
This eagerly-anticipated revision offers more than 50% new 

LIBRARY OF CONGRESS 

IIIIIIIIIHIII 
o 008 885 083 A ; the 

multitude of important recent discoveries and advances in device physics and integrated circuit 
processing. 

The book offers a thorough introduction to physical principles of modern semiconductor devices 
and their fabrication technology. Readers are presented with theoretical and practical aspects-of 
every step in device characterizations and fabrication, with an emphasis on integrated circuits. 

The material is divided into three parts: 
1 the basic properties of semiconductor materials, emphasizing silicon and gallium arsenide 
2 the physics and characteristics of semiconductor devices bipolar, unipolar special microwave 

and photonic devices 
3 the latest processing technologies, from crystal growth to lithographic pattern transfer 

Each chapter is presented in a logical manner enabling readers to learn all important devices 
from a single source. Plus, the book covers historical developments of devices and technology in 
the last 100 years. Readers gain a sound perspective on the past and a foundation for projecting 
future trends. 

ABOUT THE AUTHOR 
S. M. Sze is UMC Chair Professor of the National Chiao Tung University and President of the
National Nano Device Laboratories, Taiwan, R.O.C. For many years he was a member of the tech­
nical staff at Bell Laboratories. Professor Sze is the co-inventor of the nonvolatile semiconductor
memory. He has written numerous texts on devices physics, including PHYSICS OF SEMICONDUCTOR
DEVICES, considered a reference classic. In 1991, he received the IEEE J. J. Ebers award for his "fun­
damental and pioneering contributions ... " He received his PhD in solid-state electronics from
Stanford University in 1963.

JOHN WILEY & SONS, INC. 

New York / Chichester 

Weinheim / Brisbane 

Singapore / Toronto 

http://www.wiley.com/college/sze 

ISBN 0-471-33372-7 

JUJ!II 
900

T 

Sci RR 

.S9883 

2001 

COPY 1 

SEMICONDUCTOR 

DEVICES 

Physics 

1 TI 1022



2ND EDITION 

Semi condu ctor 
Devic es 

Physics and Technology 

S. M. SZE 
UMC Chair Professor 
National Chiao Tung University 
National Nano Device Laboratories 
Hsinchu, Taiwan 

JOHN WILEY & SONS, INC. 

2



,,_,>~ - I t .~ I .... ,·,, ~ 

( 
,·<··. •·v-:.i, 

S'E? Io ~:':,-,i 

Acq uisitions Editor William 'Zobnst , i l c:(,/ ) 
l',•hLrkding Manager Klitherine Hepb11m '...,___ 
Production Services Manager Jeanine F11n110~----- ,.,,. 
Production Editor Sandra Russell 
Designer Harold Nolan 
Production Management Services Argosy P11blishillg Services 

fl(.';.,~//1 
I (\ '/ l, ! 

Llh 
Sico<b:> 
-;;2_()01 

Cofy I 

~(I) 

Cover Photography: A transmission-electron micrograph of a floating-gate nonvolatile semicon­
ductor mern01y with a magnification of 100,000 times. (Photography comtesy of George T. T. 
Sheng.) For a discussion of the device, see Chapters 1, 6, and 14. 

This book was typeset in New Caledonia by Argosy Publishing and printed and bound by 
R. R. Donnelley and Sons, Inc. (Willard). The cover was p1inted by The Lehigh Press. 

The paper in this book was manufactured by a mill whose forest management programs include 
sustained yield harvesting of its timberlands. Sustained yield harvesting piinciples ensure that 
the number of trees cut each year does not exceed the amount of new growth. 

The book is p1inted on acid-free paper. {§) 

Copytight © 1985, 2002 by John Wiley & Sons, Inc. All ,ights tights reserved. 

No pait of this publication may be reproduced, stored in a retrieval system or transmitted in any form or by 
any means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as permitted 
under Sections 107 or 108 of the 1976 United States Copy1ight Act, withont either the prior Wlitten pennis­
sion of the Publisher or authmization through payment of the approp1iate per-copy fee to the Copy1ight 
Clearance Center, 222 Rosewood Dtive, Danvers, MA 01923, (508) 7,50-8400, fax (.508) 7.50-4470. Requests 
to the Publisher for permission should be addressed to the Permissions Depmtment, John Wiley & Sons, 
Inc. 605 Third Avenue, New York, NY 10158-0012, (212) 8.50-6008, E-mail: PERMREQ@WILEY.COM. To 
order hooks or for custome sen~ce call 1-800-CALL-WILEY (22,5-5945). 

Library of Congress Cataloging in Publication Data: 
Sze, S. M. , 1936-

Semiconductor devices, physics and technology/S.M. Sze.-2nd ed. 
p. cm. 

Includes bibliographical references and index. 
ISBN 0-471-33372-7 (cloth: alk. paper) 
1. Semiconductors. I. Title. 

TK7871.8,5 .S9883 2001 

621.3815'2-dc21 

ISBN 0-471-33372-7 

P1inted in the United States of Ametica 

10987654321 

2001026003 

In Merrwry of My Mentors 

Dr. L.J. Chu 

Dr. R. M. Ryder 

Academia Sinica 

Bell Laboratories 

3



488 Chapter 13. Impurity Doping 

FOR SECTION 13.5 IMPLANT DAMAGE AND ANNEALING 

I G. If a .SO ke\l boron ion is implanted into the silicon substrate, calculate the damage clc·nsitv 
Assume silicon atom c!Pnsity is ,5.02 x 1022 atoms/cm'3, the silicon displacement energy is ,. 
1,5 eV, the range is 2..5 nm, and the spacing between silicon lattice plane is 0.2,5 nm . 

l 7. Explain why high-temperature HTA is prefc0 table to low-temperature RTA for dcfect-frel' 
shallow-junction formation. 

lS. Estimate the implant dose required to reduce a /!-channel threshold voltage by 1 \' if the 
gate oxide is 4 nm thick. Assume that the implant voltage is acljustecl so that the peak of 
the distribution occurs at the oxide-silicon interface. Thus, half of the implant goes into 
the silicon. Further, assume that 90% of the implanted ions in the silicon are electricallv 
activated by the annealing process. These assumptions allow 4.5% of the implanted ion; to 
be used for threshold adjusting. Also assume that all of the charge in the silicon is effc"c­
tively at the silicon-oxide interface. 

FOR SECTION 13.6 IMPLANTATION-RELATED PROCESSES 

I 9. \Ve would like to form 0.J. ~lm deep, hemily eloped junctions for the source and drain 
regions of a submicron c\·IOSFET. Compare the options that are available to introduce 
and acti,·ate dopant for this application. \Vhich option would you recommend and wh, :.) 

20. \Vhen an arsenic implant at 100 ke\' is used and the photoresist thickness is 400 nm, fo1d 
the effectiveness of the resist mask in pre,·enting the transmission of ions (R

1
, = 0.6 ~Llll, 

CY1, = 0.2 ~Lrn). If the resist thickness is changed to l µm, calculate the masking efficiency. 

21. With reference to Ex. 4, what thickness of SiO2 is required to mask 99.999% of the 
implantccl ions',) 

CHAPTER 14 
Integrated Devices 

14.1 PASSIVE COMPONENTS 

14.2 BIPOLAR TECHNOLOGY 

14.3 MOSFET TECHNOLOGY 

14.4 MESFET TECHNOLOGY 

14.5 CHALLENGES FOR MICROELECTRONICS 

SUMMARY 

Microwave, photonic, and power applications generally employ discrete devices. For exam­
ple, an IMPATT diode is used as a microwave generator, an injection laser as an optical 
source, and a thyristor as a high-power switch. However, most electronic systems are built 
on the integrated circuit (IC), which is an ensemble of both active (e.g., transistor) and 
passive devices (e.g., resistor, capacitor, and inductor) formed on and within a single-crys­
tal semiconductor substrate and interconnected by a metallization pattem. 1 I Cs have enor­
mous advantages over discrete devices connected by wire bondings. The advantages 
includes (a) reduction of the interconnection parasitics, because an IC with multilevel 
metallization can substantially reduce the overall wiring length, (b) full utilization of semi­
conductor wafer's "real estate," because devices can be closely packed within an IC chip, 
and (c) drastic reduction in processing cost, because wire bonding is a time-consuming 
and error-prone operation. 

In this chapter we combine the basic processes described in previous chapters to 
fabricate active and passive components in an IC. Because the key element of an IC is 
the transistor, specific processing sequences are developed to optimize its performance. 
\Ve consider three major IC technologies associated with the three transistor families: 
the bipolar transistor, the MOSFET, and the MESFET. 

Specifically, we cover the following topics: 

• The design and fabrication of IC resistor, capacitor, and inductor. 

• The processing sequence for standard bipolar transistor and advanced bipolar 
devices. 

• The processing sequence for MOSFET with special emphasis on CMOS and 
memory devices. 

• The processing sequence for high-performance MESFET and monolithic 
microwave IC. 

• The major challenges for future microelectronics, including ultrashallow junc­
tion, ultrathin oxide, new interconnection materials, low power dissipation, 
and isolation. 

489 
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490 Chapter 14. Integrated Devices 

Figure 1 illnstrates the interrelationship between the major process steps used for 
IC fabrication. Polished wafers with a specific resistivity and orientation are used as the 
starting material. Tlw film formation steps include thermally grown oxide films, deposited 
polysilicon, dielectric, and metal films (Chapter 11). Film formation is often followt•cl bv 
lithography (Chapter ]2) or impurity eloping (Chapter 13). Lithography is generally foi­
lowed by etching, which in tnrn is often followed by another impurity eloping or film for­
mation. ·The final IC is made by seqnentially transferring the patterns from each mask, 
level bv level, onto the surface of the semiconductor wafer. 

After processing, each wafer contains hundreds of identical rectangular chips (or dice), 
typically between l and 20 mm on each side, as shown in Fig. 2n. The chips are sepa­
rated by sawing or laser cutting; Figure 2b shows a separated chip. Schematic top views 
of a single MOSFET and a single bipolar transistor are shown in Fig. 2c to give sornf: 

perspective of the relative size of a component in an IC chip. Prior to chip separation, 
each chip is electrically tested. Defective chips are usually marked with a dab of black 
ink. Good chips are selected and packaged to provide an appropriate thermal, electrical, 
and interconnection environment for electronic applications. 2 

IC chips may contain from a fow components (transistors, diodes, resistors, capaci­
tors, etc.) to as manv as a billion or more. Since the invention of the monolithic IC in 
19.58, the number of components on a state-of-the-art IC chip has grown exponentially. 
We usually refer to the complexity of an IC as small-scale integration (SSI) for up to 100 
components per chip, medium-scale integration (MSI) for up to 1000 components per 
chip, large-scale integration (LSI) for up to 100,000 components per chip, very-large­
scale integrated (VLSI) for up to 10' components per chip, and ultra large-scale inte­
gration (ULSI) for larger numbers of components per chip. In Section 14.3, we show 
two ULSI chips, a 32-bit microprocessor chip, which contains over 42 million compo­
nents, and a 1 Gbit dynamic random access memory (DRAM) chip, which contains over 
2 billion components. 

