

The current trunspart in a Schottky barrer is due mainly to mujority carrier, in con-
trast to o p-n junction, where curment transport & due mainly to minority carrers. For
Schottky diodes operuted at moderate temperature (e.g., 300 K), the dominate transport
mechanizm is thermionic emission of majority carriers [rom the semiconductor over the
potential barrier fnto the metal.

Figure 7 llustrates the thermionic emission process.” At thermal equilibrium (Fig.
Ta), the current density is balunced by bwo equal and opposite {lows of carmers, thos there
is zero net currents. Electrons in the semiconductor tend to Aow (or emit) into the metal,
and there is an opposing balanced flow of electrons from metal into the sembconductor.
These current components are proportional (o the density of electrons at the boundary.

As chiseussed in Section 3.5 of Chapter 3, at the semiconductor surface an electron
can be thermionically emitted into the metal if its energy b above the barrier height. Here
the semiconductor work funetion g, is replaced by g, and

N m]:{—%} (13)

Fig.7 Current transport by the thesmionic emission process. (o} Thermal equilibriam: () for-
ward hins; and (¢) reverse bis®
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where N, is the density of states in the conductson band. At thermal ecuilibrivm we hve
Ej-.—i-l- .|Jl -l-nlwﬂfﬁ “."”

o |J.._.I=|J.q.|-clwcap[-%*} (14a)

where [, is the current from the metal to the semdconductor, |, ., Is the eurrent from
the semiconductor to the metal, and C, & a proportionality constant.

When a forward bias V, is applied to the contact (Fig. Th), the electrostatic poten-
tial differenee across the harer is reduced, and the electron density at the surface inereases

11]
-V
g = Ng —"ii'"k—r—il} (15)

The current [, that results from the electron flow out of the semiconductor is there-
fre altered by the same factor (Figg. ). The fhu of electrons from the metal to the semi-
conductor, hewever, remaing the same because the barrier @y, remains at its equilibrium
wviluee, The net current under forward bias is then

..F=.Fr-n|. ! (A
=V
= CyNe ‘w]‘clwﬂﬂp['%]
= O Nge T[T ). (16)

Using the same argument for the reverse-bias condition{see Fig, Te), the expression for
the net current is identical to Exq, 16 except that Vi is replaced by -V,

The coefficient C, N is found to be equal to A*T, where A* is called the effective
Richardson constant (in units of AK2-cm®), and T'is the absolute temperature. The value
of A* depend on the effective mass and are equal to 110 and 32 for u- and p-type sili-
con, respectively, and § and T4 for n- and p-type gallium arsenide, respoctively.”

The current-voltage characteristic of & metal-semiconductor contact under thermionde
emission condition i then

J=g e -1) amn

L=AT AT (17a)

where |, is the saturation carrent density and the applied voltage Vis positive for for-
ward bias and negative for reverse bias. Experimental forward 1-V characteristics of two
Schottky diodes® are shown in Fig. 8. By estrapolating the forwand -V curve to V =0,
we can find |- From ], and Eq. 17a we can obtain the barrier height.

In addition to the majority carrier (electron) current, a minority-carrier (hole} cur-
rent exdsts in a metal n-type sembconductor contact because of hole injection from the
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JplAd em®)

[l

ViVl

Fig. B Forward cursent density versus applied voltage of W-5i and W-GaAs diodes.*

metal to the semiconductor, The hole injection is the same as in a p*-n junction, which
is desoribed in Chapter 4. The current density is given by

i =J,.[-="‘"’ ), (18)
wheere I =E£ {15)
§ L

Under normal operating conditions, the minority-carrer current is orders of magnitude
smaller than the majority-carrier current. Therefore, a Schottky diode is a unipolar device
{Le., predominately only one type of carrier participates in the conduction process).

* EXAMPLE 2

For a tungsten-silieon Schottky diode with N = 107 eon, find the barrier height and
layor width froan Fig. 8. Compare the saturation current [, with . assuming that the minarity-
carrier Efetime in 5 s 10*5,
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SOLUTION  From Fig. 8, we have J, = 65 % 10 Adem?. The barrier height can be obtatned from
Eq. 17a:

110 300
.p..-n.umml =067 V.
n,sxm'*]

This result is im the close agreement with the C-V measarement (see Fig, 6 and Ex. 1),
The bult-in potential is given by @, = V,, where

]
va umxh[%ﬂ}un.mn{ﬂ‘—m”—lfr]nﬂ-ﬂ v.
(1]

1% 10

Therelore,
Vi = 06T -0.17 = 050 V.
The depletion-layer width at thermal equilibrium is given by Eq. 5 with V = 0:
W= |EEH-

Y aNp
To caleulite the minarity-carrier carrent density ], we noed to know D, which is 10 ems for
Ny = 10" e, and L, which is VD, £, = V103 10* = 3.1x 10-*cm. Therefore,

=26 % 107 om.

2
abyn  1Ex107" 10 x(985x10°)

- =48x107™ Alem®.
L,Xp {.'I.I :1[!"'}:-: 10"

J™

T ratiosof the two current densities i
L _BS5x 10
Joo ABXIF

From the comparison, we see that the majority-carrier current is over seven orders of magnl-
tude greater than the minority-carmor comment. -

= 107,

713 The Ohmic Contact

An ohmic contact is defined as a metal-semiconductor contact that has a negligible con-
tact resistance relative to the bulk or series resistance of the semiconductor. A satisfac-
tory ahmic contact should not significantly degrade device performance and can pass the
requined current with  voltage drop that is small compared with the drop across the active

regiom of thie device.
A figure-of-merit for chmic contacts is the specific contact resistance K. defined as
-1
o] a-cm? 19

“ar metil-semiconductor contacts with bew doping coneentrations, the thermionic-emission
current dominates the eurment transport, as given by Eq. 17, Therefore,

k (L
R qﬂ'?‘ﬂq{ T (200

Equation 20 shows that a metal-semiconductor contact with a low barrier height should
be used to obtaln a small K.
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For contacts with high doping concentration, the barrder width becomes very nar-
row, and the tunneling current becomes dominate. The tunneling current, as described

in the upper inset of Fig. 8, &5 proportional to the tunneling probability, which is given
in Sectbon 3.6 of Chapter 5:

- ap[‘m,ﬁ-.m_[m -qv)/ a‘J. (21)

whene W is the depletion-yer width, which can be approdmated us V(28N gy, - V),
m, is the effective mass, and # is the reduced Planck constant. Substituting W into Eq.

21, we obtaln
-
I qq{-ﬂ'ﬁ.ﬂr}} {ﬁ_}
Hﬂ‘

where €, equal 4%'m_g/h. The specific contact resistance for high dopings is thus

= )|

N, o)
1o Iul" “31. Hr“ It:IT
Lw .I"-I.'HHII ]._—.1"!,—
i ke {P15i-51)
WA . -
T ot -
é‘ 1
o 10h- o 0 Esperiment 7
:._._.._'
1= = A
1o - -----Ef}_' i—-
B H._ E,‘_,I' [FE= 1 R Y i
WrT | /.’—-I-'—-‘:' i
i 5 10 a0

Wy
‘ﬁ}; £ 1067 o)

Fig. ¥ Calculated and measured valsos of specific contact meststance. Upper inset shows the
tunneling process. Lower insol shows thermionic emissdon over the low barrer®
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Edquation 23 shows that in the tunneling range the specific contact resistance depends
strongly on doping concentration and varies exponentially with the factor VN, .
The calculsted values of B, are plotted® in Fig. 9 as a function of 1N, For N2
10" ci~?, R is dominated by the tunneling process and decreases rpidhy with increased
doping. On the other hand, for N 5 11:5; em™, ﬂ:emznﬁﬂ is du;': ;hem'nimlc emis-
sion, and K is essentially independent n sheran in Fig. 9 are experimens
tal ditlfl:l:"l;lﬂimlﬂh ﬁh:rid&ﬂﬂmﬂ iﬁﬁ-s?;nﬂmd&ﬂummuwﬂlm {Al-50) diodes. They

are in close agreement with the caleulated values, Figure 9 shows that a high doping con-
centration, a low barrier height, or both must be used to obtain a low valise of Re. These

two approaches are usedd for all practical ohmic contacts.

= EXAMPLE 3

An ohemic contact has an area of 10-* em? and a specific contact resistance of 10-*£-em”, The chmic
comtact s formed in an n-type silicon, 1f Ny = 5 % 10 e, and @, = 0.5 ¥, and the electron
elfective mass is 0.26 g, Find the voltage drop acroess the contact when a forwand current of 1A
fherws. ghirough 2.

SOLUTION The contsct resistance for the ahmic contact is

%‘i- 10746 - e ? /107 em® = 1072,

Hﬁm:-cm %10 :{mﬁ: m‘“]
Lg% 10~

€y =dym e, [h=
-mxm"flm“rv}

From Eq. 22,
_Cal#n - V)
I J',,ﬂ-;{ v }
df A i =P
W = EE - r’[}r;::]‘“{ ‘.Nu

o

LAl o

e B )
_m[ﬁ?{l}ﬁ;ﬁ] mxln"xn-.s]

- ———
L 10" J53 10" x 10°

=8.13x10% A
at § = LA, we have

N I
P =V= L&1,{J)=uf;ﬁa.v
il

ar
Vo= 08 - 056 00037 Y = 37 mil
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Therefore, there is a negligibly small wiltage drop scross the ohinic comact. Howeves, the volt-
age drop may become significant when the contsct srea is reduced to 10°% o or smaller. 4

1.2 MESFET
721 Device Structures

The metal-semiconductor eld-effect transistor (MESFET) was proposed” in 1966, The
MESFET has three metal-semiconductor contacts—one Schottky barrier for the gate
electrode and two chmic contacts for the source and drain electrodes. A perspective view
of a MESFET is illustrated in Fig, 10a. The basic device parameters inclsde L, the gte
bength, Z, the gate width, and a the thickness of the epitaxial layer. Most MESFETS are
mucde of n-type M-V compound semiconductors, such as gallium arsenide, because of
their high electron mobilities, which help to minimize series resistances, and becuse of
their high saturation velocities, which result in the increase in the cutoff frequency.
Practical MESFETS are fabricated by using epitaxdal layers on semiinsulating sub-
strates to minimize parasitic capacitances, In Fig, 10a, the ohmic contacts ane labeled
soarce and drain, and the Schottly barrier is labeled s gate. A MESFET s often deseribed
in terms of the gate dimensions. If the gate kength (L) is 0.5 pm and the gate width {Z)

Fig. 10 (a) Perspective view of a motal-semicomductar fleld-effect tansistor (MESFET). (k)
Crons sectian of the gate region of 8 MESFET.
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s 300 pum, thee devioe is referred to nx a 005 3 300 pm devies. A microwave- or millimeter
wavee device tvpically has a gate length in the range 0.1-1.0 pm, The thickness o of the
epitaxial kayer is typically one-third to one-fifth of the gate length. The spacing between
the electrodes ks one to four times that of the gate length, The current handling capa-
hility of a MESFET is directly proportional to the gate width Z because the cross-sectional
aren available for clannel current is proportional to Z.

