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PREFACE

SILICON PROCESSING FOR THE VLSI ERA is a tex! 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, subtitled,
Process Integration. Volume 1, subtitled Process Technology, was published in 1986.
Volume 3, 1o be subtitled Assembly, Packaging and Manufacturing Technalogy 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 to as process integration. 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 book covers the process integration tasks of full-device-type
technologies, including NMGS (Chap. 5), CMOS (Chap. 6), bipolar and BiCMOS
(Chap. '), 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, VLS manufacturing issues and facilities,
contamination and yield, automation, assembly, packaging, and parametric (osting.

The purpose of writing this text was o 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 lexts on
the subject are available only in the form of specialized books (i.c., 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 each contributes a small portion of the contents).

Such edited volumes typicalty 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
presentagion,  In addition, in multi-disciplinary fields, such as microelectronic
fabrication, it is difficult for most readers to follow technical arguments in such books,

xxix
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especially if the information is presented without defining cach technical "buzzword" as
it is first introduced.

in our books such drawbacks are avoided by treating the subject of VLSI fabrication
from a unified and more pedagogical viewpoins, and by carelully defining technical
terms when they are first introduced. 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 also
felt could be exploited in creating & 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 fisished manuscript, This
task traditionally took 15-18 months, but can be now reduced o less than 3 months, If
traditional techniques are used 10 produce books in such fasi-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 techniques, 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.

Written for the professional, the book belongs on the bookshelf of workers in several
microelectronic disciplines, Microelectronic fabrication engineers who seek fo developa
more complete perspective of the subject, or who are new (o the field, will find it
invaluable. Integrated circuit designers, test engineers, and integrated cireuit equipment
designers, who must understand VLSI processing issues lo effectively interface with the
fabrication environment, will also find it a uniquely useful reference. The book should
also be very suitable as a text for graduate-level courses on silicon processing
techniques, offered to students of electrical engineering, applied physics, and materials
scicnce. It is assumed that such students 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 author
through 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 courses 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. To begin, virtually all of the
information presented in Lhis text is based on the research efforts of a countless number
of scientists and engincers. Their coniributions are recognized to a smail degree by
citing some of their articles in the references given at the end of cach chapter, The direct
help came in a variety of forms, and was generously provided by many people. The ext
is a much better work as a result of this aid, and the authors express heartfelt thanks o
those who gave of their time, energy, and intellect,

Each of the chapters was reviewed after the wriling was completed. The engincers
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 o 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, John
Y. Chen, Andrew R. Couison, Haiping Dun, Terry Herndon, Michael Kump, Farhad K.
Moghadam, Joseph R. Monkowski, Stan Swirhun, Al F. Tasch, Jr., and Samuel T.
Wang. Ia addition, I. B. Price, of Spectrum 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 Art Resources, Inc., Santa Ana, CA.

Stanley Wolf

P.5S. Additional copies of the books can be obtained from:
Lattice Press

P.O. 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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MLAATES OF TRANSEIORG

CHAPTER 1
PROCESS INTEGRATION
FOR VLS! 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 exceeded the gencrally accepted definition of
very large scale integration, or VLSF (i.c., more than 100,008 devices per chip) (Fig.
1-1a). By 1990 this number had grown to more than 32 million devices per chip (16-
Mbit DRAMS), and it is gencrally acknowledged that the era of witra-large-scale
integration (ULST} 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
~(1.5 g in the most advanced commercially available chips.
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Fig. 1-1 () Increase in the number of wansistors per microprocessor ghip versus yoar of
mtroduction, for s variety of 8-bit and 18-bit micropracessers, and (b) The decrease in

minimum device feature size versus time on integrated circuits.
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2 SILICON PROCESSING FOR THE VL3I ERA —~ VOLUME il

Progress seems 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 echnology of IC fabrication and is likely to
retain this position for the foresecable future. The entire adventure of silicon device
manufaclusing represents a remarkable application of scientific knowledge 1o the
requirements of technology. Our books* are intended to serve as a comprehensive and
cohesive report on the state of the art of this technolnev. as practiced at the time of

publication. é —-’——-—-€
Floor Plan DESIGN S
o Architectural, i Wafer Fabrication l
Mtiplier Logic, Circuit
.
o .
r =3 " e
RAM | [ C:e’muut}‘ % v
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Test Vector Assembly and
Generation Packaging
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Fig. 1-2 Steps required for the munufucture of very large scale integrated circuits (VLS.
* STLICON PROCESSING FOR THE VLSI ERA - Yolume 1: Process Technology; Volume 2 -

Process Integration; and Velume 3 - Assembly, Packaging, and Manufacturing Technology
(the Iatter is scheduled to to be published approximaiely in 1992}
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PROCESS INTEGRATION FOR VLSI AND ULSI 3

Figure 1-2 illustrates the sequence of tasks followed in the manufactuze of an integrated
circuit. These tasks can be grouped into three phases: design, fabrication, and festing.
Our books are concerned primarily with the fabrication phase. We describe the IC
manufacturing steps that cccur 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 1o be used to 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 layout information is stored in a
compuier,

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.

ONSEMI EXHIBIT 1008B, Page 30



4  SILICON PROCESSING FOR THE VLSI ERA ~ VOLUME II
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Fig. 1-4 (a) Example of the patierns transferred to a waler during a seven-mnask process
sequence, and (b) Cross section of completed devices in a basic CMOS process.

undertake a discussion of the sequences of the steps performed to produce the device
structures of the circuits. The text describes how the various individual processes are
inlegrated 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
patierns Lo be created on the wafer surface. The other processing procedures performed
between the masking steps serve 10 create the desired device structures. An example of
the end resuit of a complete process sequence is shown in Fig. 1-4b ag an IC cross-
section.

This book i3 roughly divided into two parts. The first part deals with what we refer
to as subprocess integration {Chapters 2, 3, and 4), while the sccond covers complete
process integration (Chapters 3, 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 (0 produce device structures that can be
used in a varicty of integrated-circuit fechnologies (1.e., isclation, contact, and
interconnect structures), The purpose of the process-integration task is 1o design the
process sequences used to manufacture complete IC technologies (ie., NMOS, CMOS,
bipotar, BICMOS, and IC 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 pm) and the basics of MOS circuit design is
presented. Also included is a discussion of the relationship between desired device
performarce and process technotogy. (More rigorous treatments of MOS device physics
are found in references - 5.)

The history of NMOS processing is also presented, emphasizing how the obstacles
to fabricating reliable NMOS ICs were overcome. A detailed example of the fabrication
sequence of a typical NMOS inverfer circuit culminates this discussion. The chapter
concludes with a description of short-channel and hot-carrier effects in MOS devices,
together with processing lechniques developed to combat the problems they cause.

5.1 MOS DEVICE PHYSICS

5.1.1 The Sfructure and Device Fundamentals
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 5-1c,
respectively.  The device has a gate terminal (o which the input sigaal is normally
apphied), as well as source and drain terminals (across which the output voltage is
developed, and through which the output current flows, i.e., the drain-source current,
Ip). The gate terminal is connected to the gate electrode (a conductor), while the
remaining terminals are connected 1o the heavily doped source and drain regions in the
semiconductor substrate.

A channel region in the semiconductor under the gate electrode separates the source
and drain. The channel {of length L and width W) is lightly doped with a dopant type
opposite o that of the source and drain. The semiconductor is also physically separated
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Fig. 5-1 {a) Structure of an MOS device. (b) Cross sectional view. {¢) Schematic symbel.”
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 transisiors 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 to 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 ficld 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 transisiors
(FETs). They are further described as meral-oxide-semiconductor (MOS) FETs because
of the thin 810 layer that separates the gate and substrate,

The substrate {or body) of the MOS transisior is a silicon wafer; this wafer also
provides mechanical support for the finished circuit. In addition, an external efectrical
connection (or ferminal) can be made to 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 tesminals 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 field regions as one of the mecasures 1 achieve this goal,

If no gate bias is applied, the electrical path between source and drain consists of two
back-to-back two pn junctions in series. If a drain bias is applied such that the source-
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regions and the induced channel.” From D. A. Hodges and H. G. Jackson, Analysis and
Design of Digital Integrated Circuits, Copyright, 1983 McGraw-Hill Book Co. Reprinted
with permission. (b) Cross sections and output and transfer characteristics of four types of
MOSFETs. 7 From S. M. Sze, Semiconductor Devices - Physics and Technology,
Copyright, 1985, John Wiley & Sons. Reprinted with permission.
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body and drain-body junctions remain reverse-biased, Iy will consist of only the reverse-
bias diode leakage current and hence will be considered negligibly small.

When positive bias is applied 10 an NMOS transistor gate, electrons will be attracted
to the channel region and holes will be repelled. (Holes are the majority carriers in the
channel of the p-type body when no gate bias exists.) Once enough electrons have been
drawn inlo the channel by the positive gate voltage to exceed the hole concentration, the
region behaves like a n-lype 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 unless 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 1o as enhancement-mode (or normally OFF) transistors (se¢
Fig. 5-2b). With NMOS enhancement-mode transistors, a positive gale voliage, Vg,
greater than Vep must be applied to create the channel {or to turn them ON}, while Lo
tam ON PMOS enhancement-mode devices, a negative gate voltage (whose magnitude
is >V ) must be applied. Note that in NMOS transistors a positive vollage must also
be applied to the drain to keep the drain-substrate roverse-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 o the gate electrode is needed to
deplete the channel region of majority carriers (that is, the channel is ¢radicated as long
as the bias is applied}, such devices are also commonly called depletion-mode devices.
NMOS depletion-mode devices require a negative gate voltage to be turned OFF, while
corresponding PMOS devices require positive gate voliages.

5.1.2 The Threshold Voitage of the MOS Transistor

If the source and body of an MOS transistor are both tied to ground (Vg = ), the
threshold voltage, Vo, of the transistor can be found from the following equation (note
that V¢ = Vg when Vg = O

VT0 = Oms - 201 - Quot/Cox - QBO/Cox (5-1)

where Qs is the workfunction difference (in V) between the gate material and the bulk
silicon in the channel, @r is the equilibrium electrostatic potential in a semiconductor
(in V), Qpo is the charge stored per unit area (Cfem?) in the depletion region (when the
voltage between source and body is zero), Coyx is the gate-oxide capacitance per unit area
(Ffem?), and Qo1 is 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 stracture dimensions, and
lemperature. They are:
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electrodes. 50 Reprinted with permission of Solid-State Electronics.

ef=KT/qg In (m; Ny} (p-type semiconductor) {5-2a)
¢r=kT/g In(Np/nj)  (n-type semiconductor) (5-2b)
where N is the acceptor concentration in a p-type semiconductor (cm™3), Ny is the
donor concentration in an a-type semiconductor, and sy is the intrinsic carrier

conceniration in the semiconductor. Note that »; is a strong function of temperature.
For silicon at 300 K, however, n; = 1 A5%x1010 em 2, Therefore, at 300 K:

Prns (metal gate, with Al as gate electrode) = Qf(sub) * PHAD = Osub) - (+0.6 V) (5 - 3a}
Prms (Si gate) = Plsub) - PHgate) {5-3b)

Figure 5-3 shows the value of @ for various substrate-doping values if an aluminum

gate electrode is used. Note aiso that in silicon-gate NMOS, the doping of the

polysilicon gate material is usually n-type, with Np = 1029/cm $0 that Qr(gate) 0
this case is +0.59 V. Figure 5-4 shows the value of the threshold voliage of ' 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 15-nm thick gate oxide, and Qo = 0.
Qno is found from:

Y2 qNaeg |29 | NMOS (5-4a)

1t

QBo

i

Qo = +V2qNpeg |29 | PMOS (5-4b)

and Coy is calculated from:

Cox = Box/lox = 3.9 € flox (5-5)

where €55 = 11.8 g4, ¢ is the permiltivity of vacuum, and gox and tox are the
permittivity and thickness of the gate oxide.

1t is casy to become confused about the signs of the various terms in the threshold
voltage equation, Equation 5-1 gives correct results for NMOS and PMOS if the signs
shown in Table 5.1 arc used for cach of the parameters. When calculating the various
terms, the table can be used to insure that the value of each parameter is entered into the
equation with the correct sign {e.g., ®ms will have a negative value for nt Si gate
NMOS devices).

Table 5.1 Signs in the Threshold-Voltage Equatioa7

Parameter NMOS PMOS

Substrate peiype  n-lype
Pms

Metal pate - -

nt §igate - -

pt Sigae + +
of - +
QBO - -
Qrot + +
¥ + +
Cox + +
Source-body voltage, VSR + +

EXAMPLE 5-1: Find the threshold voltage of an NMOS silicon-gale transistor that
has substrate doping N =1015/cm?, gate doping Np = 1029 fem3, gate-oxide thickness
tox = 100 nm, and Qo = q (1 x 1011 fem?). Note that the values for Loy and Qo are
typical of the values that existed in early NMOS transistors.
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SOLUTION:
Orsuby = KT/qIn [n/Na | =- 0026 In [1015 /1.4x1010 1 = . 029 v
Pms = P(sub) - Pilgatey = - 0.29 - KT/gIn (1020 /1 4x1010) = - 088 V
fox = 3980 = 3551013 Flom;  Coy =eox /1x10°5 = 35x10°9 Ffem?
Qpo = - [2x 1631019 x 1015 x 1.04 x10:12x |- 0.58 1112 =- 1.4x10'8 Cem?
QRO [Cox = - 14 x 108 /35 x109 = - 04V
QuotfCox = 1.6x10719 x 1x1011 /35x109 = 046 V

Vo = - 088 - (-0.58) - (-04) - (0.46) = -036V

Note that a negative value of Vg is yielded, implying that this transistor would be ON
at Vg = 0 V (would therefore behave as a depletion-mode device). The parameters used
in this calculation of V' are typical of the NMOS device parameters encountered in the
carly days of MOS ICs, Hence, at that time it was not possible to easily or reliably
fabricate enhancement-mode NMOS transistors. We shall later show how this problem
was overcome $o that enhancement-mode NMOS devices could be manufactured.

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

As mentioned earlier, the MOS transistor is a four-terminal device, insofar as a contact
can also be made to the body region, A bias, Vgp, 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 V7. 1f Vg = 0, inversion will, of course, occur
when the voltage drop across the semiconductor equals 2¢¢. If Ygs < 0V, the
semiconductor stifl attempls to invert when the voliage drop across it reaches 2.
However, any inversion-layer carriers that do appear at the semiconductor surface
migrate laterally into the source because this region is at & lower polential. Thus, the
surface potential must be lowered to 2¢¢ - Vsp in order for inversion to occur,
implying that the threshold voltage required to achieve inversion must be increased.

Hence, for either enhancement-mode or depletion-mode MOSFETs, V1 becomes
more positive for n-channel transistors and more negative for p-channel transistors as
Vg is increased. A simple, quantilative way to view this effect 8 1o assume that
biasing changes the inversion point in the semiconductor from 2¢¢t0 20f- Vep. The
threshold-voliage equation (Eq. 5-1), which was applicable when Vgp =0, is in turn
modified to
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polysilicon (right scale). Curves for gate oxide thicknesses 4 of 150 A, 250 A, and 650 A
are shown. From S. M. Sze, Bd.,, VLSI Technology, 2nd. Ed., Chap. 11, "VLSI Process
Integration.” Copyright, 1988 Beil Telephone Laboratories. Reprinted with permission of
MceGraw-Hill,

\fT=VTg+y(V|-2(pf+VSB| A ) (5-6)

where the parameter 7 (referred to as the body-effect coefficient or body factor, with
units of V1/2) is given by

Y2 q 85;! Ng

v o= NMOS (5-7a}
Cox
ad
- Wmuchi Np PMOS (5-7b)
Ox

5.1.4 Current-Voltage Characteristics of
MOS Transisiors

‘We will now present the equations that describe the large-signal current-voltage (I-¥)
characteristics of long-channel MOS transistors, assuming an NMOS device with its
source grounded and with bias voltages Vs, Vs, and Vs applied as shown in Fig.
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Fig. 8-8 NMOS device with bias voltages Vg, Vpg, and ¥Ry applied.” From D. A.
Hodges and H. G. Jackson, Analysis and Design of Digital Integrated Circuirs,
Copyright, 1983 McGraw-Hill Book Co. Reprinted with permission.

5-3. (Any modifications that oceur in the I-V characteristics due to short-channel effects
will be described section 5.5.)

In the simplest MOS model, if Vg is gmaller than V1, no channel exists, and no
current is assumed o flow between the source and drain. If Vg is preater than Vp, a
conducting channel is present, and Vg causes a drift current {Ip) to flow from drain to
source. For smail values of Vg, the drain current I is linearly related to Vg, In this
so-called linear region of operation, the equation that describes I is

Ip = K2[2(Vg - V) Vps - Vps?) Vg 2 Vr (5-8)
Vps S{Vg - V1)

where £ (the so-called device transconductance parameter) is defined as
k =y Cox (W/L) (5-9)

and gy ts 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 1o be pinched
off. Increases above this critical voltage produce litle change in Ip, and Eq. 3-8 no
longer applies. The value of I in this region is then given by the following

Ip=k2(Vg - V©)*  VazVr Vps=(Vg - V1) (5-10)
This ig the so-called saturation region of operation,
A plot of Ip versus Vpg (with Vg ag a parameter) for a long-chanael NMOS

transistor as described by Eqs, 5-8 and 5-10, is shown in Figure 5-6. If the value of Vg
is smaller than Vo, the device is said to be in cutoff. In the model given here, Ip is
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assumed to be zero in cutoff {i.e., no subthreshold curreni, Ing, 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 switching speed of MOS digital circuits is aot Hmited by the
channel transit time (i.e., the time required for a charge © 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 the substraie.
Figure 5-7 shows the significant capacitances between the electrodes of an MOS
transistor. The capacitance from gate to other clectrodes [Cgl is, to a first
approximation, the sum of Cip. Cis, and Ggp. Furthermore, since Cgs and Cop are
small in silicon-gate technology (as the gale and source/drain regions are sell-alignedy,
we can treat Cgg as a constant, essentially determined by

CG WWLCQX =WL€0X/"OX {5‘1}.)

The capacitance per unit arca of the source/body and drain/body junctions (Cgp and
Cpag, respectively) are caleulated 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/cm?, the junction capacitance is approximately 10 nFfem?.

5.2 MAXIMIZING DEVICE PERFORMANCE THROUGH
DEVICE DESIGN AND PROCESSING TECHNOLOGY

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

'y Vp = Ve - Vr

Lincar
-

region
Saturition

§ oert .
/ region

0
Fig. 5-6 NMOS device with Iy - Vg characteristics.
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order to achieve optimum device and circuit performance.

The desired device properties of MOSFETS include the following: high-outpui
current drive (large value of Ipy), high and stable transconductance (gqy), predictable and
stable threshold voltage (Vop), fast swilching speed, very small subthreshold current
(Ipsy), high gate-oxide breakdown voltage, high drain/body breakdown voliage, low
source/drain-10-body capacitances, high field-region threshold voltage and punchthrough
voltage values, and high reliability of device operation, Note that the models used to
sefect 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 sce how this behavior is modified in
short-channel devices, as well as what device design and processing constraints result.)

5.2.1 Output Current (Ip} and Transconductance (gm)

Equations 5-8 and 5-10 predict how Ipy in MOSFETSs can be impacted by various device
parameters. Since increasing the gate widih linearly increases Ip, one option when
large drive-currents are needed, 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 infloence Iy in Egs.
5-8 and 5-10 must be considered.

From the dependence of Ip on k"= ft Coy, both the mobility of the carriers in the
channel and the gate oxide capacitance should be as 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, MMOS transistors of
the same width as PMOS transistors will indeed provide roughly 2.5x the current drive.
In addition, the mobility of carriers decreases as the doping concentration of the channel
increases. Hence, lightly doped channel regions are also favored.

Because the value of Cgy is inversely proporiional 10 Loy, 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 lengths
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 system specifications and material limitations, and cannot be changed
by the device or circuit designer. Similarly, V is selected primarily by other circuit
considerations (such as adequate noise margin in digital circuits).

The transconductance in saturalion, gmsar = dip/d Vg, can be expressed simply by
way of the following equation

Emsat = 2 M Cox (WIL) Vo - Vil (5-12)

Hence, we can maximize gmsar by varying the process and device parameters in the
same manner a3 discussed for Ip.
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5.2.2 Controlling 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 (i.e., the value of Vo should not vary with time or with
device-operating conditions). An example of the importance of being able to control
this parameter involves 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 circyits would not
function reliably without the presence of a highly uniform and stable threshold voltage
in the circuit devices.

- The factors that impact threshold voltage (when Vgg = 0) are given in Eg, 5-1.
Examining each 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, @f(gae and
the semiconductor, @f(suby. For metal and heavily doped silicon gates, @fpaie) is
constant while the parameter Qf(sub) depends on the substrate doping, but only in a
logarithmic manner. Hence, each factor-of-10 inerease in substrate doping will change
e s term by only 2.3 KT, or ~0.06 V (kT/q = 0.026 ¥V at 300 X). Thus, changes in
the substrate-doping concentration produce changes in 'V through the @ term which
are too small 1o provide the required degree of threshold-voltage control. The next term
(207 also changes only slightly as a result of changes in the substrate doping
concentration {for the same reason given for the ¢ lerm); thus, the 2 term is also
not of much usc in controlling V.

Since every atlempl is made 10 keep Qqp as low as possible through various
processing procedures, the Quoy/Cox term is very smalt in modern MOS devices.
Hence, it must also be ruled oul as a candidate for controlling V.

