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PREFACE

SILICON PROCESSING FOR THE VLSI ERA is a text designed to provide a
comprehensive and up-to-date treatment of this important and rapidly changing field.
The text will consist of three volumes, of which this book is the second, subtitied,
Process Integration. Volume 1, subtitied Process Technology, was published in 1986.
Volume 3, 10 be subtitled Assembly, Packaging and Manufaciuring Technology is
scheduled for publication in 1993. In Volume 1, the individual processes utilized in the
fabrication of silicon VLSI circuits are covered in depth (e.g., epitaxial growth,
chemical vapor and physical vapor deposition of amorphous and polycrystalline films,
thermal oxidation of silicon, diffusion, ion implantation, microlithography, and etching
processes).

In this volume, we undertake to explain how the individual processes described in
Volume 1 are combined in various ways to produce silicon integrated circuits. This
task is referred 1o as process integraiion. The first part of the book deals with sub-
process integration; that is, the effort involved in forming circuit structures that can be
implemented into a variety of circuit types. These structures include isolation structures
{Chap. 2), metal-silicon contacts {Chap. 3), and device-interconnect structures
{Chap. 4}.

The second part of the boek covers the process integration tasks of full-device-type
technologies, including NMGS (Chap. 5), CMOS (Chap. 6), bipolar and BiCMOS
(Chap. 7), and semiconductor memories (Chap. 8). Chapter 9 describes the process
simulation tools that are available for aiding in the process integration and development
efforts,

Volume 3 will cover process control, VLSI manufacturing issues and facilities,
contamination and vield, automation, assembly, packaging, and parametric testing.

The purpose of writing this text was 1o provide professionals involved in the
microelectronics industry with a single source that offers a complete overview of the
technology associated with the manufacture of silicon integrated circuits. Other texts on
the subject are available only in the form of specialized books (i.e., that treat just a
small subset of all of the processes), or in the form of edited volumes (i.e,, books in
which a group of authors cach contributes a small portion of the contents),

Such edited volumes typically suffer from a lack of unity in the presented material
from chapter-to-chapter, as well as an unevenness in writing style and level of
presentation. In addition, in mult-disciptinary fields, such as microelectronic
fabrication, it is difficult for most readers © follow technical arguments in such books,

xxix
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XXX

especially if the information is presented without defining each technical "buzzword” ag
it is first introduced.

In our books such drawbacks are avoided by treating the subject of VLSI fabrication
from a unified and more pedagogical viewpoint, and by carefully defining techaical
terms when they are first inrodaced. The result is intended 1o be a user friendly book
for workers who have come to the semiconductor industry after having been trained in
but one of the many traditional technical disciplines.

An important technical breakthrough has occurred in publishing that the author atso
felt could be exploited in creating a unique book on silicon processing. That is,
revolutionary electronic publishing techniques have recently become available, which
can cut the lime required to produce a published book from a finished manuscript, This
task traditionally took 15-18 months, but can be now reduced to Iess than 3 months. If
traditional technigues are used to produce books in such fast-breaking fields as VLSI
fabrication, these books automatically possess a built-in obsolescence, even upon being
first published.

We have taken advantage of these rapid production technigues, and have been able o
successfully meet the reduced production-time schedule. As a result, information
contained in technical journals and conferences which was available within three months
of the book’s publication date has been included.

Writien for the professional, the book belongs on the bookshelf of workers in several
microelectronic disciplines. Microelectronic fabrication engineers who seek to develop a
more complete perspective of the subject, or who are new to the field, will find it
invaluable. Integrated circuit designers, 1est engineers, and integrated circuit equipment
designers, who must understand VLST processing issues to effectively interface with the
fabrication environment, will also find it a uniquely useful reference. ‘The book should
also be very suilable as a text for graduate-level courses on silicon processing
techniques, offered to students of electrical engineering, applied physics, and materials
science. It is assumed that such swdents already possess a basic familiarity with
semiconductor device physics. Problems are included at the end of each chapter to assist
readers in gauging how well they have assimilated the material in the text. .

The book is an outgrowth of several intensive seminars conducted by the anthor
throngh the Engineering Extension of the University of California, Irvine, Over one
thousand engineers and managers from more than 75 companies and government
agencies have enrolled in these short conrses since they were first presented in 1984,

A book of this length and diversity would not have been possible without the
indirect and direct assistance of many other workers. 'Fo begin, virtually all of the
information presented in this text is based on the research efforts of a countless number
of scientists and enginecrs. Their contributions are recognized 1o a small degree by
citing some of their articles in the references given at the end of each chapter. The direct
help came in 4 variety of forms, and was generously provided by many people. The text
is a much better work as a resuit of this aid, and the authors express heartfelt thanks to
those who gave of their time, encrgy, and imeliect.

Hach of the chapters was reviewed after the writing was completed. The engineers
and scientists who participated in this review were numerous. The main reviewers are
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xxxi

listed on the page before the preface, and we would like to thank them once again at this
point for their contributions. That is, the following professionals (each one an expert
in the topic covered by the chapter they reviewed), read an entire chapter for technical
correctness, and provided appropriate comments and corrections: Robert 8. Blewer, Jobn
Y. Chen, Andrew R, Coulson, Haiping Dun, Terry Herndon, Michael Kump, Farhad K.
Moghadam, Joseph R. Monkowski, Stan Swirhun, Al F. Tasch, Jr., and Samuel T.
Wang. In addition, I. B. Price, of Spectram CVD, Chris A. Mack, of the National
Security Agency, and Sidney Marshall, Editor of Solid State Technology, provided other
valuable technical and editorial input. Robert Shier, of VTC Corp., and Jim Cable of
TRW also kindly provided the author with timely and valuable technical literature.

The copy editing of the book was undertaken by Mary Nadler, and the clarity and
grammatical correciness of the prose owes a great deal to her professional efforts. The
aesthetically pleasing graphics of the cover were designed by Roy Montibon of
Visionary Arl Rescurces, Inc., Santa Ana, CA.

Stanley Wolf

P.S. Additional copies of the books can be obtained from:
Lattice Press

P.0O. Box 340-W

Sunset Beach, CA, 90742

An order form, for your convenience, is provided on the final leaf of the book.
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SHAABER OF TRANSIEIORS

CHAPTER f
PROCESS INTEGRATION
FOR VLSl and ULSI

Since the creation of the first integrated circuit in 1960, the density of devices that can
be fabricated on semiconductor substrates has steadily increased. In the late 1970s the
number of devices manufactured on a chip excecded the generally accepted definition of
very large scale integration, or VLS (i.c., more than 100,000 devices per chip) (Fig.
i-1a). By 1990 this number had grown to more than 32 million devices per chip (16-
Mbit DRAMs), and it is generally acknowledged that the era of ultra-large-seale
integration (ULSE) has begun. The increasing device count has been accompanied by a
shrinking minimum feature size (Fig. 1-1b), which as of 1990 had decreased to
~(L5 pm in the most advanced commercially available chips.
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Fig. -1 (a} Increass in the number of wansistors per microprocessor chip versus year of

introduction, for & variety of §-bit and 16-bit microprocessors, and (b) The decrease in

minimum device feature size versus time on integrated cireuits.
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2 SILICON PROCESSING FOR THE VLSI ERA — VOLUME II

Progress scems likely to continue at a rapid pace, with even further reductions in the
unit cost per function and in the power-delay product of integrated circuits projected.
Silicon processing has been the dominant lechnology of IC fabrication and is Iikely to
retain this position for the foresecable future. The entire adventure of silicon device
manufacturing represents a remarkable application of scientific knowledge to the
requirements of technology. Our books® arc intended to serve as a comprehensive and
cohegive report on the state of the art of this technolnev. as practiced af the time of
publication, -
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Fig. 1-2 Steps required for the manufacture of very Jarge scale integrated circuits (VLSI).

* SILICON PROCESSING FOR THE VLST ERA - Volume 1: Process Technology; Volume 2 -
Process Integration; and Volume 3 - Assembly, Packaging, and Manufacturing Technology
(the latter is scheduled 1o to be published approximately in 1992)
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PROCESS INTEGRATION FOR VLSIAND ULSI 3

Figure 1-2 illustrates the sequence of tasks followed in the manufacture of an integrated
circuit. These tasks can be grouped into three phases: design, fabrication, and lesting.
Qur books are concerned primarily with the fabrication phase. We describe the IC
manufacturing steps that occur from the point at which the circuit design has been
completed and the necessary design information has been rendered into the form of a
circuit layout. In this form, the layout information is ready fo be used (o generate a set
of masks (or reticles) that will serve as the tools for specifying the circuit patterns on
silicon wafers. For VLSI and ULSI circuits, the Jayout information is stored in a
computer.

The details concerning the individual fabrication processes (e.g., those associated
with creating patterns, introducing dopants, and depositing films on silicon substrates
to form integrated circuits) are the subjects of Volume 1. In this sccond volume, we
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Fig, 1-3 The fabrication process sequence of integrated circuits.
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4 SILICON PROCESSING FOR THE VLSI ERA ~ VOLUME I
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Fig. 1-4 (a) Example of the patierns transferred to a wafer during a seven-mask process
sequerce, and (b) Cross section of completed devices in a basic CMOS process.

unideriake a discussion of the sequences of the steps performed to produce the device
structures of the circuits. The text describes how the various individuoal processes are
integrated together so that the end result is a completely realized integrated circuit.

One perspective of such a process-integration effort is illustrated in Fig. 1-4. It can
be seen that a series of masking steps must be sequentially performed for the desired
pallerns 1o be created on the wafer surface. The other processing procedures performed
between the masking steps serve 1o create the desired device structures. An example of
the end result of a complete process sequence is shown in Fig. 1-4b as an IC cross-
section,

"Fhis book is roughly divided into two parts, The first part deals with what we refer
to as subprocess integraiion (Chapters 2, 3, and 4), while the second covers complere
process integration (Chapters 5, 6, 7, and 8). Chapter 9 covers the subject of process
simulation, an approach applicable to both the subprocess and complete process-
integration development efforts,

The function of subprocess integration is to produce device structures that can be
used in a variety of integrated-circuit technologies (i.e., isolation, contact, and
interconnect structures). The purpose of the process-integration task is to design the
process sequences used o manufacture complete IC technologies (1.e., NMOS, CMOS,
bipotar, BICMOS, and 1C memory devices),
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CHAPTER 5

MOS DEVICES AND
NMOS PROCESS INTEGRATION

This chapter deals with NMOS process integration. To provide background information
for this topic, a review of the physics of long-channel MOS devices (i.e., whose
channel lengths are greater than 2 gm) and the basics of MOS circuit design is
presented. Also included is a discussion of the relationship between desired device
performance and process technology. (More rigorous treatments of MOS device physics
are found in references 1 - 5.)

The history of NMOS processing is also presented, emphasizing how the obstacles
1o fabricating reliable NMOS ICs were overcome. A detailed cxample of the fabrication
sequence of a typical NMOS inverter circuit culminates thig discussion. The chapter
concludes with a deseription of short-channel and hot-carrier effects in MOS devices,
togother with processing techniques developed to combat the problems they cause.

5.1 MOS DEVICE PHYSICS

5.1.1 The Siructure and Device Fundamentais
of MOS Transistors

A perspective view of an n-channel MOSFET is shown in Fig, 5-1a, while additional
details of its structure and its circuit symbol are given in Figs. 5-1b and 5-lc,
respectively. The device has a gate rerminal (to which the input signal is normally
applied), as well as source and drain terminals (across which the output voltage is
developed, and through which the output current flows, i.c., the drain-source current,
In). The gate terminal is connected to the gate elecirode (a conductor), while the
remaining terminals are connected o the heavily doped source and drain regions in the
semiconductor substrate.

A channel region in the semiconductor under the gate electrode separaies the source
and drain. The channel (of length L and width W) is lightly doped with a dopant type
opposite to that of the source and drain, The semiconductor is also physically separated

298
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MOS DEYICES AND NMOS PROCESS INTEGRATION 299
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Fig. 5-1 (a) Structure of an MOS device, (b) Cross sectional view, {c) Schematic sym%::oij
From D. A. Hodges and H. G. Jackson, Analysis and Design of Digital Integrated Circuits,
Copyright, 1983 McGraw-Hill Book Co. Reprinted with permission.

from the gate electrode by an insulating layer (typically, $i02), so that no current flows
between the gate electrode and the semiconductor,

As shown in Fig. 5-1b, MOS transistors are symmetrical devices, which means that
the source and drain are interchangable, In NMOS circuits, however, the more positive
of these two electrodes is normally defined 10 be the drain, and thus the input signal is
defined as the voltage between the gate and source terminals (Vi = V).

In simplest terms, the operation of an MOS transistor involves the application of an
input voltage to the gate electrode, which sets up a transverse electric field in the
channel region of the device (5-2a). By varying ‘this transverse electric field, it is
possible to modulate the longitudinal conductance of the channel region. Since an
electric field controls current flow, such devices are termed field-effect transistors
(FETs). They are further described as metal-oxide-semiconducior (MOS) FETs because
of the thin §i05 layer that separates the gate and substrate,

The substrate (or body) of the MOS wansisior is a silicon wafer; this wafer also
provides mechanical support for the finished circuit, In addition, an external electrical
connection (or terminal) can be made 1o the body, making the MOS transistor a four-
terminal device. (In later sections we will see how the transistor behavior is impacted if
a bias is applied between the source and body terminals of the device.)

The top surface of the body consists of active or transisior regions as well as passive
or {field) regions. The active regions are those in which transistor action occurs; i.e.,
the channel and the heavily doped source and drain regions. Conduction between separate
active regions must be prevented (see chap. 2). A thick oxide layer (0.5-1.0 um) is
normally grown over the ficld regions as one of the measures to achieve this goal,

If no gate bias is applied, the electrical path between source and drain consists of two
back-to-back two pm junctions in series. If a drain bias is applied such that the source-
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Fig. 5-2 (a) Idealized NMOS cross section with positive Vg applied showing depletion

regions and the induced channel.”

From D. A. Hodges and H. G. Jackson, Analysis and

Design of Digital Integrated Circaits, Copyright, 1983 McGraw-Hill Book Co. Reprinted
with permission. (b) Cross scctions and output and transfer characteristics of four types of

MOSYFETs. 7

Copyright, 1985, John Wiley & Sons. Reprinted with permission.

Prom S. M. Sze, Semiconductor Devices - Physics and Technology,
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body and drain-body junciions remain reverse-biased, Ip will consist of enly the reverse-
bias diode leakage current and hence will be considered negligibly small.

‘When positive bias is applied to an NMOS transistor gate, electrons will be attracted
to the channel region and holes will be repelled. (Holes are the majorily carriers in the
channel of the p-type body when no gate bias exists.) Once enough electrons have been
drawn into the channel by the positive gate vollage to exceed the hole conceniration, the
region behaves like a n-type semiconductor. Under these circumstances, an n-type
channel connects the source and drain regions (Fig. 5-2a). Current will flow if a
voltage, Vg, is applied between the source and the drain terminals. The voltage-
induced n-type channel does not form unfess the voltage applied to the gate exceeds the
threshold voltage, V.

MOS devices such as those just described, in which no conducting channel exists
when Vg = 0, are referred (o as enhancement-mode (or normally OFF) ansistors (see
Fig. 5-2b). With NMOS enhancement-mode transistors, a positive gate voliage, Vg,
greater than Vo must be applied to create the channel (or to turn them ON), while o
turn ON PMOS enhancement-mode devices, a negative gate voltage {(whose magnitude
is >V ) must be applied. Note that in NMOS transistors a positive voltage must also
be applied 1o the drain to keep the drain-substrate reverse-biased, while in PMOS
devices this voltage must be negative,

On the other hand, it is also possible to build MOS devices in which a conducting
channel region exists when Vg = 0 V (see Fig. 5-2b), and such MOS devices are
described as being normally ON. Since a bias voltage to the gate clectrode is needed to
deplete the channel region of majority carriers (that is, the channel is eradicated as long
as the bias is applied), such devices are also commonly called depletion-mode devices.
NMOS depletion-mode devices require a negative gale voltage to be turned OFF, while
carregponding PMOS devices require positive gate voltages.

5.1.2 The Threshold Voltage of the MOS Transistior

If the source and body of an MOS transistor are both tied to ground (Vsp = 0), the
threshold voliage, V, of the transistor can be found from the following equation (note
that Vor = Vopg when Vgg = Ox

VT0 = @ms ~ 291 » Quot/Cox - QBOM ox (5-1)

where Qs is the workfunction difference (in V) between the gate material and the bulk
silicon in the channel, ¢ is the equilibrium electrostatic potential in a semiconductor
(in V), Qpo is the charge stored per unit area (C/cm?) in the depletion region (when the
voltage between source and body is zero), Coy s the gate-oxide capaciiance per unit arca
(Ffem?), and Qyo s the total positive oxide charge per unit area present at the interface
between the oxide and the bulk silicon (see section 5.3.3).