722 Principles of Operation

To unclerstand the operation of a MESFET, we considler the section under the gate, Fig,
1. The sourcs is grounded, and the gate and drain voltage are measured with respect
tos the souree. Under normal operating conditions, the gate voltage is 2ero or reverse biased
and the drain voltage is 2ero or forward binsed; that is, Vi 0 and Vi, 20. Sinee the chan-
nel is n-type material, the device is referred to a8 an n-channel MESFET. Most appli-
cations use the n-channel MESFET rather than the p-clannel MESFET becanse of higher
carrier mobility in n-channel devices,
The resistance of the channel is given by

R p— S - L :
AT guNpA  quNpZ{a-W)
where N, is the donor concentration, A is the cross-section anea for current flow and cquals
Fla = W), and W is the width of the depletion region of the Schottky barrier.

When no gate m][asan applied and Vy, is small, as shown in Fig. 1la, a small drain

nmmfﬂﬂmsmthc ndﬁeuuguﬂdadﬂmfumibghmlh}rﬁ,m where

R is the channel resistance given in Eq. 24. Therefore, the curment varkes lincarly with
the drain voltage. Of course, for any given drain voltage, the voltage along the channel
increases from zero at the soaree to Vi, at the drain. Thus. the Schottky barrer becomes
increasingly reverse biased as we proceed from the source to the dmin, As Vi, is increased,
W increases, and the average cross-sectional area for current flow is reduced. The chan-
nel resistance R also increases. As o result, the current increases at a shower rate.

As the drmin voltage is further increased, eventually the depletion region touches the
semiinsulating substrate as shown in Fig. 116, This whien W = o ot the drain.
Wi can obtain the corresponding value of the drain voltage, called the saturation coli-
age, Vi, from Eg. 7 wher: Vo= -~V

24)

¥
i ‘LiL R s L (25)
(]

At this drain voltage, the source and the drain are pinched aff or completely separated
by a reverse-biased depletion region, The location P in Fig. 116 & called the pinch-off
point. At this point, a large dmin corrent called the soheration current T, can (low across
the depletion region. This is similar to the situation cansed by injecting carriers into a
reverse-biased depletion region such as the collector-base depletion region of a bipolar
Erunsistor,

Bevond the pinch-off point, as Vi, is increased further, the depletion region near the
drain will expand and point P will move toward the source, as indicated in Fig, 1le.
Hewever, the voltige at point P remains the same, Vi, . Thus, the number of electrons
per unit time arriving from the souree to point P, and hence the corment flowing in the
channel, remain the same becaose the potentiol drop in the chanme] from source to point
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Fig. 11 Variation of the depletion-Layer width and output chasicteristies of s MESFET under
various binsing conditions, (a) Vi = 0 &nd a small ¥, (6) Vi, = 0 and st pinch-odf, () Vi, = Oat
post pinch-off [V, > Vi, ). () ¥ = =1V and a small v,

P does not change. Therefore, for drain voltages larger than Vi, the current remadns
exsentially at the value I, and is independent of Vi,

When a gate voltage is applied to reverse bias the gate contact, the depletion-layer
width W increases. For a small ¥, , the channel again acts as a resistor but its resistance
is highier hecause the cross-sectional area available for current flow is decreased. As indi-
cated in Fig. 11d, the initial current is smaller for Vi, = -1 V than for Vi = 0. When 1,
is increased to a certain value, the depletion region again touches the semiinsulating sub-
strate. The value of this ¥V, is given by

1
Vi =51:-2L- Vi = Ve (26)

For an n-channe]l MESFET, the gite voltage is negative with respect to the source, so
we ueser the shsolute value of Vi in Eq. 26 and in subsequent equations. We see from Er.
26 that the application of a gate voltage V; rechices the drain veltage required for the
onset of pinch-off by an amount equal to V.
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7.23 Current-Voltage Characteristics

We now consider a MESFET before the onset of pinch-off, as shown in Fig. 120. The
drain voltage variation along the channel is shown in Fig, 125, The voltage drop acros
an elemental section dy of the channel is given by

B =LAl i NpZla - Wig)| )

where we have nsed Eq. 24 for R and we have replaced L by dy. The depletion-Eyer
width at distance y from the source is given by

|26, [Vig)+ Vg + Vy ]

wt’d"qlﬂsh :4:-‘: +V 1. (28)

The drain curment [, is a constant, independent of y. We can rewrite Eq. 27 as
Inelyy = gyt .I'kh.q# - W{y]ifﬂ" {29}

The differentiation of the drin voltage 4V is obtained from Eq. 28:
v =y (30)

£

Substituting dV into Fq. 20 and integrating from i = 0 to y = L yields
L
L4

In

qp.NpZ{u- W] ﬂgﬁ'- Widw
L]

Viy)

0 gy ey L
{Source) {Diraim)

ihj
Fig. 12 (@) Expanded view of the channel region. (1) Dirain voltage variation along the channel.
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The voltage V, ts called the pinch-ofl voltage, that is, the total veltage (Vi + Vies Vi)t
which W, = a.

In Fig. 13 we show the I-V characteristics of a MESFET having a pinch-off voltage
of 3.2 V. The curves shown are calculated for 0 5V, 5 Vi, using Eq. 31, Beyond Vi,
the current is taken to be constant in accordance with our previous discussion. Note that
there are threo different regions in the current-voltage characteristics. When Vi, is small,

e bl
r Hrreakikrwn region
e ol [T = 1T
i i 1]
[
V.m={)
L0 i L]
=
L]
& 08
; con
= om
B
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4
=15
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4 & - L1 1z 14
¥y (V)

Fig. 13  Normalinel ideal current-voltage characterisiics of s MESFET with ¥V, = 32V,
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the cross-section area of the channel is essentially independent of V), and the I-V char-
acteristics are ohmde or linear. We refer to this region of operation as the linear region.
For Vi, & Vi, the current saturates at I, We refer to this region of operation as the
saturation region, As the drain voltage is further increased, avalanche breakdown of the
gute-to-channel diode occurs, and the drain current suddenly increases. This is the break-
dowm region.

In the linear region where V<<V, Eq. 31 can be expendled to give

1owde - (¥e V) ly (32)
2V, Vy

An important parameter of 8 MESFET is the transconductance g, which represents the

change of drain current at a given drain voltage on o change in gate voltage. From Eq,
32, we obtain
al T T
-l b Y
t= wclvu 2vi Jvﬂw,_ " Wi

In the saturation region, the drain current can be calculated from Eq. 31 by evalu-
ating the current at the pinch-off point, that is, by setting Ve = Ve Ve Vo

a2
5 1 'V + ¥, E Ve + V)
e "13[ i ! o

The corresponding saturation voltage is given by
.l!'rh = .I’*-— 'hl' — ‘l'ru. I:EE’
The transconductance in the saturation region can be obtained from Eq. 34:

Jpfy [VoeVy ) Zwsgleef) VotV )} o g
e e
Tn the breakdown region, the breakdown voltage occurs at the drain end of the chan-
nel, where the reverse voltage is the higlest:
Vy (breakdown voltage) = Vi, + [ V. {37}

For example, in Fig. 13 the breakdown voltage is 12V for V; = 0. At |V | = 1, the break-
down voltage is still 12V and the drain voltage at breakdown is (Vi — | Vi [Jor 11V,

Conssder an n-chanmel Gads MESFET at T = 300 K with a gold contact. Assuame the barrier height
5 0,58 V. The n-channed doping is 2 % 10 em™ and the channe] thickness s 06 pm. Caleulate the
pinch-off voltege and the built-in potential. The diclectric constant of GaAs is 12.4.

SOLUTION  The pinch-off voltage is

u -1 15
oo dle n (Bx10 K210 ) L se10 - 0m3Y,
2r, 8w 124 = (RS m 107H)
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The difference between the conduction band and the Fermi leved 15 given by

17
v,=:L E"—J-mﬂﬁ ATRA_lentiv
§ \Np 2x10"

The busdle-in potential i
Vi sy, =V, n080=014m0TEV, -

" dﬁn I’u.r:l: mﬂlmwuh:;l“m]{ a normally on (or depletion mode) deviee; that is,
wr dendion has o concduetive nel at Vi, = 0, For hi aPce&I.mm-Pmm Heations,
lhe: normally off device Is prefermed. Thl.-. desvice :lrﬂgti have o uunju.—.hv:epfhmncl at

Vo= ilk that is, the built-in potential Vi, of the gate contact is sufficient to deplete the
channel region. This is possible, for example, in a gallinm arsenide MESFET with a very
thin epitaxial layer on a semiinsulating substrate, For a normally off MESFET, a posi-
tive bias st btq;ivlmd to the before channel current begins to fow, The required

voltnge, culled th Vi, is given by
or
Vi =Vr +V5, (38h)

where Vs the pinch-off voltage defined in Eq. 31b. Near the threshold voltage, the drain
current in the saturation region can be obtained by substituting Vi, of Eq. 38h in Eq. 34
and by using the Taylor series expansion assuming (Vg = ViV, < < 1. We obtain

5 )]

ar Finet ™ %E'-{?{; -Vt (39)

I deriving Eq, 30 we used a negative sign for V; to sccount for its polarity.

Thie basic current-voltage characteristics uannﬂymmﬂmmﬂh- aff deviees are
similar. Figure 14 compares these two modes of operation. The main difference is the
shift of threshold veltage along the Vi axis. The normally off device (Fig. 145) has no
current conductbon st Vi = 0, and the current varies as in Fg. 38 when Vi, » V. Since
thir built-in potential of the gate is less than about 1V, the forward bias on the gate is
limitesd to absont 0.5 V to avoid excessive gate curment,

The tramseonductance for a normally off device can be obtained from Eq. 38:

ell Zy €,
L '::LE (Vg = V). (40)
1.24 High-Frequency Performance

For high-frequency applications of MESFETS, an important figure of merit is the cut-
off frexquensy fr, which is the frequency at which the MESFET can no bonger amplify
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Fig- 1  Coenparison of -V charcteristics. ia) Normally cen MESFET. (k) Normally off

MESFET.

the input signal. The small-signal input curment is the product of the gate sdmittance and
thse srmal-signal gate voltge, sssming that the device has negligibly small series resistance:

I, = 2rfCq¥,. {41}

where C, is the gate capacitince equal to ZL(£, /W) and W is the average depletion-layer
width m':ir:rthnpgntr electrode. 'E.%r sinill-signal output current i obtainable from the

definition of the trunsconductance:
iy Loy
.
-gIl WL; - 'E|‘ [m
or ::-H = fm 'E:' {42a)

Equating Eqgs. 41 and 424, we obtain the cotoff frequency

B
i Eu :P ! lIII"F_ — thﬁlﬂ“ 3 [-‘Iﬂ:l
Ir=%ac, 2nztfe, /W) oar L}
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where we have wsed Eq. 36 for g, From Eq. 43 we see that to improve high-frequency
performance, we should use a MESFET having high carrier mobility and short channel
length. This is the reason that n-channel MESFET, which has higher electron mokbility,
is preferred.