While is true that Coy can be varied (primarily by changing the gate oxide
thickness), this parameter is ot a practical vehicle for controlling Vp in active devices,
since the gate oxide is normally made as thin as possible 1o achieve maximum Ip. In
the field regions, however, farge Vo values sre needed to prevent inversion under the
ficld oxide. A thick field oxide makes Coy small, allowing V1 to be increased Thus,
the Coy is one of the parameters normally used 1o control V in the field regions of the
circuits.

"This leaves the Qo term as the remaining candidate for controlling V7 in active
devices. Equation 5-4 indicates that the doping concentration can indeed provide a large
change in V. The signs of Eq. 5-1 indicate that increasing the substrate doping (i.c.,
Mp in n-channel devices, and Np in p-channel devices) will increase V. Thus, to
increase Vo in Example 5-1 in this manner, it would be necessary (0 increase the
substrate doping concentration above Na = 1013 cm-3, Figure 5-7 shows how Vr can
be controlied 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 ¥1).
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Significant increases in substrate-doping concentration give rise to lower junction-
breakdown voltages, larger junction capacitances, and lower carrier mobilities, making
such substrate doping concentration increases undesirable, Yet, prior (o the development
of ion implantation in the early 1970s, adjustment of substrate doping was the only
practical processing approach for significantly controlling V- in active devices,

A cireuit approach known based on applying a bias between the source and body (and
hence known as body biasing) can also control Vp, When body biasing is used Vi
given by Eq. 5-6. Figure 5-8 gives an example of how the application of Vgp can
change the Virg value in an NMOS device.1 The intercept of the channel conductance
and the Vi axis when Veg = 0 corresponds 1o Vpg, which in this example is +0.9% V,

I

o

2,—.
Ll
£ ESRY

199V
i
155V
Fpg = 0.05 ¥
Yy 5 0.99 V ps = 0.05
il i H |
¢ ] 2 3 4 5

Vs v
Fig. 5-8 Threshold voltage adjustment using substrate bias.
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As Vgp is increased from 0 V 10 -3 V, Vp increases up 10 +2.3 V., However, body
biasing is an added complication, and it is now avoided as a technique for adjusting V7
whenever possible in favor of the newer ipn implantation Vip-adjust method.

We nevertheless include a discussion of body biasing because it pre-dated ion
implantation as a method of controlling V. C. T. Sah points out that the availability
of the technique allowed IBM 1o implement MOS memory devices instead of core
memory for the first time in the IBM-370/158 mainframe computer in 1973.5% 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 enhancement-mode devices, even though
their threshold voltages without body biasing would have caused them 1o behave like
depletion-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 (see 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
Y1 no longer equals Vo vatue. The degree to which the change occurs depends on the
body factor, . Since the smallest change in Ve is generally desired, small values of vy
arc preferred, Equation 5-7 indicates that ¥ depends on substrate doping, and that lower
doping concentrations provide smaller values of v, providing further impetus for lighty
doped substrates in MOS ICs,

The value of ¥ also decreases with channel length below 1 um, For example, v in
NMOS devices decreases by about 50% as Legy is decreased from 1 gm to 0.6 yum,
while for PMOS the decrease is about 30%.5

5.2.3 Subthreshold Currents (Ips: when Vg < 1Vql)

The basic MOS device mode! neglects all free charges in the channel until the
magnitude of the gate voltage cxceeds 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 (his approximation is used, it implies
that no current flows between the drain and source if Vi < V1. As Vg approaches
the value of Vp, (corresponding 1o a condition of weak inversion), however, the
magnitude of I is not well defined by this simple approach. In fact, it is observed that
Ip # 0 if Vg is close to (but still less than) the value of Voo, The current which is
observed in such cases is therefore referred to as subthreshold current, Ing.

The values of Ipg; can be well predicted in long-channel MOSFETSs by modifying
the basic MOS model to take into account the fact that the minority carrier
concentration at the 8i surface is greater 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 Vs but is exponentially
proportional to Ve
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Fig. 5-9 Example of subthreshold MOSFET Ip - V(g curves for various channel kengths.

(Reprinted with permission of Solid State Electronics).

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

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

SS. = AVg/ Alog Ips (5-13)

Hence, S.8. is the change in Vg thal produces a decade increase in Ipyg. A small value
of §.8. is desirable, since il indicales maximum control of the gate over the channel
current. Typical values of subthreshold swing in long-channel MOSFETS are around
90 mV/decade. Such values can be achieved by building devices that have a low value
of substrate doping concentration {which gives a larger depletion widih) and a thin gawe
oxide. (A more detailed wreatment of the derivation of the Iy 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 thas
those predicted by the modified long-channel MOSFET model. This is due to so-called
short-channel effects {discussed in section 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 Ipg, 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 Himited only by the time
required 1o charge and discharge the capacitances between device electrodes and between
the interconnecting lines and ground (or other lings), At the circuit level the propagation
delay is frequently limited by the interconnection-line capacitances. At the device level,
however, the gate delay is determined primarily by the channel transcoaduciance, the
MOS galte capacitance {Cg) and the other two MOS parasitic capacitances, Cpg and
Csp (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 increascs its value), The dominant parasitic capacitance on the
device level, however, is that due 10 Cgp and Cpg (i.e., junction capacitances). An
analytical study has shown that lhesc juaction capacitances account for up to 50% of
the total capacitance in logic gazes Therefore, reductions in these capacitances should
produce corresponding decreases in the gate delay. 1In general, the lower the doping
concentration in the bedy, the lower the junction capacitances.

5.2.5 Junction Breakdown Voltage (Drain-to-Substrate)

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 voliage 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 voliages,

Junction curvature enhances the electric ficld in the curved part of the depletion
region (Fig. 5-10b), and this effect reduces the breakdown voltage below that predicied
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
curvature.10:1 Flgera 5-10a also shows the effect of junction curvature on the
breakdown voliage of a one-sided step junction in silicon. It can be seen that as the
junction depths get shallower (making the radius of curvature, 7js of the spherical and
cylindrical structures smalier), the breakdown voltage is signilicantly reduced, especially
for low substrate impurity concentrations.
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Fig. 5+10 {a) Abrupt pn junction breakdown voltage versus impurity concentration on the
lightly doped side of the junction for both cylindrical and spherical structures. rj is the radius
of curvamre,w{@ 1957 IEEE). (b} Formation of cylindrical and spherical regions by
diffusion through a rectangular window. From §. M. Sze, Semiconductor Devices - Physics
and Technology, Copyright, 1985, John Wiley & Sons. Reprinted with permission.

5.2.6 Gate-Oxide Breakdown Voliage

High-quality $i05 films will typically break down at electric fields of 5-10 MV/em (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 V3, there is a
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finite probability that clectrons will pass through the gate by means of a quantum-
mechanical tunneling effect. For proper device operation, the unneling current must be
small. This effect therefore sets a fundamental lower limit of about 5 nm for the
thickness of the gate oxide, A search for aliernative gate dielectric materials 1o 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 to 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 o 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 early 1970s. NMOS in trn 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 10 smaller device sizes in all 1IC
technologies, In MOS technology, the main dimension that summarized the shrinkage
in each new gencration was the minimum gate length of the transistors, NMOS
overtook PMOS roughly when gate lengths reached ~6 um, while CMOS became the
dominant technology at gate lengths of ~1.5-2 um,
~ Although the physical gate length, L., of the MOS device is commonly used lo
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 (Lers), which in factis given by

Lefr = L - 2% (5-1)
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length} is reduced. 12 Reprinted with permission of Solid State Technology.

where xj is the lateral distance that the source or drain junction exiends under the gate.
For example, in a 1,2 pum MOS technology, the source and drain junctions both extend
~0.125 pm under the gate region, so Legr in this technology is acally 0.95 um.
Furthermore, in CMOS technologies, the minimum physical length of PMOS devices
is generally longer than that of NMOS devices, for reasons that wiil be discussed Jater,
Figure 5-11 shows the reduction in MOS arca as the gate length is reduced.1? A longer
and more detailed history of the evolution of the MOS transistor has been published by
C.T. Sah, who describes both the evolution of the field-effect devices themselves and
the technology that has been developed (o {abricate these devices. 59

5.3.1 Aluminum-Gate PMOS

The first MOS ICs built in the mid-1960s were implemenied with p-channel enhance-
ment-mode devices whose threshold voltages were approximately -4 V. (An example of
an carly PMOS 1C was the Infel 256-bit SRAM, introduced in the late-60s 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 electrode material, These
choices grew out of the experience gained in manufacturing bipolar ICs prior to the
development of MOS 1Cs. When MOS 1C techinology was first being implemented,
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semiconductor manufactarers transferred their bipolar fabrication know-how to the newer
technology.

Since precise control 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 doevices in these circuits.

The carlicst MOS circuits exhibited two serious limitations, partly as a result of
being implemented with p-channel devices. First, the PMOS devices had a Vyof -4 V,
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 digital [TTL] 1Cs).
Second, the circuits were very slow {e.g., a PMOS flip-flop could operate at 500 kHz to
1 MHz, while a bipolar flip-flop could operate at 5-10 MHz). It was known that the
latter problem was due (o the low surface mobility of holes in the channel and that
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 quite variable) oxide-charge densities in the carly MOS technologies.

These oxide charges were generally positive, and positive voltages on the gate tend
to accumulate n-type surfaces (bat will deplete or invert p-type surfaces). The oxide
charges present in early MOS devices were often 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-made high
performance NMOS devices could be reliably manufactured. Since enhancement-mode
devices are needed for most applications, this presented a major difficulty.

In addition, because the oxide charges were also capable of inverting p-doped
substrate regions under field oxides, it was difficult to 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 aot possible to reliably manufacturg integrated circuits
with n-channel enhancement-mode MOSFETSs.

On the other hand, since positive oxide charges tend 10 accumulale an n-type surface,
they merely increase the negative voltage that is required to turn on a p-channel device,
Hence, the manufacture of enhancement-mode PMOS$ devices was possible despite
the presence of the oxide charges. Nevertheless, it was clear 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 MOS 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. 6 for more
information on polysilicon thin films). The development of this silicon gate
technology improved the fabrication of MOS ICs 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 clectrode must be separately aligned 1o the source 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, # can be deposited prior
1o source and drain formation. Furthermore, the gate itself can serve as a mask
during formation of the source and drain regions {by either 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 Iateral
diffusion of the dopant atoms. This self-alignment feature simplifics the
fabrication scquence, increases packing density, and reduces the gate-source and
gate-drain parasitic overlap capacitances,

¢ The threshold vohage of PMOS devices is reduced by the use of a
polysilicon gate, since (he Qs is less negative (see Eqgs. 5-2). For PMOS
devices on <11 k>~ Si, the threshold voltage is reduced from roughty -4 V to
-2 V. 'This smaller threshold voitage value enabled PMOS ICs to 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., 0 Vw5V,

* The ability of polysilicon to withstand high temperatures also permits it to
be completely encapsulated by an 8i0; Iayer. This allows the polysilicon film -
to function as an interconnect path, in addition o serving as the gate electrode.
By taking 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 IC, thereby
facilitating the layout of compact digital integrated circuits. (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 1o allow the dielectric {e.g. phosphorus-doped
Si0%) 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 Q/fsq 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.e., long
propagation delays) and severe de voltage variations within a VLSI circail.
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 limisadon, the development of silicon-gate technology
proved 10 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 atlowed the magnitude of the positive oxide-charge
densities to be reduced. These oxide charge reduction techniques can be summarized as
those involving cleantiness, 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 (Na®, 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 V (sec Vol. 1, chap. 7). Although tests for Na contamination of MOS
devices must be routinely performed 1o ensure that accidental contamination does not
occur, it is possible to 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 interface trap charge. Again, as
described in Volume 1, chapter 7, two annealing techniques were discovered that reduced
this charge to acceptably low levels (ie., to the low 1010 cm 2 ¢v-! range). At these
levels the contribution to the threshold voltage of the device is acceptably small for
modern MOS devices.

The {inal source of positive oxide charge is the so-called fixed oxide charge which is
located in the transition region between the sificon and the SiOg (see Vol. 1, chap. 7).
It was learncd that this charge can be reduced by the use of proper annealing techniques
and that the lowest fixed oxide charge densities (~1010 cm2) are obtained on <100>
wafers. As a resull, the production of MOS ICs was shifted from <111> to <100>
starting material,

In summary, the threshold voltage is negatively shifted by an amount proportional
10 the sum of these three oxide charge densities, Qo When Quop was quite high this
had an extremely imporiant 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 Jem?, and in currently used MOS devices, the oxide charge contribution o
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threshold voltage is minimal. As an cxample, the change in threshold voltage (AVT)
due 1o a Quop 0f  (5x1010 ¢m2) in an MOS device with a 20-nm-thick oxide is:

AVr = Quf/Cox = QuuiXe/ 398,
= (1.6x10°19 ©) (5x1010 em2) (2x10°6 em) /(3.5x10°13 Fem) = 0.05 V.

The primary reason that thermal $i0; is used as the gate insulator in almost all
MOSFETSs is that it exhibits the best interface with silicon (where "best” means that
the interface has a very fow 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 SiO7 did not exist, and if an anncaling process was not discovered for

reducing the remaining bonds and traps to an acceptable level, MOS devices would have
remained merely a laboratory curiosity.! 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 5-2: Recalculate the threshold vollage of the NMOS transistor
considered in Example 3-1 of section 5.1.2 when the oxide thickness, Loy, is reduced to
15 nm, and the total oxide-charge density is reduced to 5%x101% em2,
SOLUT'DN: (pf(sub) =5 "0.29 V; ‘Pms = '0.88 V;
Eox = 398 = 3.5x10°13 Flem;  Cox = oy /151070 = 2.3x10°7 Ffem?
Qo =- (2% 1.6x10°19 x 1015 x 1.04 x10-12 x 10,58 [}12 = -1.4x10°8 Clem?
QRO fCox = - 14x10°8 /23x107 = 006 V
Qiov/Cox = 1.6x10°19 1 5x1019/2.3x107 = 046 V
Vrg = -088 - (-0.58) - (-0.06) - €0.03) = 027V

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

EXAMPLE 5-3: Repeat the threshold-voltage calculation in Example 5-2 for an
NMOS transistor whose oxide thickness (i) is increased to 500 nmi. This oxide
thickness is typical of the fickd-oxide thickness between MOS devices on an IC. Hence,
it allows us to caleulate Vep for the parasitic NMOS field-region devige.

SOLUTION:  ggsup) =-029 Vi Qe = -0.88 V;

Box = 3.98, = 3.5x10°L3 Flom;  Cox = 0y /5%10°5 = 7x10°9 F/em?

ONSEMI EXHIBIT 1008B, Page 54



MOS DEVICES AND NMOS PROCESS INTEGRATION 321

Qno = - 2 x 1.6x10°19 x 1015 x 1.04x10-12x |- 058 1112 = -14x108 Clem?
QRO /Cox = -14x108/7x10% = 2V

QuoCox = 16310119 x 5x1019/7x10% = 114V

V1o = -0.88 - (-0.58) - (2) - (1.14) = 0.66V

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

5.3.4 lon Implantation for Adjusting Threshold Voltage

The development of ion implaatation for Vy adjustment removed the last obstacle to
reliable production of n-channel devices for MOS 1Cs, because this procedure made it
possible to 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 dopanis 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 field regions),

This technigue of adjusting VT 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 ncgative 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!

AVT = gN1/Cox (5-15)

wherg Ny is the dose of the implanted ions (atoms/em?) introduced into the silicon near
its surface. For example, Eq. 5-15 predicts that when Ny = 5x10%1 jonsfem? and toy =
25 nm, a shift in Vo of 0.58 V will be produced. Exact modeling can be performed to
calculate the actual threshold voltage shift more accurately, Figure 5-12 graphically
shows the results of such modeling calculations, 167

The V-adjust implant is usually done through the gate oxide Jayer. When the
correct implant energy for the gate-oxide thickness being used is selected, the peak of
the implant will occur at the oxide-silicon interface. After the implant-activating anneal,
the implanted distribation is broader than the as-implanted profile. Calculating the
effect of the implant on Veris greatly simplified by approximating the actual distribu-
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Fig. 5-12 Doping profile of implanted region beneath the gate oxide. The original
implant is broadened by thermal annealing. The step doping is used to estimate the threshold
voltage shift achieved using jon implantation. Reprinted with permission of IBM J. of
Research and Development.

tion via a "hox" distribution (in which the implanted dopant is assumed {o have a
constant density from the surface 10 a depth of x;.) Figure 5-12 shows that V does not
change greatly as x; is varied. Thus, the first-order approximation of the threshold-
vollage change, AV (which ignored the depth of the implant as a parameter), will
therefore give reasonably good estimates of AVy. This calculation is often accepted in
practice.

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

EXAMPLE 5-4: If the NMOS rransistor of Example 5-2 is to be used in #n
application that requires a Vo = 1.0 V, calculate the boron dose needed to adjust V1o
this value.
SOLUTION: The threshold voltage of the device in Example 5-2 is -0.27 V. We
wish to have a Vp of 1.0 V. Thus V- must be shifted (AV) by 1.27 V. Using
Eq. 5-15, we see that the boron dose needed to cause this AV is

NI = AVT Cox/g = {127 Vx 23x10°7 Flem? yiex109 ¢

= 1.8x10'2 boron atoms fem?.
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5.3.5 lIsolation Technology for MOS

Although MOS transistors are inherently self-isolating devices it is still necessary to
prevent the formation of spurious 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 obtaining thick oxide regions in the field
involved growing an oxide 1o the desired thickness on the wafer surface and then etching
windows into it. This approach caused severe steps in the wafer topography, which
were difficult 1o cover with subsequent metal layers. The introduction of LOCOS
isolation in 1970 substantiaily overcame this problem {(see chap. 2). The smoothly
tapered step from the edge of the active region (o the top of the field oxide in LOCOS
pormits overlying conductors to be easily deposited on such steps without the
occusrence of significant thinning. 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 field oxide regions. These two advances made
it feasible to reliably isolate devices in NMOS circuits.

EXAMPLE 5-5: If the parasitic ficld NMOS wansistor of Example 5-3 is implanied
with the boron implant dose calculated in Example 5-4 before the field oxide is grown,
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 see that a boron dose of 1.8 x 1012 atems /em® would cause a AV of

AV = qNi/Cox = 1.6x10°19 Cx 1.8x10'2 em-3/7x10? Ffem?

I

= 41V

Thus, the V of the parasitic field device would be (0.66 V + 41 V), or almost 42 V.
"This example shows that a combination of a thicker field oxide and a channel-stop
implant dose can increase the threshold voltage of the parasitic ficld device 1o
sufficiently targe values.

5.3.6 Short-Channel Devices

As MOS channel lengths got smaller than about 3 pm, so-called short-channel effects
began o become increasingly significant. As a result, device design and, consequently,
process technology had 1o be modified to 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 circuits. A simple inverter circuit with enhancement-mode pull-down
and depletion-mode pull-up NMOS wansistors is used in the example. Many other
fogic circuits can also be implemented with this enhancement-depletion (E-Dy NMOS
Drocess sequence.

A brief outline of how the inverter functions from a circuit point of view is given at
the outset 10 help define some of the characteristics of MOS IC circuits, The process
flow described in thig section represents a refatively 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
inciude alternatives o LOCOS isolation structures; thin gate oxides (and alternative
gate oxide materials); 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 chapter; others are discussed elsewhere in the book (e.g.,
isolation technology in chap. 2, salicides and sell-aligned contact structures in chap. 3,
and multilevel metallization technology in chap. 4),

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

The most common applications of MOS wransistors are in integrated circuit 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-DY NMOS technology, and such E-D
logic 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
two 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 Vpp and the outpul of the inverter,
The gate of the ioad transistor is electrically connected 1o itg source region, so that Vg
in the load transistor always equals zero. Since depletion-mode devices are always ON
when Vg = 0, tying together the gate and drain ensurcs that the device is always ON.
The driver transistor has its source connected to ground, while its drain region is
clectsically connected to the source region of the load wansistor and the output. The
threshold voltage of the driver transistor, Vorr, is selected 1o be between ¢ and Vip,
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Fig. 5-13 NMOS inverter, depletion MOSFET load. (s) Schematic representation. {b)
Layout, (¢} Cross sectional view.” From D. A. Hodges and H. G, Jackson, Analysis and
Design of Digital Integrated Circuits, Copyright, 1983 McGraw-Hill Book Co. Reprinted
with permission.
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while the threshold voltage of the load transistor {since this is a depletion-mode device),
VD, is selected 1o have a negative voltage value,

The input sipnal to the inverter (a voliage, Vi) is fed to the gate of the driver
transistor, and the output signal is the voltage level at the outpul node, V. When
there i a logic 0 input signal (low voliage at Vi), Vg at the driver transistor is <Vrp.
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 clectrically connected 1o Vyp, and Vg, rises (or is pulled up) to
logic 1 (close to Vpp).

When the input voltage 1o the inverter is logic 1 (close to V), the gate voltage
applied to the driver is greater than Vg, thus turaing the driver transistor ON. A low-
impedance path then exists between the output node and ground. Hence, the driver
transistor can conduct & large curvent with a smal} voltage drop across it, allowing the
output to go 10 logic 0. This demonstrates how the logic level at the input is inverted
at the output of the circuit.

"The desired characieristics of digital logic gates as IC clements are the following: fast
switching speed (i.e., small propagation-delay time); low power dissipation; small size
{i.c., minimum silicon area); and high noise margin. We'll now see how the NMOS
inverter just described is designed to meet these requirements. (Note: the circuit design
considerations used 1o arrive at the configuration presented here can be found in texis
dealing with IC design.”171% 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 o obtain maximum packing density (i.c., most logic gates per area of
substrate) with minimum power consumption® an E-D NMOS inverter would be
designed in the following manner: 17 The driver ransistor would have a gate area whose
dimensions would be the minimum that could be fabricated in that geseration of
technology. The depletion Joad transistor would have an effective channel length
{(Lespy) that would be four times the effective channel length of the driver device (Lefp)
and a minimum gate width.