1\lask set 
Film 

fol'Jliation 

. 
\\'aler 
out 

Fig. 1 Schematic flow diagram of integrated-circuit fabrication. 
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(a) (b) (c) 

Fig. 2 Size comparison of a \\'aler to inclividnal components. (a) Semicomlnctor \\'afc0 r. (/J) Chip. 
(c) "•IOSFET and bipolar transistor. 

14.1 PASSIVE COMPONENTS 

14.1.1 The Integrated-Circuit Resistor 

To form an IC resistor, we can ckposite a resistive la>'er on a silicon substrate, then pat­
tern the layer by lithograph) ancl l::'tching. \Ve can also define a window in a silicon diox­
ide layer grown thenna.lh· on a silicon substrate am! then implant (or diffuse) impurities 
of the opposite conductivity ty1)e into thl::' wafer. Figure :3 shows the top and cross-sec­
tional views of two resistors form eel hy the latter approach: one has a meander shape ancl 
the other has a bar shape. 

Consider the bar-shaped resistor first. The differential conductance dG of a thin la:,1er 
of the p-type material that is of thickness d.r parallel to the surface ancl at a clepth x (as 
shown by the B-B cross section) is 

(1) 

where ,,vis the width of the bar, Lis thr? length of the bar (we neglect the encl contact 
areas for the time being), µ

1
, is mobility of hole, and p(x) is the eloping concentration. 

The total conductance of the entire implanted region of the bar is given by 

l' J ,vf,, . . G= c1C=q- {t 11 p(x)cl\ , 
o Lo 

(2) 

where .ri is the junction depth. If the value of µ
1
, , which is a function of the hole con­

centration, ancl the distribution of p(.r) are known, the total conductance can he evalu­
ated from Eq. 2. "'e can write 

where g = q f ;~J µ 1, p(.r )d.r is the conductance of a scpiare re.,istor pattern, that is, C = 

gwhenL= W 
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492 Chapter 14. Integrated Devices 
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Fig. 3 Integrated-circuit resistors. All narrow lines in the large s(ruare area have the same width 
'IV, aud all contacts are the same size. 

The resistance is therefore given by 

(4) 

where 1/g usually is definecl by the symbol R0 and is called the sheet resistance. The sheet 
resistance has units of ohms hut is conventionally specified in units of ohms per square 
(Q/o). 

Many resistors in an integrated circuit are fabricated simultaneously by defining dif­
ferent geometric patterns in the mask such as those shown in Fig. 3. Since the same pro­
cessing cycle is used for all these resistors, it is convenient to separate the resistance into 
two parts: the sheet resistance R0 , determined by the implantation (or diffusion) pro­
cess; and the ratio L/,V, determined by the pattern dimensions. Once the value of R:; is 
known, the resistance is given by the ratio L/\V, or the number of squares (each sq11are 
has an area of ,v x ,v) in the resistor pattern. The end contact areas will introduce adcli­
tional .resistance to the I resistors. For the t)1Je shown in Fig. 3, ea ·h nd ·ont,\ ·t eor­
responds to approximate! 0.65 square. For them antler-shaper sistor, th ~lectd(;-fl kl 
lines at th b mis are not spaee<l uniformly across the width of the resistor but ,u- crow<lecl 
toward the inside corner. A square at the bend does not contribute exactly 1 square~, hut 
rather 0.65 square. 
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EXAMPLE 1 

Find the value of a resistor 80 ~I Ill long and 10 ~lm \\'icle, such as tlw bar-shaped rt'sistor in Fig. 
The sheet rt'sistancc is l kD /□. 

SOLUTION The resistor contains 9 squllrt'S. The two end contacts corwsponcl to 1,:3 □. The valne 
of the rt'sistor is (9 + 1.3) x 1 kW□ = 10.3 kD. 

14.1.2 The Integrated-Circuit Capacitor 

There are basically two t)1)es of capacitors used in integrated circuits: MOS capacitors 
and p-11 junctions. The 1\IOS (metal-oxide-semiconductor) capacitor can be fabricated 
by using a heavily eloped region (such as an emitter region) as one plate, the top metal 
electrode as the other plate, and the intervening oxide layer as the dielectric. The top 
and cross-sectional views of a MOS capacitor are shown in Fig. 4a. To form a MOS capac­
itor, a thick oxide layer is thermally grown on a silicon substrate. Next, a window is litho­
graphically defined and then etched in the oxide. Diffusion or ion implantation is used 
to form a p+ -region in the window area, whereas the surrounding thick oxide serves as a 
mask. A thin oxicle layer is then thermally grown in the window area, followed by a met­
allization step. The capacitance per unit area is given by 

C = E," F/cm 2 
d , (.S) 

where E,, is the dielectric permittivity of silicon dioxide (the dielectric constant E 1£11 is 
:3.9) and,~/ is the thin-oxide thickness .• To increase the capacitance further, insulato;'.·~ with 
higher dielectric constants are being studied, such as SL3N_1, ancl Ta,p0, with dielectric 
constants of 7 and 25, respectively. The MOS capacitance is essentially independent of 
the applied voltage, because the lower plate of the capacitor is made of heavily doped 
material. This also reduces the series resistance associated with it. 

A p-n junction is sometimes used as a capacitor in an integrated circuit. The top and 
cross sectional views of an 11' -p junction capacitor are shown in Fig. 4b. The detailed 

t\ktal 

(a) (b) 

Fig. 4 (a) Integrated MOS capacitor. (/J) Integrated /HI junction capacitor. 
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494 Chapter 14. Integrated Devices 

fabrication process is consillered in Section J 4.2, h -cause tbis structure l'onns part of 
bipolar transistor. As a capacitor. the device is usually r •ve rse bias cl, that is , tJ1 , p-re , a 
. b' l . 1 1 · Tl • · -gion 1s re\'erse- iasec wit 1 respect tot ie 11+-re 10n. 1e capacitan •e 15 not a ·cmstaul l nt varie 

as (VR + V1,)-
112

, where Vn is the applied reverse voltag and V1,1 is th buiJt-b1 pot naai 
The series resistance is considerably highertban that of a JOS c.:apacitor because th , ,~ 
region has higher resistivity than does the p '-region . 

7 

EXAMPLE 2 

\Vhat _is the stored charge and the number of electrons on an MOS capacitor with an area Df 4 
µm 2

, for (a) a dielectric of 10 nm thick Si0
2 

and (b) a ,5 nm thick Ta
2
0_

5
, The applied volta[;e is 5 

V for both cases. ' • • 

SOLUTION 

(a) Q = Eox x Ax~= 3.9x8.8:5x 10-l.J Flem x4 x 10-0 cm1 x--5
-'-' - =6.9x rn-1•1c 

d 1 x 10-" cm 

or 

Q, = 6.9 x 10-1~ C/11 = 4.3 x 1()5 electrons. 

(b) Changing the dielectric constant from 3.9 to 25 and tbe thickness from 10 nm to ,5 nm, we 
obtain Q, = 8.8,5 x 10-1:3 C, and Q, = 8.8.5 x 10-13 C!q = ,5.53 x l()r; electrons. ◄ 

14.1.3 The Integrated-Circuit Inductor 

IC inductors have been widely used in III-V based monolithic microwave integrated cir­
cuits (MMIC) 3. ·with the increased speed of silicon cleYices and advancement in m11lti­
level interconnection technology, IC inductors have started to receive more and more 
attentions in silicon-based radio frequency (rf) and high-frequency applications. r,•lany 
kinds of inductors can be fabricated using IC processes. The most popular method is the 
thin-film spiral inductor. Figure .Sa and b shows the top-view and the cross section of a 
silicon-based, two-level-metal spiral inductor. To form a spiral inductor, a thick oxide is 
thermally grown or deposited on a silicon substrate. The hrst metal is then deposited and 
defined as one encl of the inductor. Next, another dielectric is deposited onto the metal 
l. A \ia hole is defined lithographically and etched in the oxide. Metal 2 is deposited and 
the via hole is filled. The spiral patterned can be defined and etched on the metal 2 as 
the second encl of the inductor. 

To evaluate the inductor, an important figure of merit is the quality factor, Q. The 
Q is defined as Q = Lw IR, where L, R, and OJ are the inductance, resistance, and fre­
quency, respectively. The higher the Q values, the lower the loss from resistance. hence 
the better the performance of the circuits. Figure ,Sc shows the equivalent circuit model. 
R1 is the inherent" shiivity of the metal. CJJ1 and C 12 ar th ·oupling capacitm,ces hehveen 
the metal lines and the substrate, and R 1 J and R l,Q are the resistances of tlw ilicon 
substrat · associated witb the metal lines, ~'.~spectiv;i' .-The Q increases linearl \ itL fre­
quency iniliall and then drops athigber freguencie because of parasitic resistance nncl 
capacitances. 

There ar som approaches to improve the Q value. The first is to use low-di ele"­
tric-const,u1t materials (<3.9) to r due the C

1
J. The other is to use a thick film rnetol 

or low-resistivit metals (e.g., Cu, Au to replace Al) to reduce the RL Th third approach 

A 

(a) 

Silicon 

(b) 

(c) 
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Metal2 

Oxide 
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Fi[J. 5 (a) Schematic view of a spiral inductor on a silicon substrate. (/1) Perspective view along 
A-A'. (c) An equivalent circuit model for an integrated inductor. 

uses an insulating substrate (e.g., silicon-on-sapphire, silicon-on-glass, or quartz) to 
reduce Rrnb· 

To obtain the exact value of a thin-film inductor, complicated simulation tool, such 
as computer aided design, must be employed for both circuit simulation and inductor 
optimization. The model for thin-film inductor must take into account the resistance of 
the metal, the capacitance of the oxide, line-to-line capacitance, the resistance of the sub­
strate, the capacitance to the substrate, and the inductance and mutual inductance of 
the metal lines. Hence, it is more difficult to calculate the integrated inductance com­
pared with the integrated capacitors or resistors. However, a simple equation to estimate 
the square planar spiral inductor is given as:3 

(6) 

7



496 Chapter 14. Integrated Devices 

where µ
0 

is the permeability in vacuum (4n x 10-7 Him), L is in henries, n is the mun­
ber of turns, and r is the radius of the spiral in meters. 

EXAMPLE 3 

► 

For an integrated inductor with an inductance of 10 nH, what is the required radius if the num­
ber of turns is 20? 