These derivations are based on the assumption that the carrier mobility in the chan-
nel is a constant independent of the applied fiekd. However, for very-high-frequency oper-
ations, the longitudinal feld, Le., the electrie field dirccted from the source to the drain,
is sufficiently high that the carriers travel at their saturation vebocity,

Under these conditions, the saturation channel current ks given by

! e = ( ureas for carrier transport | % gao, ,
=Zla-Wighgn,. {44
The ransconductinee is then
al Hpy oW 1
— E— —h- - —_—
= AW Vg |00 Zi-1] [-qﬁﬂw e'.!;,] o
or
Em =20k, /W, {43a]

In Eq. 45, we oblain dW/dV; from Egq, 25
“rom Exq, 45, we can obtaln the cutolf frequency under ssturation-velocity condition:

.rt En Zog W _.5 (48]

T 2, 2xZLie,/W) Ial’

Therefore, to increase [, we must reduce the gate length L and o employ a semicon-
ductor with a high velocity. Figure 15 shews the electron drift velocity versus electric field

[ 10
% 1w
L=
=
_E e
b

4K s sanail L aaasuil i i i pyaial i 8 4 iapii

[ 4] 10 10 i

Electrio field { Yem )

Fig. 15 The orife wh:llr'-'l.-mls the ebectric ficld for electrons in varoos  semiconductor mate-
riale®
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far five semiconductors® Note that GaAs has an overage velocity! of 1.2 x 107 ems and
a peak velocity of 2 x 107 em/s, which are 20%-100% higher than the saturation veloc-
ity of silicon. Also note that Gay,-In, g As and InP have higher average and peak veloc-
ities than GaAs, Consequently, the cutoff froquencies of these semiconductors will be
higher than that from Gads.

1.3 MODFET
131 MODFET Fundamentals

The modulation-doped feld-effect transistor (MODFET) is a heterostructure field-effect
deviee. Other names commaonly spplied to the devies inclsde high electron mobility tran-
sistor {HEMT), two-dimensional electron gas fleld-effect transistor (TEGFET), and selec-
tively doped heterostructure transistor (SDHT). Frequeatly, it is refersed to by a general
name of heterojunction field-cffect trunsistor (HFET)

Figure 16 shows a perspective view of a conventional MODFET. The special fiea-
tures of & MODFET are its heterojunction structure under the gate, and the modula-
tion doped layers. For the deviee in Fig. 18, AlGaAs is the wide bandgap semiconductor,
whiereas Gads is the nurrow bandgap semiconductor. The two semicondusctars are mod-
ulation doped, e, the AlGaAs is doped, except for a narrow region d,, which is undoped,
whereas the GaAs is undoped. Electrons in the AlGaAs will diffuse to the undoped GaAs,
where a conduction channel can be formed a1 the surface of the GaAs,

Figure 17 shows the band diagram of a MODFET in thermal equilibrivm conds-
tion. Similar to a standard Schottky barrier, gy, is the barrier height of the metal on the

= 4 Gk

;@
/

Fig- 16 Perspective view of o cosventional mohulation-doped fiehl-effect trasisior (MOD-
FET} stnscture.

=1
e worrage wkcly i definel as ;.[ILI:E?;:I:I . M wlx) i a oometint gy thim T = oy,
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Fig. 17 Enengy hand diagrams for a normally-off MODFET at (g} thermal equilibrium, and ()
the: omxet of threshobd. o, and d; ane the doped and undoped regions, respectively®

wide-bandgap semiconductor.” AE. is the conduction band discontinuity for the hetero-
junction structure, and V', is the pinch-ofl voltage given by

Vi 2L [0 o =ﬂﬁ£1, (47)

where d, is the thickness of the doped region in AlGaAs s £, is the dielectric :

A key parameter for the operation of a MODFET ks the threshold voltage V, , which
is the gate bias st which the nel starts to form between the source and drain. With
refenenee to Fig. 170, Vi cormesponds to the situstion when the bottom of the conduc-
thon band at the GaAs surfuce coincides with the Fermd level:

Vi -“—fﬂ--v,. (48]
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Thie threshold voltage V; can be adjusted by using different valoes for @, amed Vi, Himwever,
AE,. is fived for a given set of semiconductors. Figure 17h has a positive Vi, and the MOD-
FET is an enhancement-mode device (normally off), as opposed to a depletion-mode
device with a negative Vy (normally on).

When the gate voltage is larger than V. a charge sheet n ly) ks capacitively induced
by the gate at the heterojunction interfirce. The charge sheet is similar to the change (3,49
in the inversion laver of a MOSFET (see Section B.1):

&[ve - vy -v{y)]
- '

m(v)= (49

e
dy +dg+ad

d, and d, are the doped and ondoped AlGaAs thickness (Fig, 16), and Ad is the channel
thickness or the thickness of the imversion layer, estimated to be about 8 nm. V(y) is the
chanme] potential with respect to the source. It varies along the channel from 0 to the
cirain bias ¥y, similar to that shown in Fig. 13b. The charge sheet is alse calbed a fuoo-
dimenstonal electron gas. This i because that the electrons in the inversion layer wre con-
fined in the z-direction by AE on the left side and by the potential distribution of the
conduction band on the right side (Fig. 17h). However, these electrons ean make two-
dimensional movements: in the g-direction from the source to the drain and in the
=-direction parallel to the channel width (Fig. 16).

Exquation 49 shows that a negative gate bias will reduce the two-dimensional elec-
tron gas. If, on the other hand, a positive Vi; is applied, n, will increase.

C {49}

» EXAMIPLE 5

Consider an AlGaAs/Caks heterojunction with n-AlGaAs doped to 2 % 10°* cor® and a thickness
of 40 nm, Assume the undoped spacer layer s 3 nm and the Schottky barrier height is 0.85 V and

A 009V The dislectric constant of the AlGads is 123, Caloulate the two-dimensional
i

electron gas concentration far such heterojunction at Vy; = 0.

SOLUTION

i i =18 LA =Tyi
v,-g‘;.ﬁ,._nl-ﬁxlu x 2 10% e (W02 107 . ey
e, 8 |23 xEESx 107

The threshold voltage is

Vi =gy - Eﬂf——i" =i =05 -2 =LT]V.
Theralcre, the deviee i o normally on MODFET.
The two-dimessional electron gas ot the source for Vg = Ok

= 123x885x 107
1.5 107 % (40 + 3+ 8) = 1077

% [u-n:-j.m]] = 229 10" em™. “
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7.32 Curreni-Voltage Characteristics

The current-voltage charcteristics of a MODFET can be obtained by using the grad-
ual channel approximation similar to that of a MOSFET. The current at any point abong
the channel is given by

= ?'#FI"J"‘.,
= 21,C[Ve: - Ve - Vig) "’j:r 3 (50)

Since the current is constant along the channel, integrating Eq. 50 from source to drain
ly = Otoy = L) gives

A ]
1w G, I{vc ¥y | ¥ - Eg’-‘ {51)

The oatput characteristics for an enhancement-mode MODFET are similar to that
shown in Fig. 14b. In the linear region where V<< (Vi - Vi), Eq. 51 can be redoced

1]

I= %,;_c,{vn -V} V. (52)

For a large drain voltage, the charge sheet niy) at the drain is recced to zero, This is
the pinch-off condition previously discussed and shown in Fig, 115, From Eq. 49, we
obtain the saturation voltage Vi, at which n,(y = L} = 0,

‘-'ID" - "IE - 1"".'. ‘.m.,
and the satiraion current is obtainable from Eqgs. 51 and 53,

Note that this equation is very similar to Eq. 30, A similar expression can be obtained
for the transtonductance given in Eq. 40,

For high-speed operations, the kngitudinal field {i.e., the fleld along the channel)
is sufficiently high to canse carier veloeity saturation. The current in the velocity-saturation
regicn is

"ﬂ e zﬂl‘]":
m Z0,C; (Vg = V). (55)

The transconductance becomes

o %L-m - Z0.C;. (56)

H
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Note that [, is independent of gate length and g is independent of both gate length
and gate voltage in the velocity-saturation regime

733 Cotoff Frequency
“The speed of s MODFET is measured by the cutolf frequency

fr= A — .
" 2a{total capacitance] 2% (ZLC, +C,)

L
= AT (57)

where C_ is the parasitic capacitanee, 'To improve fr, we should consider a semiconduc-
tor \l':il]lﬁ\rgt b,. & gate structure with an ultrashort gate length, and a device configura-
tion with minimum parasitic capacitanos.

A comparison of the cutoff frequencics of various FETs is shown in Fig, 15. The cut-
off frequency J; is plotted against the channel or gate length *" Note that for a given
length, a silicon n-type MOSFET has the lowest fr; this is because of the relatively low

L or L (mm)

1AMk T T T

J2urir

1-is

=

T La)

Jiia

Cutslf freqquency: [ (GHzx)

L or L (um}

Fig. 18 Cutoll frequency versus channel or gate lesygth for fve different Beld-effect
iransisios "
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mobility and a low average velocity of electron in silicon. GaAs MESFET has an f; about
three times higher than does silicon MOSFET.

Alza glown are three MODFETs. The conventiomal Gads MODFET (i.e., AlGaAs-
Gas structure) has an fp about 3% higher than that of the Gass MESFET. For the
pseudomerphic SICe MODFET (ie., Si-8iCe structure where the SiGe lattice s slightly
shrinked to match the silicon Iattice), the best devices have an f; comparable to the GaAs
MODFET. 5iGe MODFETs are attractive bocause they can be processed in a silicon
fabrication facility. For even higher cutofl frequencies, we have the Al In, As-
Gty 7l 5As MODFET formed on a InP substrate. The superior performance is mainly
due to the high electron mn-l‘:ﬂitr'.r in Ga, a1, A8 and its high average and piak veloci-
ties. It s anticipated that at a gate length of 50 om fr can be as high as 600 GHz.

SUMMARY

Whan i metal makes intimate contact with a semiconductor, it forms a mefol-semicondieror
contaet, There are two types of contacts. The first type is the rectifying contact, also called
the Schottky barrier contaect, which bas o relatively large barrier helght and s formed on
a semiconductor with a relatively low-doping concentration. The potential and field dis-
tribuition in a Schottky barrier ane identical to those of a one-sided abrspt pen junetion.
However, the curment transport in & Schottky barrier is by thermionic emdssion and, thers-
fore, has an inherent fast response.

The secand type is the shmic contact, which i formed on a degenente semicon-
ductor in which carrier transport is by the tunneling process. An ohmic contact can pass
the required current with & very small valtage drop seross it, All semiconductor devices
and integrated circuits need ohmic contacts to make connections to other deviees in an
electronic s].‘ﬂi:ln.

Metal-semiconductor contacts are building blocks for MESFET and MODFET
devices, By employing a Schottky barrier as the gate electrode and two ohmic contacts
as the: source and dmin electrodes, we form a MESFET. This three-terminal device is
important for high-frequency application, especially for monolithic microwave integrated
circuits (MMIC). Most MESFETs ure made with n-type 111-V compound semicondue-
tors because of their high electron mobilities and high average drift velocities. OF par-
ticular importance is GaAs, becanse of its relatively mature technology and the availability
of high-quality GaAs wafers.

The MODFET is a device with enhanced high-frequency performance, This device
structure is similar to that of s MESFET except there is a heterojunction under the gate.
A twordimensional electron gas, Le., o conductive channel, is formed at the heterojunc-
tiom interface, and electrons with high mobility and high sversge drift velocity cun be
transpuarted froan the souree through the channel to the drain,

The outpadt characteristics of all field-efect transistors (FETs) are similar, They all
have a linear region at low-drain biases. As the bias increases, the outpat cument even-
tually saturates, and at a safficiently high voltage, svalanche breakdeswn oceurs at the drain,
Depencling on whether it requires a positive- or negative-threshold voltage, FET can be
either normally off (enhancement made} or normally on (depletion mode),

The cutoff frequency fpis a figure of merit for the high-lrequency performance of
an FET. For u given length, the silicon MOSFET [n-type) has the lowest fr, and the GaAs
MESFET has an fabout three imes higher than that of silicon, The eonventional GaAs
MODFET and the pseudomaorphic SiGe MODFET have an f; aboat 30% higher than
that of the GaAs MESFET. Far even higher cutofT frequencies, we have the Calnas MOD-
FET, which has a pl’ﬂj-l‘:‘l‘:l!ﬂl Jrof 600 CHz ot o gate lenpth of 50 mm,
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PROBLEMS (* DENOTES DIFFICULT PROBLEMS)
FOR SECTION 7.1 METAL-SEMICONDUCTOR CONTACTS

1.