As a simple example, let us assume an inverter is to be fabricated with E-D NM(’)S
technology, and that the minimum manufacturable feature dimension is 5 ym, Letus
also assume that a 1-pm lateral diffusion occurs under each side of the gate. In this
case, Legriz is 3 um and thus Legep should be 12 pm. This means that the drawn gate
lengths of the driver and load devices would be 5 pm and 14 gm respectively. The
drawn gaic widiths of both devices would be 5 pm (since these are the dimensions
between the walls of the field oxide).

Ifa 5§ V power supply is assumed, the threshold voliages of the driver and depletion
load trangistor (Vg and Vo) would be selected 10 be approximately 1.0V and -3.0 V,
respectively. (These Lwo Vep values are chosen in order to give a high noise margin
without severely 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 presented in chap. 3.)

* But as a result, with less than maximum switching speed,
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While the E-D NMQS technology has some important advantages over other IC
technologics (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) has a low output state, both driver and load are ON,
allowing current to flow from Vpp to ground. The power consumed by each inverter in
a low-output state is the product of this current and ¥pp. Thus, if a serigs 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 E-D NMOS digital integrated circuits for gate lengths down 1o about
3 ,um:?ﬁ 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 a seven mask process
(including the passivation pad mask, even tbough this final pad mask is not shown).
The E-D 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 conrse of the
process flow.

5.4,1.1 Starting Material, The starting material is a lightly doped {(~5x1014-
1015 atomsfem?) p-type <100> silicon wafer (substrate). As described earlier, the
lightly doped substrate is chosen to provide low source/drain-to-subsirate capacitance,
high source/drain-to-substrate breakdown voltage, high carrier mobility, and low
sensitivity 10 source-substrate bias effects. A backside getlering process, such ag
implanting with Ar, to create crystalline-damaged regions that will trap mobile
impurities during subsequent heat sieps 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 1o 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. 5-14, and arc illustrated in Figs. 5-13a and 3-15b.

A thin pad oxide (20-60 nm thick) is first thermally grown or CVD-deposited on the
wafer surface as a stress-relef layer, This is followed by the deposition of a CVD nitride
layer £100-200 nm thick). Mask #1 is then used to expose a resist fifm 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 areas are covered with the nitride/pad-oxide layer (Fig. 5-15b3).

In the next step, a boron implant {1012-1013 atoms/em?, 40-80 keV) is performed
1o create channel stops in the field regions. The nitride/pad oxide layer now acts as a
mask (Fig, 5-15¢1) to prevent the boron from penetrating the silicon in the active 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 niwide-pad exide 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 (g) Active region formation and channel-stop implant. {(d) Implantation of the
channel of the depletion-mode transistor. From Maly, Atlas of IC Technologies.

implant, as the nitride/pad oxide layer may be foo thin to act as an effective implant
mask. In fact, with the patierned resist still in place, the channel stop may be
implanted through the nitride/pad oxide layer, which in this case would not be etched
until 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 1o 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 field 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-Voltage Adjust Ilmpiant
In the next major step the gate oxide is grown, and the threshold voltages of the
enhancemeni-mode and depletion-mode transistors of the imverter 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 exide without contamination is essential for proper
devige 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 earlier, the drain current in an MOS transistor is inversely proportional (o 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 lo remove any residual oxide. A sacrificial oxide is often deliberately grown
on the exposed active areas after ficld oxidation to remove any dry-etch induced damage
or unwanted nitride {due to the Kooi effect, see chap. 2).5% After such oxides have been
stripped, the gate oxide is grown slowly and carefully, usually through dey oxidation in
a chiorine ambient (sce 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 (1(}12—1(}13 amms,’cmz,
50-100 keV), but the ions are not given enough energy to penefrate the ficld oxide. No
mask is used in this step. (Note 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-voltage
implant dose (Fig. 5-15d). The areas of the depletion-mode transistor channels are
implanted with phosphoras or arsenic jons (~1012 atoms/em?, 100 keV) to give a
threshold voltage of about -3.0 V, The implant dose is adjusted so that it over-
compensates for the previous boron threshokl-voliage-adjust implant, thus making the
surfaces n-type. A negative threshold voltage is thus yielded, as required (o esiablish a
depletion-mode device. Photoresist (patterned by the use of Mask #2) is used to
selectively allow the depletion-mode transistor channels to be implanted. The ionsg
cannot penetrate the resist (o 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 gate 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 polysiticon 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 arcas where the
buried contact is desired. The gate oxide can then be etched from these regions,
uncovering the silicon below.

5.4.1.4 Polysllicon Deposition and Patfterning. A layer of polysilicon
(zypically 0.4-0.5 pm thick) is next deposited by CVD over the whole wafer
(see Vol. 1, chap. 6 for more information on the propertics of polysilicon and its
deposition process).  Either lon implantation or diffusion with phosphorus is then used
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Fig. %-15 (e) Buried contact etching. () Patterning of the polysilicon layer followed by
gate oxide etching. (g) Deposition of the CVI) $i0q layer followed by the diffusion of the

drain and source regions, From Maly, Atlas of IC Technologies.
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to dope the polysilicon to a sheet resistance of 20-30 £3/sq. This resistance is adequate
for MOS circuits with gate Iengths 23 pum, For smaller devices, polycide layers (ie.,
composite layers of refractory metal silicides and polysilicon) can be used to reduce the
sheet resistance o ~F £2/sq (see Vol. 1, chap. 11). Using a polycide gives us the
benefits of both silicon-gate and metal-gate techaologies.

The gate structure and polysilicon interconnect structures are then pattemned using
Mask #4 (Fig. 5-150), Following exposure and development of the resist, the
polysilicon film is etched (in current technology this is done by means of a dry-etch
process). This is a critical elch step for several reasons. First, the channel Jength of
the device depends on the gate length, because of the self-aligned nature of the silicon
gate techaology, Hence, the gate-length dimension must be precisely maintained across
the entire wafer, and from wafer to wafer. Second, the profile of the ciched poly gate
structure should be vertical; this will prevent variation of chanael lengths by the
penetration 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 polysilicon etch process must be employed. This type of process, however,
requires overetching o remove the locally thicker regions of polysilicon that exist
wherever it crosses steps on the wafer sucface. During the overctch time, areas of the
thin gate oxide are exposed 1o the pichants. Thus, it is necessary to use a polysilicon
etch process that is highty selective with respect to SiO;.

§.4.1.5 Formation of the Source and Draln Regions, Once the gate
has been fabricated, the source and drain regions can be formed. This is normally done
by ton 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 1o 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 ~1016 atoms/cm? and an energy of 30-50 keV). As noted earlicr, the
source and drain are thereby self-aligned to the gate, and the dimension of the
polysilicon gate thus plays a2 major role in the defining of the MOS gate length.

Following the source/drain implant, an anneal (or drive-in) step is performed to
activate the implanted atoms and to position 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 laterally into the silicon below) forms a
heavily doped n* region under the polysilicon in the buried-contact exposed region. The
latesal diffusion of the implanted source/drain dopant thereby becomes electrically
connected to the nt region under the polysilicon buried-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. 3-18 (h) Contact cuts of the E-D inverter. Metallization of the E-D inverter, (i)
Completed NMOS E-D inverter structare. Figures 15a through 151 from W. Maly, Atlas of JC
Technologies, Copyright 1987 by the Benjamin/Cummings Publishing Company.
Reprinted with permission,

The source/drain drive-in step also plays a part in determining the effective channel
length (Lefp). That is, if the lateral junction depth is x; (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), Lege will be decreased by 2xy
from the gate length at the mask level. Note that the channel width is atso reduced by
the bird's beak encroachment into the active area (sce chap. 2). Thus, the actual widdh,
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 discussion of shallow source/drain junction
formation techniques is presented in chap. 3, section 3.10.) To a first approximation,
the device characteristics will not depend on the doping concentration vatue, 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 deflined (see next section}.

5.4.1.6 Contact Formation. After the source/drain regions have been Jormed,

a CVD process is used lo deposit a layer of doped $i03 (glass), about 1 pm thick, onto
the walers {see Vol. 1, chap. 6). The dopant in the $i03 is either phosphorus (in which
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case the material is referred 0 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 glass layer. Nevertheless, a
thick layer of $i0» cannot be thermally grown because of the excessive redistribution
of the impurities that would take place during such growth. Hence, a lower-tempoeratuce
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 Ma jons (recall that contamination by Na can cause instabilities in
the Vo 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
elevated temperatures (1000-1100°C for PSG, and 800-950°C for BPSG, see Vol. 1,
chap. 6), allowing the layer of doped glass to be flowed after it is deposited. Through
this procedure, a rounding of the contours of the glass and a smoothiag out of any sharp
steps is achieved. This produces belter step coverage of the metal (which is deposited
next) over the otherwise severe wafer topography, The high-temperature glass-flowing
step also serves 10 activaie the source/drain implanted junctions and drive them to their
desired positions.

Contact openings are next created by a lithography-and-eich step (Fig. 5-15h),
Mask #5 is used to define contact opening patterns in a photoresist film, and a dry-eich
process is then used to open the contact windows through the CVD §i0; to the
underlying polysilicon and the 2* 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 to the substrate. Likewise, any
overlap of the source/drain contact opening and the gate will cause the gate to be shorted
to the source or drain,

To keep the transistor as small as possible, the coniact window is usually made at
the mipimum size achievable with the given process. In some processes, the exposed
silicon in the coatact is redoped to prevent shorting between the source/drain areas and
the substrate {sec chap. 2). Also note that the gate contact (L.e., Al to polysilicon) is
often made ontside the active device area 1o avoid possible damage to the thin gate
oxide,

After the contact eich is completed and the resist is stripped, the doped CVD glass is
again subjected to another flowing step. This procedure rounds the corners of the top of
the oxide windows so that metal step coverage into the contact windows 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 contacts
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, width, and step coverage to keep the current
density in each line befow the value that could produce electromigration failure (see
chap. 4). In addition, the spacing between adjacent metal Jines must be kept large
enough that the lines will never touch, even under worst-case process variations.

Although evaporation was the method employed to deposit Al in the carly days of
MOS, it has generally been replaced by sputtering. To a great extent, the change was
made because Al alloys with tightly 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:lwi% Si. The silicon
is added to the aluminum film to prevent 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 discassed in the CMOS chapter and in
chapters 3 and 4. Either wet-chemical etching or dry etching is used to pattern the Al
film, using Mask #6 (Fig. 5-15i and 5-15)).

Following the patterning of the metal, the Af-silicon contacts are alloyed. This step
brings the Al and the n silicon into intimate contact, since it allows the thin native
Si05 layer that is likely to exist at the AL-Si interface to be reduced by the Al (see
chap. 3). Such intimate contact between Al and n*8i establishes a low-resistance ohmic
contact. The anneal process exposes the waler (o a 375-500°C temperature in an Hy or

N

Uahnncement Bepletion
(5} mode mode
transistar tramiater

Fig. 5-15 () E-D inverter. 1) Composite drawing of the layout. 2) Cross section of
complete structure. 3) Elecirical diagram. 4) The enhancement transistor. 5) The depletion
transistor. From Maly, Atlas of IC Technologies.
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Ny + Ha (5%) ambient for about 30 minutes. As a result, this step may also be used as
the annealing process for reducing the Interface wap 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 wafer surface. This layer seals the device structures on the wafer from
contaminants and moisture, and also serves as a scralch protection layer.

Openings are eiched into this layer so that a sct of special metallization patterns
under the passivation layer is exposed. These metal patterns 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 pum in size and are separated by a space of 50 to 100 pm.
Wires are connected (bonded) to the meltal of the bonding pads and are then bonded to the
chip package. In this way connections are established from the chip to the package
leads.

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

&
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e Probing
pad

Bonding contac
ISR Patlern

RN i PR

Bondisg pads Bonding sonlact
Y cut
| ;
5 Passivatior
Bawet

Fip, 5-16 Passivation layer and bonding pad openings. {Note, cross-section not to 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 Eqs. 5-1 through
5-10, if the channel lengths of the transistors are "long” (i.e., if they exceed 2 um in
fength). A guide to the design of such long-channel MOSFETS is given in reference 70.

For shorter channel devices, however, a scries 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
lenigths decrease below 2 um. The effects are briefly described here to provide readers
with a basis for understanding the processing steps that have been developed to mitigate
their adverse impact on device performance, So-called hor-carrier effects will be
described scparately 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 10 the design of submicron channel
MOSEFETs (those with channel lengths £ 1 zum), is presented in reference 62,

Short-channel effects can be divided into the following categories: (a) those that
impact Veps {b) those thal impact subthreshold currents; and (c) those that impact v
behavior beyond threshold.

5.5.1 Effect of Gate Dimensions on Threshold Voltage

5.5.1.1 Short Channel Threshold Voliage Effect. V1 becomes less
weli 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 um. To get good
agreement with measured data, a term lAV'?| must be subtracted from the Vo value
obtained from Eq. 5-6. Thus, as the device length is reduced, the measured value of V
of n-channel enhancement-mode devices becomes Jess positive than that given by Eq.
5-6, while for n-channel depletion-mode devices, Vo becomes more negative. For
p-channel (enhancement-mode) devices, Vr becomes less negative.

The discrepancy arises because the equations for Vy given carier in the chapter are
based on one-dimensional theory.2® Tt is assumed that the space charge under the gate
is a funciion of only the vertical electric field, By (and is thereby influenced only by the
charge on the gate). If the channel length is long, 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 channel 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. 5-17a). Thus, some of the
channel-depletion region charge is actuaily linked to the charge in the depletion region
within the source and drain strectures, rather than being linked to the gate 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 voltage existed between source and drain, they could deplete all
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Fig. 5417 {(a) Yau's model of charge sharing.” (b} Theoretical threshold voltage as a
function of channel length for various substrate doping concentrations. > Reprinted with
permission of Solid-State Electronics.

of the channel region at the 5i-5i0; interface.) Since some of the channel is depleted
withoul the need to apply a gate bias, less gate charge is required to invert the channel
in short-channel devices than in a long-channel device with comparable substrate

doping.
A relatively simple equation that predicts the threshold towering (AVr) in terms of

the device paramelers is

a4 NA Winax % (,\/{ 1 +2WWm“X} - }>
A

{5-16)

AV =

where Wy is the maximum depth of the depletion region in the channel, and x; is the
junction depth of the source drain regions.”®

This effect is important because in order to be able to establish slightly positive ¥
values (e.g., < +1 ¥} in long-channel NMOS wransistors with lightly doped channels, it
is necessary to increase the doping concentration at the surface of the channel.
Consequently, in order to allow short-channel enhancement-mode NMOS devices to be
fabricated with the same Vo value, the substrate doping concentration must be further
increased, Since the magnitude of this effect increases as the device length is reduced (as
is predicied by Eq. 5-16 and illustrated in Fig. 5-17b), it will be necessary to
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progressively increase the substrate doping concentrations as devices are made smaller,
in order 1o maintain suitably positive valucs of V.

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

5.5.1.2 Narrow Gate-Width Effect on Threshold Voltage. In contrast
1o the short-channel-length offect, devices with narrow channel-widths require that such
a positive-value correction term be added (0 Eq. 5-6 1o give good agreement with the
calculated values.22 This effect is primarily due 1o the encroachment of the channiel-
stop dopants under the edges of the sides of the gate (see chap. 23, 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 V from its predicted value (Fig. 5-18b).23 On the
other hand, if the voliage on the gate is held constant, the edges of the channel will
have a higher Vy than the center of the channel.  Because (Vo - V) s smaller, narrow-
channel devices will thus conduct less drain current, Several schemes are also 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 implanis.
These arise because the relatively thinner depletion region under the field-oxide device
distorts the depletion region under the gate oxide and prevents the formation of an

et NN orsscoariclpom.
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Fig. 5-18 (2) Schematic depiction of the narrow-channel effect. (b) Threshold voltage
shift AV caused by the narrow-channel effect for a MOSFET with Ng = 1013 em3, and tox =
56 nm.22
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inversion layer at the two edges. Although this leads to a slightly higher Vi, the effect
is much less severe than that observed in devices with heavy channel-stop implants.

5.5.2 Short-Channel Effecis on Subthreshold Currenis
(Punchthrough and Drain-induced Barrier Lowering)

In section 5.2.3 we described the nature of subthreshold current flow (Ipg) in
MOSFETS, noting that a specific value of the subthreshold-swing parameter (5.8.) can
be attributed to such "normal” Ipg currents in long-channel devices. In short-channel
MOSFETs, however, larger Ipg values are observed at lower voltages than predicled by
long-channel device models: one manifestation is an increase in the value 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).

Punchthrongh is normally observed when the gate voltage is well below V7. It
occurs as a result of the widening of the drain depletion region when the reverse-bias
voltage 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-to-
body junction (Fig. 5~19).23 When this occurs, more majority carriers in the source
region have enough energy to overcome the barrier, and an increased current then flows
from source to body. Some of this current is collected by the drain, thereby increasing
Ipst. In general, punchthrough current begins to dominaie Ipg when the drain and

NS 72—
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Fig. 5-19 Surface potential in the channel for devices with different channel lengths.23
(© 1579 IEEE).
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Fig. 5-20 {a) 2-D potential profile of an n-channel MOSFET with a drain bias oft 1) 3 V,
2) 7T V; 3) 9 V. Channel length = 1 um. (b) Simulation of the potential profile of an n-
channel MOSFET with a gate and drain bias of ¢ and 9 V respectively. The surface DIBL and
bulk punchthrough paths are indicated. From K. M. Cham, et al., Computer Aided Design and
VIL.SE Device Development. Copyright 1986 Kluwer Academic Publishers. Reprinted with
permission.

source depletion regions meet, and it can be suppressed by keeping the total width of
the two depletion regions smatler than the channel length24

Calculations of the potential in the bulk channel region in devices that use jon
implantation to adjust V indicate that the barrier is lowest away from the 8i-5i0;
interface (usually at almost the same depth as the source/drain junction depths). That is,
the Vr-adjust implant increases the doping coneentration near the surface of the channel,
causing the drain depletion region to be wider in the bulk than it is near the 5i-SiOy
interface. As a result, punchthrough current flows below the surface (Fig. 5-20).
Consequently, the gate voltage has less control over the subthreshold current {i.c., cven
with sufficient gate voltage (o turn off the channel, Ipg can still flow in such devices).

ONSEMI EXHIBIT 1008B, Page 76



POTENTIAL [VOLTS)

1.4
1.2
10
0.6
0.8
0.4
9.2

MOS DEVICES AND NMOS PROCESS INTEGRATION 343

An enhancement-mode device which is not turned off when Ve = 0 loses its ability to
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 lowered (Fig. 5-21).2% 71 As a resull, the potential energy barrier at the
surface will be Jowered, and the subthreshold current in the channel region at the Si-
$i04 interface can be increased (5-21b). This implies that Ipg at the surface due to
DIBL is expecied 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 MOSFETSs, That is, both punchthrough
current (in the bulk), as well as DIBL-induced current {at the surface), may
simultancously contribute to Ipg.

To prevent punchthrough current in short-channel devices, the substrate doping can
be increased 1o decrease the depletion-layer widths, These widths can be estimated using
the formula for the width of a one-sided step junction:

w o= qf 2Hsfa(Valt Vi [+ Vi (5-17)
qNg

where the built-in voltage, Vy;, given by

Vpi = 0.56 + (KT/g) In (Np/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 pa junctions as a function of
doping and applied voltage.

However, increasing the substrate doping also increases the source-to-body and drain-
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Fig. 5-21 (a) DIBL versus drain bias for short-chennel MOSFET. (b) Experimental low-
current characteristics for « MOSFET with L= 2.1 gm, Vgp = 08! (© 1974 IEEE).
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Fig. 5.22 Depletion-layer width of a one-sided step function 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 vollages of the source/drain junctions. To avoid these drawbacks, an
additional boron implant (whose peak concentration is located at a dopth 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 Ipyg, current of the
device.

For example, in Fig. 5-23, a 1.2-um device with a body doping of 1.9x10!% em=3
witheut such 2 punchthrough-stopping implant shows a large value 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/cm? and different energies
are then performed in an autempt to reduce Ipg to the values exhibited by a long-
channel device (curve B). If the implant is too shallow, the extra implant has the effect
of shifting the V of the device to well beyond the desired value. When the energy is
increased so that the implant is sufficiently deep, the value of Ipg drops to that
exhibited by the long-channel device. At the same time, the surface concentration
remains essentiatly unchanged, so that Ve is not appreciably shifted.

In another example, the $.5. of a device without a punchthrough-prevention implant
is measured as its length is varied (Fig. 5-24a). At an Lygr of ~0.85 um the S.5. staris
to increase, indicating that punchthrough current beging to dominate Ipg,. By adding an
implant step that places boron atoms in the dashed subsurface region shown in Fig,
5-24b, the punchihirough component of Ipg is suppressed so that it is not observed
until Legr becomes nearly as small as 0.5 um,
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Fig. 5-23 Drain current versus gate voliage for n-channel devices with a substraie doping
of 1.9x101% atomsjem3, source/drain junctions 0.47-um deep, 575 A gate oxide, drain
voltage of 5V, and Vg of 0 V. Devices A and B have no channel implant, and devices ¢
and E have a boron channel implant of 8x10'1 atoms/em? at various energies.% (@ 1978
{EEE).