Expressions have been established for these various quantities in terms of doping
concentrations in the material, physical constants, device structure dimensions, and
lemperature, They are:
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Fig. §-3 Work-function difference ¢y versus doping for degencrate polysilicon and Al
electrodes. 50 Reprinted with permission of Solid-State Electronics.

or=KT/q In(n; Ny ) (p-lype semiconductor) (5-2a)
or=kT/q In(Np/n;)  (n-type semiconductor) (5-2b9)
where Ny is the acceptor concentration in a p-type semiconductor (em3), Np is the
donor concentration in an n-type semiconductor, and n; is the intrinsic carrier

concentration in the semiconductor. Note that n; is a strong function of temperature.
For silicon at 300 K, however, n; = 1.45x1010 em2. Therefore, at 300 K:

Pmg (metal gate, with Al as gate electrode) = Pf(sub) ~ PHALD = Psub) - (+0.6 V) (5 - 3a)

Pms (Si gate) = Pf(sub) - Pi(gaie) (5-3b)

Figure 5-3 shows the value of @y for various substrate-doping values if an ahpminum
gate electrode is used. Note also that in silicon-gare NMOS, the doping of the
polysilicon gate material is usually n-type, with Np = 1020cm3, so that QPf(gate) I
this case is +0.59 V. Figure 5-4 shows the value of the threshold voliage of a* silicon
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gate MOS transistors (both PMOS and NMOS) versus substrate doping concentration,
assuming cither a 65-nm, a 25-nm, or a 153-nm thick gate oxide, and Qo = 0.
Qo is found from:

QBO = - Y2qNaey [-29p NMOS (5-4a)
Qeo = +Y2qNpeg |-29¢ PMOS (5-4b)

and Cyy is calculated from:

Cox = Eox/lox = 3.9 80 flox (5-35)

where i = 11.8 £, £¢ s the permittivity of vacuum, and £y and foy are the
permittivity and thickness of the gate oxide.

It is easy 10 become confused about the signs of the various terms in the threshold
voltage equation, Equation 5-1 gives correct resulls for NMOS and PMOS if the signs
shown in Table 5.1 are used for cach of the parameters. When calculating the various
terms, the table can be used to insure that the value of cach parameter is entered into the
equation with the correct sign (e.£., @ms will have a negative value for nt Si gate
NMOS devices).

Table 5.1 Signs in the Threshold-Voltage Equation7

Parameter NMOS PMOS

Substrate p-iype  n-type
Pms

Metal gate - -

n* i gate - -

p Sigawe * +
of - +
QBo - -
Grot + +
¥ + +
Cox + +
Scurce-body voltage, VR + +

EXAMPLE 5-1: Find the threshold voltage of an NMOS silicon-gale transistor that
has substrate doping N =101%/cm?, gate doping Np = 1020 fem?, gate-oxide thickness
tox = 100 nm, and Qo = q (1 x 1011 jem?2). Note that the values for tox and Qo are
typical of the values that existed in early NMOS transistors.
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SOLUTION:
Osuby = KT/qIn[n;/Na 1 =-0.026 In {1015 /1.4x1010 1 = - 0.29 v
Pms = Pi(sub) - Pigate) = - 029 - KT/gIn 11020 /1.4x1010) = - 0.88 V
fox = 3960 = 35x1013 Ffom;  Cox = gox /1x10°% = 35x10°? Ffem?
Qpo = - [2x 1631019 x 1015 x 1.04 x1012x | 0.58 112 = - 1.4x10°8 Cem?
Opo fCox = ~14x108/35x10% = <04V
Quotf/Cox = 1.6x10719 x 1x1011 /35x10% = 046 V

Vg = -088- (-0.58) - (-04) - (046) = -036V

Note that a negative value of Vg is yielded, implying that this transisior would be ON
at Vg = 0 V (would therefore behave as a depletion-mode device). The parameters used
in this calcutation of Vr are typical of the NMOS device parameters encountered in the
carly days of MOS ICs. Hence, at thal Hme it was not possible to casily or reliably
fabricate enhancement-mode NMOS transistors. We shall Iater show how this problem
was overcome so that ephancement-mode NMOS devices could be manufactured.

5.1.3 Impact of Source-Body Bias on Vy (Body Effect)

As mentioned carlier, the MOS transistor is a four-terminal device, insofar as a contact
can also be made 1o the body region. A bias, Vgg, can also be applied between the
source and body (e.g., with the source being tied to ground, as shown in Fig. 5-5) and
such a bias will have an impact on V. If Vgp = 0, inversion will, of course, occur
when the voltage drop across the semiconductor equals 2¢¢. If Vg < 0V, the
semiconductor stitf attempts to invert when the voliage drop across it reaches 2qr
However, any inversion-layer carriers that do appear at the semiconductor surface
migrate lateraily into the source because this region is at a tower potential. Thus, the
surface potential must be lowered to 2¢¢ - Vsp in order for inversion to occur,
implying that the threshold vollage required to achieve inversion must be increased.

Hence, for either enhancement-mode or depletion-mode MOSFETS, Vor becomes
more positive for n-channel ransistors and more negative for p-channel transistors as
Vg is increased. A simple, quantitative way to view this effect is to assume that
biasing changes the inversion point in the semiconductor from 2710 29 - Vsp. The
threshold-voltage equation (Eq. 5-1), which was applicable whea Vgg =0, is in turn
modified to
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Fig. 5-4 Calculated threshold voltages of a-channel (V) and p-channel (Vp) transistors
as a function of their substraie’s doping, assuming n* polysilicon gate (left scale) and p*
polysiticon (right scale). Curves for gate oxide thicknesses d of 150 A, 250 A, and 650 A
are shown. From S. M. Sze, Ed., VLSI Technology, 2nd. Ed., Chap. 11, “VLSI Process
Integration.” Copyright, 1988 Beli Telephone Laboratories. Reprinted with permission of

MeGraw-Hill,

\’T:V'{‘Q+'¥(VI‘2({)£+VSEI - Y2 [l ) (5-6)

where the parameter v (referred 10 as the body-effect coefficient or body factor, with
units of V1/2) is given by

Y2

7 = w%gs‘ Na NMOS (5-7a)
OX

¥2q¢e Np

Cox

PMOS (5-7b)

5.1.4 Current-Yolitage Characteristics of
MOS Transistors

We will now present the cquations that describe the Jarge-signal curreni-voltage (I-V)
characteristics of long-channel MOS$ transistors, assuming an NMOS device with its
source grounded and with bias voltages Vs, Vs, and Vg applied as shown in Fig.
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Fig. 5-5 NMOS device with bias voltages V4, Vpg, and Vg applied.7 From D. A.
Hodges and H. G. lackson, Analysis and Design of Digital Integrated Circuits,
Copyright, 1983 McGraw-Hilt Book Co. Reprinted with permission.

5-5. (Any modifications that occur in the I-V characteristics due to short-channel effects
will be describied seetion 5.5.)

In the simplest MOS model, if Vg is smaller than Vi, no channel exists, and no
carrent is assumed to flow between the source and drain. If Vg is greater than Vy, a
conducting channcl is present, and Vpg causes a drift current (Ip) to flow from drain to
source. For small values of Vpg, the drain carrent Ipy is linearly related to Viyg. In this
so-called linear region of operation, the equation that describes Ip is

Ip = &2[2(Vg - V1) Vps - Vps?) Vg 2 ¥y (5-8)
Vps S (Vg - V1)

where £ (the so-called device transcondictance parameter) is defined as
b =y Cox (WIL) (5-9)

and 1y, is the surface mobility of electrons in the channel,

As the value of Vg is increased, the induced conducting-channel charge decreases
near the drain. When Vpg equals or exceeds Vg - Vo, the channel is said to be pinched
off. Increases above this critical vollage produce little change in Ip, and Eq. 5-8 no
longer applies. The value of Iy in this region is then given by the following

Ip= k2 (Vg - VT¥* Vo= V1, VYps>(Vg - V) (5-10)

This is the so-called saturation region of operation.

A plot of Ip versus Vg (with Vg as a parameter) for a long-channel NMOS
transistor as described by Eqgs. 5-8 and 5-10, is shown in Figure 5-6. If the value of Vg
is smaller than V7, the device is said to be in cuteff. In the model given here, Ip is
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assumed to be zero in cutoff (i.e., no subthreshold current, Iy, flows). We shall see
in a later section that this assumption is not completely correct (even in long-channel
devices), and that in short-channel devices such currents can cause severe problems,

51.5 The Capacitances of MOS Transistors

It can be shown that the swiiching speed of MOS digital circuits is not limited by the
channel transit time (i.¢., the time required for a charge o be transported charge across
the channel), but by the time required to charge and discharge the capacitances that exist
between device electrodes and between the interconnecting lines and Lhe substraie.
Figure 5-7 shows the significant capacitances between the electrodes of an MOS
Era?sistor. The capacitance from gate to other electrodes {Cg] is, to a first
approximation, the sum of Cgg, Cggs, and Ggp. Furthermore, since Cas and Cop are
small in silicon-gate technclogy (as the gate and source/drain regions are self-aligned),
we can treat Cg as a conslant, essentially determined by

Cg =WLCox =WL oy / lox (5-11)

The capacitance per unit area of the source/body and drainfbody junctions {Cggy and
Cpyg. respectively) are calculated using the parallel-plate capacitance formula with a
plate spacing of W.1 The larger the doping of the substrate, the larger the value of
these capacitances, As an example, in the case of zero bias and a doping concentration
of 1016/cm3, the junction capacitance is approximately 10 nF/cm?2,

5.2 MAXIMIZING DEVICE PERFORMANCE THROUGH
DEVICE DESIGN AND PROCESSING TECHNOLOGY

Having identificd the parameters that determine Vo and the -V characteristics of
MOSFETs, we next discuss how to link device design and fabrication procedures in

In Vp = Ve - ¥y

Lincar
region
! Saturation
/ region

O
Fig. 5-6 NMOS device with I - Vg characteristics.
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order to achieve optimum device and circuit performance.

The desired device properties of MOSFETSs include the following: high-outpui
current drive (large value of Ipy), high and stable transconductance (gpy,), predictable and
stable threshold voltage (Vp), fast switching speed, very small subthreshold current
(Ipsy), high gate-oxide breakdown voltage, high drain/body breakdown voltage, low
source/drain-to-body capacitances, high fickd-region threshold voltage and punchthrough
voliage values, and high reliability of device operation, Note that the models used to
select the process conditions that provide such optimum device behaviors are Egs. 5-1,
5-8, and 5-10. In practice, these equations accurately describe the de circuit behavior of
long-channel MOS devices. (In section 5.5 we'll see how thig behavior is modified in
short-channel devices, as well as what device design and processing constraints resuit.)

5.2.1 Cutput Current (Ip) and Transconductance (gm)

Equations 5-8 and 5-10 predict how Ip in MOSFETS can be impacted by various device
parameters. Since increasing the gaire width linearly increases I, one option when
large drive-currents are neaded, is to increase the dimension of the gate width, However,
when minimum-sized devices must be used (e.g., for maximum packing density), this
option cannot be implemented, and the other parameters that can influence Iy in Egs.
5-8 and 5-10 must be considered.

From the dependence of Ip on k' = @t Cyy, both the mobility of the carriers in the
channel and the gate oxide capacitance should be ag high as possible. Since electron
mobility is greater than hole mobility, circuits using NMOS devices will exhibit
higher performance than those built with PMOS devices. In fact, NMOS transistors of
the same width as PMOS transistors will indeed provide roughly 2.5x the eurreni drive.
In addition, the mobility of carriers decreases as the doping concentration of the channel
increases. Hence, lightly doped channcl regions are also favored.

Because the value of Cyy 18 inversely proportional 1o tgy, as thin a gate oxide as
possible (commensurate with oxide breakdown and reliability considerations) is
normally used. Ip is also inversely proportional to channel length, and minimum
channel lengths are therefore desirable. On the other hand, if the channel fengths
become too short, they adversely impact device operation in other ways, as described in
section 5.5.

Although the equations indicate that (Vg - V1) should be as large as possible, Vg is
usually fixed by sysien specifications and material limitatons, and carnot be changed
by the device or circuit designer. Similarly, Vo is selected primarily by other circuit
considerations (such as adequate noise margin in digital circuits).

The transconductance in saturalion, gusa = dip/dVe, can be expressed simply by
way of the following equation

Zmsat = 2 tin Cox (WL Vg - Vo) (5-12)

Hence, we can maximize gnyga by varying the process and device parameters in the
same manner as discussed for In.

Dell Ex. 1008B
Page 42



MOS DEVICES AND NMOS PROCESS INTEGRATION 3409

5.2.2 Controilling the Threshold Voltage through
Process and Circuit Design Techniques

In many MOS IC applications, it is critical to be able to establish and maintain a
uniform and stable value of Vo (i6., the value of Vp should not vary with time or with
device-operating conditions). An example of the importance of being able to control
this parameter invelves semiconductor memory devices, In these circuits, charge flows
from the memory cells to the sense amplifier. The sense amplifier is a delicately
balanced flip-flop whose voltage-sensing capability is directly related to the threshold-
voltage variation between the transistors (see chap. 8). Hence, such circuits would not
function reliably without the presence of a highly uniform and stable threshold voliage
in the circuit devices.

- The factors that impact threshold voliage (when Vgp = 0) are given in Eg. 5-1.
Bxamining cach term of this equation will enable us to determine which device
parameters can be adjusted to provide practical control of V.

The s term depends on the work-function difference between the gate, Pf(gatey, and
the semiconductor, Qfsuby. For metal and heavily doped silicon gates, @f(gac) is
constant while the parameter Qrcsup) depends on the substrate doping, but only in a
logarithmic manner. Hence, each facior-of-10 increase in substrale doping will change
the Qs term by only 2.3 KT, or ~0.06 V {(kT/q = 0.026 V at 300 K). Thus, changes in
the substrate-doping concentration produce changes in Vo through the s terim which
are 100 small to provide the required degree of threshold-voltage control. The next term
(21) also changes only slightly as a result of changes in the subsirate doping
concentration {for the same reason given for the Qg termy; thus, the 2gp term is also
not of much use in controfling V.

Since every atlempt is made 10 keep Quor as low as possible through various
processing procedures, the Quo/Cox term s very small in modern MOS devices.
Hence, it must also be ruled out as a candidate for controlling V.

While is true that Cox can be varied (primarily by changing the pate oxide
thickness), this parameter is not a practical vehicle for controlling Vo in active devices,
since the gate oxide is normally made as thin as possible to achieve maximum Ip. In
the field ragions, however, large Vo values are needed to prevent inversion under the
field oxide. A thick ficld oxide makes Coy small, allowing V7 to be increased Thus,
the Cox is one of the parameters normally used to control Vo in the field regions of the
eircuits.

This leaves the Qpo lerm as the remaining candidate for conrolling Vo in active
dovices. Equation 5-4 indicates that the doping concentration can indeed provide a large
change in V7. The signs of Eq, 5-1 indicate that increasing the substrate doping (e,
N4 in n-channel devices, and Np in p-channel devices) will increase V. Thus, to
increase Vop in Example 5-1 in this manner, it would be necessary (o jncrease the
substrate doping concentration above N = 10%% e, Figure 5-7 shows how V can
he controlled by changing the substrate doping concentration for various gate-oxide
thicknesses (assuming that Quop is kept small enough that it is not a significant
contribution to V).
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Significant increases in substrate-doping concentration give rise 10 lower junction-
breakdown voltages, larger junction capacitances, and lower carrier mobilities, making
such substrate doping concentration increases undesirable, Yet, prior to the development
of ion implantation in the carly 1970s, adjustment of substrate doping was the only
practical processing approach for significantly controlting V7 in active devices.

A circuit approach known based on applying a biss between the source and body (and
hence known as body biasing) can also control Vop. When body biasing is used Vo is
given by Eq. 5-6. Figure 5-8 gives an example of how the application of Vgp can
change the Vero value in an NMOS device.} The intercept of the channel conductance
and the V¢ axis when Vgg = 0 corresponds to Vyg, which in this example is +0.99 V.,

RN U
~

in. A

231V
199V
1.55 ¥

Vg 5 005 V
Vig = 089 V bs =0

] 1 2 3 4 5
Mg ¥
Fig. 5-8 Threshold voltage adjustment using substrate bias.
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As Vg is increased from 0 V1o -5 V, V7 increases up 1o +2.3 V. However, body
biasing is an added complication, and it is now avolded as a technique for adjusting Vp
whenever possible in favor of the newer ion implantation Vi-adjust method,

We nevertheless include a discussion of body biasing because it pre-dated ion
implantation as a method of conwroliing V. €. T. Sah points out that the availability
of the technique allowed IBM to implement MOS memory devices instead of core
memory for the first time in the IBM-370/158 mainframe computer in 1973.50 The
access time of NMOS RAMs at that time was competitive with magnetic core memory
{~1 ps), whercas PMOS RAMs were slower. Body biasing allowed the higher-
performance NMOS devices to function as enbancement-mode devices, even though
their threshold voliages without body biasing would have caused them 1o behave like
depleion-mode devices,

. Another important reason for describing body biasing is that the body cffect impacts
devices in MOS IC logic circuits even when no deliberate attempt is made to apply an
external bias. For example, when a logic gate containing a transistor as the load device
has a logic 1 output (sec for example Fig. 5-13), the voltage at the source of this device
is different from that of the body. Hence, the device is subject to a non-zero Vgp, and
VY no longer equals Vo vatue. The degree to which the change occurs depends on the
body factor,y. Since the smallest change in Vp is generally desired, small values of y
are preferred. Equation 5-7 indicates thal v depends on substrate doping, and that lower
doping concentrations provide smaller values of vy, providing further impetus for lightly
doped substrates in MOS ICs,

The value of 7y also decreases with channel length below 1 um, For example, v in
NMOS devices decreases by about 50% as Lggr is decreased from 1 pm to 0.6 um,
while for PMOS the decrease is about 30% .53

5.2.3 Subthreshold Currents (Ipsy when Vg < IV¢])

The basic MOS device model neglects all free charges in the channel until the
magnitude of the gate voliage exceeds V7. This is a valid approximation for most
subthreshold bias conditions because the free-charge densities in the channel change
exponentially with the chanael voltage. When this approximation is used, it implies
that ne current flows between the drain and source if Vg < |V’I‘ I As Vg approaches
the value of Vp, (corresponding 1o a condition of weak inversion), however, the
magnitude of Ip3 is not well defined by this simple approach. In fact, it is observed that
Ip = 0if Vg is close to (but still iess than) the value of Vo, The current which is
observed in such cases is therefore referred to as subthreshold current, Tpg

The values of Ipg can be well predicted in long-channel MOSFETS by modifying
the basic MOS model to take into account the fact that the minority carrier
concentration at the 8i surface is grealer than the value at equilibrium, but still less
than the bulk doping concentration.}® The results of this modified model indicate that
the magnitude of Ipg is essentially independent of Vps but is exponentially
proportional to V.
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(Reprinted with permission of Solid State Electronics).