SOLUTION According to the Eq. 6, 

lOx 10-9 

1.2x10-5 x202 
2.08 x 10-5 (m) = 20.8 µm. ◄ 

14.2 BIPOLAR TECHNOLOGY 
For IC applications, especially for VLSI and ULSI, the size of bipolar transistors must 
be reduced to meet the high-density requirement. Figure 6 illustrates the reduction in 
the size of the bipolar transistor in recent years.4 The main differences in a bipolar tran­
sistor in an IC compared with a discrete transistor are that all electrode contacts are located 
on the top surface of the IC wafer, and each transistor must be electrically isolated to 
prevent interactions between devices. Prior to 1970, both the lateral and vertical isola­
tions were provided byp-n junctions (Fig. 6a) and the lateral p-isolation region was always 
reverse biased with respect to then-type collector. In 1971, thermal oxide was used for 
lateral isolation, resulting in a substantial reduction in device size (Fig. 6b ), because the 
base and collector contacts abut the isolation region. In the mid-1970s, the emitter extended 
to the walls of the oxide, resulting in an additional reduction in area (Fig. 6c). At the pre­
sent time, all the lateral and vertical dimensions have been scaled down and emitter shipe 
widths have dimensions in the submicron region-(Fig. 6d). 

I~-- -~ I 
I I 
I I 
I ~--~ I 

: ~ : 
I I 
I I 
i Emitte r : 

I 
I 

Collector I 
A 

~t 
I 
I 

I I 

Area= 3000 µ1112 
1 

ErnillE> r 

~ 
~ 

n+ 
(a) 

r-------, 
I I 
I I 
I I 
I I 
l I 
I I 
I I 
I 
I 

i Collector 
:C:=J , 
--isooii,r" 

Emitter 

$;-
Emitt~r 

Thermal 
- oxide 
I I 

n+ 

(h) (c) (d) 

Fig. 6 Reduction of the horizontal and ve1tical dimensions of a bipolar transistor. (a) Junction 
isolation. (b) Oxide isolation. (c and d) Scaled oxide isolation.4 
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14.2.1 The Basic Fabrication Process 

The majority of bipolar transistor used in ICs are of the n-p-n type because the higher 
mobility of minority caniers (electrons) in the base region results in higher-speed per­
formance than can be obtained with p-n-p types. Figure 7 shows a perspective view of 
an n-p-n bipolar transistor, in which lateral isolation is provided by oxide walls and ver­
tical isolation is provided by the n + -p junction. The lateral oxide isolation approach reduces 
not only the device size but also the parasitic capacitance because of the smaller dielec­
tric constant of silicon dioxide (3.9, compared with 11.9 for silicon). We consider the major 
process steps that are used to fab1icate the device shown in Fig. 7. 

For an n-p-n bipolar transistor, the starting material is a p-type lightly doped 
(-1015 cm-3), (111)- or (100)-miented, polished silicon wafer. Because the junctions are 
formed inside the semiconductor, the choice of crystal orientation is not as critical as for 
MOS devices. The first step is to form a buried layer. The main purpose of this layer is 
to minimize the series resistance of the collector. A thick oxide (0.5-1 µm) is thermally 
grown on the wafer, and a window is then opened in the oxide. A precisely controlled 
amount oflow-energy arsenic ions (-30 keV, -1015 cm-2) is implanted into the window 
region to serve as a predeposit (Fig. 8a). Next, a high temperature (-1100°C) drive-in 
step forms the n + -buried layer, which has a typical sheet resistance of 20 Q/o. 

The second step is to deposit an n-type epitaxial layer. The oxide is removed and the 
wafer is placed in an epitaxial reactor for epitaxial growth. The thickness and the doping 
concentration of tl1e epitaxial layer are detennined by the ultimate use of the device. Analog 
circuits (with their higher voltages for amplification) require thicker layer (-10 µm) and 
lower dopings (-5 x 1015 cm-3), whereas digital circuits (with their lower voltages for switch­
ing) require thinner layers (-3 µm) and higher dopings (-2 x 1016 cm-3). Figure 8b shows 
a cross-sectional view of the device after the epitaxial process. Note that there is some 
outdiffusion from the buried layer into the epitaxial layer. To minimize the outdiffusion, 
a low-temperature epitaxial process should be employed, and low-diffusivity impurities 
should be used in the buried layer (e.g., As). 

The third step is to form the lateral oxide isolation region. A thin-oxide pad (-50 nm) 
is thennally grown on the epitaxial layer, followed by a silicon-nitride deposition (-100 nm). 
If nitride is deposited directly onto the silicon without the thin-oxide pad, the nitiide may 
cause damages to the silicon smface dming the subsequent high-temperature steps. Next, 
the nitiide-oxide layers and about half of the epitaxial layer are etched using a photoresist 

SiO2 isolation 

11 epi 

11+ emitter 

11+ bmied layer 

p substrate 

-~-+-- p+ chanstop 

n+ collector 

Fig. 7 Perspective view of an oxide-isolated bipolar transistor. 
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/11 epitaxi,il \aver 

(cl) 

Firr. G Cross-sectional views of bipolar transistor fabrication . (a) Buried-layer implantation. 

(/J) Epita,,ial layer. (c) Photoresist mask. (d) Chanstop implant. 

as mask (Fig. Be and 8d). Boron ions are then implanted into the exposed silicon areas 
(Fig. Bd). -

The photoresist is removed and the wafer is placed in an oxidation furnace. Since 
the nitride layer has a very low oxidation rate, thick oxides will be grown only in the areas 
not protected by the nitride layer. The isolation oxide is usually grown to a thickness such 
that the top of the oxide becomes coplanar with the original silicon surface to minimize 
the surface topography. This oxide isolation process is called local oxidation of silicon_ 
(LOCOS). Figure 9a shows the cross section of the isolation oxide after the re.mm al ol 
the nitiicle layer. Becaue of segregation effects, most of th implanted boron ions 81' , push d 
underneath the isolation oxide to form a p+-layer. This is called p➔ chann I. tCJp (or 
chanstop), because the high concentration of p-type semiconductor "vill prev nt surfa e 
inversion ancl eliminate possible high-conductivit paths (or channels) among neighbor­

ing buried layers. 
The fourth step is to form the base region. A photor ·ist is 1L5ed as a mask to pro­

t ct the right half of the device· then boron ions (-1Ql2 cm-2) are implant d to form the 
base r 6rions, as shown in Fig. 9h. Another lithographic process remov s al l th thin-pad 
ox.id xcept a smaU area near the center of the base region (Fig. 9c). 

Th fifth step is to fom1 th emitter r gion. As shown in Fig. 9cl, th base contact 
area is protecte<l by a photoresist mask; the1 , a low-energy, high-arsenic-dose (-10

16 cm~
2

) 

implantation fonns tl1 11+-emitter and the n+-coll ctor contact r -gions . The photores iS t 
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(a) 

(b) 

(c) 

(cl) 

ri\1 . 9 Cross-section l'iews ofhipolar transistor fabrication. (11) Oxide isolation. (h) Base 
implant , (c) Rcmornl of thin o;;icle. (1/) Emitter and collector implant. 
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is removed; and a final metallization step forms the contacts to the base, emitter, and 
collector as shown in Fig. 7. 

In this l:asic hipolar process, there are si\: film formation operations, six lithographic. 
operations, four ion implantations, ancl four etching operations. Each operation must be 
precisely controlled and monitored. Failure of anv one of the operations generally will 
render the wafer useless. • 

The eloping profiles of the completed transistor along a coordinate perpendicular to 
the surface and passing through the emitter, base, ancl collector are shown in Fig. 10. 
The emitter prohle is abrupt hecause of the concentration-clepenclent cliffosivity of arsenic. 
The base eloping prohle beneath the emitter can be approximated by a Gau~sian distri­
bution for a limited-source cliffosion. The collector eloping is given h)1 the epitaxial elop­
ing level (-2 X 10rn cm---'3) for a representative switching transistor; however, at larger depths, 
the collector eloping concentration increases because of outcliffusion from the bmied layer. 

14.2.2 Dielectric Isolation 

In the isolation scheme described previously for the bipolar transistor, the device is iso­
lated from other devices by the oxide layer around its periphery and is isolated from its 
common substrate by a n+~p junction (bmied layer) . In high-voltage applications, a different 
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Fig. 10 11-/Hl transistor eloping profiles. 

approach, can d di le b:ic isolation , is used to form im1.1lating tubs to isolate a number 
of pock ts of ingle- 1ystal semicond 1ctors.1n thi.'i approach the devic • L isolate<l 'rom 
hoth its omrnon substrat and its surround~ng neighbors b a dielectri • la er. 

A process sequence for the dielectric isolation is h wn jn Fig. 11. An oxicl la er is 
formed inside a <100>-oriented 11-ty1Je silicon snbsb·at ·• using high-energy oxygen ion 
implantation (Fig. lla ). Next, the wafer umlergo s a hi h-temp ratur~ annealing pro­
cess so that the implanted m.·ygen will react with siliuon to form th oxid layer. Th dam­
age resulting from implantation is also annealed out in this process (Fig. llb ). After this, 
we can obtain an 11-silicon laver that is folly isolated on an oxide [namelv, silicon-on-insu­
lator, (SOI)]. This process is. called SHvIOX (~eparation b ifllplanted~ygen ). Sin tL 
top silicon is so thin, the isolation region i • easily formed by the LOCOS proe ss illu ·­
trated in Fig. 8c or by etch ing a trench (Fig. 1 lc) and refilling it with oxide (Fig. l,ld). 
The other processes are almost the same as tho· from Fig. c thro 1gb Fig. 9 to form 
the p-type base, n + -en_i itter, and collector. 

The main advantage of this technique is its high breakdown voltage b twe • n the emit­
ter and the collector, which can be in excess of several hundreds volts. Thi<; technique is 
also compatible with mod m IOS integration. This CMOS-compatible process is 1·en

1 

useful for mixed high-voltage and high-density IC. 

14.2.3 Self-Aligned Double-Polysilicon Bipolar Structure 

The process shown in Fig. 9c needs another lithographic proce s to cL Rn fill oxide r g1on 
to separate the base and emitter contact regions. This gives rise to a Im- e inactive J evic 
area within the isolated boundary, which increases not onl the parasitic car acitan 'E'S but 
also the resistance that degrades the transistor p rfonnance. The most cff div way to 

reduce these effects is by using the self-aligned structure. 
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Ox_\'gc~n ion i rnpla11 tat ion 

Annealing at high te rnperatm·e 

11-tv1w 

(a) (h) 

Photoresist 
B E C 

tH 

SiO2 

I 

(c) (cl) 

Fi_g. 11 Process sequence for dielectric isolation bipolar device using silicon-on-insulator for 
!ugh-voltage application. (a) Oxrgen ion implantation. (b) Annealing at high temperature to 
form the 1solation dielectric. (c) Trench isolation formed by a dry-etching process. (d) Base, 
emitter, and collector formation. 