5.5.3 S8horn-Channel Effects on -V Characieristics

The 1.V characteristics of shori-channel devices are significantly altered in three ways.
First, the combined effects of reduced gate length and gate width produce a change in
Vo, Second, the channel length is modulated by the drain voltage when the device is in
saturation (ie., Vpg » [V - Vrl), 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 alse reduces Ip. (The two effects
are the mobility-degradation factor, due 10 the gate field, and the velocity-saturation
Jactor),

Figure 5-25 shows the I-V characteristics of an MOS device.2® The curves in Fig.
5-25a are those of an ideal Tong-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 g, independent of
channel length in silicon MOS transistors for Legr £1.25 um. More details on these
effects are provided in suitable device physics 1exts, 13,28

ONSEMI EXHIBIT 1008B, Page 79



346 SILICON PROCESSING FOR THE VLSIERA ~ VOLUME I

A general guide to the design of shorl-channel MOSFETs is given in references 62
and 69. In addition, a simple engineering model for short-channel devices has also been
developed.58 Its purpose is to provide a simple picture of the essential clectrical
behaviors of the short-channe! MOSFETs from the perspective of a circuit designer.
That is, this eaginecring model relates the terminal voltages to the drain current, much
as Fqgs. 5-8 and 5-10 vield the I-V characteristics for long-channel MOS devices.
Consequently, device designers who need to relate device and process parameters {0
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

gencrally produced optimum device behavior in long-channel MOS transistors. In this
160—]
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Fig. 5-24 (A) Subthreshold slope versus elecirical channel length for NMOS devices (Vi =
= 0.7 V), having a common threshold adjustment implant and punchthrough implant doses of:
of: (a) zero; (b) 2x101 em-2; and (o) 3x1011 em2,27 Reprinted with permission of
Semiconductor Imternational. (B) NMOS  cross-section with implant placed into
punchthrough region.
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Flg. 8-25 The I-V curves of an MOS device showing the the effects of progressively
increasing short-chsanel behavior. (a) Long-channel behavior. (b) With channel-length
modulation. (¢} Addition of velocity saturation.28 (© 1986 TIEEE).

section we noted (hat 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 achicve optimum short-
channel MOS device performance. Some of these wade offs are discussed by
Kakumu,2¥ who points out that a higher substrate doping concentration produces
decreased ring-oscillator gate delay in submicron CMOS because of increased junction
capacitances and decreased carrier mobility (dug 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., 5 V), the
fateral electric ficld gencrated 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 smatler
than 1.5 pm (and in PMOS devices with submicron channel lengths) 30 Hot-clectron
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. At the end of this seetion we will also discuss the impact of hot-carrier effects
on p-channel devices.

The maximum clectric field, Ep, in a MOSFET occurs near the drain during
saturated operation. A rigorous calculation of the field near the drain is a complex
procedure, requiring a computer-aided solution of the two-dimensional Poisson equation,
with the resuits of one such anagysis being shown in Fig. 5-26. Nevertheless, the
value of Epf can be estimated from 2

By ={(Vp§ ~ VDsa/m (5-19)
where

m = 0.22 xR/ %172 (5-19a)

and Loy is the gate oxide thickness and x;' approximately corresponds to the source/drain
junction depth. Alhough Vipsa 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 Tunciion of distance:
L= 12 um, Vpg = 8.5 V, Vas = V1.38 (© 1980 IEEE).
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relationship (especially if Legr>1 um). Thus, we can see that Eyp increases as device
dimensions shrink, but this is due to thinoer gate oxides and shallower junctions, as
well as to the reduction in Ly,

Regardless of the factors that increase their magnitude, such high electric fields cause
the electrons in the channel Lo gain kinetic energy and become "hot" (i.e., their encrgy
distribution is shifted to a much higher value than that of electrons which are in thermal
cquilibrivm with the lattice). Such hot electrons (which become hot near the drain edge
of the channel, since that is where Epq exists) can cause several effects in the device,
Firss, 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 jonization is expenentially dependent on the reciprocal of the electric field, -
1/Epm. In the extreme, this electron-hole 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 Lhe potential energy barrier between the silicon and the 510 (~3.1 eV},
thereby causing kot carriers 1o become injected into the gate oxide. Each of these
evenis brings about its own set of repercussions.

5.6.1 Subsirate Currents Due 1o 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 holes, on the other hand,
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enter the substrate and constitute a part of the parasitic substrate current (Process 3 in
Fig. 5-27). This substrate current, Iyyp, can iself produce several problems:

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

= If some of these holes are collected by the source (instead of by the body
contict), 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 from the source to the substrate,
just ike electrons injected from emitter 1o base of an npn transistor (the forward
infection shown in Fig. 5-27). These electrons can, in tura, gain sufficient
energy as they travel toward the drain to cause additional impact ionization and
create now electron-hole pairs. A positive-feedback mechanism thus exists, one
that can sustain itgelf if the drain voltage exceeds a certain value, This is
observed externally as a form of breakdown, referred (o 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 Lo cause secondary impact ionization,
This will create electrons far from the drain region. Some these electrons,
instead of being collected by the drain, may escape the drain field and instead
travel (sometimes hundreds of microns) o other nodes on the chip. This may
lead to a reduction of the storage time of dynamic circuit nodes in DRAMSs (ie.,
manifested as a degradation of the refresh time).? This excess electron current is
reported 10 be around 10-4 times smaller than the substrate ionization impact
current itself.

° Tsyb may induce latchup in CMOS cireuits,

The magnitude of the substrate current depends exponentially on the value of Ep. An
example of how g, depends on decreasing channel length is seen in Fig. 5-28.34
This shows the maximum Ty generated at a voliage of 5 V versus the effective

channel length for MOS wansistors processed with the same technology. The
magnitude of Igyp would increase even more rapidly with shrinking Legr if the oxide

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

The hot holes and electrons that are injected into the gate oxide cause another set of
problems. First, some of these carriers pass to the gate electrode (mostly hot holes)
and thus constitute a gate current, Ig, typically in the fA (10-15 A) range. For higher,
but s;.zili nondestructive, biases, the gate current can grow rapidly to become several pA
(10-12 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 electroa states {also
known as (raps), which can be fifled by the injected hot carriers. Such occupied traps
generally become electron traps, even if they are initially filled with holes. As a resull,
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 a-
channel device threshold voltage is positive (i.e., Vy increases in NMOS devices). If Ig
becomes of the order of pA, the frapping 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 Vv in the MOSFET. (The means by which charge in the oxide impacts Vp
was described earlier.}

EXAMPLE 5-6: VT Shift due 1o Hot-Electron Efiects, Given a short-
channel NMOS device with lox = 20 nm, a gate width of § pm, and a gate current of 1
nA that is momentarily caused by hot carrier injection. The current flows through a
region of the pate oxide near the drain end which is 5 um wide, and 0.2 um long,
Assume that 1 in 10 electrons of the gate current becomes trapped at an average
distance of 0.1 toy from the 5i-8i0; interface. How long does the gate current have to
flow to change Vo by 0.1 V in the region where the injection is occurring?
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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 channel length for 2504 gate oxide transistors.34 (@ 1986 1EEE).
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SOLUTION: The gate current of 1 nA produces a current densily across the injection
arca of
109 nA /1x108 em2 = 0.1 A cm2

Since 1 in 106 clectrons become trapped, the rate of charge trapping, I, in the gate
oxide is 0.1 x 108 = 1 x107 C sec-! cm~2. The shift in V1 due to the trapped charge
in the oxide can be found from

AVT = (HCox) (09 toxftox ) AQiot
or, solving for AQys,
AQuor= Cox AV /09 = [1.7x10°7 x 0.13/0.9
= 189 x 108 Cfem?
The time, £, necessary 1o trap this quantity of charge is

t = AQuoffor= 1.89x10°8/1x10°7 = 0.19 sec

5.6.3 Device-Performance Degradation Due to
Hot-Carrier Effects

The increase that occurs in V7 leads to other changes in the MOS characteristics. First,
the saturation current decreases because (Vg - Vo) becomes smalier (Fig. 5-292).77
Second, as the substrate current increases, the transconductance decreases. Finafly, 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, T, can therefore be defined by selecling the maximum pcrccmagc
of allowed degradation in the critical device parameter. 1t has been found, however, that
this lifetime (regardless of whether Ve or gy, is monitored) can be related 1o Iy, by a
powcr-law relationship (i.e., T is obscrved to be inversely proportional 10 Ig,p, when
plotted on a log-log plot). Figures 5-29b and ¢ show T 4 a function of Iy, for: (a) 7 is
defined as a 10-mV shift in Vop; and (b) T is defined as a 10% degradation in g

This has led to accelerated testing techniques that stress the devices with higher drain
voltages than would be used in normal operating conditions.33 A larger Igp, is thereby
produced, leading to shorter times to device failure (i.c., possibly defined by a 10-mV
shilt in V or 2 10% degradation in gy). The time 10 failure under normal operating
drain voltages (1) IS then extrapolaied from these data using curves as shown in Figs.
5-29b and 5-29¢.56:37 Device design can then be modified w yield a desired lifetime
{typically, 10 years) under normal operating conditions,
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Fig. 5-29 (a) Degradation of IDggar after strezssing.ﬂ (© 1984 IEEE). Degradation of
other device-performance parameters as a function of substrate current (Igyp): (b) Lifetime
defined as a 10-mV shift in V1 (c) Lifetime defined as a 10-percent degradation in gy,
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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:

» The voltages applied 10 the device can be decreased (e.g., by lowering the
power-supply voltage from 53 V (0 3.3 V). The decision to implement this
reduction, however, is not in the hands of the device designer or fabricator, The
issue of reduced sapply voltages for submicron MOS technologies is covered in
chapter 6, section 6.7.2,

= The time the device is under the voliage swress can be shortened (e.g., by
using a lower duty cycle and clocked logic).

* Appropriate drain enginecring design techniques, which resulls in special drain
structures that reduce hot elestron effects in MOS devices (i.e., double-diffused
drains and lightly-doped drains), can be implemented.

¢ The density of trapping sites in the gate oxide can be reduced through the use
of special processing technigues,

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

We will next discuss 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 beent 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
as double-diffused draing and lightly doped drains (LIDDS) must be used. The purpose of
both types of structures is the same — namely, to absorb some of the potential into the
drain and thus reduce By, Double-diffused drains, however, are less effective for short-
channel devices (i.e., £1,25 um) becanse 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 to such drain
structures, 30

In the LDD structure, the drain is formed by two implants (Fig. 5-30). One of those
is self-aligned to the gate electrode, and the other is sell-aligned to the gate electrode 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 ref.
66.) The purpose of the lighter first dose is to form a lightly doped section of the
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Table 5.2 Evolutien of Device Structures in AT&T's Twin-Tub CMOS
Technelogy DavalopmeatSﬂ {Twin-Tub VI announced in 1989}33

Twin-Tub! Twin-Tub Il Twin-TubIll  Twin-TublV Twin-TubV Twin-Tub VI

Design Rule 3.5 um 25um 175 um 1.25 pm 0.9 um 6.6 um

Legr 2 pm 15um 13 um 1.0 pym 0.75 um 0.4 pm

to 600 A 350 A 250 A 200 A 150 A 1254

Device Conventional Conventionst  DDD 10D N&PLDD N&PLDD
Structure

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

The value of Epg is reduced by this structure because the voltage 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) Frocess sequence used to form lightly doped drain (LDD) structures. (b)

Poping profile in an LDD structure taken through section A — A. (¢} Deping 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-field profile at the drain of a MOSFET, both with and without an
LDD structure.”® We see that the electric field can be reduced by about 30-40%, Since
the hot-electron-induced gale currents are exponentially dependent on Epy, this is
sufficient to reduce currents by many orders of magnitude. As a result, the stability of
the device is greatly increased. To ensure a high quality interface under the sidewall-
spacer oxide, it is important that the thermally grown gate oxide remain in place after
the polysilicon gate etch, This requires a polysilicon ¢ich 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 typicatly
arsenic at a dose of about 1x1015 atomsfem?.) 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 adverscly
impacting the device operation (e.g., 0.3 g deep versus (.18 um deep). The increased
junction depth lowers both the sheet resistance and the contact resistance of the drain
(sce chap. 3). Deeper junclions alse provide better prolection against junction spiking,

The disadvantages of LDD structures are their increased fabrication complexity
compared 10 conventional drain structures and the increased pasasitic resistance of the
source and drain regions caused by the lightly 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 Ip-Vpg curves of the MOSFET due to the additional voltage drop
across the two lighily 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 linear region the resistance is much lower. The additional serics resistance
of the LDD therefore does not significantly increase the total resistance of the MOSFET
in saturation, and Iy remains less affected. Conseguently, 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-channet MOS device (Curve 1). Thus,
curve 6 shows the FV curve of a short-channel MOSFET with an LDD.

5.6.5.1 Drain Engineering for Optimum LDD Structures. A proper
LD design should provide adequate hot-carrier protection while not introducing
excessive source/drain resistance, which would degrade the device performance. The
design and fabrication effort undertaken to achieve such an optimum LDD structure is
referred to as drain engineering; this as we shall see, is a relatively complex task. A
thorough approach to designing adequate hot-electron protection would entail addressing
all of the following objectives:
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Fig. 5-31 Progressive influence of short-channel effects and LDD on the characteristics of
an ideal, Iong channel MOSPET (Curve 1). Curve 6 shows the IV curve of a shert channel
MOSFET that is also fabricated with an LDD, while Curve 5 shows the characteristic of the
same device without an LDD.28 (© 1986 IEEE),

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

2. Ensuring that the injection position (i.e., the Ep point) is Jocated under the
gate edge.

3. Ensuring that the impact ionization region is pushed far below silicon surface
to reduce the possibility of hot carriers reaching the 5i-Si0y interface.

4, Separating the point where the clectric ficld 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 1o the LDD structure.

The degree by which By 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 ig 100 high, the value of Ep 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 easily be depleted by the hot carriers that
do get rapped in the gate oxide above it (i.¢., the device will again be vulnerable 1o hot-
electron degradation). A model which calculates the eleciric field in LDD structures has
been published.”? It concludes that the lightly doped region should be long enough 1o
attenuate the electric field to a value that is below the critical ionization field, but
should still be short enough to keep the serips resistance from becoming excessive. In
carly LD structures in NMOS this meant that the primary parameters selected were the
n* length and its doping concentration.?¥
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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 Parrillo, et at.%0 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 Ep point under the pate (Objective #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 loag enough 10 et the Ep point lie
under the gate, and the spacer length should be short enough 1o Iet the o™ region 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-zum-wide spacer is selected,

To attain Objective #3, a metal-coated LDD structure has been developed 42 It uses
a deeper - phosphorus profile than the #* source-drain (arsenic), in order 1o steer the
maximum current path away from Epg (Fig. 5-31b).

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. 5-33¢). Besides areduction in substrate cursent similar to 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 siticon.

The buried LDD approach together with an additonal shallow arsenic implant (Fig.
5-34d), may allow NMOS transistors of 0.6 um to be built with adequate hot-clectron
protection and with minimal the increase in parasitic resistance due to the LDD
structure (Objective #5)3043.44 The idea is to form an abrupt profile at the silicon

surface undemeath the spacer 1o reduce the series resistance. The buried LDD profile is
fiewl F«H)LY GATE BALICHDE

Fig. 532 Process sequence showing the TiN removable spacer process.S2 (@ 1989 IEEE).

ONSEMI EXHIBIT 1008B, Page 92



MOS DEVICES AND NMOS PROCESS INTEGRATION 359

Conventional LDD

DIDD (double implant LDD)

#-LOD {mets] costed LODY

ITLDD {inversed T gate LDD)
GOLD (gate-drain overfapped LDD)

BLOD (buried LOD)

Fig. 5-33 Conventional LDD drain engineering and some of its variations — all designed
w reduce hot-carrier effects ~ are shown. 30 {® 1986 IEEE).

used to force the main current path and the impact-ionization region decp 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 field regions. Thus, this
device structure improves both the current drive and the hot-carrier resistance. A further
modification of the buried LDD is the sleped-junction LDD (SJLDD), shown in
Fig. 5-33¢.45 In this structure a 165-keV phosphorus implant is used to form the
lightly doped drain region; 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 8i-$i09 interface by the junction of the SILDD.

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, 4664 with such asymmetry 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 (S 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 elch processes that produce a re-entrant angie in
the poly gate sidewall (Fig. 5-34 - poly elch process A.) The impact of this effect on
the device characteristics can be examined by considering the implants 1o the lightly
doped and the heavily doped regions separately.
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Fig. 5-34 Percent asymmetry in saturated drain currents (Vpg = Vgg = 3 V) versus
source/drain impiant angle for LDD NMOS devices having reentrant- and vertical-wall

polysilicon gates. Insert schematically shows source-non-overlap (SNO) and drain-overlap
(DNO) IV behavior 40 (© 1986 IEEE).

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 resuft, there will be no overlap of the
implanted region and the gate edge. Even after 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-overlapped side is used as the source, the extra resistance introduced
will reduce the drain current (Ipgpe in Fig. 5-34), thus degrading circuit speed.
However, if the drain side has less overlap, the extra resistance will not affect Iy {curve
IDdno 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-cich process produces vertical sidewalls in the poly
gates.

¢ Avoiding excessive reoxidation of the polysilicon after its definition (note
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 to reduce
the accelerated oxidation rate on ™ polysilicon,

¢ Implanting with a vertical implant through a screen oxide2” (which reduces
the channeling that would otherwise occur when a vertical implant is performed).
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= Using a poly-etch process that produces a slight positive bevel to the poly
sidewall profile, and combining this etch with a smaller angle (3° vs 7°) off-
axis implam.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 nor shadowed, the arsenic atoms penetrate the leading comer of
the spacer and thereby enter the substrate under the spacer to some extent. If the spacer
is too narrow, this can wipe out the lightly doped drain-extension region, When this
happens, the device can lose the hol-carrier protection that was to be provided by the
LDD structure, and it will become vulnerable to degradation by hot-carrier effects. To
avoid this, the spacer must be sulficiently wide. Some guidelines for choosing the
proper spacer width to deal 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 characieristics 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 Lepr= 1 pm. 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 reliability 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, stringeat process-control 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-electron 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 electrons
injected into the oxide can occupy. Maintaining a minimum number of trapping
centers can be achicved in scveral 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. §, chap. 7). It has also recently been
reported that the incorporation of optimized amounts of fluorine during the gate-oxide
growth process suppresses interface-state generation during injcctian.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 CVI3
of oxides and nitrides, RIE, and sputter deposition of metal), Finally, the amount of
hydrogen that is incorporated at the $i-5i0; 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 temperature {above 800°C) before metallization. Once the first
layer of aluminum is deposited, however, the maximum anncaling temperature is
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limited 1o ~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,50 an anncal at 450°C improves device-aging characteristics.

Excess hydrogen at the 5i-8i0, interface is also reported to be a culprit in increasing
the density of the interface states. In most cases, hydrogen is used 1o fil} the dangling
bond, forming Si-H at the §i-Si07 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 to enhanced bond-breaking behavior.
Such excess hydrogen can arrive during the final sinter step before passivation (i.c., in
Hg or Ny + 5% Hpy), or during the deposition of a conventional silicon nitride
passivation Iayer. It has therefore been reported that sintering In pure Ny produces
devices with a lower device degradation rate.5! Similarly, it has been reported that
when a fluorinated nitdide (F-SiN} is used as a passivation laycr,so’ﬁz devices exhibited
slower degradation rates than those seen in devices with conventional SiN passivation
layers. F-SiN films can be produced by incorporating NF3 in the deposition process 1o
form an Si-F bonding structure instead of $i-H in this film,

The presence of fluorine in the gate oxide (possibly inadvertently originating from a
BFy" 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 fitm, and then diffusiag it into the gate oxide) produces a more hot-efectron
resistant interface.’8:79

5.6.7 Hot-Carrier Effects in PMOS Transistors

Hot-carrier effects are not significant in PMOS transistors at channel lengths greater
than 1 pm because the impact-jonization rate of holes is 3 to 4 orders of magnitude
lower than that of electrons at a given clectric field. 5% At submicron channel lengths,
however, hot-electron effects in PMOS start 1o become important, Tt 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
i3 stressed at large magnitudes of Vg. In PMOS devices, the gate-bias polarity Favors
clectron injection (which is opposite to 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 fength, This reduction in L.gr is even more severe in the buried.
channcl PMOS devices (used in CMOS technologies that have an n* polysilicon gase),
because their buried-channel nature makes them more vuinerable 10 source-drain
punchthrough,54 and consequently increases subthreshold leakage. This effect is called
hot-electron-induced punchthrough (HEIP),

The second effect was observed in PMOS devices with p¥, as well as 77, polysilicon
gates. In these devices, the injected and trapped hot electrons also produce Vep shifis

ONSEMI EXHIBIT 1008B, Page 96



MOS DEVICES AND NMOS PROCESS INTEGRATION 363

(which reduce the magnitude of V) and increases in the transconductance, gm.
Nevertheless, contrary 10 what occurs in NMOS, in PMOS these effects tend 1o
saturate, This is explained by the fact that the electrons trapped near the drain reduce the
electric field present there in PMOS devices. 5 Ag a result, this effect doss not appear
to Hmit PMOS devices fabricated with p* polysilicon gates as long as Legris 20.6
1m. 56 Suill, LDD structures appear to be needed for p-channel devices fabricated with
n* polysilicon gates when Legp gets 10 be 0.8 pum or less, 757

The LDD structure also helps to reduce subthreshold leakage in PMOS devices,
where excessive junction depths caused by lateral diffusion have been a problem. The
use of LDD basically increases Less, 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 to 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 fower than the breakdown
voltage.58.39 This is not really a hot-clectron-indaced 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. It has been reported that in order for
this leakage current to limited to tess than 0.1 pA/um?Z, 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~ extensions is less than
1018/cm3. Buried LDD structures with the peak of the n concentration at several
hundred angstroms beneath the Si-8i0q interface appear 1o be even more effective than
conventional LD structures in reducing the effect. This effect is predicted to become
more of a problem as devices continue to 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 a 3.1 V power
supply is used.
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PROBLEMS

5.1 (a) A p-channel MOS trapsistor is [abricated on an » substrate doped with 10!
phosphorus atoms per em?, and a gate oxide which is 1000 A thick. Caleulate the threshold
voltage if O, = -0.6 eV and Gy = 5x10 cmr?. (b) The threshold voliage of the MOSFET in
part (a) is reduced by using jon implaniation of boron, What is the required boron dose in
order to ebiain & threshold voliage of -1.5 V?