Since Ipg can be accurately modeled in long-channel MOSFETSs (Fig. 5-9), circuit
designers can readily calculate the pate bias required to ensure a given allowable
subthreshold leakage current. Typically, to ensure that Ipg will be negligibly xmall
the bias applied to the gate should be 0.5 V below V.

Since Ipg is exponentially proportional to Vg, if fog Ipe is plotied versus Vg the
result on a semilogarithmic plot will be a straight line for values of Vg below V.
The slope of the Ipg versus Vg line, when plotted in this manner, is characterized by
the subthreshold swing, 8.5., where

S8, = 4AVg /[ Alog Ipg (5-13)

Hence, 8.8, is the change in V¢ that produces a decade increase in Ipg. A small value
of 8.5, is desirable, since it indicaies maximum control of the gate over the channel
current. Typical values of subthreshold swing in long-channei MOSFETSs are around
90 mV/decade. Such values can be achieved by building devices that have a low value
of substrate doping conceatration (which gives a larger depletion width) and a thin gate
oxide. (A more detailed treatment of the derivation of the Ipg dependence on Vg can be
found in references 1 and 3)
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Note that when the channel length gets small, the values of Ing are larger than than
those predicted by the medified long-channel MOSFET model. This is due to so-called
short-channel effects (discussed in gection 5.5), However, measurements of the
subthreshold swing can be used to detect the onset of these short-channel effects
(punchthrough and drain-induced barrier lowering). Since the measurable Ing is the
sum of both the normal subthreshold and the short-channel subthreshold current
components, an increase in the value of 8.8, will signal the onset of these effects.

5.2.4 Switching Speed

The switching speed of the logic gates in an MOS IC is limited only by the time
required 10 charge and discharge the capacitances between device electrodes and between
the interconnecting lines and ground (or other lines). At the circuit level the propagation
delay is frequently limited by the interconnection-line capacitances. At the deviee level,
however, the gate delay is determined primarily by the channel transconduciance, the
MOS gate capacitance (Cg;) and the other two MOS parasitic capacitances, Cpp and
Cgp (as defined in the previous section). If these capacitance values can be reduced, the
device switching speed will be increased.

The gate capacitance is decreased by decreasing the gate area (although decreasing the
gate oxide thickness increases its value). The dominant parasitic capacitance on the
device level, however, is that due to Cgp and Cppg (i.e., junction capacitances). An
analytical study has shown that these junction capacitances account for up to 50% of
the total capacitance in logic gatﬂs.9 Therefore, reductions in these capacitances should
produce corresponding decreases in the gate delay. In general, the lower ihe doping
concentration in the body, the lower the junction capacitances.

5.2.5 Junction Breakdown Voltage (Drain-to-Subsirate)

The source and drain regions are very heavily doped to minimize their resistivities.
Thus, the breakdown voltage of the drain-to-substrate junction will be determined by the
lighter doping concentration of the body. As seen in Fig. 5-10a (which shows
breakdown voltage of a one-sided pn junction as a function of the lighter doping
concentration), the breakdown vollage decreases as the doping increases, Thus, lightly
doped substrates also yield high junction breakdown voltages,

Junction curvature enhances the electric ficld i the curved part of (he depletion
region (Fig. 5-10b), and this effect reduces the breakdown voltage below that predicted
by one-dimensional junction theory. A rectangular source or drain region (formed either
by diffusion or ion implantation) has regions with both cylindrical and spherical
curvatarg 10,11 Figure 5-10a also shows the effect of junction curvature on the
breakdown vollage of a one-sided siep junction in silicon. It can be scen that as the
Jjunction depths get shallower (making the radius of curvature, 1}, of the spherical and
cylindrical structures smaller), the breakdown voltage is significantly reduced, especially
for low substrate #mpurity congentrations.
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Fig. 5-10 (1) Abrupt pn junction breakdown voltage versus impurity concentration on the
lLightly doped side of the junciion for both cylindrical and spherical structures. rj is the radius
of curvamre. 10 ¢(® 1957 IEEE). (b) Formation of cylindrical and spherical regions by
diffusion through a rectangular window. From S. M. Sze, Semiconductor Devices - Physics
and Technology, Copyright, 1985, John Wiley & Sons. Reprinted with permission.

5.2.6 Gate-Oxide Breakdown Voliage

High-qguality $i0; fiims will typically break down at electric ficlds of 5-10 MV/cm (the
exact value is a function of oxidation and anneal conditions, oxide charges, surface
crystaflographic orientation, surface preparation and a number of other factors). This
corresponds to 50-100 V across a 100-nm-thick oxide. Present day 5 'V processes use
gate-oxide thicknesses of 15-100 nm. Below around 5 nm (at less than 3 V), there is a
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finite probability that electrons will pass through the gate by means of a quantum-
mechanical wnneling effect. For proper device operation, the tunneling current must be
small, This effect thercfore sets a fundamental lower limit of about 5 nm for the
thickness of the gate oxide. A search for alternative gate dielectric materials to mitigate
this limitation is being conducted; this issue will be discussed in the CMOS chapter.

Oxide breakdown may also occur at electric-field values smaller than those given
above, as a result of process-induced flaws in the gate oxide. Such defects include:
metal precipitates on the silicon surface prior o oxide growth (see Vol. 1, chap. 2);
high defect density in the silicon lattice at the substrate surface (e.g., stacking faults and
dislocations, see Vol. 1, chap. 2); pinholes and weak spots created in the gate oxide by
particulates; thinning of the oxide during growth caused by the Kool effect (see chap.
2); and oxide wearout due to failure mechanisms related to hot-electron injection (this
topic will be covered in Vol. 3).

5.2.7 High Field-Region Threshold-Voltage Value

A high value of threshold voltage in the field region is needed to keep the parasitic field
channels between adjacent active devices from being turned on. This topic is described
in great detail in chapter 2.

5.3 THE EVOLUTION OF MOS TECHNOLOGY
(PMOS AND NMOS)

Following the introduction of MOS integrated circuits in the 1960s, MOS technology
evolved through several stages. At first, PMOS was the dominant technology, but it
was supplanted by NMOS in the carly 19705, NMOS in turn was largely replaced by
CMOS in the mid-1980s. (The evolution of CMOS will be described in chap. 6.) In
addition, the drive to shrink feature dimensions led to smaller device sizes in all 1C
technologies. In MOS technology, the main dimension that summarized the shrinkage
in cach new generation was the minimum gate length of the transistors, NMOS
overiook PMOS roughly when gate lengths reached ~6 pm, while CMOS became the
deminant technology at gate lengths of ~1.5-2 um.

Although the physical gate length, L, of the MOS device is commonly used to
identify each generation of technology, this practice can be misleading in that it may
convey the impression that this dimension is also the minimum dimension of all other
device features fabricated in the technology. In fact, the physical gate length does not
necessarily reflect the dimensions of the other design rules (many, if not most, of which
are larger than the physical gate length dimension).

In addition, the physical gate length does not accurately represent the electrical or
effective channel length (Legs), which in fact is given by

Lege = L - 2xj) (5-14)
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Fig. 5-11 Reduciion in the area of the MOSFET as the gate length (minimum feature
length) is reduced.1? Reprinted with permission of Selid State Technology.

whete Xj1 is the lateral distance that the source or drain junction extends under the gate,
For example, ina 1.2 um MOS technology, the source and drain junctions both extend
~0.125 um under the gate region, 50 Legr in this technology is actually 0.95 ym.,
Furthermore, in CMOS technologies, the minimum physical length of PMOS devices
is generally longer than that of NMOS devices, for reasons that will be discussed [ater.
Figare 5-11 shows the reduction in MOS area as the gate length is reduced.1? A Tonger
and more detailed history of the evolution of the MOS transistor has been published by
C.T. Sah, who describes both thie evolution of the ficld-effect devices themselves and
the technology that has been developed to {abricate these devices, %

5.2.1 Aluminum-Gate PMOS

The first MOS ICs built in the mid-1960s were implemented with p-channel enhance-
ment-mode devices whose threshold voliages were approximately -4 V. (An example of
an early PMOS 1C was the Intel 256-bit SRAM, introduced in the late-G0s with devices
having gate lengths of 12 um.) Such early MOS integrated circuits were built on
silicon wafers of <111> orientation and used Al as the gate clectrode material, These
choices grew out of the experience gained in manufacturing bipolar ICs prior to the
development of MOS ICs. When MOS 1C technology was first being implemented,
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semiconductor manufacturers transferred their bipolar fabrication know-how 10 the newer
technology.

Since precise controt of dopant diffusion in <111> 8i was a mature bipolar process,
<111> wafers were also the logical choice for building MOS ICs. Similarly, since
aluminum metallization was already being implemented, it was natural to adapt Al as
the MOS gate electrode material. Unknowingly, these choices worsened the problems
which prevented NMOS devices from being used to produce early MOS ICs, and
instead, forced the use of PMOS devices in these circuils.

The earliest MOS circuits exhibited two serious limitations, partly as a resull of
being implemented with p-channel devices. First, the PMOS devices had a Vrof-4V,
which required a power-supply voltage of -12 V for the drain supply (a value that was
incompatible with the +5 V power-supply voltage used in bipolar digitat [TTL] 1Cs).
Second, the circuits were very stow (e.g., a PMOS flip-flop could operate at 560 kHz 1o
1 MHz, while a bipolar flip-flop could operate at 3-10 MHz). Tt was known that the
latter problem was due to the low surface mobility of holes in the channel and thal
electron mobility in silicon is nearly three times as large. Therefore, NMOS circuits
would have been able to provide significantly improved performance. Nevertheless, the
decision to manufacture ICs with PMOS devices was diclated primarily by the existence
of large (and quile variable) oxide-charge densities in the carty MOS technologies.

These oxide charges were generally positive, and positive voltages on the gate tend
to accumulate n-type surfaces (but will deplete or invert p-type surfaces). The oxide
charges present in early MOS devices were ofien large enough to cause inversion in
NMOS devices fabricated with reasonably thin gate oxides, even when Vg = 0. A
thicker gate oxide could have been used to increase Ve, but this would also have
degraded g to such a degree that circuits built with such devices would have been even
slower than those built with PMOS devices. Thus, only depletion-mode bigh
performance NMOS devices could be reliably manufactured. Since enhancement-mode
devices are needed for most applications, this preseated a major difficulty.

In addition, because the oxide charges were also capable of inverting p-doped
substrate regions under field oxides, it was difficult o reliably isolate n-channel devices.
This problem was made worse by the depletion of boron during thermal oxidation,
because it reduced the boron concentration at the p-type surface. In summary, at the
outset of the MOS era, it was not possible (o reliably manufacture integrated circuils
with r-channel enhancement-mode MOSFETS,

On the other hand, since positive oxide charges tend {o accumulale an n-type surface,
they merely increase the negative voliage that is required to turn on a p-channel device.
Henee, the manufacture of enhancement-mode PMOS devices was possible despite
the presence of the oxide charges. Nevertheless, it was cloar that processing
innovations were needed if the potential benefits of MOS (i.e., increased packing
density, lower power consumption, TTL power-supply voltage compatibility, and
process simplicity) were to be fully realized.
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5.3.2 Silicon-Gate MOS5 Technology

One of the key process innovations for MOS ICs was the use of heavily doped
polysilicon as the gate electrode in place of Al (see Vol. 1, chap. ¢ for more
information on polysilicon thin films). The development of this silicon gate
technology improved the fabrication of MOS 1Cs in the following ways:

¢ Since aluminum must be deposited following completion of all high-
temperature process steps (including drive-in of the source and drain regions),
the gate electrode must be separately aligned to the sowrce and drain. This
alignment procedure adversely affects both packing density and parasitic overlap
capacitances between the gate and source/drain regions. Since polysilicon has
the same high melting point as the silicon substrate, it can be deposited prior
{0 source and drain formation. Furthermore, the gate itself can serve as a mask
during formation of the source and drain regions (by ecither diffusion or ion
implantation), The gate thereby becomes nearly perfectly aligned over the
channel, with the only overlap of the source and drain being that due to lateral
diffusion of the dopant atoms. This self-alignment feature simplifies the
fabrication sequence, increases packing density, and reduces the gate-source and
gate-drain parasitic overlap capacitances.

* The threshold voltage of PMQOS devices is reduced by the use of a
polysilicon gate, since the @mg is less negative (see Egs. 5-2). For PMOS
devices on <111>- Si, the threshold voltage is reduced from roughly -4 V 1o
-2 V. This smaller threshold voltage value enabled PMOS ICs 10 become
compatible with TTL (bipolar) ICs, allowing MOS to be designed into many
digital systems that operated at TTL-defined power supply voliage levels
{ie,0Vio5V).

° The ability of polysilicon to withstand high temperatures also permits it to
be completely encapsulated by an $i09 layer. This allows the polysilicon {ilm -
to function as an interconnect path, in addition to serving as the gate electrode.
By 1aking advantage of this new interconnection structure {without having to
use a second layer of metal, as was necessary with bipolar ICs), it was possible
to give MOS ICs an additional level of interconnection that could be crossed by
the usual metal layer, or cven by another polysilicon layer. This eased the
problem of routing the electrical paths among the devices of an [C, thereby
facilitating the layout of compact digital integrated circults. (Techniques for
establishing contact between the polysilicon layer and substrate are described in
chap, 3, section 3.11.1). The ability of polysilicon to withstand high
temperatures was also exploited to allow the dielectric {e.g. phosphorus-doped
5i09) that covers it to be flowed, thereby making a significantly smoother
surface topography for metallization fayers.

The greatest disadvantage of polysilicon as a gate material compared to Al is its
significantly higher resistivity. Even when doped at the highest practical
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concentrations, a 0.5-um-thick polysilicon film has a sheet resistance of about 20 {/sq
{compared to ~0.05 Qfsq for a 0.5-um-thick Al film). The resulting high values of
interconnect line resistance can lead to relatively long RC time constants (i.c., long
propagation delays) and severe dc voliage variations within a VLSI circuit.
Consequently, the formation of refractory metal silicide layers on top of polysilicon
layers (which results in so-called polycide films) was developed to reduce the severity of
this drawback, Such polycide films can provide sheet resistances of 1 £/sq, at the
expense of more complex processing (see Vol. 1, chap. 11 for more information on
polycides). Despite of the above limitation, the development of silicon-gate technology
proved to be the most important contribution to MOS technology during the reign of
PMOS.

5.3.3 Reduction of Oxide-Charge Densities

Another set of important advances allowed the magnitude of the positive oxide-charge
densities to be reduced. These oxide charge reduction techniques can be summarized as
those involving cleanliness, gettering, annealing, and replacing <111> wafers with
< 100> wafers.

Cleanliness and gettering techniques reduced the densities of mobile ionic charge,
which are due to the incorporation of ionized alkali metal atoms (Nat, Kt} in the gate
oxide. Na contamination can be controlled through clean gate oxidation processing.
Gettering is used to prevent any Na't that enters the gate oxide from significantly
degrading the VT (see Vol. 1, chap. 7). Although tests for Na contamination of MOS
devices must be routinely performed to ensure that accidental contamination does not
gocur, it is possible 1o establish fabrication procedures in which the instability of V1
due to mobile ionic charge is less than 0.1 V.

Another source of positive oxide charge is the imerface trap charge. Again, as
described in Volume 1, chapier 7, two annealing techniques were discovered that reduced
this charge 1o acceptably low levels {i.e., 1o the low 1019 cm2 V-1 range). At these
levels the contribution to the threshold voltage of the device is acceptably small for
modem MOS devices.

The final source of positive oxide charge is the so-called fixed oxide charge which is
located in the transition region between the silicon and the SiO7 (see Vol, 1, chap. 7).
It was learned that this charge can be reduced by the use of proper annealing techniques
and that the lowest fixed oxide charge densities (~10% em*2) are obtained on <100>
wafers, As a result, the production of MOS ICs was shifted from <111> o <100>
starting material.

In summary, the threshold voltage is negatively shifted by an amount proportional
10 the sum of these three oxide charge densitics, Qo When Quop was quite high this
had an extremely important influence on MOS production. Through an enormous effort
by the semiconductor community (industry and universities), each of the positive oxide
charge density values was reduced. As a result, Qo can now be kept to less than 5 x
1010 charges fem?, and in currently used MOS devices, the oxide charge contribugion to
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threshold voltage is minimal. As an example, the change in threshold voltage (AVT)
due to a Qg of g (5x1020 cm2) in an MOS device with a 20-nm-thick oxide is:
AV = QuifCox = Quar%e/39 &
= (1.6x10-19 C) (5x1010 em2) (2x10°6 cm) /(3.5x10°13 Fjem) = 0.05 V.