"4,

Calcidate the theoretical barrier lieight aned built-in potential in o metal-semiconductor
dhiode for nero applied biss, Assume the metal work function is 4.55 eV, il aelecteom sl
ity is 4.0 eV, and Ny, = 23 10 oo at 300 K.

|} Find the donior concentration aml barrer beight of the WoGaAs Schottky barrier diede
shown in Fig. 6. (b} Compare the barricr height with that olitained from the saturstion
current density of 5 1077 Adem? shown in Fig. 8. (e} For a reverso bhias of -1 V, calculate
the depletion-layer width W, the maximum field, and the capacitance.

Copper is deposited on a carefully prepared n-type silicon substrate bir (e ai fdeal
Schottky diode. ¢ = 485 ¢V, the electron affinity is 4.01 &%, Nj= 3% 10" fem®, and T =
300 K. Caleulate the barrier height, the built-in potentisl, the depletion-keyer width, and
the e ficd a8 & wero bia,

The capacitance of & Au-n-ype Gads Schottky barrier diode is given by the relation 1
= LAT x 107 - 2,12 x 10° V_, where € is expressed in pgF and V, is in volts. Tuking the
diode orea to be 107 em?, calculate the bailt-in potential. the barrier height, the dopant
concentration, and the work function.

. Caleulate the value of Vi, and ¢ in an ideal metal-Si Schottky barder contact. Assume the

barrier height is 0.8 eV, Ny, = L5 10™em™, and g3 = 401 ¥,

In a metal-5i Schotthy barrier contact, the barrfer height i 0.75 eV and A" = 110 Aden® -
K2 Cabeulate the ratio of the injected hole carrent to the electron camment at 300 K,
ssuming [, =12 cm®s?, L = 1% 10~ em, and Ny = L5 % 10% ™,

FOR SECTION 7.2 MESFET

7.

Civen gy, = 089 eV and Ny = 10'7 e, find the minkmam vahe of the thickness of the
epitaial layer for a GaAs MESFET to be a depletion mode deviee (Le., Vi < 0L

Assuime the doping in n Gas MESFET is Ny, = 7x 10" em™ and the dimensions are o =
03 pm, L = ].E;lm,ﬂ-!lllm,j.l.--ﬁmi:m’ﬁ'-iﬂm]ﬁh = 058 V. Caleulate the ideal
valne of g, for Vi = 0, and Vi 1V,

The n-channel Gads MESFET shown in Fig. 10 has o barrier hedght @, = 08V, N =

W e, o = 0.2 jgm, L = L jim, and £ = 10 pm, (s} Is this an enhascement or depletion-
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mede divice? (b) Find the threshold voltage (the enhancement mode indicates V= 0
the depletion mode indicites Vi, < 0,

An n-channel GaAs MESFET has a channel doping Ny, = 2 % 109 e, gy, = 08V,
a=05pm, L =1 pm, jg,= 4500 cm®Ves, and Z = 50 pm. Find the pinch-off potential,
threshobd voltage, and the saturation current at Vi, = 0,

The barries height 8y, of twe GaAs n-channel MESFETs are the same and equal to
055 V. The channel doping in devios 1 Is N, = 4.7 % 10%em, and that in deviee 2 is
Np = 4.7 % 107 e, Determine the channel thickness required in euch device sisch that
the theeshaold voltage s oo for each device.

FOR SECTION 7.3 MODFET

12.

"L

14.

15.

hi.

For an abrupt AlGaAsGaAs heterojunction with the n-AIGaAs lver doped 1o 3 2 10
e, the Schottky barsier ks 0,55 V and the heterojunction conduction-hend edge discon-
tinuity AF is 0.23 eV, Calculute the thickness of the doped AlGaAs lyer | so that the
threshold voltage is ~005 V. Assume the permittivity of the AlGaAs is 123

Find the thickness ol the undoped spacer laver o, such that the teo-dimensional olee-
tron gus concentration of an AlGaAsGats heterojunction is 125 % 107 cm? at zero gate
bias. Assume that the n-AlGaAs & doped to 1| % 10"%cm and has a thickness d, of 50 nm,
the Schottky barder height is 0.89 V, and AE /g = 0.23 V. The permittivity of the AlGaAs
i 124

Consider a AMGaA=GaAs HFET with a 50 nm r-AlGaAs and a 10 nm undoped AlGats
spacer. Assume the thresheld voltage is 1.3 ¥, N is 5 x 107om, AE, = 0.25 oV, the
channel width & & nm, and the permittivity of ANGaAs i 12,3, Caleulate the Schottky bar-
rier height and the two-dimensional electron gas concentration at V= 0,

The ANGaAsGaAs has a two-dimensional electron ges concontration of 1 5 10%em-=, the

spacer is 5 nm, the channel width is § nm, the pinch-off wltage is 1.5 V, AEfy = 0.23 V]

and the doping concentration of AlCaAs is 10/ e, The Schottky barrier beight i 0.8 V.
Finel the thickness of the doped AlGaAs and the threshold voltage.

Consider an n-AlGats—intrinsic GaAs abrupt heterojunction. Assume that the AlIGaAs is
dopesd to Ny, = 3 % 10" and has 2 théckness af 35 nm (there is no spacer). Lot gy, =
058V, andl sssume that AE; = 0.24 &V and the dislectnic cosstant is 123, Caloukate (a) V,
and (b} n, for V= 0.
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SUMMARY

Many semiconductor devices discussed in the previous chapters can be operated in the
microwave region (0.1 ~ 3000 GHz), However, two-terminal devices generte the high-
est power levels per desice area in system applications, especinlly at higher frequencies.
Additionally, pulsed operation of these devices overcomes thermal limits and increases
peak of {radio frequency) power levels by more than an order of magnitude.' In this chap-
ter, we introduce some basic microwave technology and consider some special two-ter-
minal microwave devices including the tunnel diode, the IMPATT diode, the
trunsferred-clectron device, and the resonant tunneling diode.

In the past two decades, we have witnessed considerable research and effort in the
development of device strsctures that could exploit quantum-effect and hot-electron phe-
nomena to enhance circuit performances, Speed is often cited as a primary benchit thal
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 ot velocities consbderably in excess of their
equilibrium thermal velocity, However, a more significant advantage of QEDs and HEDs
is their higher functionality. These devices can perform relatively comples eireuit func-
tions with a greatly reduced device count, replacing large numbers of transistors or pas-
sive circuit compenents.! The basic device stractures and operating principles of QEDs
and HEDs are diseussed in this chapter.

Specifically, we cover the following topics:

o Advantges of millimeter-wave deviees over those operated at lower frequen-

CHS.

* The quantum tunneling phenomenon and its related devices—tunnel diode,
resonant tunneling diode (RTD), and unipolar resonant tunneling transistor.
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= The IMPATT diode—the most powerful semiconductor source of millimeter-
Wive power.

*  The transferred-clectron device and its transit-time domaln mode.
*  The real-space~transfer transistor and its advantages as a functional device.

8.1 BASIC MICROWAVE TECHNOLOGY

The microwave frequencies cover the rnge from about 0.1 GHz {(10* He) to 3000 GHz
with corresponding wavelengths from 300 em to 0.01 em, For frequencies from 30 to
300 CHz, we hive the millimeter-wave band becanse the wavelength is between 10 and
1 mm. For even higher frequencies, we luve the submillimeter-wave band. The microwsne
frequency range is usually grouped into different bands. * The bands and the corresponding
Frequency ranges as designated by the Institute of Electrical and Electronics E
(IEEE) ase listed in Table 1. It i recommencled that both the band and the cormesponding
frequency range be used when referring to microwave devices,

The development of microwsve technology was driven by the demands of short-wave-
length radio (and later radar) systems. The history of microwaves started with the first
experiments of Heinrich Hertz around 1887, Hertz used a spark transmitter that pro-
duced signals in a very hroad frequency band, and he selected from these a frequency
around 420 MHz with an antenm that measured half a wavelength for his experiments.
The rapid development of wireless communication products has led to an explosion in
microwave technology, Since the introduction of cellubar telephone serviee in the 1950s,
there has been mpid growth of those systems as well as mobile paging devices and o vari-
ety of wireless “data communication” services, under the broad heading of personal com-
munication services (PCS). In addition to these termestrial eommunication systems, the
Hemlfﬂrﬂﬁﬁhndﬂdm,hhﬂmmmddnmmwmﬂmﬂm svstems has also grown
rapldly. These systems use the microwave frequencies from several hundred MHz to well
over 6 GHz—the millimeter-wave region,

Millisneter-wine technology offers many advantages for communications and radar
systems, such as radio astronomy, clear-air turbulence detection, nuclear spectroscopy,
air-traffic—control beacons, and weather rcar, The achantages of millimeter waves over
bower microwave and infrared systems include light-weight, small-size, broad bandwidths
(several GHz), operation in adverse weather conditions, and narrow beasmwidths with

TABLE 1 [EEE Microwave Frequency Bands

Designation Frequency mnge (GHz) Witvelength {om)
VHF Li-0.3 oL - | G Ok
UHF hL3-1.0 N0 N300
I band LO=210 0 00— 15,00

5 hamd 2040 15,0007 50

& band 4.0-8.0 7.50-3.75

X band B-130 +-23

Ku haml 13.0-18.0 231=1,67

K band 18,028 0 1L6T=1.07

Ka banmld 250400 LOT-0.75
Millieneter 003000 1,060, 10

Submillimeter

LU L

. H0=C14R1
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high resolution. The principal frequencies of interest in the millimeterwave band ans
contered arcund 35, 80, 94, 140, and 220 CHz.* The reason for choosing these specific
frequencies ks mainly the atmospheric absorption of horizontally propagated millimeter
waves, as shown in Fig, 1. The atmospheric “windows™ whene absorption is at a local min-
imum are found at about 35, 84, 140, and 220 GHz The ahsorption peak due to Oy at
60 GHe can be used for secure communication systems.

Ordinary electronic components behave differently at microwsne Frequencies thag
they do at lower frequencies. The distributed effects must be taken into scoount af
microwave frequencies because at these frequencies the wavelength approsimates the
phiysical size of the compenents. At mécrowave frequencies, a thin film resistos, for exam.
ple, looks like a complex BLC network with distributed L and € values and a different
K 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 trimsmission-Tie Transmission
lines are often used for microwave cireuit interconnections as well. Transmission lines
are actually complex networks containing the equivalent of all of the three basic electri-
cal components: resistor, eapacitor, and inductor. Planar transmission lines are the main-
stay of modern microwave circoit technology. Such lines eonsist of one or more flat
conductors on a thin dielectric substrate with a ground surface.