8.2 In the E-D NMOS process, depletion-mode NMOSFETs are used for load devices. This
requires a negative threshold, whick can be obtained by implanting a shallow arsenic or
phosphorus dose into the channel region. Calculate the arsenic dose needed o achieve a -3 V
threshold in a n* polysilicon-gate NMOS transistor which has a substrate doping of
3x10¥em? and a gate oxide thickness of 50 nm?

5.3 (a) Why is <100>-orientation preferred in NMOS fabrication? (b) What are the

disadvantages if oo thin a field oxide is used in NMOS devices? (¢) How is a seif-aligned gate
obtained and what arc 15 advantages? (d) List three functions of the PSG overpglass layer?

5.4 In NMOS processing, the siarling material is a p-type 10-L2—cm, <100>-oriented
silicon wafer, The source and drain are formed by arsenic implantation of 10'6 ionsfem? at
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80 keV: the channel is implanted with 8x101} boron ions/em? at 30 keV through a gate oxide
of 250 A thickness. {a} Estimate the threshold voltage change caused by the boren jon
implantation step. (b) Draw the doping profile along a coordinste 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
hetween them.

5.6 Design a submicren MOSFET with a gate length of 0.75 um. (The gate length is the
charmel Iength plus twice the junction depth.) If the junction depth is 0.2 um, the gate oxide
is 200 A, and the maximum drain voltage is limited to 2.5 ¥, find the required channel
doping so that the MOSFET can maintain it long-channel characteristics.

5.7 An n-channel MOSFET has a gate oxide 200 A thick, an Leg = 1.0 um, source/drain
junction depths of 0.2 um, and a threshold voltage of 0.6 V. I the device is biased at Vg = 3
V and Vg = 5 V, caleulate the saturation voltage Vi, and the maximum electric field, Epy-

5.8 Bxplain the difference between the gate-threshold voltage, Vo, and the field-threshold
voltage, Vg, of a MOS device.

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

516 An NMOS structure consists of an a-type substrate with Np = 5x101% em3, a gate
axide of 100 nm thickness, and an Al contact. The measured threshold voltage is -2.5 V.
Caleulate the surface charge density.

5,11 If & cireuit designed wanis to keep the off-state leakage current 1o less than 1 pA and

also wants the threshold voltage value o be 0.9 ¥ (where Yy is defined as the gate voltage
that provides Ipg = 1 gA), what value of subthreshold swing (5.5.) 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 is significantly more complex than NMOS with respect 1o the
device physics and fabrication issues, the discussion here will include a therough
introduction to these subjects. (Note that an excellent comprehensive ext on CMOS,
dealing with both circuit and design issues, has recently been published. )

6.1 INTRODUCTION TO CMOS TECHNOLOGY

6.1.1 The Power-Dissipation Crisis of VLSI, and How
CMOS Came to the Rescue

NMOS remained the dominant MOS technology as long as the integration level of
devices on a chip was sufficiently low. It was inexpensive to fabricate, very functionally
dense, and faster than PMOS. The carliest NMOS technologies required only 5 masking
steps (including the pad mask).* On the other hand, NMOS logic-gates (e.g., inverters)
draw dc power during one of the inverter states. Therefore, an NMOS integrated circuit
witl draw a steady current even when being operated in the standby mode (i.e., even
when no signal is being propagated through the circnit). Consequently, as the number
of logic gates on the chip grows, the current being drawn (and hence the power heing
dissipated) also increases.  Although this was always a limitation of NMOS for such
applications as space-borne or portable 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 chapter 5, only five were required in
early NMOS wchnology, 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.

368
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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 lowes-power technology was needed 10 exploit the
VLSI fabrication techniques. CMOS represented just such a technology,

From a quantitative perspective, the ascendancy of CMOS was the inevitable result of
the two-hundred-fold increase in functional density, and the twenty-fold increase in speed
of integrated circuits between 1968 and 1987, For example, in 1969, 256-bit SRAM
circuits (e.g., the Intel 1101) used 12-pm design rules o create the six-transistor SRAM
cells; each cell cccupied 20,600 ,umz In 1987, however, SRAM cells using 1.2-um
design rules occupied only 150 pm?2. (The memory access-time in these respective
memory circuits decreased from 1 ys 10 46 ns.) By 1987 the decreased size and attendant
increase in chip size allowed 256-kbit SRAMs to 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 dissipate 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 maximum power dissipation is limited to
about 1 W, The Intel 8086 dissipated around 1.5 W of power when operated at 8 MHz,
Thus, by the late 1970s it was already possible to manofacture NMOS chips whose
power dissipation approached unacceptably high values, (Note that when the 8086 was
later reissued in CMOS technology under the model number 80C86, its power
consumption dropped o about 250 mW.)
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In a CMOS inverfer (unlike in an NMOS inverizr) only one of the two transistors is
driven at any one time. This means that when a CMOS inverter is not switching from
one state o 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
no de power is dissipated. CMOS thus aliows 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, il microprocessors of the 32-bit
generation were built in NMOS, they would dissipate 5 to 6 W of power. This would
lead 10 severe heating and reliability concerns. In addition, expensive ceramic packages
would be nceded to house such chips. When such microprocessors are designed in
CMOS, the power dissipation decreases 1o 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 memory chips in a system (versus
only a few microprocessors), the ramifications of lower power-dissipation are

significant. Smaller power-supplies and smaller cooling fans 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 to be only a runner-up for the design of MOS ICs. The
pairing of complementary n- and p-channel transistors to form Iow-power ICs was
originally proposed by Sah and Wanlass in 1963.2 The first CMOS ICs were fabricated

4
NMOS
200 b~
;?
‘g 160
3
Y
© CMOS
100 //
I i
100 200 300
Chip complexity (%}

Fig. 6-2 As circuit complexity increases, NMOS power consumption rises 1o levels that
eventually prevent further growth. In contrast, CMOS power consumption increases only
slightly as the device count on a chip rises.
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in 1966, and subsequent development of the technology was spearheaded by the RCA
Corporation. The earliest volume commercial application was the use of the CMOS
logic-inverter in the frequency divider circuits of digital waiches.

CMOS technology at that time had many disadvantages compared to PMOS and,
later, to NMOS, The drawbacks included significantly higher fabrication cost, slower
speed, susceptibility 1o latchup, and much lower packing density. As a result, until the
1980s CMOS was limited to applications that could only be implemented with the
technology's lower power dissipation (¢.g., watches and calculators), or very-high noise
margin {e.g., radiation-hard circuits). Furthermore, the advances made in NMOS
fabrication were not rapidly transferred to CMOS, and for many years CMOS lagged
behind the advanced Si-gate-NMOS and bipolar technologies. Except for the special
applications mentioned above, it lay dormant for nearly a decade.

At the time CMOS circuits were first fabricated, the processes of ion implantation
and locat oxide isolation (LOCOS) had not yet been developed. In addition, metal gates
were being used for MOS devices and control had not yet been established over the large
and quite variable positive oxide charges in the gate oxide. As a result, p-well
technology was the only means of fabricating CMOS.

While PMOS enhancement-mode transistors could be successfully fabricaied in a
lightly doped (e.g., 1015 cm3) n-substrate with a Ve of about -2 V, NMOS enhance-
ment-mode transistors could not be fabricated on lightly doped p-substrates because the
Vo of NMOS metal-gate transistors on such substrates is negative. In addition, the
problems of oxide charge and the segregation of boron at the field-oxide/silicon-substrate
interface, when combined with necessity of having to use relatively-thin field oxides (in
order 10 be able (o achieve adequate step coverage over nonrecessed field-oxide steps; sec
chap, 2), made it likely that parasitic channels would be established in the ficld regions
berween NMOS devices built on lightly doped substrates, Therefore, the only reliable
way to manufacture enhancement-mode NMOS transistors for CMOS inverters was on
regions with boron surface concentrations high enough 10 overcome these problems,.

The p-well approach to building CMOS provided such regions, since the well had to
be doped about ten times as heavily as the substrate for adequate control of doping in the
well to be achieved. As a result, p-well technology became established in the
companies that pioneered CMOS technology. Long after the problems of fabricating
NMOS on lightly doped substrates had beer solved (i.e., through control of the gate-
oxide charge and of Vo by ion implantation) most of these companies continued to use
p-well technology to design new circuits, While this was primarily due to historical
inertia, p-well echnology did have a few advaniages over n-well technology (as will be
discussed in section 6.2.2)

The packing-density limits of the carly p-well CMOS technology, however, were
responsible for its poor performance. The packing density was much worse than that of
NMOS, primarily because the n- and p-devices had to be surrounded by guard rings
(n* or p* diffusions that surround the device, as shown in Fig. 6-3)114 10 prevent the
inversion of the field regions.

Before LOCOS isolation and ion implantation became available, guard rings were
needed to provide adequately large vatues of Vi in the field regions. However, their use
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Fig. 6.3 CMOS structure with guard bands. A CMOS inverier circuit is depicied.im From
W. C. Till and L. T, Luxton, Integrated Circuits: Materials, Devices, and Fabrication.
Copyright 1982 Prentice-Hall. Reprinted with permission.

results in very large-area devices.™ As a result, until oxide isolation and channel-stop
implants were developed, interconnect capacitance and resistance severely degraded the
speed performance.t Once guard rings were no longer needed, however, the devices could
be brought closer together, and the speed of CMOS circuits improved dramatically.
When it became apparent in the Jate 1970 that the increases in power density and
dissipation would make it impossible to design future generations of MOS circuits in

* The drain regions must also be isolated from the guard rings by & lightly doped region 10
prevent avalanche or Zener breakdown, as seen in Fig, 6-3, This requirement exacerbates the
arca penalty when goard rings are used,

¥ However, it should be noted that the fabrication of NMOS devices in heavily doped p-wells
also increased the device junction-capacitances and reduced the magnitude of the drive current.
This farther decreased the performance of the cireuits, but lo a lesser degree than did the
interconnect capacitance.
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NMOS, the companies that had been stubbornly continuing to use NMOS for design
and fabrication finally began to consider CMOS. It was natural for them (o0 seek a
technology that was compatible with the modem high-production-volume 5i-gate-
NMOS processes that they had successfully perfected. Since n-well CMOS offers near
compatibifity with such processes, and since it allows n-channel transistor performance
to be optimized (through fabrication in the lightly doped p-substrate tegions), it became
the technology of choice for many companies that had formerly been manufacturing
NMOS integrated circuits.®

It became evident, however, that neither p-well nor n-well would be the optimum
choice for submicron CMOS. Instead, it appeared that twin-well CMOS would be more
effective. As a result, many such processes were subsequently developed.

We will examine the various well technologies with regard to their advantages and
disadvantages in modern CMOS processes. Circuit designers and process engineers
should be aware of the trade-offs. The advances developed through the refinement of
NMOS were incorporated into CMOS technology, and the performance was thus
dramatically improved over that exhibited by primitive CMOS circuits.

6.1.3 Operation of CMOS Inveriers

The CMOS inverter (for which the circuit schematic and a sample layout are shown in
Fig. 6-1a and 6-4, respectively) uses enhancement-mode transistors for both the NMOS
driver and the PMOS load transistors. The gales of the two transistors are connected and
serve as the input to the inverter. The common drains of cach device are connected to
the output of the inverter, and we assume that the inverter is driving some load
capacitance, CL, (e.g., the input to another CMOS logic gate). Note that both the
source and the body of the NMOS transistor are connected to ground, while those of the
PMOS wransistor are connected to Vpp (e.£., 3 V).

The threshold voltage of the NMOS driver transistor, Vpy, is positive (e.g., V=
0.8 V}, while that of the PMOS load transistor, Vryp, is negative {e.g., Vpp = £.8 V).
Figure 6-5a shows the inverler's output vollage, Vo, as a function of the input voltage
Vin- This curve is known as the static veltage inputioutput characteristic, ot the transfer
characteristic of the gate,

When Vip = 0, Vagn = 0 and the NMOS wansistor is OFF (since Vign 18 <0.8 V).
The PMOS transistor, however, is ON, since Yggp = -5 V, which is much more
negative than -0.8 V. Thus, when Vi =0, Cy, is charged to Vpp through the wrned-
o PMOS load transistor, and Vo =5V,

When Vi, = 5V, the NMOS transistor is turned ON, since Vggn = 5 V (which is
>0.8 V). The PMOS wansistor is tumed OFF, since Vggp = 0V (which is more
positive than -0.8 V), Consequently, when Vi, = 5V (Vpp), the output is connected o
ground through the tusned-on NMOS driver, allowing Cy, to be discharged. Since the
PMOS device is off, C will be completely discharged, and Vo willbe OV,

The most important property of the CMOS inverter is that when the gate is sitting
quiescently i either logic state (Vo = Vpp or 0), one of the transistors is OFF aad the
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Fig. 6-4 CMOS inverter layout. From D, A. Hodges and H. G. Jackson, Analysis and
Design of Digital Integrated Circuits, Copyright 1983, MeGraw-Hill Book Co. Reprinted
with permission.

current conducted between Vpp and ground is negligible (i.c., it is equal o the leakdge
current of the OFF device). This feature can be seen in Fig, 6-5b, which plots the
current through the inverter, Ipp, as a function of Vi, (solid curve). The power
dissipaied in the static (or standby) mode is thes determined by the product of the
leakage current and the supply voltage. Since the leakage current of an MOS transistor
in cutoff (subthreshold current) is so small, very little power is consumed in the static
mode. Another important feature is that the V, swings all the way from Ypp to 0 as
the inverter changes state; this characteristic of the output-voltage swing is referred to as
swinging from rail to rail,

Two other operational features of the CMOS inverter must also be mentioned. First,
as can be seen in Fig, 6-5b, significant current is conducted through the inverter only
when both transistors are ON at the same time (i.¢., during $wilching), Therefore, most
of the power dissipation is due to the charging and discharging of Cy.. In fact, it can be
shown that the power dissipation is essentially given by f CLVpp? where f i the
switching frequency.
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Second, because the CMOS inverter output voltage can swing from rail to rail, it can
inherently provide excellent noise margins, Noise margins are usually defined in terms
of the logic-gate threshold voltages, Vop, VoL, Vi, and Vi, (which are not the same
parameters as device threshold-voltages, see Fig. 6-5a), The noise marging NMy, and
NMy (Fig, 6-5b) are defined according to the following equations:

NMy,
NMy

ViL - VoL (6-1a)
YoH - VoL (6-1b)

)

Briefly, the argument for Bq. 6-1a is that the Jogic gate {e.g., Inverter I in Fig. 6-68)
should provide a maximum "low output” that is less than the maximum “low input”
that the subsequent logic gate (e.g., Inverter 2) can accept without causing the output
voltage of Inverter 2 o be driven into the ambiguous portion of the transfer
characteristic. The difference between Vi, and Voy, (the noise margin) then specifies
how much noise voltage can be tolerated at the input node of Inverter 2 before its output
will be driven to a vollage value that is logically undefined.

In CMOS, Vi, approaches zero, and Vou approaches Vpp. Because of the steep
transition region in the transfer characteristic, Vi, and Vg can be designed so that noise
margins are on the order of Vpp/4 for expected process variations and operating
temperatures. Thus, for a 5-V CMOS wchnology, VmL can be 1.25 V, whereas in
NMOS, VML is typically only 0.3 V.,

For the performance of the logic gates o be maximized, the threshold voltages of the
p- and n-channel transistors should be comparable (and, ideally, of equal magnitude). In
addition, the threshold voltages should be as small as possible. The minimum values
selected for Vi and Vpp will be determined by the subthreshold leakage current, Ipg.
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Flg. 6-5 (a) Output (V) versus input (Vi) voliage of CMOS inverter. (b} Current through
inverter as a function of input voltage (solid curve); IV characteristics of 7~ and p-channel
ransistors (dashed curves). The numbers correspond to different points on the inverter
transfer characteristic.}13
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Fig. 6-6 (2) Sting of inveriers connected in series. (b)Y Definition of noise margins.

For example, if the guideline described in the section on the subthreshold current in
MOS devices is used (section 5.2.3 in chap, 5), 2 minimum value of V1, would be 0.5
V, 10 keep Voo, at least 0.5 V below Vepy, and 10 maintain sufficiently small Ing.

6.1.4 Advantages of CMOS

As noted carlier, the most important advantage of CMOS is its significantly reduced
power density and dissipation.3%3.6 Therc are other advantages as well, which fall
into the following main categories:

* device/chip performance
¢ reliability
° circuit design

¢ cOSL isgucy

These advaniages, as well as the disadvantages of CMGOS, will be discussed in this
section.

6.1.4.1 Device/Chip Performance Advantages.

¢ Although logic gates designed in CMOS are targer than those of NMOS (primarily
because of the increased spacing needed to isolate n-channel from p-channel devices), this
packing density penalty is becoming less important, for several reasons,

First, the CMOS gate uses a PMOS device rather than a depletion-mode NMOS
device as the load. The PMOS device is usually made about twice as wide as the
NMOS device in order for symmetrical driving capability 1© be achieved. The NMOS
depletion-mode load, however, is four times a5 large as the NMOS driver, Hence, the
arca of the two CMOS devices is actually smailer than the area of the two NMOS
devices in an inverter,
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Second, since the devices are built with submicron dimensions, the difference in the
output drive capabilities (Ip) of identically sized PMOS and NMOS devices is decreased
due to velocity saturation effects (Fig, 6-7a). The area of the CMOS inverter devices
will thus grow proportionately even smaller,

Third, as devices become smaller, the fraction of the chip area required for
interconnections becomes larger, Hence, the fact that the gate density is lower in
CMOS in NMOS becomes less important. This is especially significant in random
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Fig. 6-7 (a) Ratio of p-channel saturation current to a-channel saturation current increases
as the effective channel length of the devices shrinks, due 1o velocity saturation effects. (b)
Comparative speed and power characteristics of various CMOS and bipolar logic families,
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= Although the input capacitance of CMOS is larger than that of NMOS (since there
are two MOS gates connected in parallet at the input of CMOS logic elements versus
only one in NMOS), the interconnect capacitance is becoming more significant than the
gate capacitance as gate sizes shrink and interconnect lengths grow with increasing chip
size. NMOS gates are thus no longer significantly faster than CMOS gates.
Furthermore, as the chip heats up from excessive power dissipation, the circuits slow
down (due to degradation of carrier mobility). The lower power advantage might
actually make a CMOS circuit operate faster than a comparable, but hotter-running,
NMOS part,

¢ Since more devices can be placed onto a single chip in CMOS than in NMOS, less
chip-to-chip driving is necessary, and the overall system speed is improved.

= The fan-out capacitance for MOS devices is much smaller than that of bipolar
transistors. Therefore, while the transconductance is also much smatler, if the load
capacitance (other than fan-out) is small, much less current is needed 1o charge the next
MOS gate compared to a bipolar logic gate. As the channel length of MOS device
shrinks, it may be possible to decrease the delay time required to charge other gates on
the same chip. On the other hand, because the performance of bipolar devices is
relatively insensitive to shrinking device dimensions, the delay times in CMOS are
approaching those of bipolar ECL, but at much lower levels of power dissipation (Fig.
6-7b).

* CMOS can be operated over a wider range of Vpp values {e.g., 2-7 V) than NMOS,

» Threshold body-biasing sensitivity is less important in CMOS, and bootstrapping is
not needed for transference of a signat through a string of inverter,

* 'The radiation hardness of CMOS circuits is much higher than that of NMOS,

6.1.4.2 Reliability Advantages.

* The heat generated during operation can raise the chip temperatare o the point at
which it becomes more prone to failure. Since CMOS circuits dissipate much less
power, in most cases they should be inherentdy more reliable.

¢ Hot-carrier degradation of MOS devices should be decreased in CMOS for several
reasons, First, since hot-electron effects are much less severe in PMOS devices, the
load devices in CMOS will suffer less degradation than the depletion-mede load devices
used in NMOS. Second, the CMOS gates do not draw static carrent, so long-term,
cumulative hot~clectron induced degradation will be smaller. Finally, unlike NMOS,
CMOS generally does not use bootstrapping (which increases the electric field in the
device and thus aggravates hot-electron degradation).

¢ Electromigration failures in the metal lines of the circuit are reduced, since no static
current fiows in the metal lines.
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* The soft error rates (SERs) of DRAMs and SRAMs can be reduced by one 10 two
orders of magnitude when the memory arrays are fabricated inside a welt region where
doping type is the opposite of the substrate's. The added SER protection arises because
the reverse-biased well-substrate junction of CMOS creates a polential barrier againsi
carriers generated in the substrate.

6.1.4.3 Circuit-Design Advantages.

¢ CMOS can achieve "static ratioless” logic design. Circuits that contain a p-channel
transistor for every n-channel transistor are said to be "static,” because such gates are
triggered by the data path signal and do not require the use of an external clock. The
design is said to be "ratioless” because the inverter voliage transfer characteristic doces
not depend strongly on the relative geometric sizes of the p and n transistors. By
contrast, commonly used "raticed" NMOS circuiiry must have trangistor widths and
Iengths that are chosen both to balance the currents between transistors and to ensure
that this balance is maintained, given changes in operating temperatures, power-supply
voltage variation, and day-to-day differences in the manufacturing process.