The most widely used self-aligned structure is the double-polysilicon structure with 
the advanced isolation provided by a trench refilled with polysilicon, 3 shown in Fig. 12. 
Figure 1.3 shows the detail sec1uence of the steps for the self-aligned double-polysilicon 
(n-p-11) bipolar structure.G The transistor is built on an n-type epitaxial layer. A trench of 
,5.0 µrn in depth is etched by reactive ion etching through the 11+-subcollector region into 
the p-substrate region. A thin layer of thermal oxide is then grown and serves as the screen 
oxide for the channel stop implant of boron at the bottom of the trench. The trench is 
then filled with undoped polysilicon and capped by a thick planar field oxide. 
. The first polysilicon layer is deposited and heavily doped with boron. The p+ -polysil­
JCon (called poly 1) will be used as a solid-phase diffusion source to form the extrinsic 
base region and the base electrode. This layer is covered with a chemical-vapor deposition 

E 

Poly 

Fig. 12 Cross-section of a self-aligned, clouble-polvsilicon bipolar transistor with advanced 
trench isolation:" 
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Process sec1uence for fabricating clouble-polysilicon self-aligned 11-/HI transistors .C' 
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(CVD) oxide and nitride (Fig. l:3a). The emitter mask is used to pattern the emitter-area 
regions, ancl a dry-etch process is nsed to proclnce an opening in the CVD oxide ancl pol:-· 
1 (Fig. 1:3/J ). A thermal oxicle is then grown cffer the etched structure, and a rdativeh­
thick oxide (approximately 0.1-0.4 µm) is grown on the \'ertical sidewalls of' the heavilr 
eloped poly. The thickness of this oxide determines the spacing between the edges of the 
base and emitter contacts. The extrinsic))+ base regions are also formed during the ther­
mal-oxide growth step as a result of the outcliffusion of boron from the poly 1 into the 
substrate (Fig. l:3c). Because boron difh1ses laterally as well as vertically, the extrinsic 
base region will be able to make contact with the intrinsic base region that is formed next, 
under the emitter contact. 

Following the oxide-grown step, the intrinsic base region is formed using ion implan­
tation of boron (Fig. l:3d). This serws to self-align the intrinsic and extrinsic base regions. 
After the contact is deaned to remove anv oxide layer, the second polysilicon layer is 
deposited and implanted with As or P. The n,_-polysilicon (callee! poly 2) is med as a solid­
phase clifh1sion source to form the emitter region ancl the emitter electrode. A shallow 
emitter region is then formed through dopant outdiffusion from poly 2. A rapid thermal 
anneal for the base ancl emitter outcliffusion steps facilitates the formation of shallow emit­
ter-base ancl collector-hase junctions. Finally, Pt film is deposited and sintered to form 
Pt Si over the n+ -polysilicon emitter and the JJ+ -polysilicon base contact (Fig. l:3c ). 

This self-aligned structure allows the fabrication of emitter regions smaller than the 
minimum lithographic dimension. \~1hen the sidewall-spacf:'r oxide is grown, it fills the 
contact hole to some degree because the thermal oxide occupies a larger \'O!ume than 
the original volume of polysilicon. Tims, an opening 0.8 µm wide will shrink to about 0.4 
µrn if sidewall oxide a 0.2 µm thick is grown on each side. 

14.3 rvlO SFE:T Tf.:. Cl-!NO LOGY 

At present, the MOSFET is the dominant cle\'ice used in ULSI circuits because it can 
be scaled to smaller dimensions than other tnJes of devices. The dominant technology 
for MOSFET is the CMOS (complementary MOSFET) technology, in which both n-chan­
llel and p-channel MOSFET, (called NMOS ancl PMOS, respectively) are provided on 
the same chip. CMOS technology is particular attractive for ULSI circuits because it has 
the lowest power consumption of all IC technolot>'Y. 

Figure 14 shows the reduction in the size of the MOSFET in recent vears. In the 
early 1970s, the gate length was 7.,5 µm and the corresponding device ar~a was about 
6000 µm 2. As the de\'ice is scaled clown, there is a drastic reduction in the device area. 
For a MOSFET with a gate length of 0 .. 5 µm, the device area shrinks to less than 1 % of 
the early MOSFET. \1\Te expect that device miniatmization will continue . The gate length 
will be less than 0.10 µmin the early twenty-first eenturv. \•Ve consicler the future trends 
of the devices in Section 14.,5. • • , 

14.3.1 The Basic Fabrication Process 

Figure 1.5 shows a perspective view of an 11-channcl MOSFET prior to its final metal­
lization.' The top layer is a phosphorus-eloped silicon dioxide (P-glass) that is used as an 
insulator between the polysilicon gate and the gate metallization and also as a gettering 
layer for mobile ions. Compare Fig. 1.5 with Fig. 7 for the bipolar transistor and note 
that a MOSFET is considerably simpler in its basic structme. Although both devices use 
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Perspective view of an 11-channel iv!OSFET.
7 

lateral oxide isolation, there is no need for ve1iical isolation in the MOSFET, wh:reas a 
buried-layer n+ -p jllllction is required in the bipolar transistor. TIP doping prolilc 111 a 
M OSFET is not as complicated as that in a bipolcu- b-ansistor and th control of th tlopant 
distribution is also less critical. \Ve consider the major process steps that are us d to fab-

ricate the device shown in Fig. LS. . · l tl 
To proc -• s an n-channel MOSFET ( MOS). th startbtg matei;ial is_ap-L)??e, !1~ 1

r -~ 
doped (-101s cm-l), (1 0)-oriented, polished silicon ,vafer. The (100)-on ntat10n 1• _P f 
ferred ver (111) becaus it has an b1terface-trap d. ns±ty that is ab ut on -t nth that i° 
(111). The first step is to form the oxide isolation region using LOCOS technology. Tl 
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process se(1nence for this step is similar to that for the bipolar transistor. A thin-pad oxide 
(-35 nm) is thermally grown, followed by a silicon nitride (~L50 nm) deposition (Fig. 
16a ).' The active clevice area is defined by a photoresist mask and a boron chanstop layer 
is then implanted through the composite nitride-oxide layer (Fig. 16b ). The nitricle. layer 
not covered by the photoresist mask is subsequently removed by etching. After stripping 
the photoresist, the wafer is placed in an oxidation furnace to grow an oxide (called the 
field oxide), where the nitride layer is removed, and to drive in the boron implant. The 
thickness of the field oxide is typically 0..5-1 µm. 

The second step is to grow the gate oxide and to adjust the threshold voltage (see 
Section 6.2.3). The composite nitride-oxide layer over the active device area is removed, 
and a thin-gate oxide layer (less than 10 nm) is grown. For an enhancement-mode n-chan­
nel device, boron ions are implanted in the channel region, as shown in Fig. 16c, to increase 
the threshold voltage to a predetermined value (e.g., + 0.5V). For a depletion-mode n­
channel device, arsenic ions are implanted in the channel region to decrease the thresh­
old voltage (e.g., -0.,SV). 

The third step is to form the gate. A polysilicon is deposited and is heavily doped by 
diffusion or implantation of phosphorus to a t)1)ical sheet resistance of 20-30 Q/o. This 
resistance is adequate for MOSFETs with gate lengths larger than 3 µm. For smaller 

/ Photorcsist 

~----'-->1,_.....-Si:iN-1 

....._Si0:2 

/J-Si (JOO) 

(a) 

Boron flckl implant 

t t t i 
'------y--' 
Active device area 

(b) 

(c) 

(cl) 

Fig. 16 Cross-sectional view of NMOS fabrication sequence.' (a) Formation of SiO:2, Si 3N-i, and 
photoresist layer. (/J) Boron implant. (c) Field oxide. (d) Gate. 
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devices, polycide, a composite layer of metal silicide and ~olysilicon such as W-polycide, 
can be used as the gate materials to reduce the sheet resistance to about 1 Q/o. 

The fow-th tep is to fonn the source and drain. After the gate is 11att n~ed (Fig. 16d), 
it serves as a mask for the arsenic implantation (-30 keV, -5 X 10

15 
•·m~-) to form the 

source and Jrain (Ficr. 17a), which ,.u- s 11'-align •d with respect to the at '. At this stage, 
the Oill)' overlapping of the gate i duet lateral straggling of the implanted ions (for 30 
ke ·. O"J_ is on! 5 nm). If low-t mp rnture p rocesses are used for sub~equent s~eps to 
minimize lateral diffusion, the parasitic gat -drai n and gate-source coupling capacitances 
can b mucl1 ·mailer than th gate-chann I capa ·itan • • 

The la I st pi the metallization. A phospborus-d p cl ~x:ic.le (P-glass) is_ dei osited 
ov r the nlire wafer and is flow db heating the , afer to give a smooth suda t()pog­
rapli (Fig. 17b). Contact "vindows_ ar defined and td1ed in~ ' P~glas~. Am tal layer, 
such as aluminum, is tLen dep itecl and patterned. A cross-section view of the completed 
MOSFET is shown in Fig. 17c, and the corresponding top view is shown in Fig. 17d. 
The gate contact is usually made outside the activ clevic ,U'ea Lo avoid possible dam­

age to the thin-gate oxide. 

Gate 

z 

4 

p-Si(lOO) 

(c) 

f-.-+Lc 

(d) 

Fig. 17 NMOS fabrication sequence.7 (a) Source and drain. (b) P-glass deposition. (c) Cross 
section of the MOSFET. (d) Top view of the MOSFET. 
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EXAMPLE 4 

What is the maximum gate-to-source voltage that a MOSFET with a 5 nm gate oxide can with­
stand. Assume that the oxide breaks down at 8 MV/ cm and the substrate voltage is zero. 

SOLUTION 

V = <ff'x d = 8 x 106 x 5 x 10-7 = 4 V ◄ 

14.3.2 Memory Devices 

Memories are devices that can store digital information ( or data) in terms of bits (binary 
digits). Various memmy chips have been designed and fabricated using NMOS technol­
ogy. For most large memories, the random access memmy (RAM) organization is pre­
ferred. In a RAM, memory cells are organized in a matrix structure and data can be 
accessed (i.e., stored, retrieved, or erased) in random order, independent of their phys­
ical locations. A static random access memory (SRAM) can retain stored data indefinitely 
as long as the power supply is on. The SRAM is basically a flip-flop circuit that can store 
one bit of information. A SRAM cell has four enhancement-mode MOSFETs and two 
depletion-mode MOSFETs. The depletion-mode MOSFETs can be replaced by resis­
tors formed in undoped polysilicon to minimize power consumption.8 

To reduce the cell area and power consumption, the dynamic random access mem­
ory (DRAM) has been developed. Figure 18a shows the circuit diagram of the one-tran­
sistor DRAM cell in which the transistor serves as a switch and one bit of information 
can be stored in the storage capacitor. The voltage level on the capacitor determines the 
state of the cell. For example, + 1.5 V may be defined as logic 1 and O V defined as logic 
0. The stored charge will be removed typically in a few milliseconds mainly because of 
the leakage current of the capacitors; thus, dynamic memories require periodic "refresh­
ing" of the stored charge. 