Figure 2 shows several basic types of planar transmission lines: microstrip, coplanar
waveguide (CPW) stripline, and suspended-substrate stripline (SSSL)." Microstrip is the
miost common type of transmission line, The coplanar waveguide is somewhat lossies, that
is, the loss in signal propagation is larger, but it minimizes the parsitic inductance of
ground connections. The characteristic impedance % of a transmission line is given by

——
K+ foi.
[ ]
o \|.::+ ot ohms, {1
where K is resistance per unit length in ohis, G is conductance per unit length in siemens,
L is inductance per wnit length in henrys, C is capacitance per unit length in farads, and

f1E1] T T T T T T T

1

il

Attensstion [dRdkm)

i1
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i 2 30 40 50 T0 100 b T

Frequency (GHz)

Fig.1 Averige atmosphers sbsarption of millimeter wines.! The upger urve i@ ol the sea
livvel: the lower curve is at 4 ki above the sea level.
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] ik} e}

Fig. 2 Basic types of planar transmission lines: (@) microstrip, (b) coplanar waveguide stripline,
and (e} suspended-substmte stripline.

aris angular [requency in radians per second. In microwave circuits, the resistances ane
typically very bow compared with the reactances, so Eq. 1 ean be simplified to

=
P #
o &

The chamcteristic impedance: for & specific type transmission line is a function of the con-
ductor geometry (size, spacing) and the dielectric constant of the isulating material used
between the conductors.

EXAMPLE 1

Fing the charseteristic impedance of o nearly lossbess transmdssion line (R i very small) that heas
a unit-Jength inductance of 10 aH and a unit-length capacitance of 4 pF,

SOLUTION

L. i]ﬂxll.r" [
e E | e— 'DJ -
T ‘|||: Yaxio® VISX10T =500 4

At lower microwmas frequencies, resonant circwits can be made asinge indwetive and
capacitive elements. For millimeter-wave and higher frequency, however, the values of
LC components at resonance are too small for practical implementation. Other meth-
ods for providing resonant circuits must be used. One popalar solution is the resonant
cavity, also called the tuned cavity.

The resonant cavity® is a metal-walled chamber made of low-resistivity material enclos-
ing a good dielectric {for cxample, vacuam, dry air, or dry nitrogen), 1t is analogoes to a
section of wavegnide with both ends shorted and has a means for injecting energy into
ar extricting encrgy from the coivity, As shesn in Fig, 3, the cavity supports both TE (trans-
verse electrie) and TM (transverse magnetic) modes of propagation. The electromagmetic
wavee is confined by the wall of the eavity. Energy stored in the electric Beld represents
the capacitance, whereas energy tored in the magnetic field represents the inductance.
Thus, both elements of the L tuned resonant tank circuit ane present in the cavity, The
resonant modis accer in @ cavity a those frequencies for which the length d along the Z
axis is o half-wavelength (see Fig. 34). The alphanumeric system for designating modes
I a cavity is Tx,,, . where x is E for electrie dominant modes and M for magnetic dom-
imant modes, m s the number of half-vavelengths in the o dimension, o is the number
of hall-wavelengths in the b dimenston, and p is the number of half-wavelengths in the
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Fg.3 Resomant cavity: () resonator shape, (b) magnetic Beld pattern, and (] electric field
patteri.®

o dimension. The general mode dependent equation for the resonant frequency of the

ity is
1 m} () Et
egtle) ) 3] o
where g and £ are the permeability and the permittivity of the material kn the cavity. For

vacuum, g = proand £ = g, and Ve = o, where ¢ is the speed of light in vacuum, We
can rewrite Eg, 3 as

—

o2 )

For  cavity of the dimensions & = 5 em (0,05 m), b = 25 cm (0,025 m), and d = 10 cm (0.1 m,
find the: resonant frequency in the domdnant TE,, mode.

S ORORG)

SOLUTION
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8.2 TUNNEL DIODE

The tunnel diodse is associated with the quantum tunneling phenomena.® The tunneling
time across the deviee i very short, permitting its use well into the millimete r-wane negion.
Because of its matare technology, the tunnel diode is used in special kow-power microwave
applications, such as local oscillators and frequency-locking clrouits.

A tunnel diode consists of a simple p-n junction in which both the p- and n-sides
are degenernte (ie., very heavily doped with impurities). Figure 4 shows a typical static
current-voliage characteristic of a tunmnel diode under four different bias conditions, The
I-V characteristic is the result of two current components: tanneling current and ther-
mil current.

When there is no voltage applicd to the diode, it i in thermal equilibrium (V = 0),
Because of the high dopings, the depletion region is very narrow and the tanneling dis-
tance d is quite small (5-10 nm). The dopings also cause the Fermi levels to be located
within the allowed bands. The amount of degeneracy, V) and gV, shovm at the far left
of Fig. 4, is typleally 50-200 me.

When a forward bins is applied, there exists a band of enengy states that is occupled
om the n side and a corresponding band of energy states that is swvailable and unoccupled
on the p side. The electrons can tunnel from the n-side to the p-side. When the applied

Vel Ve, VoeWel, Vv,
Poom pn

ﬁ..-".,vngp" —
e e e

Fig.4 Static current-voltage characteristics of a typical tunnel diode. T, and ¥, are the peak
current and peak voltage, respectively. 1 and Vi, ane the valley current and valley voliage,
respectively. The upper figures show the hand diagrams of the devics at different bias voltages.
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bins equals approximately (V, + V13, the tunneling current reaches its peak value Iy and
the mm:rpnng:;-ﬂhge ts called the peak voltage V.. When the forwarnd voltage is fir-
ther increased, there are fewer available unoceupied states on the peside (Ve < V < ¥V,
where Vi s the valley voltage) and the current decrensed. Eventually, the band is
“unerossed,” and at this point the tunneling current can no longer flow. With still fur-
ther increase of the voltage, the normal thermal corment will flow (For ¥ = V),

From this discussion we expect that in the forward direction the tunneling current
increases from pero to a peak current I, as the voltage increases. With a further increass
in voltage, the current then decreases to zoro when V = 1, + ¥, where Vis the applied
forward voltage. The decreasing portion after the peak mlrrr,rqt in Fig. 4 is the negative
differential resistance region. The values of the peak current I, and the valley current I,
determine the magnitude of the negative resistance. For this reason their ratio I,.fl'.,h
usod as a figure of merit for tunnel diode.

An empirical form for the -V characteristics is given by

r=:,[r‘;]=xp[1-%]+: e %} (5)

wheere the first term is the tunnel current and 1, and V, are the peak current and peak
voltage, respectively, as shown in Fig. 4. The second term is the normal thermal current.
The negative differential resistance can be obtained From the ficst berm in Eq, 5;

e G

Figure 5 shotws a comparison of the typical current-voltage characteristics of Ge, GaSh,
anvl GaAs tunnel dindes at room temperature. The cumrent ratios of I,/T, are 8:1 for Ge
amd 12:1 for GaSh and Cads. Becase of its smaller effective mass (0.042 m,) and small
bandgap (0,72 &V), the GaSh tunnel diode has the largest negative reststance of the three
devices.

0 02 (¥ 06 5 Lo
Forwand viltages (4]

Fig. 5 Typical carrent-voltage charactersstics of Cie, GaSh, and GaAs tonnel diodes ot room
bemperabine,
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B.3 IMPATT DIODE

The nume IMPATT stands for impact ionization svalanche transit-time. IMPATT diodes
employ impact onization and transit-time properties of sembconductor devices to pro-
duce a negative resistance at microwave frequencies. The IMPATT diode is one of the
mast powerful solid-state sources of microwave power. Al present, the IMPATT dicde
can generate the highest ow (continuous wave) power output of all solid-state devices at
millimeter-wive frequencies—above 30 GHz It is extensively used in radar systems and
alarm systems. There is one noteworthy difficalty in IMPATT applications: the noise is
high becawse of rndom fuetutions of the walanche multiplication processes.

831 Static Characteristics

The IMPATT diode family inchades many different p—n junction and metal-semiconductor
devices. The firt IMPATT oscillation was obtained from a simple silicon p-n junction
diode bigsed into reverse svalanclse breakdown and mounted in a microwave cavity.” Figure
fir shows the doping profile and electric-field distribution at avalanche breakdown of a
one-sided abnapt p-n junction. Because of the strong dependence of the ionkzation rate
on the electric field, most of the walanche multiplication processes occurs in a namow
region near the highest fiekd between 0 and x, (shaded anca). x, is the width of the salnche
region, the distance over which 83% of the contribution to the joniztion integrand is
obtained.

e WS

ila) ik} (e)

Fig.B Doping profiles and electric-feld distribotions at walanche breakdown of three single-
drift IMPATT diodes; (i) one-sided abrapt pea junction: () hi-bo structure: and el lo-hé-ls
sircture.
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Figure 6 shows the hi-lo strocture, in which a high doping N, region is followed by
i kower doping N region. With proper choices of the doping N, and its thickness b, the
avalanche region cun be confined within the N, region. Figure e is the lo-hi-lo strue.
ture in which a “clump” of donor stoms is located at x = b. Since a nearly uniform high.
field region exists from x = 0 o 1 = b, the svalanche region 1, s equal to b, and the
mucdmmum field can be much bower than that for a hi-lo structure.

The breakdown valtage Vy (inchuding the built-in potential Vi, ) i given by the ancs
undemneath the electric-field versus distance plot (Fig. 6], For the one-sided abrupt junc-
tion (Fig. Ga), Vi is simply given by & W /2. For the hi-lo diode and the lo-hi-lo diode,
the breakdown valtages ane given, respectively, by

N b 1 Nb Y,
‘q."n-tht'h:'=[;-| —%{f—-}‘)ug[i_—iﬁ-‘.— W —il]', i}
\'_"ﬂn-hlvh:ln tr"bi-{l"_ -EEi! W -b}. 8}

where Q@ in Eq, 8 is the number of impurities/om® in the clump. The maximum Gebd at
breakdown for a hi-lo diode with o given N is the same as the value of the one-sided
abrupt junction with the same N';, The maxdmum field of o ko-hi-lo strctune can be cal-
culated from the jenizmtion coefficient. These structures are single-drift IMPATT diodes
becanse only one type of charge carrers, electrons, traverses the drift region. 1f, on the
other hand, we form ap*-p-n-n* structure, we have a double-drift IMPATT diods in which
hoth electrons and holes participate in deviee operation over bwvo separate drift regions,
i.e., electrons move to the right side and holes move 1o the left side from the avalanche
region. Similar approaches can be used to obtained breakdown voltages for various doa-
ble-drift diodes.

832 Dynamic Characteristics

We now use the lo-hi-lo structure, shown in Fig, 6e, to discuss the injection delay and
transit-time effect of the IMPATT diode. When a reverse direct curment (de) voltage Vy
ts applied to the diode so that the critical field for malanche £ is just reached (Fig. Ta),
awvalanche multiplication will begin, An alernating current (ac) voltage ks superimposed
onto this de voltage at ¢ = 0. This voltage iz shown in Fig Te. Holes generated in the
avalanche region move to the p*-region, and electrons enter the drift region. As the applied
sz voltage goes positive, more eloctrons are generated in the svalanche region, as shown
b the dotted line in Fig Th. The electron pulse keeps increasing as long as the electri-
cal fleld is above . Therefore, the electron pulse reaches its peak value not at &2 when
the voltage is maximum, but at & (Fig. o). The important consequence is that there is
a 2 phase delay inherent in the malanche process itself, that is, the injected-carder den-
sity {electron pulse) lags the ac voltage by 807,

An additional delay is provided by the drift region. Onee the applicd woltage drops
below V, (x5 o 5 2, the injected electrons will drift toward the n*-contact (Fig. Td)
with a saturation velocity, provided the field across the drift region s sufficiently high.