* As noted carlier, since the output of CMOS logic gates swings from rail to rail,
excellent noise marging are inherently provided,

* The flexibility in sclecting wansistor geometry provided by the ratioless nature of
CMOS makes it much casier for "uncommitted circuit” designs, such as gate arrays and
standard cells, to be implemented. In gate arrays and standard cells, the number of input
and output signals (fan-ins and fan-outs) are normally not known when the individual
transistors are laid out. As a result, it is very difficult with PMOS or NMOS to creale
gate-array and standard-cell configurations that possess sufficient design flexibility.
Instead, most standard cells and virtually all MOS gate arrays are implemented in
CMOS.

® In NMOS, gating {or pass) transistors reduce the transmitted signal by the so-called
threshold loss, whereas in CMOS such transmission gates leave the signal unchanged.
As aresult, signal regeneration can be less frequent in clocked CMOS circuits.

* CMOS allows both analog and digital functions with high circuit densities to be
implemented on the same chip. This has stimulated the development of switched-
capacitor techniques for analog-to-digital conversion and allowed their integralion on g
chip with a digital-signal algorithm.

® The circuit-design benefits of CMOS for analog applications are that the swilches
have no offset voltage, and that the area required for operational amplifiers is much
smaller than that needed for NMOS op amps. That is, while an NMOS op amp might
take 30 wansistors, the same op amp in CMOS might take one-third the number of
transistors, as well as one-third the area. Furthermore, CMOS op amps are three to five
tmes smaller than bipolar op amps.
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6.1.4.4 Cost Analysis.

* When CMOS and NMOS ICs were first being manufactured, CMOS required almost
twice as many masking steps as NMOS, As NMOS processing grew more complex,
however, the addition of depletion-mode loads, buried contacts, punchthrough-prevention
implants, and lightly doped drains significanily increased processing costs. The costs of
fabricating CMOS circuits, however, did not increase proportionately. Hence, the cost
differential between the two technologies has steadily been reduced; at present the cost
of manufacturing CMOS may be only 20 percent higher than that of manufacturing
advanced NMOS circuits. The slightly increased cost of CMOS manufacturing is more
than offset by the savings in design, packaging, system heal management, and
reliability.

° The complexity of the design task is reduced in CMOS, lowering costs and allowing
designs 1o be created more rapidly (which in turn, decreases costs further). Furthermore,
since the time it takes to bring a product to market often has significant impact on
market share and profitability, a shortened design time may represent a large increase in
profit,

* Packaging costs can represent 25-75% of the total chip-manufacturing cosl. Since the
reduced power dissipation of CMOS allows the use of cheaper IC package technology,
there is a significant cost savings with CMOS packaging compared to NMOS, In
addition, the elimination of cooling measurcs and the reduced failure rates of CMOS
result in Jower costs. These savings translate into larger profit margins for both chip
manufacturers and suppliers of electronic systems that use CMOS.

* Because grounding of the substrate can be done on the front side of the wafer, CMOS
may not need back grinding or gold on the backside of the wafer, leading to further
savings.

6.1.5 Disadvantages of CMOS

As is 1o be expected, CMOS also possesses disadvantages. Some of those listed here
are inherent to all MOS circuits: these have been considered in in more delail in earlier
sections an NMOS technology. Other disadvantages, however, are unigue to CMOS
and will be given more in-depth treatment in this chapter:

* Like NMOS, CMOS is susceptible o short-channel and hot-carrier effects when
device channel lengths drop below about 2 pm (although as mentioned, the hot-
carrier problem is reduced to some degree in CMOS). In addition, hot-electron
effects in p-channel devices apparently do not become severe until chaanel lengths
of below 1 pim are reached,

° CMOS has a somewhat lower packing density than NMOS.

< Static CMOS logic gates exhibit larger input capacitance than NMOS logic
pates due to the additional input capacitance of the p-channel transistors, which are
in parallel with the n-channel transistors.
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s The need 1o simultancously manufacture high-quality PMOS and NMOS
devices on the same chip can give rise (o processing difficulties,

= There are consiraints on the scaling of PMOS devices manufactured with #*
polysilicon gates.

= ‘Well contacts must be provided, which takes up more chip area than required in
NMOS.

* The well drive-in step requires a long process time (e.g., four hours or more at
1100°0),

» CMOS is susceptible o laichup, and hence nceds guard bands or epi {see section
6.4.8), In addition, it is often very difficult to identify the exact location of the
latchup site {i.e., special liquid-crystal or infra-red techniques must be used).

* Most current CMOS technologies use a™-doped polysilicon as the gate material,
An interconnect routing problem arises because the metal layer must be used when
contact is made between this o' polysiticon and the p* source/drain region of
PMOS devices.

s Like all other MOS technologies, CMOS is vulnerable to electrostatic-
discharge damage.

6.2 THE WELL CONTROVERSY IN CMOS

There are many trade-offs involved in the optimization of a CMOS process. The
choices revolve around the highly interrclated parameters of circuit performance, layout
density, fabrication cost, and tolerance to latchup. As described in chapter 3, obtaining
the best circuit performance from an MOS device involves maximizing the drive current
and minimizing junction capacitances and body effect — all of which favor lower doping
concentrations in the device body. Optimizing density, however, favors raising these
same doping concentrations (lo avoid punchthrough and to achieve high field
thresholds). Higher density is thus achieved by allowing closer packing of adjacent n~
and p-channel transistors. (Issues relating 1o CMOS isolation will be described in more
detail in a later section.) Laichup tolerance can also be improved by spacing - and p-
channel transistors Farther apart (see section 6.4), but this in turn lowers circuit density.

These complex interacting tradeoffs converge on several processing configurations
that are determined at the outset of the processing sequence through the selection of the
type of well doping. The ramifications of this choice must therefore be considered in
more detait, b4

6.2.1 The Need for Wells in CMOS

Both n- and p-chaanel transistors must be [abricated on the same waler in CMOS
technologies, Obviously, only one type of device can be fabricated on a given starting

ONSEMI EXHIBIT 1008B, Page 115



382 SILICON PROCESSING FOR THE VLSI ERA ~ VOLUME I1

Source/drain Gale slectrode

P-sutssirate or N-subsirate

c ¥

Flg. 6-8 CMOS circuits can be designed using (a) p-well, (b) n-well, or (¢} twin-well
technology.® (© 1983 IEEE).

substrate. To accommodate the device type that cannot be built on this substrate,
regions of a doping type opposite that present in the starting material must be formed,
as shown in Fig. 6-8. 'These regions of opposite doping, called wells (or sometimes
tubs) are the first features to be defined on a starting wafer, This is done by implanting
and diffusing an appropriate dopant to attain the proper well depth and doping profile.
The well's doping type becomes the idemtifying characteristic of the CMOS technology.
Normally, a p-type substrate is connected 1o the most negative circuit voliage, and an
n-type substrate to the most pesitive, o ensure that pn junctions are not forward-biased
during circuit operation. Similarly, the respective well regions must also be connected
to the appropriate circuit vollages to prevent forward-biasing of the junctions within the
woll (and between the well and substrate). Because the wells are totally junction isolated
from the rest of the wafes, it is especially important that such well contacts be made.
That is, it may still be possible to contact the substrate from the backside of the wafer
even if no provision is made for a substrate contact from the top surface of the wafer.
Such a backside connection, however, cannot be established (o the well regions,
Because one of the device types must be located in the well, there has been some
controversy as 10 which type of well should be used in CMOS-circuit fabrication. The
performance of devices in the well will suffer as a consequence of the higher doping,
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exhibiting higher junction capacitance, increased sensitivity to body effect, and decreased
transconductance {(due to reduced carrier mobility). Furthermore, substrate currents {e.g.,
due 10 hot-carrier effects) will be harder to coliect from the well regions, The issue thus
becomes that of deciding which device type should be subjected to such performance
degradation.

Some argue that the NMOS devices should be built in the substrate, where their
better performance can be optimized (n-well CMOS). This argument is persuasive for
companies that have had long experience in producing high performance NMOS, since
they can merely transfer this technology to the building of NMOS devices in the p-
substrate starting material. Furthermore, if a circuit-design technique rich in NMOS
devices is used (e.g., Domino logic),?” most of the devices on the chip will be NMOS,
which will again favor the building of NMOS devices in the p-substraie (and PMOS
devices in the n-well).

On the other hand, the hot-electron-induced substrate current is much higher in
NMOS than in PMOS and, as noted, is harder 1o collect from the well regions than
from the substrate. In addition, device technologists might argue that the better-
performing NMOS devices can afford 10 have their circuit behavior somewhat degraded,
as this will balance the performance between these and PMOS devices.

The next sections will outline the pros and cons of both p-well and n-well
configurations, as well as those of the more complex well configurations that have
been developed (e.g., twin-well and retrograde-well CMOS).

6.2.2 p-Well CMOS

The p-well process, illustrated in Fig. 6-8a, involves the creation of p-regions in an n-
type substrate for the fabrication of NMOS devices. The p-wells are formed by
implanting a p-Lype dopant int an n-substrate, at a high enough concentration to over-
compensate for the substrate doping and to give adequate conirol over the p-type doping
in the well. The starting r-type substrale, however, must also have sufficient doping to
ensure that the characteristics of devices Fabricated in the substrate regions are adequate (a
minimum doping concentration of of 3x1014-1x105/cm3 is required). The p-well
doping must therefore be about five to ten times higher than the doping in the
n-substrate. If the p-well is doped foo highly, however, the performance of the n-
channel devices will be degraded through lower carrier mobility, increased source/drain to
p-well capacitance, and increased sensitivity to body-biasing effects.

As noted in section 6,1.2, p-well CMOS was the first type of CMOS that could be
practically manufactured. The first companies to commercially offer CMOS com-
ponents produced many designs in p-well technology. As this experience was spread
throughout the industry, p-well CMOS became widely established.

There are several advantages of p-well over n-well CMOS. First, p-well technology
may be the better choice for pure-static logic, in which a good balance between the
performance of both MOS device types is bencficial. Second, it is attractive for
applications that require an isolated p-region (such as those using an npn bipolar
transistor as an on-chip driver or n-channel FET's for an analog input). Third, it is less
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susceptible to field-inversion problems than n-well CMOS, and can thus be slightly
casier to fabricate. {(We will describe later how p-well CMOS can use the well itself as
a channel stop, whereas n-well CMOS must use a separate channel-stop process.)
Fourth, if the so-called retrograde-well process {rather than a diffusion of a shallow
implant) is used to form the wells, p-well technology is more feasible. It is easier to
form a p-retrograde than an a-retrograde well, since boron fons penetrate deeper than
arsenic or phosphorus ions at a given implant energy,

Finally, p-well CMOS may be better for fabricating SRAMs. Since the alpha-
particle~induced soft-error rate (SER) becomes significant even in SRAMs if feature
sizes are scaled to submicron dimensions, the cells should be made inside a well. The
sensing of the state of an SRAM cell depends on the current provided by the cell. As a
result, high-gain NMOS devices are more desirable for the pass gates and drivers in the
cell, and must be built in a p-well,

The organization that provides university communities with IC fabrication services,
the MOS Implementation Service (MOSIS), offers a standard p-well CMOS process (as
well as standard NMOS and advanced CMOS [twin-well] processes). MOSIS cooperates
with various IC-manufacturing vendors that fabricate the designs submitted to it
Circuits designed to the specifications of the standard p-well process can be executed by
vendors, which serve as sificon foundries for MOSIS,

6.2.3 n-Well CMOS

In the n-well process, shown in Fig. 6-8b, the p-channel devices are formed in the more
heavily doped n-well, As noted carlier, n-well technology became the choice of
companies with extensive experience in building NMOS ICs.® Because the NMOS
device could be fabricated in a lightly doped substrate, virtually all of the experience that
had been amassed in fabricating high-performance NMOS could be transferred to an n-
well CMOS process. As a result, virtually ali EPROMs, microprocessors, and dynamic
RAM designs in the generations of technology built with 1.25-2.0 um dimensions were
implemented with a-well CMOS,

This technology does have some disadvantages. First, as mentioned earlier, it is more
sensitive to field-inversion problems than p-well CMOS. Second, it may be more
difficult io build pure-static, high-performance logic circuits with n-well CMOS.

EXAMPLE 8-1: An n-well CMOS process is to be developed for operation
with a power-supply voltage of Vpp =5 V. The substrate doping of the p-type
wafers is 1x108%/cm3. The n-wells are to have an average dopant concentration
of 1x101%/cm3, The p-channel MOSFET sources and drains are to have junction
depths of (0.4 yum and an average dopant density of 1618/cm3. What is the
minimum n-well depth needed 10 avoid vertical punchthrough o the substrate?

SOLUTION: Vertical punchthrough will occur if the depletion region of the

source/drain-to-well junction were Lo contact the depletion region of the well-
substrate junction wher Vpp = 5 V (see section 5.5.2).
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The source-to-well junction is essentially a one-sided pn junction with a
built-in voliage of Vp; = 0. 82 V. From Fig. 5-20, we estimate that the
depletion-region width exiends into the n-well ~0.35 um, since there is no
applied voltage across the junction (e, both the source and the well are
connected to Vpp). The ap-junction to the substrate has a built-in voltage of
0.63 V, and the (otal depletion width of this junction at a 5 V bias is ~1.9 um,
We calculate that about 0,19 um of this depletion region is in the n-well. The
n-well must therefore be deep enough to accommodaie the depth of the source
junction {0.4 um) as well as the sum of the depletion region widths in the well
in order for vertical punchthrough o be avoided. While the total of these
dimensions is 0.94 um, it is good engineering practice o increase the depth of
the well by about 50% to account for process variations. A reasonable well
depth might therefore be 1.5 um,

6.2.4 CMOS on Epitaxial Substrates

As will be described in the section dealing with latchup prevention {section 6.4.8.2),
heavily doped substrates with a more §i%huy doped surface epitaxial fayer have been
utilized to suppress latchup in CMOS.11 When such starting material is used with
single-well CMOS, the epitaxial layer is doped to a concentration equal to that of the
substrate in a nonepitaxial wafer used for that process. If a twin-well CMOS process is
used, the epitaxial layer is doped to a level significantly lower than that required for
building either the p- or r-channe! MOSFETs (see section 6.2.5).
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Fig. 6-% A p-on-p-epi doping profile and diffused n-well profile measured after the entire
CMOS process has been completed. The as grown epi thickness is 4 fum and the final lightly
doped epi thickness is about 2 um. 116 (@ 1987 IEEE).
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The epitaxial layer is made thicker than the well depth, since the dopants in the
heavily doped substrate under the epi layer diffuse toward the surface as the well dopants
are diffused toward the bultk (Fig. 6-9). Thus, some of the epitaxial Iayer becomes more
heavily doped during the CMOS process flow. The process is designed so that the
bottom of the well is eventually adjacent to the heavily doped substrate region,

Either n-epi on a* substrates or p-epi on p* substrates can be used, with each method
having advantages and drawbacks. Because the problems with n-epi on nt are more
serious, p-epi on pt is more widely used. The major limilation of the latter approach is
that the outdiffusion of boron from the p* is much more severe than it is in n-epi on
n*. (The reason for this is that boron diffuses much more rapidly than antimony, which
is the most widely-used n* dopant material.} Thus, a thicker p™- epitaxial layer must be
used.

In addition, the transition region between the pT substrate and the p™- epi layer is
thicker, producing a larger series resisuance (Rgyp), which in turp reduces latchup
immunity. On the other hand, the p-on-p™ material is less sensitive to process-induced
defects, and the p-type substrate provides higher conductivity under NMOS devices.
Such additional conductivity is desirable, since it reduces the voltage drops caused by the
substrate currents (generated as a result of the hot-carrier effects in short-channel
devices). It is especially imporiant in the regions containing NMOS devices, since the
hot-electron substrate current is much higher in such devices than in PMOS devices.

The n-on-n" epitaxial substrates also offer some advantages. First, SRAMs are often
built on n-type substrates, because the p-well Lo n-substrate junction provides prolection
from radiation-induced discharging of the memory's n-type storage nodes in the p-
well.12 Second, retrograde p-wells are easier to implement because their implantation
energy requirements ate much Jower, Third, the n-to-n" wansition region is smaller than
that in p-on-p™ substrates, and the smaller value of Rgyp provides improved latchup
protection,

The limitations of r-epi on n™* involve the process by which the heavily doped
substrate is grown, Antimony (Sb) is the n-type dopant used, both because its diffusion
coctficient is so low and because i exhibits much less lateral autodoping than arsénic
{the other slow-diffusing n-type dopant). The problem with $b is that its segregation
coeflicient, ky, is very small (i.e., ko sp = 0.023; see, Vol 1, chap. 1), and thus a large
quantity of Sb must therefore be put into the Si melt to ensure that a sufficiently
heavily doped ingot will be produced. In even the most highly refined Sb there are high
concentrations of unwanted heavy metals, which become incorporated into the growing
silicon crystal, In addition, the oxygen content of the Sb-doped crystal is relatively
small, due in part to the special growing conditions used when the §b-doped ingot is
pulled.” 910 Ag a result, inwrinsic gettering techniques that would getter the metals in
the substrate are not as effective as they are in p-on-p* epi, For these rcasons, n-on-n*
substrates are less frequently chosen when epi-CMOS is impielmamed.12

A problem that exists with both types of epitaxial substrates for CMOS is that the
wells cannot be made too decp, since the lateral diffusion would then take up too much
arca. On the other hand, if the wells are too shaliow, vertical punchthrough will
ensue.d? A second problem is that of leakage current. Appreciable leakage current can
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Fig. 6-10 Cross section of a twin-well 1.2-um CMOS structure.}2 Reprinted  with
permission of Semiconductor International.

flow in the verticat path in two different situations. First, punchthrough can occur if the
depletion regions of the p/n-well junction and the a-well/p* -substrate junction touch
each other. The problem is even more severe in the case of the heavily doped pt
substrate, due-to the high degree of boron outdiffusion. A major limitation is thus
imposed on the minimum epitaxial-layer thickness, Second, it may be possible for the
source regions to become biased 1o a potential below Vg,

Another problem of epi-CMOS is back surface autodoping. For example p-type 20
Q-cm (71(1(}14 boronfem?) epi on a 0,005 Q-cm (2x1(}19 bomn/cm3) substrate is
representative of epi for CMOS devices. If the substrate back is not sealed (e.g., using a
sealing Jayer such as undoped silicon dioxide or silicon nitride), boron evaporation can
contribute to asodoping on the front surface during the entire epi deposition cycle.
This widens the epi/substrate interface and may even prevent the cpi from reaching the
20 £3-om specified resistivity, Note that if silicon nitride is used as a sealing layer it
should only be used in thin layers (e.g., less than 100 nm thick) since its high intrinsic
stress causes it 1o bow the silicon, !

6.2.5 Twin-Well CMOS

With the twin-lub approach, two separate wells are formed for - and p-channel
transistors in a lightly doped substrate (Figs. 6-8¢ and 6-10). The substrate may be
cither a lightly doped wafer of # ar p material, or a thin, Hghily doped epitaxial layer on
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a heavily doped substrate. In cither case, the level of surface doping is significantly
lower than that required for building either the p- or n-channel MOSFETs, Each of the
well dopants is implanted separately into the lightly doped surface region and is then
driven in to the desired depth.

The doping profiles of each of the device lypes can be sot independently, since the
constraint of single-well CMOS does not exist {i.c., that the well doping must always
be higher than the doping of the substrate in which one type of device is made). This
was originally cited as an advantage of twin-weli CMOS over single-well CMOS, with
the argument made that both device types could thus be optimized.!¥ This claim for
1-2 um CMOS has been questioned by Chen,® who points out that in modemn single-
well CMOS processes, an additional implant is used to prevent punchthrough without
the need to raise the entire substrate-doping concentration. By incorporating this
additional implant, it is possible to build higher-performance devices than can be
achieved with the twin-well approach, in terms of junction capacitance and sensitivity Lo
body effect.

Twin-well CMOS does offer some significant benefits for devices with submicron-
channel lengths {although these advantages are gained at the cost of greater process
complexity).

The first, and most important advantage arises when devices with submicron channel
lengths are fabricated. Since it is recognized that the two device types perform similarly
as channel lengths approach 0.5 pm, it is useful to provide symmetrical #- and p-
channel devices. Furthermore, at submicron dimensions the body doping of both
transistor types mast be raised significantly to prevent punchthrough and to maintain
adequate threshold-voltage levels. Thus, the advantage of having one type of MOS
transistor in a lightly doped region (to oplimize i1s performance at the expense of the
other) disappears. It is instead more beneficial to produce two types of active device
wells, each with its own optimized doping profile (i.c., formed by scparate implants
into a lightly doped substrate).*

The second advantage of the twin-well process is that it is compatible with the
technologies of either isolation by selective epitaxial growth (SEG) or trench isolation.?
Both approaches restrict the lateral diffusion of the dopants in each of the wells, In
addition, sidewall inversion along the trench is less likely when both device sidewails
are butted against a trench that has been formed in a more highly doped well.!S Finally,
when deep trenches are used with a thin epitaxial layer on a heavily doped substrate,
tatchup can be eliminated. The combined use of the twin-well process and advanced
isolation techniques aflows 1™ to p* spacing 1o be dramatically reduced in comparison to
single-weli technologies,

* It is not useful to start with a substrate doped to the optimum level needed for just one of the
submicron devices. If this were done, a single well of much higher doping would have 1o be
established for the other type of submicron device, which would unnecessarily degrade the
device performance. It is possible, with the twin-well approach, o have both types placed in
a well of oplimum doping profile.
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A third benefit is that the combination of epitaxial substrates and the twin-well
process allows either substrate type to be chosen with no effects on transistor
performance and essentially no change in process flow. Such flexibility is useful since
some applications are best met with n™* substrates and others with p* substrates. This
advantage may be important if a single process is needed for implementing designs with
different applications.