Figure 18b shows the layout of a DRAM cell, and Fig. 18c shows the correspond­
ing cross section through AA'. The storage capacitor uses the channel region as one plate, 
the polysilicon gate as the other plate, and the gate oxide as the dielectric. The row line 
is a metal track to minimize the delay due to parasitic resistance (R) and parasitic capac­
itance ( C), the RC delay. The column line is formed by n+ -diffusion. The internal drain 
region of the MOSFET serves as a conductive link between the inversion layers under 
the storage gate and the transfer gate. The drain region can be eliminated by using the 
double-level polysilicon approach shown in Fig. 18d. The second polysilicon electrode 
is separated from the first polysilicon capacitor plate by an oxide layer that is thermally 
grown on the first-level polysilicon before the second electrode has been defined. The 
charge from the column line can therefore be transmitted directly to the area under the 
storage gate by the continuity of inversion layers under the transfer and storage gates. 

To meet the requirements of high-density DRAM, the DRAM structure has been 
extended to the third dimension with stacked or trench capacitors. Figure 19a shows a 
simple trench cell structure.9 The advantage of the trench type is that the capacitance 
of the cell could be increased by increasing the depth of the trench without increasing 
the surface area of silicon occupied by the cell. The main difficulties of making trench­
type cells are the etching of the deep trench, which needs a rounded bottom comer and 
the growth of a uniform thin dielectric film on trench walls. Figure 19b shows a stacked 
cell structure. The storage capacitance increases as a result of stacking the storage capac­
itor on top of the access transistor. The dielectric is formed using the thermal oxidation 
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Fig. 18 Shlgle-tran~istor dynamic randou) ace ·s memory (DRAM) ce~I with a stonige capaci­
tor: (a) Circuit diagram. (I,) Cell layout. (c) ross section through A-A • (d) Double-lev I 
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Fig.19 (a) DRAM with a trench cell structure.9 (b) DRAM with a single-layer stacked-capaci­

tor cell. 
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or CVD nihide methods between the two-polysilicon plates. Hence, the stacked cell pro­
cess is easier than the trench type process. 

Figure 20 shows al Cb DRAM chip. This memory chip uses 0.18 µm design rules. 
Trench capacitors and its peripheral circuits are in CMOS, which are considered in Section 
14.3.3. The memory chip has an area of 390 1111112 (14.3 mm x 27.3 mm) that contains 
over 2 billion components and operates at 2.5 V. This l Cb DRAM is mounted in an 88-
pin ceramic package, which can provide adequate heat dissipation. 

Both SRAM and DRAM are volatile memories, that is, they lose their stored data 
when power is switched off. Nonvolatile memories, on the other hand, can retain their 
data. Figure 21a shows a floating-gate nonvolatile memory, which is basically a conven­
tional MOSFET that has a modified gate electrode. The composite gate has a regular 
(control gate) and a floating gate which is surrounded by insulators. When a large posi­
tive voltage is applied to the control gate, charge will be injected from the channel region 
through the gate oxide into the floating gate. When the applied voltage is removed, the 
injected charge can be stored in the floating gate for a long time. To remove this charge, 
a large negative voltage must be applied to the control gate, so that the charge will be 
injected back into the channel region. 

Another version of the nonvolatile memory is the metal-nitride-oxide-semiconduc­
tor (MNOS) type shown inn Fig. 21b. When a positive gate voltage is applied, electrons 
can tunnel through the thin oxide layer (-2 nm) and be captured by the traps at the oxide­
nitride interface, and thus become stored charges there. The equivalent circuit for both 
types of nonvolatile memories can be represented by two capacitors in series for the gate 
structure, as illustrated in Fig. 21c. The charge stored in the capacitor C 1 causes a shift 
in the threshold voltage, and the device remains at the higher threshold voltage-state (logic 
1). For a well-designed memory device, the charge retention time can be over 100 years. 

Fig. 20 A 1 Gb DRAM that contains over 2 billion components. (Photography courtesy of 
IBM/Siemens, 1999 IEEE Int. Solid State Circuit Conference.) 
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Fig. 21 Nonvolatile memory devices. (a) Floating-gate, nonvolatile memory. (b) MNOS non­
volatile memory. (c) Equivalent circuit of either type of nonvolatile memory. 

To erase the memory (e.g., the store charge) and return the device to a lower threshold 
voltage state (logic 0), a gate voltage or other means (such as ultraviolet light) can be used. 

The nonvolatile semiconductor memory (NVSM) has been extensively used in portable 
electronics systems, such as cellular phones and the digital cameras. Another interesting 
applicatiQn is the chip card, also call d IC ca.rd. 

Th top photo in Fig. 22 shows an IC card. The diagram at th bottom or Fig. 22 
illustrates th nonvolatile memmy device that stores the data that can be r ad and writ­
ten through the bus to a central processing llllit (CPD). In conb·asl to the limited ol­
ume (1 kbytes) inside a s::onventional magnetic tape card, the size of the nonvolatile rn rnory 
can be increased to 16 kbytes, 64 kbytes, or ve.n larger dep n<ling on th applic.:alions 
(e.g., you can store personal photos or -flng r prints), Through the LC card rea<l/writ 
machines, the data can be used in numerous applications, such as telecommunications 
(card telephone, mobile radio), payment transa tions (ele b·onic pmse, credit card), pay 
television, transport (electronic ticket, public transport), health care (pati ·nt-dala card). 
and access control. The IC card will play a central role in th lobal information and ser­
vice society of the future. 10 

14.3.3 CMOS Technology 

Figure 23a shows a CMOS inverter. The gate of the upper PMOS device is connected 
to the gate of the lower NMOS device. Both devices are enhancement-mode MOSFETs 
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IC card \ 
\ 

CPU 

I ROM I RAM I 

Fig. 22 An integrated-circuit (IC) card. The data stored in the NVSM can be accessed through 
the bus of the central processing unit (CPU). There are several metal pads connecting to the 
read/write machine. (Photography courtesy of Retone Information System Co., LTD.) 

with the threshold voltage Vrp l~ss than zero for th PMOS device and Vrn greater than 
zero for the NMOS devic (typically the threshold voltage is about 1/4 V DD). When the 
input voltage V; is at ground or at small positive values, the PMOS device is turned on 
(the gate- to-ground potential of PMOS is -VDD, which is more negative than VT), and 
the NMOS de,i:ic is off. Hence, the output voltage V

0 
is very close to V DD (logic l)." When 

the input is at V DD, the PMOS (with V cs = O) is turned off, and the NMOS is turned on 
(V; = VDD > Vrnl- Therefore, the output voltage V 0 equals zero (logic 0). The CMOS inverter 
has a unique feature: in either logic state, one device in the series path from V DD to ground 
is nonconductive. The current that flows in either steady state is a small leakage current, 
and only when both devices are on during switching does a significant current flow through 
the CMOS inverter. Thus, the average power dissipation is small, on the order of nanowatts. 
As the number of components per chip increases, the power dissipation becomes a major 
limiting factor. The low power consumption is the most attractive feature of the CMOS 
circuit. 

Figure 23b shows a layout of the CM OS inverter, and Fig. 23c shows the device cross 
section along the A-A' line. In the processing, a p-tub (also called a p-well) is first implanted 
and subsequently driven into the n-substrate. The p-type dopant concentration must be 
high enough to overcompensate the background doping of the n-substrate. The subse­
quent processes for then-channel MOSFET in the p-tub are identical to those described 
previously. For the p-channel MOSFET, 11B+ or 49(BF2)+ ions are implanted into then­
substrate to form the source and drain regions. A channel implant of75As+ ions may be 
used to adjust the threshold voltage and a n+-chanstop is formed underneath the field 
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Fig. 23 Complementmy MOS (CMOS) inverter. (a) Circuit diagram. (h) Circuit layout. (c) 

ross section along clotted A-A' line of (b ). 

oxide around the p-channel device. Because of the JJ-tub and the additional steps needed 
to make the p-channel M OSFET, the nurnbu- of steps to make a CM OS circuit is essen­
tially double that t make an MO circuit. Tims, we have a trade-off between the com­
plexity o[ pro ssing and a redu tion in power consumption. 

Instead of the p-tub desCJib ·d above, an alternate approach is to use an 11-tub formed 
in p-typ . substrate ~,s s.hovv:n in Fig. 24a. ln this case, the 11-type dopant concentration 
must b high enough to overcompens,tt for the ba ·kPTOu11cl doping of th p-suhstnte 
(i.e., N

0 
> ,J Ln both the p-luh und th n-tub approac:h, th Jiannel mobility wlll LP 

degraded l ecaus mobility is determi.t1 cl by th total <lopa1 t cone ntration (N,1 + N1J 
A r c nt approa h using ti.-vo sepanrt d t11bs implanted. into a lightly doped si.:1bstrul is 
shov.m in Fig. 24,b. This struchu is called a hvin tub.1 B cause no overc 11 p usation is 
needed in. eith r of tl1e twin tubs, higher channel mobility cm1 be obtained. 