The situation described above is illustrated by the injected carders in Fig, 7f, By com-
paring Figs. Te and 7f, we note that the peak value of the ac field (or voltege) ocours at
n/2, but the peak of the injected carrer density occurs at & The injected carriers then
traverse the drift region ab satoration velocity, therelny introgecing e transit-time delwy
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Fig. 7 Field distrilustions and genersted
cycle at four intervals of time (a-d); (e) the ac voltage, and (/) the injected and external current.”
The induced external current ks also shown in Fig, 7. Comparing the ac voltage and the
extemal current shows that the diode exhibits a negative reststance charmcteristic,

W af the drift region

()

The infected carriers (electron pulse) will traverse the
during the negative half-cycle if we choose the transit time to be one-half the ascillation
1

[

period, that is,
¥on o YL
By 2 I
0T
L]
. I—
! 2(W=-x,) (10}

where o, is the saturation velocity, which is 107 cm/s for silicon at 300 K.

EXAMPLE 3
Consider a ko-hi-lo sillcon TMPATT diode (p-i-n*-i-n*) hiving b = | pm oand W = 6 pm. I the
fiedd at breakdown is 3.3 x 10° Viem, {0 = 20 x 10" chargesion®, find the & breakdown voliage,

thee fliled im the drift region, and the opersting frequency:
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SOLUTION  From Eq. 8 we can caleulated the breakeown voleage:

-1l 13
Vp = 333107 x 1074 +| a5 0b - 1LBXI0" X 20%10 ]s{sniﬂ"}

11.9x885% 10
LN ETELR
The field in the drift regicn is = =28 x10" V /om
o
The drift field is high enoagh for the injected casrions o maintain their saturation veloty,
Theredare
fa— - = 10" Hz= 10 GHz. <

TEW -1, Sx@-lxi0"

We can also estimate the de-to-ac power conversion efficiency of the IMPATT diode
using Figs. Te and 7f. The de power input is the product of the average de voltage and
the average de carment, that ks, Vg (1,/2). The ac power output can be estimated by assum-
ing that the maximumn ac voltage swing to be L2 V,, that is, V,_= V/2, and the extemal
current i zero between 0< &8 € xand is [, between 22 6 < 25 Therefore, the microwave

power-generating efficlency 1 is

s power output s [1-". sin it |1 dlaot)

e de power input [1_ A
a .]g,;
#
Ih[flmw o i)
E & 1
= === J0%, (11}

Vglgr "

State-of-the-art IMPATT diodes have ew power capabilities up to 3 W at 30 GHz
with over 22% efficiency, up to 1 W at 100 GHz with 10% efficiency, and 50 mW at 250
GCHz with 1% efficiency. * The substantial reduction in power and efficiency at higher

encies is due to difficulties In device Tibrication and dircuit optimization. The reduc-
tiom is also consed by the monoptimal transit-time delays introduced by the finite time
rsquired to transfer energy to the carriers wnd the tunneling process for the very narmow
depletion-layer width.

* B4 TRANSFERRED-ELECTRON DEVICES

The transferrod-electron effect was first observed in 1963, In the first experiment,” a
mibcrowive output was generated whisn o de electric field that excesded o eritical thresh-
old value of several thonsand volts per centimeter wis applied across a short n-type sam-
ple of Cads or InF. The transferred-electron device (TED) is an important microwave
destee. It is used extensively as a local oscillator and power amplifier covering the
micTowave frequency range from 1 to 150 GHz. The power oatput and efficiency of TEDs
wre generally lower than that of IMPATT dicdes. However, TEDs have lower noise, lower
operating voltages, and relatively casier cirenit designs. The TEDs hive matured to become
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important solid-state microwave sources used in detection systems, remote controls, and
microywave el instroments,

8.4.1 Megative Ditferential Resistance

In Chapter 3 we considered the transferned-electron effect, that is, the transfer of con-
duction electrons from a high-mobility enengy valley to low-mobility hgher-energy satel-
lite vlleys. Bused on the analysis in Chapter 3, the corrent density as shown in Fig, 8
takes on asymptotic vahes

J =qmpd for 0 <4, (12

Jsqnuf for & >4, (13)

IF gt o, is Larger than ., there is a reghon of negative differential resistance (NDR)™
between  and o, as shown in Fig. 8. Also shown pre the threshold Geld &

1o the onset of the NDR, the threshold current density [ 1, the valley feld &, and the val-
lqcunmﬂdmﬁ@jpThENﬂHnﬂhﬂhkmmmmi@mﬂfﬁ

For the transferred-electron mechanism to give rise to the NDR, certain require-
ments must be met. (4} The lattice temperature must be low enough that in the absence
of an electric field most of the electrons are in the lower valley (the condoction band
minimum), that k. the energy separation between the two valleys AE » kT, (b) In the
lower valley the electrons must have high mohbility and small effective mass, whereas in
the upper satellite valleys the electrons must have low mobility and lange effective mass.
() The encrgy separation between the two valleys must be smaller than the semicon-
ductor bandgap (Le.. AE < E) so that malanche breakdown does not begin before the
transfer of electrons into the upper valleys.

OF the semiconductors satisfying these requirements, n-type gallium arsenide and
n-type indium phosphide are the most widely studied and wsed. The measured room-
temperature velocity field chamcteristics for these semicondiwctors are shown in Fig, 15
of Chapter 7. The threshold field £ is 3.2 kW/em for gallium arsenide and 10.5 kVem
for indium phosphide. The peak velocity ¥, is about 2.2 x 107 cm’s for gallium arsenide
and 2.5 % 107 cms for indium phosphide. The masimum megative differential mobility
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Fig. 8 The current versus ehectrie-liedd charcteristic of a two-valley semicondisctor. & is the
threshold field msd & s the valley field
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{Le,, defdd) is alsout =2400 emVes for gnﬂhlm arsenbtde wml =200 crmdNVes for i
phosphide.

A semiconductor exhibiting NIDR is inherently unstable becanse a random Aucts.
tion of carrier density at any point in the semiconductor produces & momentary space
charge that will grow exponenttally with tme. The one-dimensional continuity equation
is given by

13
ot g i (14}

If there is a small keeal Muetuation of the majority earriers from the wniform equilibrium
concentration ng, the locally created space charge density is n - n,. Poisson’s squation
anil the current density equation ane

e _ =qln-ny)

> g5 (15}
_ an

J =cpigitd +qﬂg- (16}

where i s the average mobility (defined by Eq. 83 in Chapter 3), £, is the dielectric per-
mittivity, and D is the diffusion constant. Differentiating Eq. 16 with respect to x and
inserting Potsson’s equation yields

ot _1 a‘
; |
Ffrrnaﬁ e
Surbwstituting th'nﬂpmﬁm into I'.q. 14 pgives

iy n=1 -EI=
iy R v

We can solve Eq. 18 by separation of variables, that s, let nizf) = n,lxinit). For the tem-
poral response, the solution of Eq. 18 is

=iy = (=g} u]{:—n]- (18)

whene T is the diclectric relanation time given by

[
L e 120
g
Ty repressents the time constant for the decay of the space charge to neutrality if the mobil-
ity il is positive, However, il the semiconductor exhibits NDR, any clurge imbalance will
grow with a time constant equal to 5] .

842 Device Operation

The TEDs require very pure and uniform materiaks with a minimum of deep impurity
levels and traps. Modern TEDs almost abvays luve epitacal biyers on u*-substrates
deposited by various epitadal techniques. Tvpéeal donor concentrations rnge from 10
o 10 e and typical device lengths mange from a few microns to several hundred
microns. A TED having an epitaxial n-layer on o *-substrate and an olimic n*-contact to
the: cathode electrode is shown in Fig, S, Also shown are the enengy band dingram at
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Fig. 8 Two cathade contacts For transferred-clectron divices (TEDs), (o} Ofmile contact and
{1} pwoeamme Schotiky barrber contact

thermal equilibrium and the electric-field distribution when a voltage V = 3V, is applied
tor the deviee whene Vi is the product of the threshold field &5 and the device length L.
For such an chmic contact there is always a low-field region near the cathode, and the
fleld s nommiform scross the deviee length.

To improve device performance, we use the two-zone cathode contict instead of the
n*-ohmie contact. The bwo-zone cathode contact consists of a high-feld e and an n®-
zone (Fig. 8b). This configuration is similar to that of a lo-hi-lo IMPATT diode. Electrons
are “heated” in the high-field zone and subsequently injected into the active region, which
has o uniform field. This strecture has been used snccessfully over a wide temperiture
range with high efficiency and high power output,

The operational characteristies of a TED depencs on five factors: doping concen-
tration and doping uniformity in the device, length of the active region, cathode contact
charscteristics, type of cirenit, and operating bias voltage.

We have shown that for a device with NDR, the initial space charge will grow expo-
nentially with time (Eq. 19) and that the time constant is given by Eq, 20:

|t!|=q_ﬂ:fﬂ. (21}

where p_ is the negative differential mobility, IF Eq. 19 remains valid throughout the
entire transit Hme of the space-charge byer, the madmum growth factor would be
e:;p{.[..ﬂdq‘l ), where L. is the length of the active region and © is the average drift velocity



Chaptar B Microwave Diodes, Ousntum-Effect and Hot-Electron Devices

of the space-charge layer. For lirge space-c growth, this growth Factor nust be greater
than unity, making Ll 5| =1, or R e

£ || S
ng L > = 10" em (22)
q]: |

fior Giads amel Inl®

An impostant mosde of operation for the TED is the transit-time domain mode. When

there are positive and negative charges separated by a small distance, we have a dipole
lormation (also called a domain)™ as shown in Figs. 100 and 106. From Poisson’s edqua-

- s . o =

Japm==
e

iel

Fig. 10 F:rnwﬂm of a domain (dipola kever) in o medinn that has a negative differential
resistivity,
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tion, we find that the electric field inside the dipole would be greater than the field on
either side of it (Fig. 10¢). The corresponding voltage variation across the device can be
obtained by integrating the Poisson’s equation once more, as shown in Fig, 10, Because
of the NDR, the current in the bow-field region would be greater than that in the high-
field region. The two field values tend toward the equilibrium level putside the NDR
region, where the high and low currents are the same, Fig, 10e. The dipole has now reached
a stable configuration. The dipole laver moves through the active region and dissppears
at the anode, at which time the field begins to rise uniformly scross the deviee through
the threshold (i, & > &), this forming a new dipole, and the process repeats itsell, The
time redquired for the domain to travel from the cathode to anode is Lo, where L is the
active device length and o is the average velocity. The cormesponding frequency for the
transit time domain mode is f = oL

Figure 11 shows a simulated time-dependent bebavior of a domain in a gallivm
arsenide TED 100 pm long with a doping of 5 2 10 em™ (nL = 53 100 em )1 The
time between successive vertical displays of £lxt) is 161, where Ty i the low-Geld dielec-
trie: relacation time from Eq. 20 (5, = L5 ps for this deviee). Each time a donain is absorbed
at the anode, the current in the external circult inereases and a new domain is nucleated
at the cathods contact where the langest doping fluctuation and space-charge perturba-
tion usually exist.