The primary reason that thermal SiO; is used as the gate insulator in almost all
MOSFETs is that it exhibits the best interface with silicon {where "best” means that
the interface has a very low concentration of interface fixed charges and traps). In fact,
if a phenomenon such as the tying up of the dangling silicon bonds at the silicon
surface by SiOp did not exist, and if an annealing process was not discovered for
reducing the remaining bonds and traps to an acceptable level, MOS devices would have
remained merely a laboratory curiosity.6? Experimentation, however, is still being
conducted to determine the suitability of other materials as gate insulators; this is
discussed in chapter 6 which deals with CMOS.

EXAMPLE 8-2: Recalculate the threshold voltage of the NMOS wansistor

considered in Example 5-1 of section 5.1.2 when the oxide thickness, oy, is reduced to
15 nm, and the total oxide-charge density is reduced to 5x1010 em2,

SOLUTION: Pi(suby =-029 Vs g = -0.88 V;
fox = 396, = 3.5x10713 Flem;  Cox = oy /15x10°8 = 2.3x10°7 Frem?
Qo =- (2% 1.6x10°19 x 1015 x 1.04 10712 x [.0.58 112 =.1.4x108 C/em?
QBO /Cox = - 1.4x10°8 /2.3x107 = -0.06 V
Quoi/Cox = 1.6x10°19 x 5x1019/2.3x10°7 = 0.46 V
Vo = -0.88 - (-0.58) - (-0.06) - (0.03) = 027V

Nole that the threshold voltage is still negative, and that this device would still be ON
if the applied gate bias was Vg =0V,

EXAMPLE 5-3: Repeat the thresheld-voltage calculation in Example 5-2 for an
NMOS transistor whose oxide thickness (4,4} is increased to 500 nm. This oxide
thickness is typical of the field-oxide thickness betwesn MOS devices on an IC. Hence,
it allows us 1o calculate Vo for the parasitic NMOS field-region device.

SOLUTION: Piesuby =-029V;,  oms= -0.88 V;

Eox = 396 = 3.5x10° 3 Flom;  Cox = oy /5x10°5 = 7x10°% Fem?
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QB = - (2% 1.6x1019 x 1015 x 1.04x10°12x |- 058 [11/2 = -1.4x10°8 Cfom?
QBO /Cox = -14x108/7x10% = -2V

Qiot/Cox = 1.6x10°1% x 5x101972109 = 114V

Vro = -0.88 - (-:0.58) - (-2) - (L14) = 066V

This shows that an increase in the oxide thickness in the field will increase the Vo of
the NMOS device in Example 5-2 so that it is now an enhancement-mode device.
Unfortunately, if Y =5 V, this device would still turn on, and thus the parasitic field
device would conduct.

5.3.4 lon Implantation for Adjusting Threshold Voltage

The development of ion implantation for V adjustment removed the last obstacle to
reliable production of n-channel devices for MOS ICs, because this procedure made it
possible 1o select the substrate-doping value without having to consider its impact on
V. Substrate doping could now be selected strictly on the basis of optimum device
performance, since VT became separately adjustable by means of ion implantation. In
addition, since dopants could be selectively implanted into the field regions, high-
performance NMOS circuits could also be reliably fabricated on lightly doped substrates
(i.e., without the possibility of inadverient inversion of the surrounding ficld regions).

This technique of adjusting V1 involves implantation of boron, phosphorus, or
arsenic ions into the regions under the oxide of a MOSFET. The implantation of boron
causes a positive shift in the threshold voltage, while phosphorus or arsenic
implantation causes a negative shift.  For shallow implants, the procedure has
essentially the same effect as placing an additional "fixed" charge at the oxide-
semiconductor interface. To first order, the threshold-voltage change (AVT ) is thereby
estimated from!

AV = g N1 fCox (5-15)

where NJ is the dose of the implanted ions (atomsfcm?) introduced into the silicon near
its surface. For example, Eq. 5-15 predicts that when Nj = 5x10!! ions/fem? and toy =
25 nm, a shift in Vop of 0.58 ¥ will be produced. Exact modeling can be performed 1o
calculate the actual threshold voltage shift more accurately, Figure 5-12 graphically
shows the resulis of such modeling calculations.16.75

The Vep-adjust implant is useally done through the gate oxide layer. When the
correct implant energy for the gate-oxide thickness being used is selected, the peak of
the implant will oceur at the oxide-silicon interface. After the implant-activating anneal,
the implanied distribution is broader than the as-implanted profile. Calculating the
effect of the implant on Vepis greatly simplified by approximating the actual distribu-

Dell Ex. 1008B
Page 55



322 SILICON PROCESSING FOR THE VLSI ERA -~ VOLUME Ii

1
7 Opiginal nplant
Y 4
/ v

\
] 1Y After anneating, N v}
\

~

i
i
- i -~ \ v
£ 3 s (Y ¥
<
TN
) | tdealised
P ',’ \\ step function
/ \
/
\\
Y . e v,
078 b s e i e e o oo
! !
[ [} 4.0 opm 0.3 0.4

Fig. 5-12 Doping profile of implanted region benecath the gate oxide. The original
implant is broadened by thermal annealing. The step doping is used to estimate the threshold
voltage shift achieved using fon implantation, Reprinted with permission of IBM J. of
Research and Development.

tion via a "box" distribution (in which the implanted dopant is assumed to have a
constant density from the surface o a depth of x;) Figure 5-12 shows that Vip does not
change greatly as x; is varied. Thus, the first-order approximation of the threshold-
voltage change, AV (which ignored the depth of the implant as a parameter), will
therefore give reasonably good estimates of AV, This calculation is often accepted in
practice.

Jon implantation can also be used to fabricate depletion-mode MOSFETs.
Depletion-mode NMOS devices (i.e. in which V7 < 0 V) are commonly used in NMOS
Togic circuits (see the following section). In order for the required negative threshold
voltage for a depletion-mode NMOS device 1o be produced, n-type impurities are
implanted to form a built-in channel between the source and drain. The dose required to
shift the threshold voliage by the desired value may also be estimated using Eqgs. 5-1
and 5-13.

EXAMPLE 5-4: If the NMOS transistor of Example 5-2 is to be used in an
application that requircs a Vp = 1.0 V, calculate the boren dose needed to adjust Vy to
this value.

SOLUTION: The threshold voltage of the device in Example 5-2 is -027 V. We

wish to have a Vp of 1.0 V. Thus Vo must be shifted (AVT) by 1.27 V. Using
Eq. 5-15, we see that the boron dose needed to cause this AVT is

Ni = AVT Coxlg = [ 127V x 23x10°7 Flem? /1.6x10-19 C

= 1.8x102 boron atoms fom?.
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5.3.5 Isolation Technology for MOS

Although MOS trangistors are inherently self-isolating devices it is still necessary (o
prevent the formation of spuricus channels between MOS devices (see chap. 2). This
can be accomplished with the combination of a thick field oxide between the devices and
a high surface concentration under the field oxide.

Prior to about 1970 the process for obiaining thick oxide regions in the field
involved growing an oxide (o the desired thickness on the waler surface and then etching
windows into it, This approach caused severe steps in the wafer topography, which
were difficult to cover with subsequent metal layers. The introduction of LOCOS
isolation in 1970 substantially overcame this problem (see chap. 2). The smoothly
tapered step from the edge of the active region to the top of the field oxide in LOCOS
permits overlying cenductors to be easily deposited on such steps without ihe
occurrence of significant thinaing. In addition, with the development of the threshold-
voltage adjustment process via ion implantation, high surface concentrations of boron
could also be selectively placed under the ficld oxide regions. These two advances made
it feasible to reliably isolate devices in NMOS circuits.

EXAMPLE 5-5; If the parasitic field NMOS wansistor of Example 5-3 is implanted
with the boron implant dose calculated in Example 5-4 before the field oxide is grows,
determine Vo of this device (assume that no boron is lost because of segregation effects

during the oxide growth).

SOLUTION: The threshold voltage of the device in Example 5-3 is 0.66V. Using
Eq. 5-15, we sce that a boron dose of 1.8 x 1012 gtoms fem? would cause a AV of

AV = qNCox = 1.6x10°19 C x 1.8x1012 cm-3/7x10"% Ffem?
= 41V

Thus, the VT of the parasitic field device would be (0.66 V + 41 V), or almost 42V,
"This exarapie shows that a combination of a thicker field oxide and a channel-stop
implant dose can increase the threshold voliage of the parasitic field device lo
sufficiently farge values.

5.3.6 Short-Channel Devices

As MOS channel lengths got smaller than about 3 um, so-called short-channel effects
began o hecome increasingly significant. As a result, device design and, consequently,
process technology had to be modified (o take these effects into account so that
optimum device performance could continue to be obtained. Short-channel effects and
their impact on processing in will be discussed in section 5.5,
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5.4 PROCESS SEQUENCE FOR FABRICATING NMOS
INVERTERS WITH NMOS DEPLETION-MODE LOADS

This section will describe the process sequence used to fabricate silicon-gate NMOS
digital integrated ¢ircuits, A simple inverter circuit with enhancement-mode pull-down
and depletion-mode pull-up NMOS mansistors is used in the example. Many other
logic circuils can also be implemented with this enhancement-depletion (E-D) NMOS
process sequence.

A brief outling of how the inverter functions from a circuit point of view is given at
the outset o help define some of the characteristics of MOS IC circuits. The process
flow described in this section represents a relatively simple NMOS technology. In fact,
many techniques have been developed to improve the performance and packing density
of MOS circuits beyond those that can be produced by this process sequence, These
include alternatives to LOCOS isolation structures; thin gate oxides (and alternative
gate oxide materialsy; shallow source/drain junctions; spacers (for forming lightly-doped
drain structures and salicides); punchthrough prevention implants; double polysilicon;
2-level (or more) metallization; and sell-aligned contact structures. While most of these
techniques are discussed in this chapier; others are discussed elsewhere in the book (e.g.,
isolation technology in chap. 2, salicides and self-aligned contact structures in chap, 3,
and multilevel metallization technology in chap. 4).

5.4.1 Operation of an NMOS Inverter
with a Depletion-Mode Load

The most common applications of MOS transistors are in integrated circult digital logic
gates and memory arrays. Several types of circuits have been developed to implement
logic gates in MOS ICs, with each circuit type characterized by the type of load device
it utilizes. The class of logic-gate circuits that has become standard in most NMOS
digital ICs is based on enhancement-depletion (E-D) NMOS technology, and such E-D
Jogic gates are the basis for most NMOS microprocessors, microprocessor peripheral
devices, and static NMOS memories.

The inverter is the fundamental logic gate. E-D NMOS inverters are composed of
fwo transistors; an enhancement mode MOSFET called the driver, which is switched
ON and OFF by the input signal; and a depletion-mode MOSFET, called the load. The
circuit diagram of this inverter is shown in Fig. 5-13a, and an example of a layout (as it
would appear on the completed wafer) is shown in Fig. 5-13b, The cross-sectional
view of this structure is shown in Fig. 5-13c.

The load connects the power supply voltage Vpypy and the output of the inverter,
The gate of the load trangistor is electrically connected 1o its source region, so that Vg
in the load wansistor always equals zero, Since depletion-mode devices are always ON
when Vg = 0, tying together the gate and drain ensures that the device is always ON.
The driver transistor has its source connected to ground, while its drain region is
clectrically connected to the source region of the load ransistor and the output. The
threshold voltage of the driver transistor, Vg, is selected to be between G and Vpp,
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Fig. 5-13 NMOS inverter, depletion MOSFET load. (a) Schematic representation. (b)
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with permission.
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while the threshold voltage of the load tansisior (since this is a depletion-mode device),
Voo, I8 selected to have a negative voliage value.

The input signal to the inverter (a voltage, V;y,) is fed to the gate of the driver
transistor, and the output signal is the voltage level at the output node, Vs, When
there is a logic 0 input signal (Jow voliage at Vi), VY at the driver transistor is <Vrg.
In this case, there is no conducting channel between source and drain, so the impedance
between the output and ground is very high. Since the depletion transistor is ON,
however, the output is electrically connected 1o Vpp, and V, rises (or is pulled up) to
logic 1 {close to Vpp).

When the input voltage 10 the inverter is logic 1 (close to Vpp), the gate voltage
applied to the driver is greater than Vepp, thus turning the driver transistor ON. A low-
impedance path then exists between the output node and ground. Hence, the driver
trangistor can conduct a large current with a small voltage drop across it, allowing the
output (0 go 10 logic 0. This demonstrates how the logic level at the input is inveried
at the output of the circuit,

The desired characteristics of digital logic gates as IC elements are the following: fast
switching speed (i.e., small propagation-delay time}; low power dissipation; small size
(i.e., minimum silicon area); and high noise margin. We'll now sec how the NMOS
inverter just described is designed 1o meet these requirements. (Note: the circuit design
congiderations used 1o arrive 4l the configuration presented here can be found in texis
dealing with IC design.”173%8 Since our interest here is in how these design choices
impact the processing of the device, readers interested in their justification are advised to
consult the references mentioned.)

In order to obtain maximum packing density (i.c., most logic gates per arca of
substrate) with minimum power consumption®* an E-D NMOS inverter would be
designed in the following manner:'7 The driver transistor would have a pate arca whose
dimensions would be the minimum that could be fabricated in that generation of
technology. The depletion load transistor would have an effective channel length
(Lofm) that would be four times the effective channel length of the driver device (Lefe)
and a minimum gate width.

As a simple examiple, let us assume an inverler is to be fabricated with E-D NMOS
technology, and that the minimum manufacturable feature dimension is 5 yum. Let us
alse assume that a 1-pm lateral diffusion occurs under each side of the gate. In this
case, Lafr 15 3 um and thus Ly should be 12 pm, This means that the drawn gate
fengths of the driver and load devices would be 5 um and 14 pm respectively, The
drawn gate widths of both devices would be 5 um (since these are the dimensions
between the walls of the field oxide).

Ifa 5 V power supply is assumed, the threshold voltages of the driver and depletion
load transistor (V1g, and Vrp) would be selected to be approximately 1.0 Vand 3.0V,
respectively. (These two Vo values are chosen in order to give a high noise margin
without severcly impacting switching speed.) To conserve space, buried contacts
between the polysilicon gate and the silicon substrate would be employed. (The
procedure used for fabricating such contacts is presenied in chap. 3.)

* But as a result, with less than maximum switching speed,
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While the E-D NMOS technology has some important advantages over other IC
technologies (particularly high packing density), it does have some drawbacks that
become extremely serious as the number of devices on the chip gets very large. The
most important of these is the high total power that is consumed. The origin of this
power consumplion arises from the operation of the NMOS inverter. When the inverter
(and similarly other logic gates) hag a low output state, both driver and load are ON,
allowing current to flow from Vpp to ground. The power consumed by cach inverter in
a low-output state is the product of this current and Ypp. Thus, if a series of inverters
are connected together, 50% of them will be drawing power at all times. When the
devices get small enough, the power density on the chip becomes so large that it
becomes necessary to replace NMOS with CMOS, since this technology consumes
much less power per logic gate.

5:4.2 Process Sequence of a
Basic E-D NMOS IC Technology

Figure 5-14 is a flow-chart representation of the sequence of steps that were used to
fabricate typical B-D NMOS digital integrated circuits for gaie lengths down to about
3 um.”6 Figures 5-15a through 5-15j show what occurs on the wafer as this sequence
of process steps is followed. The process being illustrated is 8 seven mask process
(including the passivation pad mask, cven though this final pad mask is not shown).
The E-I» NMOS inverter described in the previous section is used here as a vehicle for
showing how device features on the wafer surface are created during the course of the
process flow.

5.4.1.1 Starting Material. The starting material is a lightly doped (~5x1014.
1013 afoms/em?) p-type <100> silicon wafer {substrate}. As described earlier, the
Lightly doped substrate is chosen to provide low source/drain-to-substrate capacitance,
high source/drain-to-substrate breakdown voltage, high carrier mobility, and low
sensitivity 10 source-substrate bias effects. A backside pettering process, such as
implanting with Ar, to create crystalline-damaged regions that will trap mobile
impurities during subseguent heat steps during the process may be used prior to the next
step (see Vol. 1, chap 2).

5.4.1.2 Active Region and Field Reglon Definitions. The first task
in this processing sequence is (o define the active device and field regions on the wafer
surface. This is done by selectively oxidizing the field regions so that they are covered
with a thick field oxide, using the LOCOS process. The steps involved in this task are
those of boxes 3-9 in Fig. 3-14, and are illustrated in Figs. 5-15a and 5-15b.

A thin pad oxide (20-60 nm thick) is first thermally grown or CVD-deposited on the
wafer surface as a stress-relief fayer, This is followed by the deposition of a CVD nitride
layer (100-200 nm thick). Mask #7 is then used {0 expose a resist film that was spun
on after the nitride deposition (Fig. 5-15a2). After exposure and development, the resist
layer remains behind only in the regions that will be the active device regions
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Fig. 5-14 Main steps in an n-channel, polysilicon-gate MOS IC process flow.76 (® 1980
IEEE).

(Fig. 5-15b1). Next the nitride and pad oxide are anisoiropically dry-ciched away in the
regions not covered by the resist (field regions). Thus, after the removal of the resist,
the active arcas are covered with the nitride/pad-oxide layer (Fig. 5-15b3).