All CMOS circuits have the potential for a troublesome problem called latchup that 
is associated with parasitic bipolar transistors (to • how this problem can occur, SP 

Cbapt r 5). An ffective processing t ·]mi ]II to eliminate latchup proble m is to us th 
deep-tr nch isolation as shownll in Fig. 24c. In this teclmiqu , a tr n ·h with a <lepth 
d ep r than th • well is fonued in the silicon b anisotropic reactive sputt r tcbing. An 
oxid layer is th nnally grown on th bottom ,mcl walls of the trench, wh.icL is th 11. rrfiUed 
by deposit d pol sili1.:on r silk 11 dioxicl . Tl.tis t ch.niqu can eliminate lat ·Imp b au. e 
th 11-channel and p-chann I devices ar physically .isolated by the refillecl lT"nch. The 
detailed. steps for trench isolation and some r lat d MO process s are now considered. 
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Fig. 24 Various CMOS structures. (a) 11-tub. (b) Twin tub 1. (c) Refilled trench.ll 

Well-Formation Technology 
The well of a CMOS can be a single well, a twin well, or a retrograde well. The t\vin­
well process exhibits some disadvantages, e.g., it needs high temperature processing (above 
1050°C) and a long diffusion time (longer than 8 hours) to achieve the required depth 
of2-3 µm. In this process, the eloping concentration is highest at the surface and decreases 
monotonically with depth. To reduce the process temperature and time, high-energy 
implantation is used, i.e., implanting the ion to the desired depth instead of diffusion from 
the surLlCe. Since the depth is determined by the implantion energy, we can design the 
well depth with different implantation energy The profile of the well in this case can 
have a peak at a certain depth in the silicon substrate. This is called a retrograde well. 
Figure 2,5 shows a comparison of the impurity profiles in the retrograde well and the con­
ventional thermal diffused well. 12 The energy for the 11- and p-type retrograde wells is 
around 700 keV and 400 keV; respectively. As mentioned above, the advantage of the high­
energy implantation is that it can form the well under low-temperature and short-time 
conditions, hence, it can reduce the lateral diffusion and increase the device density. The 
retrograde well can offer some additional advantages over the conventional well: (a) because 
of high doping near the bottom, the \Nell resistivity is lower than that of the conventional 
well and the latclrnp problem can be minimized, (b) the chanstop can be formed at the 
same time as the retrograde well implantation, reducing processing steps and time, (c) 
higher ,vell eloping in the bottom can reduce the chance of punch through from the drain 
to the source. 
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Fig. 25 Retrograded p-well implanted impurity concentration profile. Also shown is a conven­

tionally diffused well. 12 

Advanced Isolation Technology 
The conventional isolation process (Section 14.3.1) has some disadvantages that make it 
unsuitable for deep-submicron (0.25 µm and smaller) fabrications. The high-tempera­
ture oxidation of silicon and long oxidation time result in the encroachment of the chanstop 
implantation ( usually boron for n- 1 OSFET) to the active region and cause V r shift. Th 
area of the active region is reduced hecause of the lateral oxidation. In addition, th .fi Id­
oxide thickn ss in submicron-i elation pacings is significantly less than the thickness of 
field oxide grown in wider spacings. Th tr uch isolation t chnology can avoid these prob­
lems and has become the mainstream technology for isolation. Figure 26 shows the pro­
cess sequenc for forming a deep (larger than 3 µm ) but narrow (less tl1an 2 µm) 
trench-isolation structur . There are lour steps: patterning th ar a, trench etching and 
oxide growth, r filling with dieJ ctric materials such as ox.id or undoped polysilicon and 
planarization. 111js deep b·ench isolation can b used in both advanced CMOS ru.1cl bipo­
lar cl vices and for the tr nch-type DRAM. Since the isolation material is deposited by 
CVD, it does not need a long-time or a high-temperature process, and it eliminates the 
lateral oxidation and boron encroachment problems. 

Another example is the shallow trench (depth is less than 1 µm) isolation for CMOS, 
shown in Fig. 27. After patterning (Fig. 27a), the trench area is etch ·d (Fig. 27b) and 
then re-filled with oxide (Fig. 27c). Before refilling, a ohanstop implantation can be per­
formed. Since the oxide has over filled the trench, the oxide on the nitride should b • 
removed. Chemical-mechanical polishing (CMP) is us d to remove the oxide on the nit.Jide 

SiO2 

l::::::=::::i_ .J:::=:=C-- Si3N4 

SiO2 

l.2µm 

Si 

(a) 

(c) 

5µm ._ -
150nm 

(b) 

400nm rno 
\ITT 

(d) 

Fig. 26 Process sequence for forming a deep, narrow-trench, isolation strncture. (a) Trench 
mask patterning. (b) Trench etching and oxide growth. (c) Polysilicon deposition to fill the 
trench. (d) planarization. 

Chanstop 

Photoresist HH 

Si-substrate ~ 
(a) (b) 

~Do<de ~Ni<rid,, 

L---=------J~ ()Sde 

(c) (d) 

Fig. 27 A shallow trench isolation for CMOS. (a) Patterning with photoresist on nitride/oxide 
films. (b) Diy etching and chanstop implantation. (c) Chemical-vapor deposition (CVD) oxide to 
refill. (d) Planar surface after chemical-mechanical polishing (CMP). 
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and to get a flat surface (Fig. 27d). Due to its high resistance to polishing, the nitride 
acts as a stop-layer for the CMP process. After the polishing, the nitride layer and the 
oxide layer can be removed by H3P .1 and HF, respectivel . This initial planarization st P 
at the beginning is helpful for the subs qu nt polysilicon patterning and planarizfltioi s 
of the multilevel interconnection processes. 

Gate-Engineering Technology 
If we use n+ -polysilicon for both PMOS and NMOS gates, the threshold voltage for PMOS 
(VTP = -0.5 to -1.0 V) has to be adjusted by boron implantation. This makes the chan­
nel of the PMOS a buried type, shown in Fig. 28a. The buried-type PMOS suffers seii­
ous short-channel effects as the device size shrinks to 0.25 µm and less. The most noticeable 
phenom na for sbott-chaon I fleet are the Vr roll-off, clrnin-induced barrier lowering 
(DIEL), and the larg leakag current at the off state o that ven with the gate volt, e 
at zero, leakage cummt flows through source and lraio. To alleviat this problem, one 
can change n+-polysilicon to p+-polysilicon for PMOS. Due to the work function differ­
ence (there is a 1.0 eV difference from n+- to p+-polysilicon), one can obtain a surface 
p-typ cl1annel d vie without th boron v.,. adjustment implantation. Hence, as th tech­
nology shrinks to 0.25 µm and less, <lual-gate structures are required, i. ., p -polysilicon 
gate for PMOS, and n+-polys ili ·on for !MOS (Fig. 28b). A comparison ofVr fortl1 e sur­
face duumel an<l th bwiecl luumel is shown in Fig. 29. W • note that the Vr of surfac, 
channel rolls off slowly in the deep-submicron regime compared with the bmied-chan­
nel device. This makes the surface-channel device with the p+ -polysilicon suitable for deep­
submicron device operation. 

Boron implant 
buried channel 

p-:.1os 
buried channel 

p+ poly Si ~.lt 

\ 

(n-well) 

p-~·IOS 
surface channel 

(a) 

Lighly doped 
drain structure 

(LOO) 

(p-well) 

11-l'v!OS 
surface channel 

n + poly Si gut(' Highly doped 
at source/drain 

STI 

11-MOS 
surface channel 

(b) 

Fig. 28 (a) A conventional long-channel CMOS structure with a single-polysilicon gate (11+). (b) 

Advanced CMOS structures with dual-polysilicon gates. 
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Fig. 29 The VT roll-off for a buried type channel and for a surface type channel. The VT drops 
ve1y quickly as the channel length becomes less than 0.5 µm. 

To form the p+-polysilicon gate, ion implantation of BF; is commonly used. However, 
boron penetrates easily from the polysilicon through the oxide into the silicon substrate 
at high temperatures, resulting in a V r shift. This penetration is enhanced in the pres­
ence of a F-atom. There are methods to reduce this effect: use of rapid thermal anneal­
ing to reduce the time at high temperatures and, consequently, the diffusion of boron; 
use of nitrided oxide to suppress the boron penetration, since boron can easily combine 
with nitrogen and becomes less mobile; and the making of a multilayer of polysilicon to 
trap the boron atoms at the interface of the two layers. 

Figure 30 shows a microprocessor chip (Pentium 4) that has an area of about 200 
mm2 and contains 42 million components. This ULSI chip is fabricated using 0.18 µm 
CMOS technology with a six-level aluminum metallization. 

14.3.4 BiCMOS Technology 

BiCMOS is a technology that combines both CMOS and bipolar device structures in a 
single IC. The reason to combine these two different technologies is to create an IC chip 
that has the advantages of both CMOS and bipolar devices. As we know that CMOS exhibits 
advantages in power dissipation, noise margin, and packing density, whereas bipolar shows 
advantages in switching speed, current drive capability, and analog capability. As a result, 
for a given design rule, BiCMOS can have a higher speed than CMOS, better perfor­
mance in analog circuits than CMOS, a lower power-dissipation than bipolar, and a higher 
component density than bipolar. Figure 31 shows the comparison of a BiCMOS and a 
CMOS logic gates. For a CMOS inverter, the current to drive (or to charging) the next 
loading, Cv is the drain CUIT nt I /Js · For a l3iCMOS inverter, the current is h1ivs, where 
hfi Js the cu rr nt-1Ta.i.n of the bipolar tran ·istor and Ivs is the base current of the bipolar 
tramisto.r and is gualto th drain t unent of M2 in the CMOS. Since hfe is much larger 
than 1, the speed can be substantially enhanced. 

BiCMOS has been widely used in many applications. In the early days, it was used 
in SRAM. At the present time, BiCMOS technology has been successfully developed for 
transceiver, amplifier, and oscillator applications in wireless-communication equipment. 
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Fig. 30 Micrograph of a 32-bit microprocessor chip, Pentium 4. (Photography comtesy of Intel 

Corporation.) 

Most of the BiCMOS processes are based on the CMOS process, with s~me moclifi ~­
tions such as adding masks for bipolar transistor fabrication. The followmg example 1s 
for a high-performance BiCMOS process based on the twin-well CMOS process, shown