Finally, self-aligned channel stops can be casily implemented in the twin-well
approach, allowing the spacing between a- and p-channel devices to be reduced.
Although this spacing reduction is not as great as it would be if trenches or SEG were
used, the process is much less complex with the twin-well method.

6.2.6 Retrograde-Well CMOS

Conventional wells are formed in single- and (win-well CMOS technology by
implanting dopants and then diffusing them 1o the desired depth. However, the diffusion
occurs laterally as well as vertically, which has the effect of reducing packing density. I
a high-energy implant is used to place the dopanis at the desired depth without further
diffusion, much less lateral spread occurs (see Vol. 1, chap. 9). Such high-encrgy
implanis also cause the peak of the implant 10 be buried at a certain depth within the
silicon substrate {depending on the implantation encrgy), and the impusity concentration
decreases as it approaches the wafer surface. Since the well profile in this case is
different from that of conventionally formed wells (in which the doping concentration is
highest at the surface, and decreases monotonically with depth), such deepty implanted
wells are known as retrograde wells. The retrograde-doping profile is retained by
minimizing the temperature cycles of later process steps.  Retrograde wells can be
implemented on both bulk wafers and on epitaxial wafers.?

Besides the potential benefit of increased packing density, such welis offer the
following advantages:?

= A retarded clectric field is created in the parasitic vertical bipolar transistor
(thereby providing some protection against laichup; see section 6.4).

* Susceptibility to vertical punchthrough is reduced.

* The conductivity in the bottom of the well is increased, which also provides
some further latchup protection (as will be explained in section 6.4.5).

= A higher threshold voltage can be achioved in the field regions of the p-wells
since the boron implant is done following field oxidation (L.e., the boron does not
segregate out into the field oxide as it is grown).}®

* Lateral diffusion of the boron is also eliminated, thereby reducing encroachment
of the boron into the active regions.

A disadvantage of the retrograde-well approach is that both the junction capacitance
and body factor are significantly increased. For example, in a simulation of a 32-bit
CMOS arithmetic logic unit (ALU), it was found that the circuit delay increases by
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Fig. 6-11 (a) Twin-tub device cross section in which a retrograde p-weil is used. General
Electric AYLSI Process, (b) Retrograded p-well implanted impurity concentration profile.
General Electric AVLST process. Also shown is a conventionally thermaily diffused weil3
{© 1986 IEEE). {¢) Simulated doping profiles in PMOS channel regions: dashed lines, Hghtly
doped substrate; solid lines, retrograde newell 23 (© 1982 IEEE).

about 7% as the p-channel junction capacitance increases by 30 percent.* When the
retrograde well is formed by means of a very high-energy implant, however, the doping
concentration under the bottom of the source and drain regions is reduced, which reduces
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the junction capacitance. This implies that if a very-high-energy ton implanter (~1
MeV) were available as a manufactaring tool, the disadvantage of retrograde wells could
be overcome.!” In addition, the higher doping that will be required in the wells for
fabrication of submicron CMOS devices may mean a less severe junction capacitance
penalty.

Although both p-type!8 and n-type!® retrograde wells have been demonstrated (see
Figs. 6-11a and b, and Fig. 6-11¢,23 respectively), the p-type technology has been
more widely implemented. The reason for this is that a 700-keV (or greater) ion
implanter is required for the formation of n-type retrograde wells. As of 1989 such
machines were commercially available (e.g. NV 1003}, but not yet found in ordinary
production environments because of their relatively high cost. The p-type retrograde
well, on the other hand, can be formed cither by implanting singly ionized boron at 400
keV or doubly ionized boron at 200 keV (because of the larger projected range of boron
compared with arsenic or phosphorus; see Vol. 1, chap. 9). Although the doubly
tonized boron approach is achievable with conventional production implanters, it is not
a trivial process to implement. In addition, a quadruple-well technology has been
developed, This approach uses deep retrograde p- and z-wells, as well as shallow p- and
n-wells (Fig. 6-12).112

A twin-retrograde-well 0.7-um-CMOS process for fabricating 1-Mbit SRAMS has
been reported,” The high energy implants also allow a restricted thermal budget to be
used, thus reducing the up-diffusion from the p* substrate. This permits the use of a
thinner ¢pi layer (which also helps prevent latch-up), and also aliows implantation of

p-Channel
Gale

n-Channel

~
_* Shallow n-Well

P Channet Sto
"' Shallow p-well P

" Deep Retrograde p-wWell

Lightly Doped
a-Substrate

Fig. 6-12 Cross section of a quad-well CMOS device, 117 Reprinted with permission of
VLSI Design.
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the channel-stop dopants after the ficld oxide has been grown and planarized (thus
minimizing lateral diffusion of the boron channel-stop dopants).

6.2.7 Summary of CMOS Well-Technology lssues

The selection of a particular CMOS process depends Targely upon circuit applications,
and to a lesser degree on technology evolution, For VLSI circuits with 1-2 um design
ruies, n-well CMOS has been the more widely uged siagle-well technology, both
because n-channel devices can be optimized in the p-substrate and because most circuits
use more NMOS than PMOS devices. In circuits that use transistor channel lengths
smaller than 1 pm, twin-well and retrograde-well technology will become more
attractive. As noted, the price will be increased process complexity.

The optimam process-integration design strategy is 1o first select the well technology
(and to decide whether or not 10 use epitaxial substrates), and o then select the isolation
method. Once these decisions have been made, the well depth and doping profile can be
determined. The well depth will impact the lateral-diffusion distance of the well and the
vertical-punchihrough voliage, The doping profile will affect transconductance, threshold
voliage, source/drain punchthrough, junction capacitance, carrier mobility, source/drain-
to-substrate breakdown, sensitivity Lo body cffect, and hot-electron effects.

6.3 p-CHANNEL DEVICES IN CMOS

The fabrication of p-channel devices in CMOS presents some unique problems which
arise from the need to build both NMOS and PMOS devices on the same chip. The
problems revolve around the choice of a doping type for the polysilicon gate electrode
and the impact of this choice on the threshold voltage and transistor action of PMOS
devices.

6.3.1 PMOS Devices with n+-Polysilicon Gates

As mentioned earlier, the threshold voltages of the n- and p-channel devices in a CMOS
circuit should have comparable magnitudes for optimal logic-gate performance. To
allow for maximum current-driving capability, the threshold voltages should also be as
small as possible, with the minimum value dictated by the need 1o prevent excessive
subthreshold currents under normal circuit operating conditions. For 5-V CMOS
technologies, typical threshold voltages are 0.8 V for Yy and 0.8 V for Vp.
Furthermore, the most common choice for the gate material is heavily doped n-type
polysiticon. The work function of n™* polysilicon is ideal for a-channel devices since
these will yield threshold voltages of less than 0.7 V for reasonable values of channel
doping and oxide thicknesses.®

* Note that the polysilicon layer may be combined with a layer of silicide for sheet

resistance reduction; since the polysilicon remains as the underlayer of the polycide, the
work function of the gate electrode will not be changed.
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Figure 5-4, chapter 5 shows the value of Vo in devices manufactured with n'
polysilicon gates (left scale)'® as a function of doping and various gate-oxide
thicknesses (Quor is assumed to be small enough that its effect on Ve can be ignored).
The value of Vo, is less than 1.0 V for gate-oxide thicknesses of 25 nm or less and a
substrate doping of less than 1017 cm3. Thus, the threshold voltage of NMOS devices
can easily be adjusted o the desired value of 0,7 V by means of ion implaniation.

When n* polysilicon is used for the gate electrode of PMOS devices, however, it s
not as easy 1o adjust Vrp to -0.7 V. Figure 5-4 shows Vp (on the left scale for nt

S) asg a funcucn of substrate doping and gate-oxide thickness, In the doping range of

7 ¢m3 , Vrrp is already more negative than -0.7 V. Thus, implanting the 2~

doped %}ody with more n-type dopant would only raise the magnitude of Vopp, rather than

bringing its value closer to the desired -0.7 V. To reduce the magnitude of V7 in

PMOS devices using an n" polysilicon gate, it is necessary to implant the channel with

a shallow layer of boron, The dose must be heavy enough o overcompensate the

n-surface so that a p-region depleted of holes is formed. This shifts V1, toward more
positive values by forming a compensating layer,

Fhe fact that boron is implanted Lo adjust both V1, and Yy, in CMOS circuits with
a* polysiticon gates suggests that a single implant coutd be used instead of two separate
implants. Figure 6-13 shows that this can be accomphshcd if the appropriate

background dopings are chosen for the substrate and the well. 21 On the other hand, it
2 -2
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Fig. 6-13 Threshold voltages of n-channel (VTp) and p-channel (V7p) transistors as a
function of boron threshold-adjustment dose. The CMOS structure uses an #-well implanted
into a p-subsirate {whose doping level is 6x1014 atomsjcm3). V1p results are shown for
various implant doses of the n-well.2! (@ 1980 IEEE).
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Fig. 6-14 Channel potential profiles in PMOS device in CMOS. Dashed lines: buried
channel PMOS in » lightly deped substrate. Solid lines: buried-chanmel PMOS in a retrograde
n-well, Dotted lines: surface chaninel NMOS drawn for comparison.23 (© 1982 IEEE).

may be decided to use two scparate implanis in order to achieve better short channel
behavior through individual optimization of the n- and p-channel devices.

6.3.1.1 Punchthrough Susceptibility. PMOS devices in which boron is
used 1o adjust Vo exhibit a high susceptibility o punchihrough effects, since the boron
implant produces a p-layer with a finite thickness. The potential minimum in the
channel is thus moved away from the 8i-$i0Oy interface (Fig. 6-14), causing more
carrent to flow below the surface of the device.?? Such PMOS devices are referred 10 as
buried-channel transistors. As scen in Fig. 6-14 (which gives the calculated variation of
the potentiaf as a function of distance below the surface), the polential minimum moves
{urther into the substrate as the thickness of the implanted p-layer is increased.

As the potential minimum moves deeper below the surface, the punchthrough
susceplibility also becomes more pronounced {see section 5.5.2). This is illustrated in
Fig. 6-15, which shows the results of a simulation®? in which the lines of cquipotential
in the channel region were plotied for various depths of the channel junction Yj(fora
constant source/drain junction depth of 0,15 pm). As Y is increased from 0.1 t0 0.2
m, the drain electric ficld extends closer 1o the source for a constant gate and drain bias,
Hence, this simulation predicts that more barrier lowering will occur as Y is increased,
leading to an increase in the punchthrough current.

The calculated predictions are supported by experimental data, as shown in Fig, 6-16,
which plots the subthreshold Ipy- Vg characteristics of the structures described in Fig,
6-15. The subthreshold swing (5.5.) has the smallest slope when Y;is 0.2 pm
(indicating that the largest punchthrough current flows in this case). In fact, when
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Vas = 0, Ipg is increased by two orders of magnitude as Yj is increased from 0.1 to 0.2
{m.

Leakage currents due to punchthrough in PMOS devices can be a significant problem
in some CMOS IC applications. For ULSI devices, even a small value of leakage
current per device may not be tolerable. For example, it has been shown that in
submicron PMOS transistors (Legr = 0.8 gam), the punchthrough current will increase
by two orders of magnitude if Vg is increased from -1 V 1o -10 V.24 Thug, if the
punchihrough current were 1 nA at -1 V, it would be increased 1o 0.1 pA if Vg were
increased 0 -10 V. Such leakage would cause the dissipation of a few-tenths of a watt
of power in a chip conlaining 1 million PMOS transistors.

The most obvious solution is to increase the PMOS device channel length, This is
done in many CMOS technologies, and it is the reason that the minimum channel
lengths of PMOS devices are often larger than those of the NMOS devices on the same
chip. Another obvious technique is to make the p-buried layer as thin as possible. One
of the reported approaches for achieving this involves implantation with BF,* (which
produces shallower boron layers than implaniation with boron, see Vol. 1, chap, 93,
Another approach is o use a high-cnergy n-implant {e.g., As at 400 keV) in order 1o
place more n-type dopant atoms below the pa junctions {the more heavily doped regions
absorb the drain voltage in a shorter distance, while simultaneously squeezing the
channel pn junction toward the surface).25

To prevent a shallow implanted-boron layer from growing thicker, it is necessary ©
use a reduced thermal budget in order to restrict the process sequence following the
implang in order to resirict boron diffusion. Specific steps for restricting boron
redistribution include the following:!2

1. Implant the boron through the gate oxide. This avoids the oxidation-enhanced
diffusion of boron that would occur during the growth of the gate oxide if the
implant were performed first. In this case, it is necessary to prevent the gate
oxide from becoming contaminated during implant, either by material sputtered by
the beam line or by vaporized resist material used as a mask against the implant.
To prevent such comamination, a thin layer of polysilicon may be deposited on
the gate oxide prior to the implant {in fact, immediately after the oxide is
grown).26

2, After the implant has been performed, the remainder of the polysilicon film is
deposited. This polysilicon is doped during the deposition step (at ~600°C) in
situ with phosphorus, in order to avoid the 900°C phosphorus doping thermal
cycle that would have to be used if the poly were doped following deposition.

3, A BPSG glass layer is used as the dielectric between the gate and the first level
of metal. A significantly lower temperature can be used to flow BPSG than PSG
(e.g., 850°C versus 1000°C). A lower temperature cycle can thus be used 1o
smooth the surface topography (flow step) and gently taper the contact holes after
etch (reflow step).
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The use of a boron implant to adjust Vo, becomes less feasible as devices use even
thinner gate oxides, since larger doses of boron are needed. "z’j thus becomes deeper, and
the punchthrough problem worsens. Solutions involving the use of gate electrodes
other than ™ polysilicon must therefore be explored. One alternative is to use pt
polysiticon for PMOS devices; another is to use a material whose work function is very
close to the mid-gap of silicon, thereby allowing symmetrical threshold voltages for n-
and p-channel devices.

6.3.2 PMOS Devices with p*-Polysilicon Gates

When p* polysilicon is used for the gate material, Vp is shifted from the values that
occur when n' polysilicon is used. Figure 5-4, chap. 5 plots Vrp as a function of
substrate doping when p™ polysiticon is employed {using the scale on the right side of
the figure). Vrp can be seen to be less negative than 0.7 V over the substrate doping
range of 10131017 em-3, Thus, it can casily be made more negative through the
implantation of phosphorus or arsenic into the channel. If p™ polysilicon is used
throughout the circuit, however, the NMOS device then has to be pvercompensated in
order for V1, to be reduced to sufficiently small values. (Note that some reports have
been published on the use of p* polysilicon alone.27:28) This implies that it would be
ideal 10 use both " and p* poly gates on the same chip (with n* poly for NMOS
devices, and p™ poly for PMOS devices).!®

Such a dual-doped poly approach, however, would add process complexity, and would
atso introduce other problems arising from the need to connect the two types of poly
(e.g., at the input of an inverter). Such problems occur when a silicide overlayer (or
strap) is used to make the connection between n* and p* poly (as a method 1o avoid a
separale, space-consuming metal contact). Because the silicide strap provides a very
rapid diffusion path for boron and arsenic, one type of poly can be counterdoped by the
other when the device is subjected to high-temperature excursions. This counterdoping
can occur 1o the degree that a region of poly can change doping types (ie., from a* to
pT). In such cases, the threshold voliage of devices with counterdoped poly will be
shifted from their designed value.

if the processing temperature is limited 1w 800°C after the two types of poly have
been connected by the silicide, such fateral diffusion does not produce significant shifts
in V.29 On the other hand, temperatures of 900°C will produce sufficient
counterdoping 1o significantly shift Vp. Since one of the last high temperature steps in
CMOS is activation of the source/drain implants, this would mean cither usiag a lower-
temperature activation step, or performing the step prior to formation of the silicide
layer. Process considerations for 0.5-um CMOS technologies using both #* and p*-
poly gates are described in reference 85.

Another approach is to form a polysilicon electrode with an overlying conductor layer
that suppresses such counterdoping. One such structure is a W-TiN-poly electrode
structare. 105 The thin (30-nm) TiN film acts as a diffusion barrier to the dopants in the
poly and also prevents reaction botween the poly and the W. Very little of the dopant
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present in the poly is found to diffuse into the W, even following an anneal at 900°C
for 1 hour,

Another problem encountered with p* poly gates when a thin gate oxide is used is
poor V process control, due to penetration of the boron into the oxide {or further, into
the silicon).”® 1t is reported that boron will penctrate gate oxides that are <12.5 nm
thick during a 900°C 30-minute post-implant anneal in Ng.8! This implies that if p*
poly gates are used, a lower processing temperature may be needed.85

If too low a temperatuze is used, however, the boron implanted into the polysilicon
will not be sufficiently redistributed. The polysilicon dopant concentration at the
polysiticon-gate oxide interface could thus end up being less than the mid-101%/cm®,
This would make the work function of the polysilicon different from the desired
degenerately doped value, creating Ve control problems in the MOS devices.

It has also been found that the presence of fluorine in the gate oxide worsens the
boron penetration problem (Fig. 6-17a3.12% 124 uch fluorine can be introduced into
the gate oxide if the PMOS source drain regions are implanted using BFy. Elemental
boron is therefore considered inherently superior 1o BFy as the implant species for
surface-channel PMOS devices in CMOS$ technologies that use p-doped polysilicon, A
study of enhanced boron diffusion through thin §i09 layers in a wet oxygen atmosphere
is also reported in reference 107.

6.3.4 Gate Materials with Symmetrical Work Functions
(for Both NMOS and PMOS Devices)

Because the larger work functions of molybdenum (4.7 V), wngsten, or refractory
siticides produce low and nearly symmetrical threshold voltages for both PMOS and
NMOS devices on moderately doped Si substrates, work has been conducted 1o
investigate their suitability as gate-electrode materials. 30 For example, TaSip gates
have been successfully implemented.3! Some of the benefits that such gate materials
provide (besides symmetrical threshold-voliage values) include a reduction in
subthreshold leakage currents and a decreased sensitivity to body bias (Fig. 6-17b).

Molybdenum and tungsten films deposited by means of magnetron sputiering have
also been evaluated in ferms of adhesion to $i0;, mechanical sfress, and compatibility
with silicon processing techniques. 3233 1t was found that both could be deposited with
low compressive stress by adjusting the deposition conditions of the sputter process.
Both films can also exhibit good adhesion 1o $i0s. (An additional advantage of Mo and
W is that their resistivities are about 100 times lower than that of doped polysilicon and
about 10 times lower than that of polycide gates.)

Some novel techniques had to be developed in order for compatibility to be
established with the conventional Si-gate MOS process sequences. For example, it is
necessary to use a wet Hy ambient to oxidize the silicon without oxidizing the Mo?3 or
W gates.30 (This procedure is useful when a screen oxide is to be formed prior 10 the
source/drain implant, but after the formation of the gate sidewall spacers used in LDD
structure.) In addition, Mo and W form a layer of columnar graing, which makes such
films susceptible to ion implant channeling along the grain boundaries. When the
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Fig. 6-17 {s) Boron penectration through the gate oxide causes the threshold voliage in
BF9- implanted PMOS devices to shift positive at anneal temperatures sbove ~8000C. 123
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gate and TaSiy-gate PMOS devices. 118 (@ 1984 IEER),

source/drain implantation is performed, some of the dopants may thus penetrate the gate
fitm. This problem can be overcome by limiting the ion energy> or by depositing a
thin layer of PSG {~60 nm thick) on the gate electrodes prior 1o implantation.??

Finally, V1 control with refraciory metal gates was once a problem because of the
relatively high concenirations of radicactive impurities (e.g., U and Th} in Mo and W
sputtering targets. Such impurities can also produce soft errors in farge memories.
Recently developed chemical-purification procedures have significantly reduced the
concentrations of U and Th in these sputtering target materials.34 Methods for
depositing Mo3? or W98 by CVD offer another option for forming of hi%h-purity
films. A deep-submicron CMOS process that uses a W gate has been reported, 7
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6.4 LATCHUP IN CMOS

A major problem in CMOS circuits is the inherent, self-destructive phenomenon known
as latchup.36 Latchup is a phenomenon that establishes a very low-resistance path
between the Vpp and Veg power lines, allowing large cusrents o flow through the
circuit. This can cause the circuit to cease functioning or even to destroy itself (due to
heat damage caused by high power dissipation).

The susceptibility 1o laichup ariscs from the presence of complementary parasitic
bipolar transistors structures, which resull from the fabrication of the complementary
MOS devices in CMOS structures. Since they are in close proximity to one another,
the complementary bipolar stuctures can interact electrically 1o form device structures
which behave like prpn diodes. In the absence of triggering currents, such diodes act as
reverse-biased functions and do not conduct. It is possible, however, for triggering
currents t0 be established in a variety of ways during abnormal (but nevertheless
frequently occurring) circuit-operation conditions (e.g., lerminal overvoltage stress,
transient displacement currents, fonizing radiation, or impact ionization by hot
electrons). Since there are many such parasitic pnpn structures on a VLS CMOS chip,
it is possible to trigger any one of them into latchup,

The phenomenon of latchup is well understood,37 and many approaches have been
implemented to control or even climinate it. However, since the problem is increasing
in severily as device dimensions continue to shrink, new latchup suppression techniques
will be needed.