In the next step, a boron implant {1012-10'2 atoms/em?, 40-80 keV) is performed
10 create channel stops in the field regions. The niride/pad oxide layer now acts as a
mask (Fig. 5-15¢1) to prevent the boron from penetrating the silicon in the aclive areas.
(Note that in some processes the resist is not removed until after the channel-stop
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Fig. 5-15 NMOS E-D inverter fabrication sequence. (a) Patterning of the active region. (b)
Patterning the silicon niwride-pad oxide layers. From W. Maly, Atlas of IC Technologies,
Copyright 1987 by the Benjamin/Cummings Publishing Company. Reprinted with

permission.
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Fig. 5-15 (¢) Active region formation and channel-stop implant. (d) Implantation of the
channel of the depletion-mode transisior. From Maly, Adlas of IC Technologies.

implant, as the nitride/pad oxide layer may be 100 thin o act as an effective implant
mask. In fact, with the patterned resist still in place, the channel siop may be
implanted through the nitride/pad oxide layer, which in this case would not be ewched
untii the implant is performed.)
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A thermal-oxidation step is then performed to grow a thick (0.5-1.0 um) field oxide
over the regions where the nitride has been etched away. In this process, the field oxide
is self-aligned to the channel stops. During the oxide growth, some lateral oxidation
also occurs under the nitride edges, forming the bird's beak structure (see chap. 2 for
more details concerning this effect, as well as other problems that arise in connection
with the field-oxide growth step). After the feld oxide has been grown, the remaining
nitride and pad oxide are stripped, leaving the active areas with exposed silicon surfaces
for further processing (Fig. 5-15¢3).

5.4.1.3 Gate-Oxide Growth and Threshold-Voitage Adjust lmplant
In the next major slep the gate oxide is grown, and the threshold veltages of the
enhancement-mode and depletion-mode transistors of the inverter are adjusted through
ion implantation. The growth of the gate oxide is a critical step, as a defect-free, very
thin (15-100-nm), high-quality oxide without contamination is essential for proper
device operation. The gate oxide is grown only in the exposed active region (the field-
oxide thickness is actually increased slightly as a result of this oxide-growth step). As
noted eartier, the drain current in an MOS transistor is inversely proportional to the
gate-oxide thickness (for a given set of terminal voltages). As a result, the gate oxide is
normally made as thin as possible, commensurate with oxide breakdown and reliability
considerations.

In order for a high-quality gate oxide to be obtained, the surface of the active area is
wet-eiched to remove any residual oxide. A sacrificial oxide is often deliberately grown
on the exposed active areas after field oxidation to remove any dry-eich induced damage
or unwanied nitride (dus 10 the Koo effect, see chap. 2).6% After such oxides have been
stripped, the gate oxide is grown slowly and careflully, usually through dry oxidation in
a chiorine ambient {see Vol. 1, chap. 7).

The threshold-voltage adjust implant of the enhancement-mode devices is performed
next. In this step, boron is implanted though the gate oxide (1012-10'3 aomsfem?,
50-100 keV), but the ions are not given enough energy to penetrate the field oxide. No
mask is used in this step. (Mote that in many processes, another pre-gate oxide oxide is
grown, through which this implant is performed. It is again stripped off following the
implant, and the gate oxide is then grown.)

Next, the depletion-mode devices of the circuit are given their threshold-voliage
implant dose (Fig. 5-15d). The arcas of the depletion-mode transistor channels are
implanted with phosphorus or arsenic ions (~10'2 atoms/em?, 100 keV) to give a
threshold voliage of about -3.0 V. The implant dose is adjusted so that it over-
compensates for the previous boron threshold-veliage-adjust implant, thus making the
surfaces n-type. A negative threshold voltage is thus yiclded, as required to establish a
depletion-mode device. Photoresist (patterned by the use of Mask #2) is used to
sefectively allow the depletion-mode transistor channels to be implanted. The fons
cannot penetrate the resist 1o reach active areas below, Likewise, the ions cannot
penetrate any field oxide that is exposed by the resist opening. Hence, the location of
the depletion transistor channel is defined by the intersection of the Mask #2 window
and the active region.
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Buried contacts are then opened in the gale oxide using Mask #3 (Fig. 5-15¢). This
opening in the gate oxide must be provided wherever it is desired 1o have polysilicon
electrically contact the active silicon area {details of buried-contact formation are
described in chap. 3). Since the polysilicon is deposited on the gate oxide, it will
remain isolated from the substrate below unless a special opening is cut in the gate
oxide. With Mask #3, resist covers the entire wafer except in those areas where the
buried contact is desired. The gate oxide can then be etched from these regions,
uncovering the silicon below.

5.4.1.4 Polysilicon Depesition and Patterning. A layer of polysilicon
(typically 0.4-0.5 pm thick) is next deposited by CVD over the whole waler
(see Vol 1, chap. 6 for more information on the properties of polysilicon and its
deposition process),  Either ion implantation or diffusion with phosphorus is then used

Gate oxide Buriad Gate oxide
cofitact

Palysilican
P

Field oxide

1 T 1 -
o Gate Pelysiticon-n* Gate
oxie contact orida
3
g)

Fig. 5-15 (e) Buried contact etching. (f) Patterning of the polysilicon layer followed by
gate oxide eiching. (g) Deposition of the CVD Si09 layer followed by the diffusion of the

drain and source regions. From Maly, Atas of IC Technologies.
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to dope the polysificon 1o a sheet resistance of 20-30 £fsq. This resistance is adequate
for MOS circuits with gate lengths 23 um. For smaller devices, polycide layers (i.e.,
composite layers of refractory metal silicides and polysilicon) can be used o reduce the
sheet resistance to ~1 §3/sq (see Vol. 1, chap. 11}, Using a polycide gives us the
benefits of both silicon-gate and metal-gate technologies.

The gate structure and polysilicon interconnect structures are then patierned using
Mask #4 (Fig. 5-15f), Following exposure and development of the resist, the
polysilicon film is etched (in current technology this is done by means of a dry-ctch
process). ‘This is a critical eich step for several reasons. First, the channel length of
the device depends on the gate length, because of the seli-aligned nature of the silicon
gate technology. Hence, the gate-length dimension must be precisely mainiained across
the entire wafer, and from wafer to wafer. Second, the profile of the eiched poly gate
structure should be vertical; this will prevent variation of channel lengths by the
penctration of the ions of the thinner regions of the gate sidewalls during formation of
the source/drain regions by ion implantation. Third, to achieve the above goals, an
anisotropic polysiticon etch process must be employed. This type of process, however,
requires overctching to remove the locally thicker regions of polysilicon that exist
wherever it crosses steps on the wafer surface. During the overetch time, areas of the
thin gate oxide are exposed to the etchants. Thus, it is necessary to use a polysilicon
etch process that is highly selective with respect to Si0y.

5.4.1.5 Formation of the Source and Drain Regions. Once the gate
has been fabricated, the source and drain regions can be formed. This is normally done
by ion implantation without the use of a lithography step (Fig. 5-15g). The gate and
the field oxide act as masks to prevent the ion implantation from penetrating to the
silicon substrate below. Therefore, only the active regions covered by the gate oxide
(and no gate polysilicon), are implanted. An n implant is used, with an energy that is
insufficient to penetrate the gate-poly or field-oxide layers (arsenic is typically used,
with a dose of ~1018 atoms/cm? and an energy of 30-50 keV). As noted carlier, the
source and drain are thereby self-aligned 10 the gate, and the dimension of the
polysilicon gate thus plays a major role in the defining of the MOS gate length.

Following the source/drain implant, an anneal {or drive-in) step is performed 0
activate the implanted atoms and to pesition the source/drain junctions as desired.
During this step, some of the phosphorus doping of the polysilicon outdiffuses into the
silicon substrate wherever a buried contact opening the gate oxide has been cut. This
diffusion (which occurs both vertically and faterally into the silicon below) forms a
heavily doped n™* region under the polysilicon in the buried-contact exposed region. The
lateral diffusion of the implanted source/drain dopant thereby becomes electrically
connected 1o the #t region under the polysilicon buricd-layer region. In this manner, an
electrical connection between the polysilicon and the silicon is established at the buried
contact locations. In some processes, the junction formed by the buried-contact dopant
outdiffusion from the polysilicon is deeper than the source/drain junctions, while in
others it is not as deep.
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Fig., 5-15 (h) Contact culs of the E-D) inverter. Metallization of the E-D inverter, (i)
Completed NMOS E-D inverter structure. Figures 15 through 153 from W, Maly, Atlas of IC
Techrologies, Copyright 1987 by the Benjamin/Cummings Publishing Company.
Reprinted with permission.

The source/drain drive-in step alse plays a part in determiining the effective channel
length (Eog). That is, if the lateral junction depth is xj) (which is primarily determined
by the the lateral diffusion during the drive-in step, because the lateral straggle of
arsenic at 30 keV is only ~5 nm, see Vol. 1, chap. 9), Legr will be decreased by 2xj
from the gate length at the mask level. Note that the channel width is also reduced by
the bird's beak encroachment into the active area (see chap. 2). Thus, the aclual width,
W, of an MOS device is Wy = W - AW, where W is the width at the mask level and
AW is the channel-width shrinkage during processing.

The depth of the source and drain is thus a critical dimension, but the doping
concentration is not as important, (A discugsion of shallow source/drain junction
formation techniques is presented in chap. 3, section 3.10.} To a first approximation,
the device characteristics witl not depend on the doping concentration value, provided it
is sufficiently heavy.

A diffusion step may be used to dope the source/drain regions. In some of these cases
the dopant source of the diffusion is the CVD oxide layer that is deposited after the gate
has been defined (See next section).

5.4.1.6 Contact Formation. Afier the source/drain regions have been formed,
a CVD process is used 1o deposit a layer of doped Si03 (glass), about 1 pum thick, onto
the wafers (see Vol. 1, chap. 6). The dopant in the Si0O7 is cither phosphorus (in which
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case the material is referred to as phosphosilicate glass), or both phosphorus and boron
(making it a layer of borophosphosilicate glass). In some processes a thin thermal
oxide is grown on the polysilicon prior to deposition of the plass layer. Nevertheless, a
thick layer of §i0; cannot be thermaily grown because of the excessive redistribution
of the impurities that would take place during such growth. Hence, a lower-temperature
CVD process must be used to get a sufficiently thick oxide.

The doped CVD glass layer plays several roles in the fabrication and operating
aspects of the circuit, First, it acts as an insulating layer between the polysilicon and
the metal to be deposited. Second, it reduces the parasitic capacitance of the interconnect
metallization layer. Third, the addition of the phosphorus to the glass makes the layer
an excellent getter of Na ions (recalk that comamination by Na ean cause instabilities in
the Vr of the MOS devices). The phosphorus-doped glass immobilizes the otherwise
mebile Na atoms within the CVD layer, preventing them from reaching the gate oxide
and altering the threshold voltage. Finally, the dopants in the glass make it viscous at
clevated tomperatures (1000-1100°C for PSG, and 800-950°C for BPSG, see Vol, 1,
chap. 6), allowing the layer of doped glass 1o be flowed after it is deposited. Through
this procedure, a rounding of the contours of the glass and a smeothing out of any sharp
steps is achieved. This produces betier step coverage of the metal {which is deposited
next) over the otherwise severe wafer topography. The high-temperature glass-flowing
step also serves to activate the source/drain implanted junctions and drive them to their
desired positions.

Contact openings are nexl created by a lithography-and-etch step (Fig. 5-15h).
Mask #5 is used to define contact opening patierns in a photoresist film, and a dry-etch
process is then used to open the contact windows through the CVD SiO; to the
underlying polysilicon and the n* regions in the silicon.

The contact-opening step can be critical, as the contact size and alignment limit the
minimum size of the device, The source and drain regions must be large enough for the
contact 1o fit, with allowance for alignment tolerance. If the contact opening exposes a
part of the substrate, the drain or source will be shorted 1o the substrate. Likewisc, any
overlap of the source/drain contact opening and the gate will cause the gate to be shoried
1o the source or drain,

To keep the transistor as small as possible, the contact window is usually made at
the minimum size achievable with the given process. In some processes, the exposed
silicon in the contact is redoped to prevent shorting botween the source/drain areas and
the substrate (sce chap, 2). Also note that the gate contact (i.e., Al to polysilicon) is
often made outside the active device area to avoid possible damage to the thin gate
oxide.

After the contaci etch s completed and the resist is stripped, the doped CVD glass is
again subjected to another flowing step. This procedure rounds the comers of the top of
the oxide windows so that metal stop coverage into the contact windews is improved.
The process is called reflow of the contact windows (see chap. 3 and Vol. 1, chap. 6).

5.4.1.7 Metallization Deposition and Patierning. Afler the contacis
have been opened, the metallization layer is deposited {~1 pm thick), Because the metal
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layer is highly conductive, it is used whenever possible to interconnect circuit elements
and to carry large amounts of supply current. The metal interconnect lines that are
fabricated must have sufficient thickness, widih, and step coverage to keep the current
density in each line below the value that could produce electromigration failure (sce
chap. 4). In addition, the spacing between adjacent metal lines must be kept large
enough that the fines will never touch, even under worsk-case process variations.

Although evaporation was the method employed to deposit Al in the early days of
MOS, it has generally been replaced by sputtering. To a great extent, the change was
made because Al alloys with tightfy controlled compositions became the materials of
choice for the metal layer. Sputtering allows alloys to be deposited with much better
compositional fidelity (see Vol. 1, chap. 10).

The metal alloy that was eventually chosen for NMOS is Al:1wt% Si. The silicon
is added to the aluminum film to provent spiking of the contacts during subsequent
annealing steps (see chap. 3). In CMOS, such Al:Si alloys are being phased out as the
metallization material for reasons that are discussed in the CMOS chapter and in
chapters 3 and 4. Either wet-chemical eiching or dry etching is used to pattern the Al
film, using Mask #6 (Fig. 5-15i and 5-15j).

Following the patierning of the metal, the Al-silicon comtacts are alloyed. This step
brings the Al and the n* silicon into intimate contact, since it allows the thin native
$i07 layer that is likely to exist at the Al-Si interface 10 be reduced by the Al (see
chap. 3). Such intimate contact between Al and n*Si establishes a low-resistance ohmic
contact. The anneal process exposes the wafer to a 375-500°C temperature in an Hp or
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Fig. 5-15 (j) E-D inverter. 1) Composite drawing of the layout. 2) Cross section of
complete structure. 3) Electrical diagram. 4) The enhancement transistor, 5) The depletion
transistor. From Maly, Atlas of IC Technologies.
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Ny + Hy (5%) ambient for about 30 minutes. As a result, this step may also be used as
the annealing process for reducing the imerface wrap density in the gate oxide that was
introduced by earlier processing steps (see Vol. 1, chap. 7).

5.4.1.8 Passivation Layer and Pad Mask. Finally, apassivation (or
overcoat) layer, such as CVD PSG or plasma-enhanced CVD silicon nitride, is put
down onto the waler surface. This layer seals the device structures on the wafer from
contaminants and moisture, and also serves as a seralch protection layer.

QOpenings are etched into this layer so that a set of special metallization patterns
under the passivation layer is exposed. These metal patierns are normally located in the
periphery of the circuit and are called bonding pads (Fig. 5-16). Bonding pads are
typically about 100 x 100 um in size and are separated by a space of 50 1o 100 um.
Wires are connected (bonded) to the metal of the bonding pads and are then bonded 1o the
chip package. In this way conncctions are established from the chip to the package
leads.

The bonding-pad openings are created by patterning the passivation layer with Mask
#7. 1 a PSG layer is used, the phosphorus (2-6 wi%) in the glass not only causes the
PSG 1o act as a getier for Na but also prevents the glass film from cracking. Care must
be taken o ensure that not more than 6% phosphorus is incorporated into the PSG, as
this can cause corrosion of the underlying metal if moisture enters the circuit package
{sce Vol, 1, chap. 10). When silicon nitride is used, care must be taken to ensure that
the deposited nitride film exhibits low stress (either tensile or compressive), so that it
will not crack, since cracking would compromise the sealing capability of the film.

1 I
i |
]

e Peobing
pad

Bonding contan
sk pattern
-~

Runding pads Banding sontaut
3 et

Passivatioe
Lygae

Fig, 5-16 Passivation layer and bonding pad openings. (Mote, ¢ross-section not 1o scale.)
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5.5 SHORT-CHANNEL EFFECTS AND HOW THEY
IMPACT MOS PROCESSING

The device characteristics of MOSFETs (such as threshold voliage, subthreshold
currents, and I-V characteristics beyond threshold) are well predicted by Egs. 5-1 through
5-10, if the channel lengths of the transistors are "long" (Le., if they exceed 2 fim in
length). A guide to the design of such long.channel MOSFETs is given in reference 70.

For shorler channel devices, however, a series of effects arise that resull in
significant deviations from the values predicted by the long-channcl models. Such
short-channel effects become a dominant part of MOS device behavior when channel
lengths decrease below 2 pum. The effects are briefly described here t0 provide readess
with 2 basis for understanding the processing steps that have been developed to mitigate
their adverse impact on device performance. So-called hot-carrier effects will be
described separately in the following section, even though these have only been
observed in short-channel devices. More details on short-channel effects in p-channel
CMOS devices are also given in chapter 6. A guide to the design of submicron channel
MOSFETs (those with channel lengths < 1 um), is presented in reference 62.

Short-channel effects can be divided into the following categories: (a) those that
impact V1; (b) those that impact subthreshald currents; and (¢} those that impact -V
behaviar beyond threshold.

5.5.1 Effect of Gate Dimensions on Threshold Voltage

5.5.1.1 Short Channel Threshold Voltage Effect. V1 becomes less
well predicted by Eq. 5-6 as the dimensions of the gate are reduced, and the error
becomes significant when the dimensions are reduced to less than 2 pm. To get good
agreement with measured data, a term !AVT| must be subtracted from the Vo value
obtained from Eq. 5-6. Thus, as the device length is reduced, the measured value of Vrp
of n-channel enhancement-mode devices becomes less positive than that given by Eq.
5.6, while for n-channel depletion-mode devices, V¢ becomes more negative. For
p-channel {enhancement-mode) devices, Vr becomes less negative.