13 

~~~- . 
The initial material is a p-type silicon suhsb:at . and then an n->--buried .\arr is form d 

to reduce the collector's resistance. The brnied p-lay r is formed through ion imphmta­
tion to increase the doping level to prevent pml ·hthrough. A ligl~tly doped 11-e1~i luyf'r is 
grown on the wafer and a twin-well process for th CMOS is perfo rmed. To acluev lugh 
performance of the bipolar transistor, fow- additional masks ar ne cl d. The 1 .ar Lhe 

r 
(a) (b) 

Fig. 31 (a) CMOS logic gate. (b) Bipolar CMOS (BiCMOS) logic gate. 

Bmied p layer Buried n+ layer 
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Fig. 32 Optimized BiCMOS device stmcture. Key features include self-aligned p and n• buried 
layers for improved packing density, separately optimized n- and p-well (twin-well CMOS) 
formed in an epitaxial layer with intrinsic background doping, and a polysilicon emitter for 
improved bipolar performance. 13 

buried n+-mask, the collector deep-n•-mask, the base p-mask, and the poly-emitter mask. 
In other processing steps, the p+ -region for base contact can be fanned with the p+ -implant 
in the source/drain implantation of the PMOS, and the n•-emitter can be formed with 
the source/drain implantation of the NMOS. The additional masks and longer process­
ing time compared with a standard CMOS are the main drawbacks of BiCMOS. The addi­
tional cost should be justified by the enhanced performances of BiCMOS. 

14.4 MESFET TECHNOLOGY 

Hee llt adv,m ·es in gaUium Hrs n ide processing techniques in conjunction with n w fab­
riCltti.on and ci.rcuH appnm ·hes hav m~td po~sihle the d v lopme11t of"silicon-like" gal-
1iU1n arsenide IC te ·lmo1ogy. Th r are thr · i.nh erent advantages of' gallium arsenide 
compared with silicon: higher electron mobility, which results in lower series resistance 
for a given device geometry; higher drift velocity at a given electric field, which improves 
device speed; and the ability to be made semiinsulating, which can provide a lattice­
matdied dielectric-insulated substrate. However, gallium arsenide also has three disad­
vantages: a ve1y short minority-carrier lil'etime; lack of a stable, passivating native oxide; 
and c1ys tal def•cts that are many ord rs of magnitu<le high r th,w m sil icon. Th short 
minori ty-carrier lifeti m • an<l th la ·k of LJj.gL-quali ty insulating lllms have prevent d the 
cl velnpment of bipolar d vk:es and cl laye<l 1'1(0 technology using gallium ars uide. Thus , 
the emphasis of allium arsenide IC I: dmology is in the MESFET area, in which our 
main concerns are the majmity carriers transport and the metal-semiconductor contact. 

A typical fabrication sequence14 for a high-_pcrfonnance MESFET is shown in Fig. 33. 
A layer of GaAs is epitaxially grown on a seu1.ii.nsulating GaAs substrate, followed by an 
n•-contact layer (Fig. 33a). A mesa etch step is performed for isolation (Fig. 33b), and a 
metal layer is evaporated for the source and drain ohmic contacts (Fig. 33c). A channel 
recess etch is followed by a gate recess etch and gate evaporation ( Fig. 33d and e). After 
a liftoff process that removes the photoresist, shown in Fig. 33e, the MESFET is com­

pleted (Fig. 33fJ. 
The n•-contact layer reduces the source and drain ohmic contact resistances. Note 

that the gate is offset toward the source to m.i.itirnize the source resistance. The epitax­
ial layer is thick enough to minimize the effect of surface depletion on the source and 
drain resistance. The gate electrode has maximal cross-sectional area with a minimal foot 
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Fig. 33 Fabrication sequence of a GaAs MESFET. 14 

print, which provides low gate resistance and minimal gate length. In addition, the length 
Lev is design cl to b gr at r than the depletion width at gate-drain breakdown. _ 

A representatjve fabrication s quenc for a MESFET integrat -d circuit is show1'l 1
~ 

in Fig. 34. In th.is prnc ss, n-+-sou.r:c and dram regions are self-aligned to th gate f each 
MESFET. A relatively light channel .implant is used for th enhancem nt-mode swit ·lung 
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Fig. 34 Fabrication process for MESFET direct-coupled FET logic (DCFL) with active loads. 
Note that the n + -source and drain regions are self-aligned to the gate .15 
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device and a heavier implant is used for the depletion-mode load device. A gate recess 
is usually no_t_ used for such digital IC fabrication because the uniformity of each depth 
has been difficult to control, leading to an unacceptable variation of the threshold , olt­
age. This process sequence can also be used for a monolithic microwave integrated cir­
cuit (M~vIIC). Note that the gallium arsenide MESFET processing technology is similar 
to the silicon-based MOSFET processing technology. 

Gallium arsenide ICs with complexities up to the large-scale integration level (-10,0()() 
components per chip) have been fabricated. Because of the higher drift velocitv ( ~:?.0% 
higher than silicon), gallium arsenide ICs will have a 20% higher speed than silicon TCs 
that use the same design rules. However, substantial improvements in crystal qualitv ancl 
processing technology are needed before gallium arsenide can seriously challeng.e the 
preeminent position of silicon in ULSI applications. 

14-.5 CHAW: 1\JG[S Hrn MICROf:JECrnDNI CS 

Since the beginning of the integrated-circuit era in 1959, the minimum device dinwn­
sion, also called the minimum feature length, has been re(lucecl at an annual rate of about 
13% (i.e., a reduction of 30% every 3 years). According to the prediction b,· the 
International Technology Roadmap ft1r Semiconch1ctorsHi, the minimum feature length 
will shrink from 130 nm (0.1.3 µm) in the year 2002 to 35 nm (0.03.5 µm) aro11nd 2014, 
as shown in Table 1. Also shown in Table 1 is the DRAM size. The DRAM has increased 
its memory cell capacity four times eve1y 3 years and 64 Gbit DRAM is expected to lw 
available in year 2011 using 50 nm design rules. The table also shows that the wafer si7.e 
will increase to 450 mm (18 in. diameter) in 2014. In addition to the feature size reduc­
tion, challenges come from the device level, material level, and system level, discussed 
in the following subsections. 

14.5.1 Challenges for Integration 

Figure 3.5 shows the trends of power supply voltage V uD, threshold voltage Vr, and gate 
oxide thickness d versus channel length for CMOS logic technology. I', From the figurt:, 
one can find that the gate oxide thickness will soon approach the tunneling-current limit 
of 2 nm. VDIJ scaling will slow down because of nonscalable Vr (i.e., to a minimum V.,. of 
about 0.3 V clue to subthresholcl leakage and circuit noise immunity). Some challenges 
of the 180 nm technology ancl beyond are shown IH in Fig. 36. The most stringent rec1uirc­
ments are as follows. 

TABLE 1 T he Te c hnulonv Ge11e rn tio11 15 fro111 1'197 to 201/J 

Year of the first 1997 1999 200:2 200.s 2008 20ll. 20H 

product shipment 
Feature size (nm) 2.50 180 130 100 70 50 :3:"5 

DRAM" size (bit) 2.56M lG SC 64G 

Wafer size (mm) 200 300 300 300 300 300 -+:'SO 

Gate oxide (nm) 3-4 1.9-2 .. 5 1.3-1.7 0.9-11 <l.O 

Junction depth (nm) .50-100 42-70 25-43 20-33 15--30 

·'DHAM, dynamic random access memory 

10~------ ---------~ 

:20 
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Fig. 35 Trends of power supplv voltage V,m, threshold voltage Vr, and gate oxide thickness cl 
versns channel lc~ngth for CMOS logic technologies. Points are collected from data published 
over recent years. 1' 
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Ii , 'll(l'_:l ,l< I( \\ \ ~ll v 

reduce thermal cvclcs 
latch-up preventi~ n 

\l-11111"· 
high a~)ect ratios 

523 

21



524 Chapter 14. Integrated Devices 

Ultrashallow Junction Formation 
As m ntioned in Chapter 6, the short-channel effect happens as the channel length is 
reduced. This problem becomes critical as the device dimension is scaled down to lOO 
nm. To achieve an ultrashallow junction with low sheet resistance, low-energy (less than 
1 keV) implantation technology with high dosage must be employed to reduce the short­
ch,mnel effect. Tabl ] show. tlie required junction depth versus the technology gener­
ation. The r quirernents of the junction for 100 nm are depths around 20-33 nm with a 
doping concentration of 1 x 1020 /cm3

• 

Ultrathin Oxide 
As the gate length sh1inks below 130 nm, the oxide equivalent thickness of gate dielec­
tiic must be r cluce<l arouncl 2 nm to maintain th p •rfonmmce. However, if only SiQ2 

(with a dielechic constant of 3.9) i used, the l akag through th gate becomes veiy high 
b cause of direct tunneling. For tbis r ason, thick r bigh-k di I~ •bi • materials that l U1v 

lower leakage current are suggested to replace oxide. Candidates for the short term are 
silicon nitride (with a dielectric constant of 7), Tap5 (25), and TiO2 (60-100). 

Silicide Formation 
Silicide-r lated technc>logy has b come an integral part of submicron devices for reduc­
ing the parasitic resistanc to improv device and circuit pe1formance. The conventional 
Ti-silicide process has been \.vid ly use in 350-250 nm technology. However, the sheet 
r sistance of a TiSi

2 
line increases with decreasing line width, which limits the use ofTiSi2 

in 100 nm CMOS applications and beyond. CoSi2 or NiSi processes will replace TiSi2 in 
the technology beyond 100 nm. 

New Materials for Interconnection 
To achieve high-speed operation, the RC time delay of the interconnection must be 
reduced. In Fig. 14 of Chapter 11 we have shown the delay as a function of feature size.19 

It is obvious that the gate delay decreases as the channel length decreases, meanwhile 
the delay resulting from interconnect increases significantly as the size decreases. This 
causes the total delay time to increase as the dimension of the device size scales down 
to 250 nm. ons quently, both high-conductivity metals , such as Cu, an<l1ow-clielectric­
constant (low-k) insulators such as mganic (polyimide) or inorganic (F-cloped oxide) mate­
rials offer major p rform, nee gains. Cu exhibits sup 1iorpedonmmce b caus of its high 
conduclivity (1.7 µ0.-cm compared with 2.7 µ0.-crn of Al ) and is 10-100 times mol'" 
r sistant to electromigration. The dela using the Cu and low-k material shows a signi f­
icant deer ase compared with that of th conventio,mtl Al and oxi.d . Hence, Cu with th 
low-k material is essential in multilevel interconnection for future deep-submicron 

technology. 

Power Limitations 
The power required merely to charge and discharg circuit nodes in an IC is propor­
tional to the number of gates and the frequency at which they are switched ( clock fre­
quency). The power can be expressed as P = l/2C 2 ,if, when C is th capacitance per 
device, Vis the applied voltage, n is the number of devices per chip, and f i. the cloc_k 
fr quency. Tl1e temperatur rise caus d by this power dissipation in an lC package ts 
limit d by th th rmal conductivity of th package material unless auxili, ry ligu id or gas 
cooling is u cl. The maximum allowabl , temperature rise is limited by th bandgap of 
the semiconductor (-l00"C for Si with a bandgap of l .l V). For such a temperatu r 
rise, the maximum power dissipation of a typic:al high-performanc package is about 10 
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W. As a result, we must limit either the maximum clock rate or the number of gates on 
a chip. As an example, in an IC containing 100 nm MOS devices with C = 5 x 10-2 fF, 
running at a 20 GHz clock rate, the maximum number of gates we can have is about 107 

if we assume a 10% duty cycle. This is a design constraint fixed by basic material parameters. 

SOI Integration 
Mentioned in Section 14.2.2 was the isolation of the SOI wafer. Recently SOI technol­