State-of-the-art TED diodes have ow power capabilities up to (055 W oat 30 GHz with
15% efficiency, up to 0.2 W at 100 GHz with 7% efficiency, and 70 mW st 150 GHz with
1% efficiency. The power output of TED is lower than that of IMPATT, however, TED
has much lower noise (e.g, 20/ dB bess ot 135 GHz).*

» EXAMPLE 4

A GaAs TED is 10 pm long and is operated in the transit-time domain mode. Find the minimum
electran density ny, required and thie tme between curment palses,

SOLUTION  For transsi-tme domaln made, we regquine oyl 2 107 em®:
my 2 10" 7 L = 10" / 10% 107 = 10" e,

The time between current palses is the time required for the domain (o travel from the cathode
tor the e

t=Lip= 10107 /107 = 175 =00 ns. -

Electric flield &, 1)
1 1 Thi B o |||_:I| i

Fig. 1M Numereal simualation of the time-dependant behaviar of & cathede-macleated TED for
the transit-time domain nsode."!
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85 QUANTUM-EFFECT DEVICES

A quantuny-efiect device (QED) uses quantum mechanical lunneling to provide controlled
carter t I such & device, the active layer thickness is very small, on the order
of 10 nim. These small dimensions give rse to a quantum size effect that can ahter the
band structures and enhance deviee transport properties. The basic QED is the reso-
nanst tunneling diode (RTD), discussed in Section 8.5.1. Many novel current-voltage char-
acteristics ean be obtained by combining a RTD with conventional devices considered
in previous chapters. QEDs are of particular importance because they can serve as fime-
tiomal devices, that is, they can performance a give cireuit function with a greatly reduced
number of components.

851 Resonant Tunneling Diode

Figure 12 shows the band diagram of u BTT2, It has a semboonductor double-barrier struc-
ture containing four heterojunctions, o GaAsAlAGaAs'AlAs'GaAs stracture, and one
quantum well in the conduction band. There are three important device parameters for
# RTD—the energy barrier height E, , which is the conduction band discontinuity, the
energy barrier thickness Ly, and the quantum well thickness L.

We now concentrite on the conduction band of a RTD as shown'® in Fig. 130, If the
well thickness Ly, iz sulficiently small (on the order of 10 nm or less), a set of discrete
energy bevels will exist inside the well (such as E,, E,, E,, and E, in Fig.13a). If the bar-
rier thickness Ly is also very small, resonant tunneling will oceur, When an incident elec-
tron has an energy E that exactly equals one of the discrete energy levels inside the
it will tunnel through the double barrier with a unity {100%) transmission coefficient.

The transmission coefficient decreases rapidly as the energy E deviates from the dis-
crete energy levels. For example, an electron with an energy 10 meV higher or lower
than the level E; will result in 10* times reduction in the transmission coefficients, as
depicted in Fig 135, The transmission coelficient can be caloalated by solving the one-
dimensional Schroedinger equations in the five regions in Fig. 13a (1, 11, 111, IV, V), Since

T .

i
|
a
=

) A
L O 7 e e
Fig. 12 Band disgram of a resonant-tunnebing diode.
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Fig. 13 (a) Schematio Mlistration of ALAGars/ALs double-bamier structure with a 2.5 om
barrier amd & 7 nm well, (5} Transmdséon coeffickent versus electnon energy for the stnsctare

the wavefunctions ad their first dertvatives at each potential discontinuity must be con-
tinuous, we can obtain the transmission coefficient T, Appendix | shows the cabeulation
of the transmission coefficient for the RTD.

The enerpy bevels, E_, a1 which the transmissson coefficient exhibits its first and sec-
and resonant peaks in GaAs‘AlAs KTD are shown in Fig. 144 as a function of barrier
thickness [ with the well thickness Ly as a parameter.™ It is apparent thit E, s essen-
tially i it off Ly but is dependent on L. The caleulated width of the peak AE,
{i.e. the full width at the half-maximum point of the tansmission coefficient where T,
= 05 } s shown in Fig. 145 as function of Ly and Ly. For a given Ly, the widih AE,
decreases exponentially with Ly,

The eross section of a KTD is shown™ in Fig. 15, The alternating GaAs/AlAs layers
are grown sequentially by molecular beam epitixy (MBE) on an n* GaAs substrate (the
MBE process is discussed in Chapter 10}, The barrier thicknesses ave 1.7 nm and the
well thickness is 4.5 nm. The active 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 de biases. Note that the -V curve is sinii-
lar to that of a tunmal diode (Fig. 4). At thermal equilibrium, ¥ = 0, the: energy dingram
is similar to that in Fig, 13 (here only the lowest energy level E, is shown). As we incresse
|h¢ﬂﬂi¢1hultug=. 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
wunme] through the second barrier into the unoccupied states in the rght side. Besonance
occurs when the enengy of the injected electrons becomes approximately equal to the
energy level E,, where the transmission probability is maximum, This is illustrated by the
energy diagram for V=V, = ¥, where the conduction band edge on the left side is lined
up with E;. The magnitude of the peak voltage must be at least 2E, /g but is ussally larger
because of additional voltage drops in the accumulation and depletion regions:

1’, .:FE'La
q

(23)
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Fig. 15 A mesadype resonant tunneling diode.™

When the voltage is further increased, that is, at V = V, the conduction band edie
is above E, and the number of electrons that can tunnel decreases, resulting in a small
current. The valley current I, is due mainly to the excess current components, such as
electrons that tunnel via an upper valley in the barrer. Al room temperature and higher,
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Acamulation. =] b= Depletion
. reghon

Fig. 16 Measured curreni-voliage charsctenstics™ of the dicds in Fig. 15.

there are other components due to tunneling current associated with either lattice vibra-
tioms or imparity stoms. To minimize the valley current, we must improve the quality of
the heterojunclion interfaces wnd eliminate impurities in the barrier and well regions.
For even higher applied voltages, V > V, we have the thermionic current component
1y, dhue to electrons injected through higher diserete energy levels in the well ar thermion-
ically injected over the barriers, The current I, increases monotonkcally with increasing
veltage similar to that of a tunnel diode. To reduee L, we should increase the barrer
height and design a diode that operates at relatively low bins voltages.

RTIs can be operated at very high froquencies because of thedr smaller parasitics.
In the KTD the main contribution to the capacitance is from the depletion reglon ( refer
to the hand diagram for ¥V = V, in Fig. 16). Since the doping density there can be much
lewweer than in a degenerate p-n junction, the depletion capacitance i much smaller. The
cutolf frequency for a RTD can reach the THz (10" Hz) range. It can be used in ultra
fast pulse-forming clrcuits, in THz radiation detection systems, and in oscillators to gen-
erufe THz signals,

EXAMPLE 5

Find the ground energy level and the comesponding width of the peak for the KTD in Fig. 15,
Compare the peal voltage V, in Fig. 16 with 2E i,

SOLUTION  From Feg. 14 we find that the growund seergy level for Ly = 4.5 nm is at 140 me',
and the width of the peak AE, i about | me¥. In Fig. 16, Vi ks T00 mV, which is larger thin 250
mV (2Efg). The dilference (420 mV] ix due to voltage drops at the accumulstion and the deple-

thon regsons -
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852 Unipolar Resonant Tunneling Transistor

A schematic hand diagram of a unipolar resonant tunneling transistor ™ is shown in Fig,
17, The structure congists of a resonant tunneling (RT) double barrer placed between
the GaAs emitter and hase kivers. The RT structure was made of a Gas quantum well
5.6 nm thick sandwiched between two Al 5Gay gAs barriers 5 nm thick, High-energy
electrons can be injected from the emitter through the RT into the base region. The elec-
trons are then transported through the n°-base region 100 nm thick before being col-
bected at the 300 nm thick Al ;Ga, (As collector barrier. The barriers and the quantum
well are undoped whereas the emitter, hase, and collector layers are n-type, doped to ]
% 10" e

The operation of the device in the common-emitter configuration with a fixed col-
lector-cmitter voltage Vi is shown in the band disgrums of Fig. 17, When the base-emit-
ter voltage Vi, is zero (Fig. 17a), there is no electron injection; hence, the emitter and
collector currents are zero even with a positive Vg, A peak in the emitter and collector
currents ocours when Vi is equal to 2E /g, where E, is the enengy of the first resonant
level in the quuantum well (Fig. 178}, With a further increase in Vi, RT is quenched (Fig.
17¢} with a corresponding drogy in the collector current. The current-voltage charcter-
istics is shown in Fig, 17d. Note that a curment peak occurs around Vg = 0.4 V. If we
connect two inputs A and B to the base terminad (Fig, 17e), the device can performance

——T T T (il
T ost Tk
£ aafp 4
H i A Ohatpust
w
E =14 Taps &
=0 | i il
~E 04 0 04 0S5
|l e
vultagn, Vi, (V)
i {wh

Fig. 17 Band dbsgrams of a unipolar resonant tunnefing (KT transistor at (0} Vg = 0, (B} Vg
= 2E iy (maximum BT current], (¢} Vg = 2E,45 (KT quenched], (o) base-emitter current-volt-
agge characteristics measired at 77 K. anel {e) an exchusive NOR circuit.
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am exchusioe NOH ID;l_{I-E function!, that is, the onrtput voltsre will be hlgh_ if A aned B are
bath kigh or both low; otherwise the cutput voltage will be low. To perform the same
functbon, we need sight conventional MESFETS. Therefore, many quantum-effect devioes
are useful as functional devices.

» B.6 HOT-ELECTRON DEVICES

Hot electrons are electrons with kinetbe energies substantially above kT, where k is the
Boltzmann's constant and T is the lattice temperature. As the dimensions of semicon-
ductor devices shrink and the internal Hields rise, o large fraction of carriers in the active
regions of the device during its operation is in states of high kinetic energy. At a given
point in time and space the velocity distribution of carrers may be narmowdy peakeed, in
which case one speaks aboul “ballistic™ electron puckots, At other times and locations,
the clectron ensemble can have a broad velocity distribution, similar to a conventional
Macwellian distribution but with an effective electron temperature T, larger than the lat-
e temperature T,

Ower the years, many hot electron devices have been studied, We now consider two
important devices—the hot-clectron heterojunction bipolar trunsistor and the real-
space-transfer transistor.

86.1 Hot-Electron HBT

Hot-electron injection is enabled in heterojunction bipolar trnsistors (HETs) by design-
ing structures with a wider-handgap emitter, shown'™ in Fig. 18 for m AllnAs'GalnAs
HBT lattice matched to InF. There are several advantages of the hot-electron effect.
Electrons are injected by thermionic emission over the emitter-hase barrier at an encrgy
AE = 0.5 eV above the conduction band-edge in the p-GalnAs base, Here the purpose

i
_/ t-'urt.-usrr

pGalnAs

Fig- 18 Enu'm.' band ﬂlﬂ-p'nlllﬂl.l'ltll ull'.-:'lml.]lel.u'l.lj.nut'li:m H'Puhr transitor

IExchusive NOH lt?ﬁc function: when the tan inpuds are hoth |1|g|1 ar hath ke the aupait b
hégh. Cxtheradse, the oatpat is low,
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of the ballistic injection is to shorten the base traversal time by replacing the relatively
slow diffizsion motion by faster ballistic propegation.