The discrepancy arises because the equations for Y given earlier in the chapter arc
based on one-dimensional theory.20 It is assumed that the space charge under the gate
is a function of only the vertical electric field, Ey {and is thereby influenced only by the
charge on the gate). If the channel length is Jong, this is a reasonable assumption, as
the influence of the drain and source junctions on the quantity of charge in the channel
can be neglected. However, as the channef length approaches the dimensions of the
widths of the depletion regions of the source and drain junctions, these depletion regions
become a greater part of the channel-depletion region (Fig. 5-174). Thus, some of the
channel-depletion region charge is actually tinked to the charge in the depletion region
within the source and drain structures, rather than being linked to the gale charge.
Hence, some of the channel region is partially depleted without any influence of the
gate voltage. (In the extreme, if the two built-in depletion regions spanned the entire
channel length when no vollage existed between source and drain, they could deplete all
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Fig, 5-17 () Yau's model of charge sharing.73 {b) Theoretical threshold voltage as a
function of channel length for varicus substrate doping concentrations. Reprinted with
permission of Solid-State Electronics.

of the channel region at the Si-8i0; interface.) Since some of the channel is depleted
without the need to apply a gate bias, less gaie charge is required 1o invert the channel
in short-channel devices than in g long-channel device with comparable substrate
doping.

A relatively simple equation that predicts the threshold lowering (AVr) in terms of
the device parameters is

4 NA Winax %) (1/ { 1+2§’Ymﬂ£} 4)
%]

AVT = (5-16)

where Way is the maximum depth of the depletion region in the channel, and x; is the
iunction depth of the source drain regions, 4

This effect is important because in order (o be able to establish slightly positive Y
values (e.g., < +1 V) in long-channel NMOS transistors with lightly doped channels, it
is necessary to increase the doping concentration at the surface of the channel
Consequently, in grder to allow short-channel enhancement-mode NMOS devices to be
fabricaied with the same Vo value, the substrate doping concentration must be further
increaged. Since the magnitude of this effect increases as the device length is reduced (as
is predicted by Eq. 5-16 and jllustrated in Fig. 5-17b), it will be necessary 1o

Dell Ex. 1008B
Page 73



340 SILICON PROCESSING FOR THE VLSI ERA ~ VOLUMEIL

progressively increase the substrate doping concentrations as devices are made smaller,
in order 1o maintain seitably positive values of V.

Application of a drain voltage causes the drain depletion region to extend into the
channel region, where it acts as an additional substrate bias, and roduces V.21

5.5.1.2 Narrow Gate-Width Effect on Threshold Voltage. In contrast
1o the short-channel-length effect, devices with narrow channel-widths require that such
a positive-value correction term be added 10 Eq. 5-6 10 give good agreement with the
calculated values.?2 This effect is primarily due 1o the encroachment of the chansel-
stop dopants under the edges of the sides of the gate (see chap. 2). This has the effect of
doping the channel at these edges more heavily than at the center (Fig. 5-18a). Thus, it
requires more charge on the gate to invert the channel than if such encroachment did not
occur, and this causes a shift in Vi from its predicied value (Fig. 5-1863.2% On the
other hand, if the voliage on the gate is held constant, the edges of the channel will
have a higher Vep than the center of the channel,  Because (Ve - Vo) 1s smaller, narrow-
channel devices will thus conduct less drain current. Several schemes are afso described
in chapter 2 for reducing the channel-stop encroachment and thus reducing the narrow-
width effect.

Narrow-width effects are still observed even if there are no channel-stop implants.
These arise because the relatively thinner depletion region under the ficld-oxide device
distorts the depletion region under the gate oxide and prevents the formation of an

[PERCBRNSAY,} J——
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e Deplation Region Region Charge in
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100
]
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Fig. 5-18 (a) Schematic depiction of the narrow-channel effect, (b) Threshold voltage
shift AV caused by the narrow-channel effect for 8 MOSFET with Ng = 1013 em2, and 15y =
50 nm. 22
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inversion layer at the two edges. Although this leads 1o a slightly higher V-, the effect
is much less severe than that observed in devices with heavy channel-stop implants.

5.5.2 Short-Channel Effects on Subthreshold Currenis
(Punchthrough and Drain-Induced Barrier Lowering)

In section 5.2.3 we described the nature of subthreshold carrent flow (Ipgy) in
MOSFETS, noting that a specific value of the subthreshold-swing parameter (3.5.) can
be atfributed to such "normal® Ipg currents in long-channel devices, In short-channel
MOSFETs, however, larger Ipg; values are observed at lower voltages than predicted by
long-channel device models: one manifestation is an increase in the vatue of 5.5. Note
that even relatively small values of Ipg can limit the transistor's ability to isolate nodes
in a dynamic circuit or can allow excess current in static inverters. Hence, care must be
taken to minimize Ipg. Two of the primary causes of increased Ipg are punchthrough
and drain-induced barrier lowering (DIBL).

Punchthrough is normally observed when the gate voltage is well below V. It
occurs as a result of the widening of the drain depletion region when the reverse-bias
voliage on the drain is increased. The electric field of the drain may eventually penetrate
into the source region and thereby reduce the potential energy barrier of the source-1o-
body junction (Fig. 5-19).23 When this occurs, more majority carriers in the source
region have enough energy (o overcome the barrier, and an increased current then flows
from source to body. Some of this current is collected by the drain, thereby increasing
Ips. In general, punchthrough current beging to dominaie Ipg when the drain and

[EC 7 —

Surface potential

| ! H i 1 £ H ] i /L
o1 02 03 04 03 06 07 08 09

Fig. 5-19 Surface potential in the channel for devices with different channel 1engths.23

(© 1979 IEEE).
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Fig. 520 (a) 2-D potential profile of an s-channel MOSFET with a drain bias oft 1) 3 V,
2y 7T V; 3} 9 V. Channel length = 1 um. (b) Simulation of the potential profile of an n-
channel MOSFET with a gale and drain bias of 0 and 9 V respectively. The surface DIBL and
bulk punchthrough paths are indicated. From K. M. Cham, et al., Computer Alded Design and
VLSl Device Development. Copyright 1986 Kluwer Academic Publishers. Reprinted with
perntission.

source depletion regions meet, and it can be suppressed by keeping the total width of
the two depletion regions smafler than the channel Tength 24

Caleulations of the potential in the bulk channel region in devices that use ion
implantation to adjust VT indicate that the barrier is lowest away from the $i-5i0p
interface (usually at almost the same depth as the source/drain junction depths). That is,
the Vep-adjust implant increases the doping concentration near the surface of the channel,
causing the drain depletion region (6 be wider i the bulk than it is near the 5i-SiOp
interface. As a result, punchthrough current flows below the surface (Fig. 5-20).
Consequently, the gate voltage hag less control over the subthreshold current {i.e., even
with sufficient gate voltage to turn off the channel, Ipyg; can still flow in such devices).
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An enhancement-mode device which is not turned off when Vi = 0 loses its ability 1o
function as a switch.

Similarly, the application of a drain voltage in short-channel devices can also cause
drain-induced barrier lowering (DIBL). That is, the drain voltage can cause the surface
potential 10 be Jowered (Rig, 5-21).2% 71 As a result, the potential energy barrier at the
surface will be lowered, and the subthreshold current in the channel region at the Si-
$i0+ interface can be increased (5-21b). This implies that Ipg at the surface due to
DIBL is expected to become larger as the gate voltage approaches V.

These two effects illustrate the complexity involved in modeling the overall
subthreshold I-V behavior of short-channel MOSFETs, That is, both punchthrough
current (in the bulk), as well as DIBL-induced current {(at the surface), may
simultaneously contribute to Ipgt.

To prevent punchthrough current in short-channel devices, the substrate doping can
be increased to decrease the depletion-layer widths, These widths can be estimated using
the formula for the width of a one-sided step junction:

/ [+ Vi
W = 2 Ksto( IVal+ Vy (5-17)
qNs

where the built-in voltage, Vy;, given by
Vyi = 0.56 + (KT/q) In (Ng/n;) (5-18)

and where V4 is the total applied voliage and Np is the doping concentration of the
body. Figure 5-22 gives the depletion-layer width of pn junctions as a function of
doping and applied voltage.

However, increaging the substrate doping also increases the source-to-body and drain-

1.4
1.2
1.6

SOURCE

DISTANCE {MICRONS!

a)

Fig. 5-21 (a) DIBL versus drain bias for short-channel MOSFET. (b) Experimental low-
current characteristics for a MOSFET with L= 2.1 i, V§g = p 8t (© 1974 IEEE).
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Fig. 5-22 Depletion-layer width of a ene-sided siep fanction as a function of doping and
applied voltage calculated from Eqgs, 5-17 and 5-18.

to-body junction capacitances, as well as the body factor. In addition, it reduces the
breakdown voltages of the source/drain junctions. To avoid these drawbacks, an
additional boron implant (whose peak concentration is located at a depth near the
bottom of the source-drain regions) can be performed, This additional doping reduces
the lateral widening of the drain-depletion region below the surface without increasing
the doping under the junction regions. With such implants, the component of the
punchthrough current can be suppressed to well below the normal Ipg, current of the
device.

For example, in Fig. 5-23, a 1.2-um device with a body doping of 1.9x1015 ¢m3
without such a panchthrough-stopping implant shows a large valug of Ipg even when
Vg = 0 V {curve A). This indicates that the device is already exhibiting punch-
through. 26 Implants of boron with a dose of 8x1011 atoms/em? and different energies
are then performed in an aitempt to reduce Ipg 1o the values exhibited by a long-
channel device (curve B). If the implant is too shatlow, the extra implant has the effect
of shifting the Vrp of the device to well beyond the desired value, When the energy is
increased so that the implant is sufficiently deep, the value of Ipse drops to that
exhibited by the fong-channel device, At the same time, the surface concentration
remains essentially unchanged, so that Vep is not appreciably shifted.

In another example, the $.8, of a device without a punchthrough-prevention implant
is measured as its Jength is varied (Fig. 5-24a). At an Legp of ~0.85 um the 8.5, starts
10 increase, indicating that punchthrough current begins to dominate Tpy,. By adding an
implant step that places boron atoms in the dashed subsurface region shown in Fig,
5-24b, the punchthrough component of Ing s suppressed so that it is not observed
unti Leg becomes nearly as small as 0.5 ym.
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Fig. 5-23 Drain current versus gate voltage for n-channel devices with a substrate doping
of 1.9x101% atomsjem?, source/drain junctions 0.47.um deep, 575 A gate oxide, drain
voltage of 5 V, and Vpg of 0 V. Devices A and B have no channel implant, and devices C
and E have a boron channel implant of 8x10}! aomsfem? at various enczrgies?‘6 (@ 1978
1EEE).

5.5.3 Shori-Channel Effects on -V Characteristics

The 1-V characteristics of short-channe! devices are significantly aitered in three ways.
First, the combined effects of reduced gate length and gate width produce a change in
V. Second, the channel length is modulated by the drain vollage when the device is in
sawration (Le., Vps » [V - V1), causing an increase in device gain over that predicted
in an ideal long-channel device (channel-modulation effect). Third, the mobility of the
carriers in the channel is reduced by two effects, which also reduces Ip. (The two effects
are the mobility-degradation factor, due 1o the gate field, and the velpcity-saturation
factor).

Figure 5-25 shows the I-V characteristics of an MOS$ device28 The curves in Fig,
5-25a are those of an ideal long-channel MOS device, while those in Fig. 5-25b show
the effect of adding the channel modulation factor. Figure 5-25¢ shows the combined
effect of adding the mobility degradation factor to those of Fig, 5-25b. The velocity
saturation factor also has the effect of making the both Ip and gy, independent of
channel length in silicon MOS transistors for Legy £1.25 gm. More details on these
effects are provided in suitable device physics texs, 1,328
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A peneral guide to the design of shori-channel MOSFETS is given in references 62
and 69. In addition, a simplc engineering model for short-channel devices has also been
developed.58 TIis purpose is to provide a simple picture of the essential electrical
behaviors of the short-channel MOSFETs from the perspective of a circuit designer.
That is, this enginecring model relates the terminal voltages to the drain current, much
as Fqgs. 5-8 and 5-10 yield the 1-V characteristics for long-channel MOS devices.
Consequently, device designers who need to relate device and process parameters o
circuit parameters should also find this model useful.

5.5.4 Summary of Short-Channel Effects on the
Fabrication of MOS ICs

In the first section of this chapter, we showed that the use of lightly doped substrates
pencrally produced optimum device behavior in long-channel MOS transistors. In this
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Flg. §-24 (A) Subthreshold slope versus electrical channel length for NMOS devices (Vi =
= 0.7 V), having a common threshold adjustment implant and punchthrough implant doses of:

of: (a) zero; (b) 25103} em-2; and {c) 351011 em2.27 Reprinted with permission of

Semiconductor International. (B) NMOS  cross-section with implant placed into
punchtirough region.
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Fig. 5-25 The I-V curves of an MOS device showing the the effects of progressively
increasing shori-channel behavior. (8) Long-channel behavior. (b) With channel-length
modulation. () Addition of velocity saturation.28 (® 1986 IEEE).

section we noted that higher substrate doping is needed to overcome some of the
detrimental impacts of short-channel effects. Thus, trade offs need to be made in
selecting the proper substrate doping-concentration values to achieve optimum short-
channel MOS device performance.

Some of these trade offs are discussed by

Kakumuy,?® who points out that a higher subsirate doping concentration produces
decreased ring-oscillator gate delay in submicron CMOS because of increased junction
capacitances and decreased carrier mobility (due to increased impurity scattering).
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5.6 HOT-CARRIER EFFECTS IN MOSFETs

If device dimensions are reduced and the supply voltage remains constant (¢.g., 3 V3, the
Tateral electrie field penerated in MOS devices increases. If the electric field becomes
strong enough, it can give rise to so-called hot-carrier effects in MOS devices. This has
indeed become a significant problem in NMOS devices with channel lengths smaller
than 1.5 um (and in PMOS devices with submicron channel lengths) 30 Hot-electron
effects are more severe than hot-hole effects because of the higher electron mobility.
Therefore, we begin our discussion by considering hot-electron effects in n-channel
devices. Atthe end of this section we will also discuss the impact of hot-carrier effecis
on p-channel devices.

The maximum electric field, BM, in a MOSFET occurs near the drain during
saturated operation. A rigorous calculation of the field near the drain is a complex
procedare, requiring a computes-aided solution of the two-dimensional Poisson equation,

with the results of one such analglsis being shown in Fig. 5-26, Nevertheless, the
value of Eyj can be estimated from32

EM =(VDS - YD)/ m (5-19)
where

m o= 0.22 12/ x12 (5-19a)

and toy is the gate oxide thickness and x;" approximately corresponds to the source/drain
junction depth, Although Viyga depends on Legr, the dependence is weaker than a linear
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Fig. 5:26 Magnitude of the electric field at the $i-8i07 interface as a function of distance:
L= 1.2 gm, Vpg = 8.5 V, Vgg = V1.8 (© 1980 IEEE),
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Fig. 5-27 Hot-carrier generation and current components.{1)- Holes reaching the source.
(- Electron injection from the source.(3) - Substrate hole current.(9)- Electron injection into
the oxide.

relationship (especially if Legr>1 um). Thus, we can see that Eyy increases as device
dimensions shrink, but this is due to thinner gate oxides and shaliower junclions, as
well as to the reduction in Lyyr

Regardiess of the factors that increase their magnaitude, sach high electric fields cause
the clectrons in the channel to gain kinetic energy and become "hot” (i.e., their energy
distribution is shifted to a much higher value than that of clectrons which are in thermal
equilibrium with the lattice). Such hot electrons (which become hot near the drain edge
of the channel, since that is where By exists) can cause several effects in the device.
First, those electrons that acquire 21.5 eV of energy can lose it via impact ionization,
which generates electron-hole pairs, The total number of electron-hole pairs generated
by impact ionization is exponentially dependent on the reciprocal of the electric field, -
1/Ey. In the exireme, this eleciron-hele pair generation can lead to a form of avalanche
breakdown (Process 1, shown in Fig, 5-27). Sccond, the hot holes and electrons can
overcome the potential energy barricr between the silicon and the 8i07 (3.1 eV),
therehy causing hot carriers to become injected into the gate oxide. Each of these
gvents brings about its own set of repercussions.

5.6.1 Substirate Currents Due to Hot Carriers

When electron-hole pairs are created by impact ionization, the electrons are normally
attracted to the drain, and they add to the drain current. The Aoles, on the other hand,
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enter the substrate and constituie a part of the parasitic substrate current (Process 3 in
Fig. 3-27). This substrate current, Iy,p, can itself produce several problems:

* If a substrate bias-generator circuit is included on-chip, the output of the bias
gencrator will be less negative with increasing substrale current.

¢ If some of these holes are collected by the source (instead of by the body
contact), and this collected hole current causes a voltage drop in the substrate
material on the order of 0.6 V, the substrate-source pn junction will conduct
significantly. Electrons will then be injected {rom the source to the substrate,
just like efectrons injected from emitter 0 base of an npn transistor (the forward
injection shown in Fig, 5-27). These electrons can, in turn, gain sufficient
energy as they travel toward the drain 1o cause additional impact ionization and
create new electron-hole pairs. A positive-feedback mechanism thus exists, onc
that can sustain itself if the drain voltage exceeds a certain value, This is
observed externally as a form of breakdown, referred to as a snapback breakdown,
A particularly clear explanation of this effect, including the reason for the
negative-resistance, or “snapback," portion of the curves, is given in reference 3,

¢ As some of the holes are accelerated through the drain-substrate depletion
region, they may acquire enough energy to cause secondary impact ionization,
This will create electrons far from the drain region, Some these electrons,
ingtead of being collected by the drain, may escape the drain field and instead
travel (sometimes hundreds of microns) to other nodes on the ¢hip, This may
fead to a reduction of the storage time of dynamic circuit nodes in DRAMs (ie.,
manifested as a degradation of the refresh time) 23 This excess electron current is
reported 1o be around 10°4 times smaller than the substrale ionization impact
current itself.