ogy has received more attention. The advantages of the SOI integration become signif­
icant as the minimum feature length approaches 100 nm. From the process point of view, 
SOI does not need the complex well structure and isolation processes. In addition, shal­
low junctions are directly obtained through the SOI film thickness, There is no risk of 
nonuniform interdiffusion of silicon and Al in the contact regions because of oxide iso­
lation at the bottom of the junction. Hence, the contact barrier is not necessary. From 
the device point of view, the modern bulk silicon device needs high doping at the drain 
and substrate to eliminate short-channel effects and punch-through. This high doping 
results in high capacitance when the junction is reversed bias. On the other hand, in SOI, 
the maximum capacitance between the junction and substrate is the capacitance of the 
buried insulator whose dielectric constant is three times smaller than that of silicon (3.9 
versus 11.9). Based on the ring oscillator performance, the 130 nm SOI CMOS technology 
can achieve 25% faster speed or require 50% less power compared to a similar bulk tech­
nology.20 SRAM, DRAM, CPU, and rf CMOS have all been successfully fabricated using 
SOI technology. Therefore SOI is a key candidate for the future system-on-a-chip tech­
nology, considered in the following section. 

EXAMPLE 5 

For an equivalent oxide thickness of 1.5 nm, what will be the physical thickness when high-k mate­
rials nitride (e/eo = 7), T½Os (25), or TiO2 (80) are used? 

SOLUTION For nitride, 

( 
eox J = (~J, 
1.5 dnitride 

dnitride = 1.5 (_}_J = 2.69 nm. 
3.9 

Using the same calculation, we obtain 9.62 nm for Ta2O5 and 10.77 nm for TiO2• 

14.5.2 System-On-A-Chip 

The increased component density and improved fabrication technology have helped the 
realization of the system-on-a-chip (SOC), that is, an IC chip that contain a complete 
electronic system. The designers can build all the circuitry needed for a complete elec­
tronic system, such as a camera, radio, television, or personal computer (PC), on a sin­
gle chip. Figure 37 shows the SOC application in the PC's mother-board. Components 
(11 chips in this case) once found on boards are becoming virtual components on the 
chip at the right.21 

There are two obstacles in the realization of the SOC. The first is the huge com­
plexity of the design. Since the component board is presently designed by different com­
panies and different design tools, it is difficult to integrate them into one chip. The other 
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A/MS = analog/mixed signal 
ASIC = application-specific IC 
CPU = centml prouessiug nnil 
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Fig. 37 System-on-a-chip of a conventional personal computer mother-board.
21 

is the diHiculty of fabrication . lu r n ral, th fabricating pro •ss s of" the DRAM ar sig­
niucantly different li·orn tl ose of logi • TC (e.g. , CPU). S11eecl is the first primi ty for th 
logic, wher as leakage of the stored charg is tl1e priority for m ~:1ory. Therefore, mul­
tilev I intercono clion using five to six levels of m tnls is es ential !or logic re to improv 
the speed . Jiowev ·r, DRAM needs only tvv<o to thre l vels. In adilition, to incr ·ase tit 
sp d, a silicide pro • ss mu t be used to reduce the series resislm1ee, and ultrathin gate 
oxid is ne cl cl to increas th chiv urrent. These requirements are not critical for the 

memory. 
To achieve the SOC goal, an embedded DRAM technology is introduced, i.e., to merge 

logic and DilAM into a single chip with compatible processes. Figure 38 shows the schematic 
cross section f th embedded DRAM, includii1g th DR M cells and the logic CMOS 
devices.22 Some processing steps are modified as a compromise. The trench-type capaci-

\/2 

. \JJ 

u u 
Fig. 38 Schematic cross section of the embedded DRAM including DRAM cells and logic 
MOSFETs. There is no height difference in the trench capacitor cell because of the DRAM cell 
structure. Ml to M5 are metal interconnections, and Vl to V4 are via holes.22 
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tor, instead of the stacked type, is used so that there is no height difference in the DRAM 
cell structure. In addition, multiple gate oxide thiclmesses exist on the same wafer to accom­
modate multiple supply voltages and/or combine memory and logic circuits on one chip. 

SUMMARY 
In this chapter we considered processing technologies for passive components, active 
devices, and IC. Three major IC technologies based on the bipolar transistor, the MOS­
FET, and the MESFET were discussed in detail. It appears that the MOSFET will be 
the dominant technology at least until 2014 because of its superior performance com­
pared with the bipolar transistor. For 100 nm CMOS technology, a good candidate is the 
combination of an SOI-substrate with interconnections using Cu and low-k materials. 

Because the rapid reduction in feature length, the technology will soon r ach its prac­
tical limit as the cbann I length is reduced to about 20 nm. What wi ll be the device beyond 
the CMOS is the question being asked by research scientists. Major candidates include 
many innovative devices based on quantum mechanical effects. This is because when the 
lateral dimension is reduced to below 100 nm, depending on the materials and the tem­
perature of operation, electronic structures will exhibit nonclassical behaviors. The oper­
ation of such devices will be on the scale of single-electron transport. This approach has 
been demonstrated by the single-electron m mory cell. The realization of such systems 
with trillions of components will be a major hall ng beyond CMO .23 
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PROBLEMS\* DENOTES DIFFICULT PROBLEMS) 

FOR SECTION 14.1 PASSIVE COMPONENTS 

1. For a sheet resistance of 1 kW□, find the maximum resistance that can be fabricated on a 
2.5 x 2.5-mm chip using 2 µm lines with a 4 µm pitch (i.e., distance between the centers 

of the parallel lines). 

2. Design a mask set for a 5 pF MOS capacitor. The oxide thickness is 30 nm. Assume that 
the minimum window size is 2 x 10 µm and the maximum registration errors are 2 µm. 

3. Draw a complete step-by-step set of masks for the spiral inductor with three turns on a 

substrate. 
4. Design a 10 nH square spiral inductor in which the total length of the interconnect is 

350 µm; the spacing between turns is 2 µm. 

FOR SECTION 14.2 BIPOLAR TECHNOLOGY 

5. Draw the circuit diagram and device cross section of a clamped transistor. 

6. Identify the purpose of the following steps in self-aligned double-polysilicon bipolar struc­
ture: (a) undoped polysilicon in trench in Fig. 13a, (b) th · poly 1 in Fig. 13b, and (c) the 

poly 2 in Fig. 13d. 

FOR SECTION 14.3 MOSFET TECHNOLOGY 

*7. In NM S processing the starting material is a p-type 10 O-crn <100>-oriented silicon 
wafer. The sourc and drain are fonned by arsenic imphmtation of J 016 i01'1s/cma nt 30 keV 
through a gate mdd of 25 nm. (a) Estimat the thr hold vol.tag change of the de, ·c • • 
(b) Draw th doping prntlle along a coordinat perpendicular to th surface and passing 
through the channel region or the source region. 

(a) Why is <100>-orientation prefened in NMOS fabrication? (b) What are the disadvan­
tages if too thin a flelcl ox:i.cle i used in MO • d vices? (c) What problems occur if a 
polysilicon at is used for gat I ngths less than 3 ~tm? Ctm another mate.rial be substi­
tuted for polysilicon? (cl) How-i a self-aligned gate obtained and what m· its advantages? 

( ) What purpos does P-glas • ·erv ? 

*9. For a floating-gate nonvolatile memory, the lower insulator has a dielectric constant of 4 
and is 10 nm thick. The insulator .1bove the floating gate has ll di lectric constant of 10 
and is 100 nm thick. If the cunent dansity J in the lower insulators is given by J = af, 
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where a= 10-7 Siem, and the current in the other insulator is negligibly small, find the 
threshold voltage shift of the device caused by a voltage of 10 V applied to the control 
gate for (a) 0.25 µs, and (b) a sufficiently long time that] in the lower insulator becomes 
negligibly small. 

10. Draw a complete step-by step set of masks for CMOS inverter shown in Fig. 23. Pay par­
ticular attention to the cross section shown in Fig. 23c for your scale. 

*11. A 0.5 µm digital CMOS technology has 5 µm wide transistors. The minimum wire width 
is 1 µm and the metallization layer consists of 1 µm thick aluminum. Assume that µ is 
400 cm2N-s, dis 10-nm, V00 is 3.3 V, and the threshold voltage is 0.6 V. Finally, ass~me 
that the maximum voltage drop that can be tolerated is 0.1 V when a 1 µ111 2 cross section 
aluminum wire is carrying the maximum current that can be supplied by the NMOS tran­
sistor. How long a wire can be allowed? Use a simple square-law, long-channel model to 
predict the MOS current drive (resistivity of aluminum is 2.7 x lQ--8 Q-cm). 

12. Plot the cross-sectional views of a twin-tub CMOS structure of the following stages of 
processing: (a) n-tub implant, (b) p-tub implant, (c) twin-tub d1ive-in, (d) nonselective p•­
source/drain implant, (e) selective n•-source/drain implant using photoresist as mask, and 
(f) P-glass deposition. 

13. Why do we use a p• -polysilicon gate for PMOS? 

14. What is the boron penetration problem in p•-polysilicon PMOS? How would you elimi­
nate it? 

15. To obtain a good interfacial prope1ty, a buffered layer is usually deposited between the 
high-k material and substrate. Calculate the effective oxide thickness if the stacked gate 
dielechic structure is (a) a buffered nitride of0.5 nm and (b) a Ta2O5 of 10 nm. 

16. Describe the disadvantages of LOCOS technology and the advantages of shallow-trench 
isolation technology. 

FOR SECTION 14.4 MESFET TECHNOLOGY 

1 7. What is the purpose for the polyimide used in Fig. 34f? 

18. What is the reason that it is difficult to make bipolar transistor and MOSFET in GaAs? 

FOR SECTION 14.5 CHALLENGES FOR MICROELECTRONICS 

19. (a) Calculate the RC time constant of a aluminum runner 0.5 µm thick formed on a ther­
mally grown SiO2 0.5 µm thick. The length and width of the runner are 1 cm and 1 µm, 
respectively. The resistivity of the runner is 10-.s Q-cm. (b) What will be the RC time con­
stant for a polysilicon runner (R0 = 30 WD) of identical dimension? 

20. Why do we need multiple oxide thicknesses for a system-on-a-chip (SOC)? 

21. Normally we need a buffered layer placed between a high-k Ta2O5 and the silicon sub­
strate. Calculate the effective oxide thickness (EOT) when the stacked gate dielechic is 
Ta2?5 (k = 25) with a thickness of 75A on a buITer d nitride layer (k = 7 and a thic:kness of 
10 A). Also calculate EOT for a buffered oxide layer (k = 3.9, and a thickness of 5 A). 
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Appendix A 

List of Symbo ls 

Symbol Desc1iption Unit 

a Lattice constant A 
qJ Magnetic induction Wb/m2 

Speed of light in vacuum cm/s 

C Capacitance F 
qJ Electlic displacement C/cm2 

D Diffusion coefficient cm2/s 

E Energy eV 

Ee Bottom of conduction band eV 

EF Fermi energy level eV 

Eg Energy bandgap eV 

Ev Top of valence band eV 
,g Electric field V/cm 

<ff;, Critical field V/cm 

6i11 Maximum field V/cm 

f Frequency Hz(cps) 

F(E) Fermi-Dirac distribution function 

h Planck constant J·s 
hv Photon energy eV 

I Current A 

le Collector current A 

J Current density A/cm2 

J,,. Threshold current density A/cm2 

k Boltzmann constant JIK 
kT Thermal energy eV 

L Length cm or µm 

mo Electron rest mass kg 

m,, Electron effective mass kg 

mp Hole effective mass kg 

n Refractive index 

n Density of free electrons cm--3 

n; Intrinsic carrier concentration cm--3 

(continued) 
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