862 Real-Space—Transler Transistor

The original real-space—transfer (RST) strecture, llustrated in Fig. 190, is 2 heterostructure
with alternate doped wide-gap AlGaAs and undoped narrow-gap GaAs layers. In ther.
mal equilibrum the mohile electrons reside in the undoped Gas quantum wells and
are spatially separated from their parent donors in AlGaAs layers, * If the power fnput
into the structure exceeds the rate of energy loss by the system to the lattice, then the
carriers “heat up” and undergn partial transfer into the wide-gap lyer where they may
hawe a different mobility (Fig. 196). I the mobility in layer 2 is much lower, negative dif-
ferentinl resistance will oceur in the two-terminal cireuit (Fig. 19¢). There is a strong anal-
oy to the transferred-electron effect, based on the momentum-space intervalley transfer,
therefore the name real-space transfer

Figure 30 shows a schematic cross-section and the corresponding band diagram of
a three-terminal RST transistor (RSTT) implemented in a GalnAs/AllnAs material sys-
tom, '™ The souree and drain contacts are to an undoped high-mobility Ga, o1ngAs
(E, = 0,75 eV with p_= 13500 en®Ves ) channel and the collector contact i to a doped
Gay 10y g,As conducting laver. This Liyer b separated from the channel by a larger
matorial. (L., an Al ,Tn, pAs with E, = 1.45 V), AtV = Oan electron density is induced
in the source-drdn channel h:rnruﬂ{::l:nlljf positive collector bias V. with respeet to the
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Fig. 19 (u) A heterostrocture with altermate Gads sl AlGads lvers. (i) Electrons, heated by
am apphied clectric ekl transfer into thee wiibe-gap layors, (o) If the mobility in layer 2 & lower,
th transfier results in a negative differential conductivity.'™
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Fig. 20 Cross section and band disgram af o real-space—transfer tramsistor in a CalnAs/AlInAs
msterial sysiem, ™

groumd source, but no collector current [ fows becanse of the AllnAs barrier. As V,
inereazes, however, o drain current I, begins to flow and the channel electrons heat up
to some effective temperature T, (V). This electron temperature determines the BST
current injocted over the collector barrier, The injected electrons are swept into the col-
bectar by the V. <induced dlectric field, giving rise to I. Transistor action results from
control of the electron temperature T, in the source-drain channel, which modulates I,
fhowing into the collector electrode.

The driin current I, and the collector current 1. versus drain voltage Vi, ot a fixed
Ve = 38V are shown' in Fig, 21. On the IV}, characteristics, the RSTT shows pro-
nounced negative differentical resistance, with a peak-to-valley ratio that reaches 7000
ab 300 K. I the IV, characteristics, the collector current increases approsimately lin-
early and eventually reaches a saturation valse similar to a Beld-efect transistor.

The RSTT can be used as a comventional higl transistor with high transcon-
ductance, g = 8l AV, (at fixed V), and a high cutoll frequency fr. In addition, the KSTT
s amather useful functional deviee for logic circuits. This is becase the source and drain
contacts of an RSTT are symmetrical. A singhe device, such as that shown in Fig. 20, can

an exclusive OR (XOR) bogie function! becase the collector current 1. fows if
e sonree and drain are at different logic valoes, regardless of which is “high.™ With addi-
tional fput terminals a single RSTT ean perform more complex functions. For exam-
ple, three input terminals permit an implementation of an OR-NANT gate.® Figune 22q
shows such an implementation using a SUSiGe material system.® Depending on whether

‘ﬁﬁlmmmﬁmhﬂ: whin ome of the two inpats, bt not both are high, the output is

*OR logic function: irmespective of the mmber of inputs, the it s higgh if any of the in
is high, NAND logic luncion: irespective of the nup::af ult:npr?ﬂ. Lheﬂrpﬁli high at all
times except when all inputs are high.
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Callectir aureent [, (mA)

Divaim wltage Vi, (V)

Fig. 11 Experimental resl-space—transfer transistor charmeteristics'™ at T« 300 K. Drain cur-
rent I and collector current I versus drain voltage V, at a fived collector voltage Ve = 39V
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Fig. 22 (a} A S¥SiCe RSTT OR-NAND gate with three inguts. The chanoel length betaeen
different imputs is 1 gem, and the devies width is 50 gm. (b) Truth table for OR-NAND logic

npl:l:i:hn.t'

the control input is high or low, the output curment behaves as vither 8 NAND or an OR
function of the other two inputs. A truth table for the outpat and the logic functions is
shown in Fig. 225,

SUMMARY

Diodes associated with tunneling phenomenon (such as the tinmel diode), the avalanche
breakdown (IMPATT diode), and momentum-space transfer of electrons (TED) are devices
that are used at microwse frequendies. Those two-terminal devices have relatively sim-

ple constrsction and have much less parasitic resistance and capacitance than do their
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three-terminal counkenparts, These mbcrowseee cliodes cun operrate in the: millimesterwae
band (30-300 GHz) and some devices can operate in the submillimeter-wave band | =300
GHz). Among microwave devices, the IMPATT diode is the most extensively used semi-
conductor device for millimeter-wave power applications. However, the TED is often nsed
in local oscillators and amplifiers because it has lower nobse and ean be operated at lower
voltages than the IMPATT dicde.

In this chapter, wo also considered the quantum-effect and hot-electron devices.
Chiantum effects become important when the device dimensions are reduced to about
10 nm. A key quantum-effect device s the resonant tunneling diode (HTD), which is a
lﬂh*l;al-ﬂ'mm‘.lim having a double hmirmd:qumumml If the incoming carrier enenzy
is equal to o discrete energy level in the quantum well, the tunneling probability th i
the double barrer becomes 100%. 'I'.hl.-:qel'l'eel is called resonant L-ummljng,mh?i:m;“i
detectors that operate up to the THz (10 Hz) range have been made using a RTD, By
eombining KTD with conventional devices we can obtain many novel characteristics. One
example is the anipolar resonant tunneling transistor, which can perform a given logic
function with & greatly reduced number of components.

HEDs cim be classified into two groups—bhallistic devices and the RST devices,
depending on the type of a hot-electron ensemble employed in the operation. Ballistic
devices, such as the hot-electron heterojunetion bipolar transistor, have the potential for
ultrahigh-speed opertion. In ballistic devices, high-kinetic-enengy electrons are injected
over the emitter-base barrier by thermionic emission. This "ballistic propagation” greatly
Iﬂmhmmwﬂw base. In BST deviees, electrons in a THATTCPA'-4ZD St FThi -
conductor can gain energy from the input power and undergo transfer into a wide-gap
sembconduetor, ghving rise toa NDR characteristic, These devices such as the BSTT have
high transconductance and a high eutofl frequency. RSTTs are also used in logic circuits,
where they permit a lwer component count for a given function than do other devices.
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» PROBLEMS [* DENOTES DIFFICULT PROBLEMS)
FOR SECTION 8.1  BASIC MICROWAVE TECHNOLOGY

I. For & neardy losshess tramsmission line (R s very small) with a 75 €1 characteristic
impedance, if this tmasmission line hus & undt length capacitance of 2 pF, what is the it
length inductance of this transméskon line®

4. For a cavity af the dimensions a = 10 em (0.1 m), b = 5 em (006 m), and o = 25 ¢m
(0,25 m, fingd the resonant Freguency in the dominant TE,, mode.

FOR SECTION 8.2 TUNNEL DIODE

3. Find the depletion-layer capacitance and depletion-baver width st .25 V' foraand biss for
|r‘.lﬁ:u.mr-:]ﬁu:hdupudmlﬂ"m*mhﬂhlﬂﬁ.myhﬁmlﬂr}mﬁhw-
mation and assusing V, = V, = 003V,

4. The current-voltage characteristic of a GaSh tunne] dicte cin be exqressed by the anpin-
cal form of Eq. 5 with I, = 10 mA, ¥ = 0.1 ¥, and [ = 0.1 nA. Find the largest negative
differential resistusee and the comesponding voltage.

FOR SECTION 8.3  [MPATT DIODE

5. The variation of electric field in the depletion region due to avalanche-generated space
charge ghves rise to an incremental reistance for abrupt -0 diode. The incremental

resistunce 15 called the space-charge resistance, Ry, and is given by (U015 Addz, where

Ad'is given by
i ¥
AL )= h = ﬁ_
Fy H-Egﬂ]

i) Fird By for s pe-m St IMPATT dioce with M= 10%em?, W= 12 pm, ad A =
5 10 em®, (L) Find the total applied deo voltage for a cusmont density of 100 Adem?,

6, A GuAs IMPATT diode ks opersted s 10 GHz with a de bias of 100 Y and an sveruge

biasing current (1,/2) of 100 mA_ (a) If the power-genernting sfficency is 25% and the
thermal resistance of the diode is 10° CAW, find the janetion temperstune rise above the
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moom temperature, (b 1f the breakdown voltage increases with temperatune o a rate of
B0 mV*C, find the breakdoan voltage of the dicde st room temperature.

. Consdder a CaAs single drift Jo-bi-lo IMPATT diode shown in Fig, e with an avalanche
resgion width (where the electric field is constant) of 0.4 pm and a total depletion width of
3 pm. The n* chonp has a charge 0 of 1.5 % 10%em®. {a} Find the breakdown voltage of
the diode amd thee msedmam Geld at breakdsn, (B) Is the el in the drift region high
enoagh to madintain the velocity ssturation of electrons? (g} Final the operating lrequency.

8. A silicon n°-p-gp* IMPATT diode bas a p-layer 3 um thick aned a ®layer (low-doping p-
layer } 9 pm thick. The biasing voltage must be high encugh 1o caise avalanche break-
dorwm im the p-region and velocity satumtion in the # region. {a) Find the mindimun

required biasing voltage and the doping concentration of the p-region. (b) Estimate the
tramsit e of the disdes.

FOR SECTION 84 TRANSFERRED-ELECTRON DEVICES

8. An InP TED is | pm long with a cross-section area of 10 em® and is in the
trunsit-tiene mode. (&) Find the miniouon eksotron density n, required (or transit-Hme
maode. (h] Find the timp hetween curment palses. (¢) Caleulate the power dissipated in the
dvice if it is biased at one-half the threshald,

*10. (a} Find the effective deasity of states in the upper valley Ny, of the GaAs conduction
bansd. The uppersalley effoctive mass i 1.2 mi,. (B The rtio of electron cancentrations
between the upper and lower valleys Is given by (Ney/ Ny ) expl-AEAT,), where N, is
the effective deasity of states in the Jower valley, AE = 0.31 £V is the energy difference,
and T, s the effective olectron temperature. Find the ratio st T, = 300 K. (¢} When ehec-
trons gain kinetic energies from the electric Gebd, T, intreases. Find the concentration
ratio for T, = 1500 K.

FOR SECTION §5 QUANTUM-EFFECT DEVICES

I1. Modecular beamn epitasy interfaces are typically abrapt to within one or two
{one monalayer = 0.28 nm in CaloAs) because of termen formation in the growth plane.
Estimate the encegy level broadening for the ground and firg excited-electron stabes of a
15 nm GalnAs quantum well hound by thick AllnAs barers. (Hint: assume the case of
two-idlayer thickness floctuation and an mflsity doop quantum well, The electon
effective mass in Galnds is 00427 m, )

12. Find the first excited level and the corresponding width of the peak AF, for  RTD with
AlAs (2 am)Cads (675 nmbAlAs (2 nm]. I we want to maintain the sme energy level
biat imcrease the width AE; by & factor of 10, what should be the thicknesses of ALAs and
CaAs?