® Iy may induce laichup in CMOS circuits,

The magnitude of the substrate current depends exponentially on the value of Fpg. An
example of how I, depends on decreasing channel length is seen in Fig. 5-28.34
This shows the maximum Ig,p generated at a voltage of 5 ¥ versus the effective

channe!l length for MOS transistors processed with the same technology., The
magnitude of Igyp would increase even mere rapidly with shrinking Lepr if the oxide

thickness and junction depth were scaled together with the channel length.
5.6.2 Hoi-Carrier Injection into the Gate Oxide

The hot holes and clectrons that are injected into the gate oxide cause another set of
problems.  First, some of these carriers pass to the gate clectrade (mostly hot holes)
and thus constitute a gate current, Igy, typically in the {A (10-15 A) range. For higher,
but siizﬂl nondestructive, biases, the gate current can grow rapidly to become several pA
(10-1= A),
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However, some fraction of the hot carriers injected into the gate oxide do not reach
the gate electrode. This is because the gate oxide contains empty electron states (also
known as traps), which can be filled by the injected hot carriers. Such occupied traps
generally become electron traps, even if they are initially filled with boles. As aresult,
there is a negative charge density caused by the trapping of the hot carriers in the oxide.
This trapped charge acts like a contribution to the fixed oxide charge term in the
expression for the device threshold voltage. Furthermore, the trapped charge accumulates
with time. Due to the polarity of the trapped charge, the resulting shift in the n-
channel device threshold voltage is positive (i.e., Vo increases in NMOS devices), If I
becomes of the order of pA, the wapping of a fraction of the electrons injected into the
oxide can become a significant effect {the fraction that gets trapped is ~1 in 106 injected
electrons). As a result, this increase in negative stored charge can lead to a permanent
change in VT in the MOSFET. (The means by which charge in the oxide impacts YV
was described earlier.)

EXAMPLE 5-6: V7 Shift due to Hot-Electron Effects. Given a short-
channel NMOS device with 1oy = 20 am, a gate width of 5 um, and a gate current of 1
nA that is momentarily caused by hot carrier injection. The current flows through a
region of the gate oxide near the drain end which is 5 ym wide, and 0.2 um long.
Assume that 1 in 100 electrons of the gate current becomes trapped at an average
distance of 0.1 1y from the $i-8i04 interface. How long does the gate current have 1o
{low to change Vo by (.1 V in the region where the injection is oceurring?
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Fig. 5-28 The maximum substrate current due to impact ionization produced at a drain
voltage of 5 V vs effective channet length for 2504 gate oxide wansisiors. >4 (© 1986 1EEE).
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SOLUTION: The gate current of 1 nA produces a current density across the injection
area of
109 nA /1x10°8 em2 = 0.1 A em™2

Since 1 in 106 clectrons become trapped, the rate of charge trapping, Jop. in the gate
oxide is 0.1 x 10°8 = 1 x107 C sec'! cm2. The shift in Ve due to the trapped charge
in the oxide can be found from

AVT = (1/Cox) (0.9 loxflox ) AQwor
or, solving for AQo1,
AQuot= Cox AVT /09 = [1.7x107 x 0.11/0.9
= 1.89 x 108 C/em?
The time, 1, necessary (o trap this quantity of charge is

U= AQui/Tor = 1.89x10°8/1x10°7 = 0.19 sec

5.6.3 Device-Performance Degradation Due to
Hot-Carrier Effects

The increase that occurs in Vo leads (o other changes in the MOS characteristics. First,
the saturation current decreases because (Ve - Vi) becomes smaller (Fig. 5-292).77
Second, as the substrate current increases, the transconductance decreases. Finaily, since
the trapped charge accumulates with time, the device performance will become
unaccepiable for a given application after a certain time of device operation.

A device lifetime, 7, can therefore be defined by selecting the maximuom pcrcemagc
of allowed degradation in the critical device parameter. It has been found, however, that
this lifetime (regardless of whether Ve or gy, is monitored) can be refated 1o Iy, by a
power-law relationship (i.c., © is observed to be inversely proportional to Ig,p when
plotted on a log-log plot). Figures 5-29b and ¢ show T as a funclion of gy, for: (a) T is
defined as a 10-mV shift in Vop; and (b) T is defined as a 10% degradation in g,

This has led o accelerated testing techniques that stress the devices with higher drain
voltages than would be used in normal operating conditions3% A larger Igyp, is thereby
produced, leading to shorter times 1o device failure (i.e., possibly defined by a 10-mV
shift in Vip or a 10% degradation in gr). The time to failure under normal operating
drain voltages (1) is then extrapolaled from these data using curves as shown in Figs,
5-29b and 5-29¢.36-37 Device design can then be modified to vield a desired Hfetime
(typically, 10 years) under normal operating conditions.
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Flg. 5-29 (a) Degradation of Ipg§eaq after stressing.”! (© 1984 IEEE). Degradation of
other device-performance parameters as & function of substrate current (Igyp): (b) Lifetime
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5.6.4 Techniques for Reducing
Hot-Carrier Degradation

Device performance degradation from hot electron effects can be reduced by a number of
techniques. These include the following:

s The vollages applied to the device can be decreased {¢.g., by lowering the
power-supply voltage from 5 V to 3.3 V). The decision 1o implément this
reduction, however, is not in the hands of the device designer or fabricator. The
issue of reduced supply voltages for submicron MOS technologies is covered in
chapter 6, section 6.7.2,

* The tme the device is under the voliage stress can be shortened (e.g., by
using a lower duty cyele and clocked logic).

© Appropriate drain enginecring design techniques, which resulis in special drain
structures thai reduce hot electron effects in MOS devices (i.e., double-diffused
draing and lightly-doped draing), can be implemented,

* The density of apping sites in the gate oxide can be reduced through the use
of special processing technigues.

= Thin, lightly doped epitaxial-layers on low-resistance substrates can be employed
o shunt away substrate current and help eliminate the problem of impact-ioniza-
tion-induced latchup,

We will next diseuss the details of the latter three approaches since their implement-
ation is the task of device and process engineers,

5.6.5 Lightly Doped Drains (LDD)

It has beert determined that hot-carrier effects will cause unacceptable performante
degradation in NMOS devices built with conventional drain structures if their channel
lengths are less than 2 um. To overcome this problem, such alternative drain structures
a8 double-diffused drains and lightly doped drains (LDDs) must be used. The purpose of
both types of structures is the same - namely, o absorb some of the potential into the
drain and thus reduce Epj. Double-diffused drains, however, are less cffective for short-
channel devices (i.c., £1.25 um) because they cause deeper junctions and more overlap
capacitance. We will thus restrict our discussion to LDDs. Table 5-2 shows the
evolution in AT&T's Twin-Tub CMOS technology, with respect 1o such drain
structures, 30

In the LDD structure, the drain is formed by two implants (Fig. 5-30). One of these
is seif-aligned to the gate efectrode, and the other is sell-aligned to the gate clectrode on
which two oxide sidewall spacers have been formed. (An extensive report on the details
of sidewall spacer technology for both MOS and bipolar devices can be found in rel.
66.) The purpose of the lighter first dose is to form a lightly doped section of the
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Table 5.2 Evolution of Device Structures in AT&T's Twin-Tub CMOS
Technology Development30 (Twin-Tub VI announced in 1989)83

TwinTub ] TwinTubll Twin-Tublll TwinTublV TwinTubV Twin-Tub VI

Design Rule 3.5 um 25 L75 pm 1,25 pm 0.9 pum 0.6 um

Loty 2 pm LS um 13 pum 1.0 pm 0.75 um 0.4 pm

- 600 A 3504 250A 200 A 150 A 1254

Device Conventional  Conventional DDD LD N&P LDD N&P LD
Structure

drain at the edge near the channel. In NMOS devices, this dose is normally 1-2x1013
alomsfem? of phosphorus.

The value of B is reduced by this structure because the voliage drop is shared by
the drain and the channel (in contrast to a conventional drain structure, in which almost
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Fig. 5-30 (a) Process sequence used to form lightly doped drain (LDD) structures. (b)
Doping profile in an LDD structure taken through section A — A. (¢) Doping profile in &
conventional drain structure taken through section B ~ B,
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the entire voltage drop occurs across the lightly doped channel region). Figure 5-25
shows the electric-ficld profile at the drain of a MOSFET, both with and without an
LDD strucmre,?® We see that the electric field can be reduced by about 30-40%. Since
the hot-electron-induced gate currents are exponentially dependent on Epg, this is
sufficient to reduce currents by many orders of magnitude. As a resull, the stability of
the device is greatly increased. To ensure a high quality interface under the sidewall-
spacer oxide, it is imporiant that the thermally grown gate oxide remain in place after
the polysilicon gate etch. This requires a polysilicon etch process with high selectivity
to oxide, since the gate oxide is typically less than 20 nm.

The heavier, second dose forms a low resistivity region of the drain region, which is
also merged with the lightly doped region. (In NMOS devices this implant is typically
arsenic at a dose of about 1x1015 atoms/em2.) Since it is further away from the
channel than would be the case in a conventional drain structure, the depth of the
heavily-doped region of the drain can be made somewhat greater without adversely
impacting the device operation {e.g., 0.3 pm deep versus 0.18 um deep). The increased
junction depth lowers both the sheet resigtance and the contact resistance of the drain
(sce chap. 3). Deeper junctions also provide better protection against junction spiking.

The disadvantages of LDD structures are thelr increased fabrication complexity
compared 10 conventional drain structures and the increased parasitic resistance of the
source and drain regions caused by the lighly doped regions of the drain. This increase
in parasitic channel resistance resulis in devices that dissipate more power for a constant
applied voliage.

The effect on the In-Vyg curves of the MOSFET due to the additional voltage drop
across the two lightly doped regions is that Iy does not saturate until a higher value of
Vs is applied. Due to the extra series resistance, the total channel conductance is
appreciably lower in the linear region, but only slightly lower in the saturation region.
This is because the channel region in saturation already has a high channel resistance,
while in the lnear region the resistance is much lower. The additional series resistance
of the LDD therefore does not significantly increase the total resistance of the MOSFET
in saturation, and Ip remains less affected, Consequently, the drain current is reduced
more significantly in the linear region than in the saturation region.)

The I-V curves for LDD devices are consequently recognizable by their
characteristically round shape, as shown in Fig, 5-31, curve 6, These curves also
illustrate progressively the other short-channel effects described in section 5.5,
beginning with the I-V curve of an ideal long-channel MOS device (Curve 1). Thus,
curve 6 shows the I-V curve of a short-channel MOSFET with an LDD.

5.6.5.1 Draln Engineering for Optimum LDD Structures. A proper
LDD design should provide adequate hot-carrier protection while not introducing
excessive sonrce/drain resistance, which would degrade the device performance. The
design and fabrication effort undertaken to achieve such an optimum LDD strueture is
referred to as drain engineering; this as we ghall see, is a relatively complex task, A
thorough approach to designing adequate hot-electron protection would entail addressing
all of the following objectives:

Dell Ex. 1008B
Page 90



MOS DEVICES AND NMOS PROCESS INTEGRATION 357

f QK’av T
3.—DE
lys /..M{.M 2 A
/,-»-"—‘*’""" 1 o ideat
5yt
4 /"s““nes
7 [
o
//_/ e
Vg: -V, Ve — WV, > Vs
P

Fig. 5-31 Progressive influence of shori-channel effects and LDI) on the characteristics of
an ideal, long channel MOSFET (Curve 1). Curve 6 shows the 1.V curve of a short channel
MOSFET that is also fabricated with an LDD, while Curve 5 shows the characteristic of the
same deviee withont an LDD.28 (© 1986 IEEE).

1. Reducing the maximum electric field in the siticon as much as possible.

2, Bnsuring that the injection position (L.e., the Ep point) is located under the
gale edge.

3, Ensuring (hat the impact jonization region is pushed far below silicon sarface
to reduce the possibility of hot carriers reaching the 8i-5i03 interface.

4. Separating the point where the electric field in the silicon is a maximum from
the point of maximum current flow in the channel,

5. Minimizing the increase in the parasitic resistance due to the LDD structure.

The degree by which Epq is reduced (Objective #1) depends primarily on the doping
value of the lightly doped extension of the drain, as well as on its length. If the doping
level is oo high, the value of Epy is not sufficiently reduced, and hot-eleciron
protection is not provided. If the level is too low, the drive-current capability of the
device is severely reduced, and the surface will casily be depleted by the hot carriers that
do get trapped in the gate oxide above it (i.e., the device will again be volnerable 10 hot-
electron degradation). A model which calculates the electric field in LDD structures bas
been published.” It concludes that the lightly doped region should be long enough to
attenuate the electric field to a value that is below the critical ionization field, but
should still be short enough to keep the series resistance from becoming excessive. In
early LDD structures in NMOS this meant that the primary parameters selected were the
n- length and its doping concentration.3?
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A process for forming LDD structures in either or both PMOS and NMOS structures
in CMOS with only two photomasks was reported by Parriflo, et at4% An extension of
this process also uses removable TiN gate sidewall spacers and incorporates self-
alignment of the lightly doped regions to their respective gates without
overcompensation (Fig. 5-32), Another example LDD structure in 0.8-um CMOS is
given in reference 41,

To keep the location of the Epy point under the gate (Ohjeciive #2) and yet maintain
high drivability requires the proper combination of gate-drain (g/d) overlap length and
spacer length. The g/d overlap length should be long enough to let the Ep point lie
under the gate, and the spacer length should be short enough 1o let the s rogion reach
under the gate. In general, for process controllability, if a 0.3-um-thick polysilicon
film is used for the gate, a 0.2-um-wide spacer is selected.

To attain Objective #3, a metal-coated LDD swructure has been developed.#? It uses
a deeper n” phospharus profile than the n* source-drain (arsenic), in order to steer the
maximum current path away from Epg (Fig, 5-33b).

A buried LDD structure has also been proposed to reach Objectives #3 and #4. This
structure uses a retrograde LDD profile, with the peak concentration below the Si
surface (Fig. 5-33c). Besides a reduction in substrate current similar 1o the metal-coated
LDD, this profile also suppresses hot-carrier injection by driving the current away from
the surface and shifting the avalanche region further into the bulk silicon.

The buried LDD approach together with an additional shatlow arsenic implant (Fig.
5-34d), may allow NMOS transistors of 0.6 ztm 1o be built with adequate hot-clectron
protection and with minimal the increase in parasitic resistance due to the LDD
structure (Objective #5).30.43.44 The idea is 1o form an abrupt profile at the silicon

surface undemneath the spacer 1o reduce the series resistance. The buried LDD profile is
™ -1 rrou GATE BALICHE

™ H* S0 REGIRT

Fig. 5-32 Process sequence showing the TiN removable spacer process.52 (@ 1989 IEEE).
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#L0D (metal costed LOD)

TTLDD {inversed T gate LDD)
GOLD (gate-drain overlapped LDD)

BLOD (buried LOD)

Fig. 5-33 Conventional LDD drain engineering snd some of its variations —~ all designed
o reduce hot-carrier effects ~ are shown39 (@ 1986 IEEE).

used to force the main current path and the impact-ionization region deep into the
silicon. There are two peaks in the lateral electric-field distribution, and the maximum
current path is through the saddle point of these two high ficld regions. Thus, this
device structure improves both the current drive and the hot-carrier resistance. A further
modification of the buried LDD is the sloped-junction LDD (SILDD), shown in
Fig. 5-33¢.45 In this structure a 165-keV phospherus implant is used to form the
tightly doped drain tegion; this provides improved device lifetime under high field
stress. The main reason for the improvement is that hot-carrier generation is driven
further away from the Si-Si0; interface by the junction of the SJLDD,

5.6.5.2 Asymmetrical Characteristics of LDD MOSFETs. Formation
of the lightly doped regions of LDDs is accomplished by means of ion implantation,
with the polysilicon gate used as the implant mask. This can cause asymmetric doping
of the source and drain regions,#6:84 with such asymmelry occurring as a result of
implanting off-axis (typically, at an angle of 7°) to avoid channeling (see Vol. 1, chap.
9), This produces lateral shadowing (8 in Fig. 5-34) of the substrate on one side of the
poly gate, and penetration of dopants through the leading corner of the poly on the other
side. The problem is compounded by etch processes that produce a re-entrant angle in
the poly gate sidewall (Fig. 5-34 - poly etch process A.) The impact of this effect on
the device characteristics can be examined by considering the implants to the lightly
doped and the heavily doped regions separately.
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Fig. 5-34 Percent asymmetry in saturated drain currents (Vpg = Vg = 5 V) versus
source/drain implant angle for LDD NMOS devices having reentrant- and vertical-wall

polysilicon gates. Insert schematically shows source-non-overlap (SNO) and drain-overlap
(DNO) 1V behavior 40 (@ 1986 [EEE).

If the implant that forms the lightly doped region of the drain (usually phosphorus in
NMOS devices) is done off-axis, the as-implanted region in the shadow of the gate will
have its edge displaced from the gate edge. As a result, there will be no overlap of the
implanted region and the gate edge. Even afier a drive-in step, the overlap of this edge
with the gate will be less than the overlap of the nonshadowed implant region edge and
the gate. I the less-overfapped side is used as the source, the extra resistance introduced
will reduce the drain current (Ipgeno i Fig. 5-34), thus degrading cireuit speed.
However, if the drain side has less overlap, the extra resistance will not affect Iy (curve
IDdne in Fig. 5-34). The asymmetry in drive current when the same device is connected
in these two ways can be as much as 40%; this can be catastrophic in circuits that
require closely matched device characteristics.

The problems arising from such n~ implant-shadowing can be alleviated by one of
the following measures:

= Insuring that the poly-etch process produces vertical sidewalls in the poly
gates.

» Avoiding excessive reoxidation of the polysilicon after its definition (noie
that this also prevents a gap from being established between the drain region
edge and the'edge of the gap). A dry-oxidation step is often employed 10 reduce
the aceelerated oxidation rate on it polysilicon.

= Implanting with a vertical implant through a screen oxide?? (which reduces
the channcling that would otherwise occur when a vertical implant is performed).
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* Using a poly-etch process that produces a slight positive bovel to the poly
sidewall profile, and combining this etch with a smaller angle (3° vs 7°) off-
axis implant.46

Let us next examine how the implantation of the heavily doped region impacts the
structure of the LDD. If an off-axis implant is again used with the heavily doped
implant, asymmetric implant effects can again alter the LDD structure. That is, on the
side of the gate that is not shadowed, the arsenic atoms penetrate the leading comer of
the spacer and thereby enter the substrate under the spacer to some extent. 1f the spacer
is too narrow, this can wipe out the lightly doped drain-extension region. When this
happens, the device can lose the kotl-carrier protection that was to be provided by the
LDD structure, and it will become vulnerable to degradation by hat-carrier effects. To
avaid this, the spacer must be sufficiently wide. Some guidelines for choosing the
proper spacer width to deat with this problem are given in reference 47.

The general problem involving the gate-to-drain overlap with respect 10 its impact
on the MOSFET characteristics was reviewed by Ko, et al.%8 It was observed that the
critical dimensions in drain structures having weak overlap (WO) to the gate were only
tens of nm in devices in which Legr = 1 pim. In general, the drain current decreases as
the overlap is weakened, a double hump appears in the substrate current of asymmetrical
WO devices, and the reliabitity of the WO devices can be lower than devices having
adequate overlap. To avoid random degradation of device performance by WO effects
that arise as a result of process variations, siringent process-conirol measures must be
exercised when submicron devices are fabricated.

5.6.6 The Impact of IC Processing on
Hot-Carrier Device Degradation

The lifetime of a device in which the hot-clectron degradation impacts device
performance can be increased by keeping the number of trapping centers in the gate
oxide to a minimum, In essence, this reduces the density of states that the hot elecirons
injected into the oxide can occupy. Maintaining a minimum number of trapping
centers can be achieved in several ways during the device-fabrication process sequence.
First, the gate oxide should be grown by a process that produces low interface-trap
densities (such processes are described in Vol. 1, chap. 7). It has also recently been
reported that the incorporation of optimized amounts of fluoring during the gate-oxide
growth process suppresses interface-stale generation during injectiora.49 Second, the
degradation of the oxide caused by damage during process steps carried out in a plasma
environment should be minimized {(damaging processes include plasma-enhanced CVD
of oxides and nitrides, RIE, and sputter deposition of metal}. Finally, the amount of
hydrogen that is incorperated at the $1-8i0; interface should be reduced. The latter two
topics will be considered in more detail here.

In typical CMOS processing, most of the damage created by RIE or ion implantation
is annealed out at a high emperature (above 800°C) before metallization. Once the first
layer of aluminum is deposited, however, the maximum annealing temperature is
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limited to ~450°C. It has therefore been reported that the RIE of the second layer of
metal in multilevel metal processes deteriorates the device-aging characteristics. It has
been found that while a subsequent anneal performed at 375°C is ineffective in
annealing out this damage,30 an anneal at 450°C improves device-aging characteristics.

Excess hydrogen at the $i-Si0, interface is also reported to be a culprit in increasing
the density of the interface states. In most cases, hydrogen is used to fill the dangling
bond, forming Si-H at the 8i-Si0; interface. However, the Si-H bond can be easily
broken by injected hot electrons. Furthermore, excess hydrogen introduced during
processing can diffuse to the interface and lead 1o enbanced bond-breaking behavior.
Such excess hydrogen can arrive during the final sinter step before passivation (i.e., in
Hj or Np + 5% Hy), or during the deposition of a conventional silicon nitride
passivation layer, It hag therefore been reported that sintering in pure N3 produces
devices with a lower device degradation rate.5! Similarly, it has been reported that
when a fluorinated nitride (F-SiN) is used as a passivation layer, 5052 devices exhibited
slower degradation rates than those seen in devices with conventional SiN passivation
layers. F-SiN films can be produced by incorporating NFy in the deposition process 1o
form an Si-F bonding structure instead of Si-H in this film.

The presence of fluoring in the gate oxide (possibly inadvertently originating from a
B¥y* source/drain implant implant) has recently been reported to increase the hot
electron resistance of devices fabricated with such oxides.” Other reports confirm that a
deliberate incorporation of fluorine into the gate oxide (from implanting fluorine into a
polysilicon film, and then diffusing it into the gaie oxide) produces a more hot-electron
resistant interface,”8:

5.6.7 Hot-Carrier Effects in PMOS Transistors

Hot-carrier effects are not significant in PMOS transistors at channel lengths greater
than T um because the impaci-ionization rate of holes is 3 o 4 orders of magnitude
lower than that of electrons at a given electric field.33 At submicron channel fengths,
however, hot-clectron effects in PMOS start to become important. It has been reported
that two hot-carrier effects predominate in such PMOS devices, Both are caused by hot
electrons that are generated by impact ionization and are then injected into the oxide,
becoming trapped. Hot holes do not appear to cause significant effects unless a device
is stressed at large magnitudes of Vg, In PMOS devices, the gate-bias polarity favors
elecuon injection {which is opposite o that in NMOS) but retards the injection of
holes.

In the first degradation effect, these electrons are trapped near the drain and shorten
the effective channel length. This reduction in Legr is even more severe in the buried-
channel PMOS devices (used in CMOS technologies that have an n™ polysilicon gate),
because their buricd-channel nature makes them more vulnerable to source-drain
punchtirough,4 and consequently increases subthreshold leakage, This effect is calfed
hot-electron-induced punchtirough (HELP),

The second effect was observed in PMOS devices with p*, as well as n*, polysilicon
gates. In these devices, the injected and trapped hot electrons also prodoce Ve shifts
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{which reduce the magnitude of V) and increases in the transconductance, gg,.
Nevertheless, confrary 1o what occurs in NMOS, in PMOS these effects tead to
saturate. This is explained by the fact that the electrons trapped near the drain reduce the
electric field present there in PMOS devices. 33 As a result, this effect does not appear
to limit PMOS devices fabricated with p™ polysilicon gates as long as Legris 0.6
1m. 96 $titl, LDD structures appear to be needed for p-channel devices fabricated with
n* polysilicon gates when Legr gets to be 0.8 tm or Jess, 3457

The LDD stracture also helps to reduce subthreshold leakage in PMOS devices,
where excessive junction depths caused by lateral diffusion have been a problem. The
use of L.DD basically increases Legr, hence compensating for the Legr reduction caused
by hot-electron injection, A new LDD structure for PMOS devices, called a halo LDD,
is described in reference 63. In this structure, a deeper phosphorus implant is placed
below the lightly doped drain-extension p-type implant. The punchthrough resistance
of the PMOS device is reported 1o be significantly improved by this LDD structure,

5.6.8 Gate-Induced Drain-Leakage Current

Another type of leakage current between drain and substrate in thin gate-oxide (12-28
nm) MOS devices has been observed at drain voltages much lower than the breakdown
voltage.58.3% This is not really a hot-electron-induced effect, but since it uses LDD
structures to reduce its magnitude, we describe it in this section. The basis of this
current is band-to-band tunneling that occurs through the gate oxide into the deep
depletion layer in the gate-to-drain overlap region. 1t has been reported that in order for
this leakage current to limited 1o less than 0.1 pA/um?2, the oxide field in the gate-to-
drain overlap region must be limited to 1.9 MV/cm, LDD structures are effective in
reducing this leakage current, but only if the doping in the n exfensions is less than
1018/cm3. Buried LDD structures with the peak of the # concentration at several
hundred angstroms bencath the 8i-Si0y interface appear to be even more effective than
conventional LDD structures in reducing the effect. This effect is predicied to become
more of a problem as devices continue o be scaled - that is, if a 10-nm-thick gate oxide
is used, the E-field will be less than 1.9 MV/cm in the oxide only if 2 3.1 V power
supply is used.
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PROBLEMS

5.1 (a) A p-channel MOS transistor is fabricated on an »n substrate doped with 103
phosphorus atoms per em?, and a gate oxide which is 1000 A thick. Caleulate the threshold
voltage if @y, = -0.6 €V and Qyy = 53101 em?. (b) The threshold voltage of the MOSFET in
part (a) is reduced by using jon implantation of boron. What is the required boron dose in
order to oblain a threshold voliage of -1.5 V?

3.2 In the E-D NMOS process, depletion-mode NMOSFETS are used for load devices. This
requires a negative threshold, which can be obtained by implanting a shallow arsenic or
phosphorus dose into the channel region. Caleulate the arsenic dose needed to achieve a -3 V
threshold in a n* polysilicon-gate NMOS trassistor which has a substrate doping of
3x10'%/cm® and a gate oxide thickness of 50 nm?

5.3 (a) Why is «<100>-orientation prefersed in NMOS fabrication? (b) What are the
disadvantages if too thin a field oxide is used in NMOS devices? (¢} How is a self-aligned gate
obtained and what are its advantages? (d) List three functions of the PSG overglass layer?

5.4 In NMOS processing, the slarting material is a p-type 10-Q-cm, <100>-oriented
silicor wafer. The source and drain are formed by arsenic implantation of 108 fonsfem? at
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80 keV: the channel is implanted with 8x10%} boron jonsfom? at 30 keV threugh » gate oxide
of 250 A thickness. (a} Estimate the threshold voltage change caused by the boron ion
implantation step. (b) Draw the doping profile along a coordinate perpendicular to the
surface and passing through (b1} the channel region, and (b2) the source region.

5.5 Describe punchthrough current and subthreshold current and explain the differences
between them.

5.6 Design a submicron MOSFET with a gate length of 0.75 gm. (The gate length is the
chamnel length plus twice the junction depth.) If the junction depth is 0.2 m, the gate oxide
is 200 A, and the maximum drain voltage is limited to 2.5 V, find the required channel
doping so thai the MOSFET can maintain it long-channel characteristics.

5,7 An n-channel MOSFET has a gate oxide 200 A thick, an Loy = 1.0 pgm, sourcefdrain
junction depths of 0.2 e, and a threshold voltage of 0.6 V. If the device is biased at Vgg =3
V and Vpg = 5 V, caleulate the saturation voliage Vg, and the maximum electric field, Ep,.

5.8 Explain the difference between the gate-threshold veltage, Vo, and the ficld-threshold
voltage, Vg, of a MOS device.

5.9 (s) Sketch a set of masks [or fabricating an MOS transistor using Si-gate technology.
{b) Repeat this exercise for an E-D NMOS inverter eireuit with LOCOS isolation, buried
contacts, and a depletion-mode load transistor,

516 An NMOS structure consists of an a-type substraie with Np = 5x101% om3, a gate
oxide of 100 nm thickness, and an Al contact. The measured threshold volage is -2.5 V.
Caleulate the surface charge density.

5.11 If a circuit designed wants 1o keep the off-state leakage current lo less than 1 pA and
also wants the threshold voltage value 1o be 0.9 V {where Vo is defined as the gate voliage
that provides Ipg = 1 #A), what value of subthreshold swing (8.5.) will this device exhibit,
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CHAPTER 6
CMOS PROCESS INTEGRATION

Complementary MOS (CMOS) is so-named because it uses both p- and n-type
{(complementary) MOS transistors in its circuits. (Figure 6-1 depicts 2 CMOS inverter.)
Since CMOS technology s significantly more complex than NMOS with respect 1o the
device physics and fabrication issues, the discussion here will include a thorough
introduction to these subjects. (Note that an excellent comprehensive text on CMOS,
dealing with both circuit and design issues, has recently been published )}t

6.1 INTRODUCTION TO CMOS TECHNOLOGY

6.1.1 The Power-Dissipation Crisis of VLSl, and How
CMOS Came 10 the Rescue

NMOS remained the dominant MOS technology as long as the integration level of
devices on a chip was sulficiently low. It was inexpensive 1o fabricate, very functionally
dense, and faster than PMOS. The earliest NMOS technologies required only 5 masking
steps (including the pad mask).* On the other hand, NMOS logic-gates (¢.g., investers)
draw dc power during one of the inverter states. Therefore, an NMOS integrated circuit
will draw a steady current even when being operated in the standby mode (ie., even
when o signal is being propagated through the circait). Consequently, as the number
of logic gates on the chip grows, the current being drawn (and hence the power being
dissipated) also increases.  Although this was always a limitation of NMOS for such
applications as space-borne or poriable electronic systems, it did not represent a
drawback for most other applications when the number of devices on a chip was rela-

* Early NMOS logic gates used butted contacts as well as enhancement-mode transistors for
both the driver and the load, Depletion-mode loads and buried contacts came later. Hence, of
the seven masks of the E-D NMOS process described in chapler 5, only five were required in
early NMOS twechnology. This resulted not only in lower manufacturing costs per wafer, but
also in higher yields. Thus, the cost of manufacturing NMOS circuits was brought even lower,
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Y, 7
n-CHANNEL  p-CHANNEL

n-SUBSTRATE

(a} (b}

Fig. 6-1 CMOS inverter. (a) Circuit schematic. (b) Device cross section.

tively small. Such was the situation at the level of device integration that existed up to
the mid-1970s.

With the dawning of the VLSI era, however, power consumption in NMOS circuits
began to exceed tolerable limits. A lower-power technology was needed to exploit the
VL.SI fabrication techniques, CMOS represented just such a technology.,

From a quantitaiive perspective, the ascendancy of CMOS was the inevitable resuft of
the two-hundred-fold ingrease in functional density, and the twenty-fold increase in speed
of integrated circuils between 1968 and 1987. For example, in 1969, 256-bit SRAM
circuits {e.g., the Intel 1101) used 12-um design rules (o create the six-transistor SRAM
cells; each cell occupied 20,600 pm?2, In 1987, however, SRAM cells using 1.2-um
design rules occupied only 150 pm2. (The memory access-lime in these respective
memory circuits decreased from T s to 46 ns.) By 1987 the decreased size and atiendant
increase in chip size allowed 256-kbit SRAMSs 1o be built.

To take another example: The Intel 4004 4-bit microprocessor, introduced in 1971,
had 2300 devices and was built in PMOS. The 8086 model, a 16-bit microprocessor
introduced in 1978, had 29,000 devices and was built in NMOS, and the 80386,
introduced in 1985, had 275,000 devices and was built in CMOS.

Chips can dissipatc a maximum of about 5 W of power and still be used in
conventional, but expensive, IC ceramic packages. In order for the much less expensive
plastic packages 1o be used, however, the maximam power dissipation is lmited o
about 1 W. The Intel 8086 dissipated around 1.5 W of power when operated at § MHz,
Thus, by the Tate 1970s it was already possible to manofactare NMOS chips whose
power dissipation approached unacceptably high values, (Note that when the 8086 was
later reigsued in CMOS technology snder the model nomber 80C86, its power
consumption dropped o about 250 mW.}
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In a CMOS inverter (unlike in an NMOS inverter) only on¢ of the two transistors is
driven at any one time. This means that when a CMOS inverter is not swilching from
one state to the other, a high-impedance path exists from the supply voltage to ground,
regardless of the state the inverter is in. Hence, virtually no current flows, and almost
1o de power is dissipated. CMOS thus allows the manufacture of circuits that need only
several microwatts of standby power (Fig, 6-2).

The problem of power dissipation can also be considered from both a chip perspective
and a system perspective. From the chip perspective, if microprocessors of the 32-bit
generation were built in NMOS, they would dissipate 5 to 6 W of power. This would
fead 10 severe heating and seliability concerns, In addition, expensive ceramic packages
would be needed to house such chips, When such microprocessors are designed in
CMOS, the power dissipation decreases to about 1 W,

From the sysiem perspective, let's consider memory chips. Although a 1-Mbit
DRAM may consume only 120 mW of power in NMOS, it consumes even less (~50
mW) in CMOS, Since there may be thousands of mermory chips in a gystem (versos
only a few microprocessors), the ramifications of lower power-dissipation are
significant. Smaller power-supplies and smaller cooling fang are but two of these
ramifications.

6.1.2 Historical Evolution of CMOS

Although CMOS is now the dominant integrated-circuit technology, for much of its 25-
year history it was considered 1o be enly a runner-up for the design of MOS 1Cs. The
pairing of complementary n- and p-channel teansistors 1o form low-power ICs was
originally proposed by Sah and Wanlass in 1963.2 The first CMOS ICs were fabricated

NMOS
200 b
F
£ 1506
:
3
L
e CMOS
100 - //
I i
100 200 300
Chip complexty (%)

Fig. 6-2 As cireuit complexity increases, NMOS power consumption rises to levels that
eventually prevent further growth. In contrast, CMOS power consumption increases anly
slightly as the device count on a chip rises.
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