Latchuyp is fairly complex and can be a difficult concept to grasp for readers not weli-
versed in device physics. We will thercfore briefly review the device concepts relevant
10 the problem before discussing the processing, layout, and circuit design techniques
that have been developed to solve it

6.4.1 Parasitic pnpn Structures in CMOS Circuits

Cur example device conliguration will be a p-well CMOS technology. As shown in
Fig. 6-18a, lateral pnp and vertical npn transistor struciures are inevitably created in
p-well CMOS as a result of the multiple diffusions needed (o fabricale p- and a-channel
devices. The emitter of the lateral pap transistor 13 the p* source andfor drain, while its
base is the n-substrate and its collecior the p-well. The a* source and/or drain comprises
the emitter of the vertical npn device, while the p-well forms its base and the p-substrate
its collector. The equivalent resistances of the subsirate (Rgyp) and the well (Ry) are
also important elements of the latchup structure,

Several major aspects of these parasitic devices can be seen by studying the CMOS
device cross-sections shown in Figs, 6-18a and 6-18b. First, the base of the npn
transistor is connected to the collector of the pap transistor (i.e., they are pan of the
same g region in the CMOS structure), and the base of the pnp is connected to the
collector of the npn. We can therefore draw a simplified equivalent circuit diagram of
this connection (Fig. 6-18¢). 1t can be seen that the base of each transistor is driven by
the collector current of the other, forming a positive feedback foop., Next, we note that
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Fig. 6-18 {2} Cross-sectional view of a p-well CMOS inverter with parasitic bipolar
transistors and lateral currents schematically shown* (© 1986 TEEE). {by Schematic showing
the parasitic apn and pap transistors in a p-well CMOS inverter. From W. Maly, Atlas of IC
Technologies, Copyright 1987 by the Benjamin/Cummings Publishing Company.
Reprinted with permission. () Simplified equivalent cirenit diagram showing how these
parasitic trangistors are connected in the CMOS structure. (d) Schematie version of the circuit
diagram of part (¢). (e) papn diode obtained by merging the connected nj and pg regions
shown in part (d).
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the emitter of the apn is connected 1o Vgg (e.g., 0 V), and the emitter of the pnp is
connecied 1o Vpp. These external power-supply connections can also be added to the
equivalent circuit diagram.

It should be noted that this simplified diagram ignores the parasitic resistances of the
electrical paths through the bulk regions of the silicon, Rg,p, and Ry, These resistances,
however, are very important in the understanding and control of latchap, and they will
therefore be incorporated as soon as the simplified description of the device behavior is
presented (Fig. 6-18¢). The simple pnpn diode circult to be used in the initial
discussion turns out to be a "waorst-case” possibility. That is, the addition of Rgyp and
Ry to the circuit model actaally reduces the latchup susceptibility of CMOS. Since the
two transistors are connccted via their base and collector regions, by merging both the
n1 and the pp regions in Fig. 6-18d, we come up with a parasitic device structare (Fig.
6-18¢).

6.4.2 Circuit Behavior of pnpn Diodes

Devices with structures like those shown in Fig. 6-18¢ and with external connections
to the two end regions only, are known as papn diodes.* The terminal connected to the
p) region is called the anode, and the terminal connected 1o the iz region is called the
cathode. When an external voltage is applied with the anode voltage positive with
respect to the cathode, and the resulting current T is measured, the -V characteristic of
this device is observed to have four distinct regions (Fig. 6-19); as follows:

Region 1. For voltages with values from a o b, very litde current is observed
to flow front anode 10 cathode, and the device is said to be in an OFF, forward-
Blocking, or high-impedance state. In this state, junctions J; and J4 are
forward-biased, and I is reverse-biased. The externally applied voltage appears
primarily across the reverse-biag junction.

Region 2. For voltages with values from b o ¢, the voliage across the reverse-
bias junction, I, approaches the breakdown voliage of that junction. The
current during this voltage excursion increases slowly up o the breakover
voltage, Vo (point ¢}, at which point it suddenly increases abruptly.

Region 3. For vollages from ¢ to d, the device exhibits a differential negative
resistance (Le., the current increases ag the voltage sharply decreases). This is
a transient state, which occurs as the device swilches from the OFF state o
Region 4 operation (ON state),

Region 4. For voltages beyond ¢, the I-V characteristic exhibiis low-imped-

* Note that the generic term diode simply means a device with 1wo electrodes. Therefore, we
should not expect the electrical behavior of all two terminal electronic devices to be alike.
More specifically, we should not confuse pnpn diodes with pn diodes, with respect o
clectrical behavior. In fact, as we shall see, the I-V characteristic of the three junction prpn
diode is considerably different, and more complex, than that of the single-junction pa diode.
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Fig. 6-19 (2) pnpn diode showing current reference direction and voltage polarities used in
part b, (b} IV characteristic of a papn diode,

ance behavior. The I-V curve in this region behaves very much like that of a
single forward-biased pr junction and is known as the ON, (or forward
condueting) slate, In this state the junction Jo is forward-biased, and the
voltage across the entire device is on the order of 1.0V, If the current through
the device is reduced while it is operated in this state, the device will remain
ON only as long as I excecds Iy (the so-called holding current). 1f the current is
reduced below Iy, the diode switches back to the high-impedance state. The
voliage across the device when Iy is flowing is cailed the holding voltage, Vyy.
Thus, a papn diode operated with a positive voltage between the anode and
cathode is a bistable device that can switch from an OFF state to an ON state,
or vice versa. If the external circuit can supply more current than g, the device
will remain {atched in the ON state as long as power is applied.

The parasitic papn structure in the CMOS circuits exhibits essentially the same [-V
characteristic as the device just described. If the parasitic pnpn diode is triggered inlo
operating in Region 4, and if the external circuit can provide the necessary holding
current, the CMOS circuit will remain latched up in the ON state, even if the source of
trigger current has been removed,

6.4.3 Device Physics Behavior of pnpn Dicdes
Assume that a voltage source through a resistor once again applies a positive voliage to

the papn diode, as shown in Fig. 6-19a, and that this produces a current { through the
device. In Region 1 the applied voliage forward-biases I1 and J4 and reverse-biases Jo.
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If the emitier-base junction of a bipolar transistor is forward biased and the collector-
base junction is reverse-biased, the transistor is in the gcrive mode of operation. Thus,
in the equivalent circuil of Fig. 6-18c, transistors Qy and Qg are both biased in the
active mode when the diode is operated in Region 1. I a bipolar transistor 18 operated
in the active region, the collector current of a transistor is given by I¢ = odg + Ico.
When this equation is applied to Q and Qs, then

Igp =-o11+ Icon (6-2a)
ard
Icg = -0 I + Iean (6-2b)

where o1 and o are the common-base current gains of Q, and Qy, respectively.
According to Kirchhoffs current law, the sum of the currents eatering Qy must be
zero. Using this law and the current components as shown in Fig, 6-18¢, we get

I-Igp - Igp = 0 (6-3)

Combining Eqgs. 6-2 and 6-3, we oblain

. (Tco, + Ico, )

(6-4)

P (oy + o)
It can be seen that as the sum of &1 + @y approaches unity, the current [ increases
without limit, Al this point the device is said 1o break over.

In bipolar transistors, the magnitude of o increases with collector cumrent at low
current levels (as shown in Fig. 6-20a). Since the value of I¢ is increased as the
avalanche breakdown voltage of the collector junction is approached, an increase in
coliector voliage can therefore lead (o a significantly increase o.

When the collector currents are small, both oy and o are much less than 1, and the
current flowing through the diode is essentially the sum of the leakage currents, o =
Ico2 +1co1. As a result of the effects that lead 1o the increase of o, however, if the
voltage across the papn diode is increased (o a point near the collector-base junction
breakdown voliage, the magnitude of the two alphas also increases. If the sum of the
two alphas approaches unity, the current I begins to rise rapidly, which further increases
the magnitudes of the alphas (this is an example of a positive-feedback, or regenerative,
mechanism). When o + gg = 1, breakover cccurs, and Region 3 operation sets in,

Beyond this point, device stability is provided by forward-biasing of the junction §5.
Since both junctions in each of the two transistors are now forward-biased, both Q; and
Q2 are in the saturation region of operation. In saturation, the current gain of a bipolar
transistor o again becomes smaller. As a result, once the diode enters the ON region,
the transistors enter saturation {o the degree necessary 10 mainiain the condition of o +
o = . The current I then increases to a value that is essentially limited by the
external circuitry.
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Fig. 6-20 (a) Dependence of current gain on the collector current. (b) Equivalent circuit
model of the latchup structure in CMOS, including the parasitic resistances, Ry and Rgyb.

In the ON region, the vollage across the device is the algebraic sum of the voliages
across the three forward-biased junctions. Since the voltage drop across the center
junction J; is in the opposite direction of the voltage drops across Iy and J3, the total
drop across the pnpn diode in the ON region is about 1.0V,

To maintzin the diode in the ON region, the condition of oy + oty = 1 must continue
to be satisfied. The holding current is the minimum current at which this condition is
still mes, If the current through the device is reduced to less than Iy (or if the applied
voltage drops below Vyyy, the diode switches back to the OFF region of operation.

We can also express the condition o + e = 1 in terms of the P of the device by
adding (o0 10 both sides of the equation and rearranging terms, o get

(o100) (6-5)

Oy @y =
1 - Oy - {IZ + 00

This can be further rearranged to give us

| 22 =1 (6-6)
(1 - 09)(1 - ty)

Since (@171 - otp) = Py, and {(op/1 - o) = Bo, we finally get
o + oy = PPy =1 (6-7)

We will refer to the expression Bifz = 1 as the current-gain-product latchup condition
Jor an ideal papn diode.
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6.4.4 Summary of Necessary Conditions for Latchup

Based on the principles of operation of pnpn diodes, the following four conditions must
exist in a CMOS circuit in order for latchup 16 occur:

Latchup Condition #1. The emitter-base junctions of both parasitic bipolar
transistors must be forward-biased. (It commonly happens, however, that initially
only one transistor has its emifler-base junction forward-biased. This condition
may then supply the current necessary to forward-bias the emitter-base junction of
the second bipolar transistor.)

Latchup Condition #2, The product of the transistor gains must be sufficiently
large to allow regenerative feedback. (We swill see that the minimum product of
Brpn and Bpnp needed to induce latchup in real CMOS structures is usually much
greater than 1. That is, the BapnBpnp product needed to cause latchup = 1 in ideal
pnpre devices, but >1 in actual CMOS structures.)

Latehup Condition #3. 'The external circuit must be able to supply a voltage
equal to or greater than the holding voltage, Vi, of the prpn structure.

Latchup Condition #4, There is a minimum latchup trigger time for which the
stimulus must be present in order for the circuit to be laiched.

6.4.5 Circuit Behavior of pnpn Structures
in CMOS Circuits

In actual CMOS circuits, the parasitic pnpa device structures consist of two
complementary parasitic bipolar transistors adjacent each other. The parasitic series
resistances of the electrical path from the n-well contact to the npn collector, Ry, and
of the path from the substrate contact o the pnp collector, Ry, are also important
circuit clements of the structure. Hence, the equivalent circuit that most accurately
models the Iatchup structure in CMOS must include Rgyp and Ry, as well as the two
parasitic bipolar transistors (Fig. 6-20b).

One of the effecis caused by each of these two resistors is that a portion of the
collector current of each transistor is siphoned away, reducing the base current. As a
result of such current shunting, the effective current gains of the bipolar transistors are
reduced. In fact, when finite Rgyp and Ry, are included in the circuit, Eq. 6-7 — in terms
of the current gains Brpy and Bpqp — must be modified to more accuralely express
Latchup Condition #2 for prpn structures in CMOS circuits. For the laichup structares
in actual CMOS, thercfore, the inequality is cxpressed as

(Bpnp+ 1) (TR * BIRW )

Bnpnﬁpnp > 1+ PP (6-8)
I Ip, - IRW(H‘E—L‘)

pap
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where Iggup and Igy are the currents that flow in Rgyp and Ry, respectively. The
minimum gain-product needed to induce latchup in CMOS circuits can thus be much
greater than 1, depending on the values of the series resistances.

In general, the approaches to eliminating latchup can be divided into two categories:
(1) those that reduce the bipolar transistor current gains, and (2) those that lower the
value of the series resistances Rgyh and Ry, If either of these approaches is successful,
the atchup condition given by Eq. 6-8 will be harder to satisfy. In the extreme, for
example, if Rgyp and Ry, could be made equal to zero, the two emittess would be short-
circuited and would thus be prevented from ever turning on, Even if Rgyy, and Ry, are
only made smaller, the values of Iy and Igy will increase, making the right side of
the inequality larger. Therefore, various techniques have been developed to decrease the
values of Rgyp and Ry,

6.4.5.1 Value of § In CMOS Vertical Parasltic Bipolar Transistors.
The current gain of the vertical parasitic bipolar transistor in an actual CMOS structuze
depends on the well depth, the well doping concentration, and the built-in field in the
well (see chap. 7). In typical 1-um CMOS structares, the well is 1-2 pm deep and is
doped to ~1x10'6 cm3. In n-well technology, the current gain of the vertical pnp
ransistor, Ponp, will be ~100, In p-well or twin-well technology, the current gain of
the vertical npn transistor, Pppn, will be two to three times larger than that of the pap
device in n-well technology (due to the higher minority-carrier mobility in the base
region).

The transient response of the bipolar transistors is also important because of the
minimum latchup trigger ime (Latchup Condition #4}. In addition, laichup in a real
circuit is normally induced by transient triggering. The transit time for minority
carriers across the base region is a measure of the transient response of a bipolar
transistor. The minimum latchup trigger time may be approximated by the sum of the
vertical and lateral bipolar transit timesA® A typical value of the transit time of a
vertical transistor in a 1-pm a-well CMOS technology is several nanoseconds.

6.4.5.2 Value of B in CMOS Lateral Parasitic Bipolar Transistors.
The current gain of a lateral bipolar transistor is determined primarily by the layout
spacing between the diffusion outside the well o the well edge, since thig is the
dimension of the tansistor's base width (although the gain is also impacted by the field
doping outside of the well and the well depth). Since the base width of the lateral
transistor is usually much larger than that of the vertical transistor, the B value is
generally an order of magnitude lower (¢.g., B ranges from ~2 to0 4 in CMOS structures
whose n* 10 n-well spacings vary from 5 um down to 2 um).

The larger base width also means that the base transit time is also much greater. The
poor current gain of the lateral bipolar transistor reduces the tendency of the CMOS
structure 0 underge laichup when dc signals are applied, while the longer base-transit
time increases the minimum triggering time for transient-induced latchup. As the
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layout spacing shrinks in high-density ULSI, however, the f§ is increased and the base
transit ime is reduced.

6.4.6 Circuit and Device Effects that Induce Latchup

For latchup 1o ocear, the emitier-base junctions of both of the parasitic transistors must
be forward-biased. This eircuit condition can be produced in the larchup structure of
CMOS circuits in three ways, each of which can be triggered by various physical
stimuli. In addition, virtually all latchup failures occur as a result of wansient stimuli.
To fully describe the various laichup causing mechanisms, we will refer 1o Fig. 6-18d
(the equivalent carcmt medel), and o Fig. 6-18a (the CMOS inverter cross-section). The
three scenarios 638 that lead to latchup are described in the next paragraphs.

6.4.6.1 An external stimulus forward-blases the emitter-base of
one transistor, and i{s collector current then turns on the second
transistor. To explain latchup in such cases, let us assume that the externally
applied stimulus is a voltage overshoot at the output node of an p-well CMOS inverter
driver circuit, This is, in fact, the most common cause of latchup. 54

The sequence of events is as follows: The source region of the PMOS device and the
substrate contact are both connected (o Vpp to ensure that the source-substrate junction
is never forward-biased (Fig. 6-18a). The drain of the PMOS device, however, is
connected to the output of the inverter. If this output is fow (e.g., 0 V), the drain-
substrate junction is reverse-biased, and no latchup can ocecur — that is, both of the
structures that coutd be emitiers for the parasitic pnp device (L.e., the source and the
drain of the PMOS device) are at potentials lower than or equal to that of the base
region. If the output state of the inverter is kigh, the drain-substrate bias should then
equal 0 V; in this case there should still be no reason for latchup to occur (ie., we
assume that the output of the inverter is designed to reach Vpp in the high-output
state}.

If a voltage overshool occurs at the cutput terminal, however, the output node
experiences a condition in which Vpp is exceeded. (Overshoots and undershoots are both
common, especially at input/output {I/O] device nodes, where signals tend to be noisy).
If the overshoot causes the voltage as the drain region 1o exceed Vpp by more than
about 0.6 V, the p*-n drain-substrate junction becomes forward-biased. Holes are
m;ected into the n-substrate (the base of the pnp; see Fig. 6-18a), from the p-type drain
region of the output node. (This region behaves like a second emitter 1o ransistor Qy.)
In essence, a triggering cusrent flows through this emitter.

Some of the holes of this triggering current recombine in the base, while the
remainder reach the p-well (the collector of the pap). The latter represent the pnp
transistor collector current, which now flows both into the base of Q (In3) and through
Ry 10 Vgg. The fraction of the current that flows through Ry, causes a voltage drop
across it; this voltage is also impressed across the emitter-base junction of the apn
transistor (Fig, 6-18a).
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If the voliage drop across Ry, reaches 0.6 V, the npn device will be turned on, That
is, the n* source (the emitter of the npn) will emit electrons into the p-well (the base of
the npn). Some of these electrons will reach the s-substrate and will drift out of the
Vi terminal. If enough electron current exisis in the #-substrate and if sufficient
resistance, Rgyp, exists between the Vpp contact and the pt source, an IR drop will
develop, causing the p* source 1o inject holes into the n-substrate. This hole current
adds to the initial hole current injected from the positively biased drain region. Thus, the
positive-feedback scenario between the pap and the npa transistors is triggered, and
latchup is rapidly induced. A voliage undershoot when the cutput node of the inverter is
in the low state will have the same net effect, except that the npr will be the first
trangistor to turn on,

‘Fransient overshoot or undershoot voliages are 4 particular problem at the outputs of
CMOS driver circuits. since impedance mismatches at the far ends of transmission lines
or printed-circuit-board wiring traces result in reflections that return to the driver cutput
node. It is therefore especially important to utilize stringent latchup-prevention
measures at the input and outpui circuitry of CMOS chips (some combination of guard
structures and multiple-well contacts should be used; see section 6.4.8.3).

6.4.6.2 An external stimulus causes current to flow through both
bypass resistors, forward-biasing one or both bipolar iransistors.
Triggering mechanisms that can cause currents (o flow in both bypass resistors (Ryup
and Ry) include avalanche breakdown of the well-substrate junction (¥4, in Fig, 6-18¢),
photocurrents due to ionizing radiation, and n-well displacement currents (due to the
charging or discharging of the large well-to-substrate junction capacitance), As shown in
Fig. 6-21, the effects of these mechanisms can be modeled by adding a current source,
Iy, and a capacitance, Cyy, o the equivaleat circuit model of Fig, 6-20b, It is evident
that Ieakage or displacement cusrents can still flow in both resistors, even if the bipolar
parasitic transistors are in cutoff.

Examples of the external stimuli that produce these currents are: () voltages across
the power-supply terminals that exceed the breakdown voltage of J2 (and hence cause
avalanche breakdown current, Io); (b) ionizing radiation that causes photogeneration
leakage current, Ig; and {¢) external voltage transients (e.g., the voltage step function
that occurs when a chip is powered-up} that produce displacement currenis in the course
of charging and discharging Cys.

If the current in the bypass resistors is large enough, it can turn on both transistors.
Typically, however, one of the resistances is larger than the other, and the voliage drop
across the larger resistance causes the transistor to which it is connected to be turned on
first. The positive-feedback mechanism that induces latchup is then set in motion, and
when Latchup Condition #2 is satisfied (as given by Eq. 6-8), the circuit laiches up.

6.4.6.3 QCurrent Is shunied through one of the parasitic
transistors by some degradation mechanism, and the resuliing
collector current Hlows through the bypass resisior of the second
transisior, turning H on, The wiggering mechanisms that effectively shumt
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Fig. 6-21 Latch-up equivalent cirenit including well-to-substrate capacitor, Cpg, and
parasitic current source, Iy,

current through a low-impedance path from the emitter region to the collector region of
one of the parasitic transistors include the following:

¢ Inversion of the ficld region between the source/drain regions of the MOS device
in the substrate (emitter of lateral bipolar device) and the edge of the substrate
{cotlector region}.

¢ Punchthrough between the substrate region and the source/drain regions of the
MOS device in the well.

¢ Avalanche ionization near the drain due to hot-clectron effects. Note that in some
cases this type of triggering mechanism can induce lagchup even at voliages lower
than the supply voltage, Vpp.

When one of these effects causes a large enough current to be shunted to the collector of
one of the parasitic transistors, thig current will flow through the bypass resistance of
the second transistor, causing it 1o become turned on. Latchup will occur if the
positive-feedback mechanism causes Larchup Condition #2 10 be satisfied.

6.4.7 Test Methods for Characterizing Latchup
The most common parameters used for characterizing latchup are trigger current (Irig),

holding current {Iyy), and holding voltage (Vi3). The trigger cusrent is the current that
must pass through the emitter-base junction of the pnpn device in order for latchup to
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Table 6.1 Latchup Stimuli

1/0 node voltage overshoot and undershoot Type 1
Avalanche of well-substrate junction

(extra-high voltage on some node) Type 2
Photogeneration

(ionizing radiation) Type 2
Displacement current transient

{voltage transient during power-up of chip) Type 2
Inversion under field oxide Type 3
Panchthrough between n and n-well Type 3
Hot-electron-induced current Type 3

be induced (i.e., it is the current drawn from the power supply just before the test
struciure enters the Jatched state), Large values of Iiyg, Iy, and Vi are desirable for

reduced latch susceptibility. The efficacy of the processing and circuit-layout schemes
designed to reduce the values of Ryyp, and Ry, are therefore evaluated by measuring the
values of lyrjg and V. If it is found that Vi is greater than the power-supply voltage,
the circuit is said 1o be latchup-immune. This assertion is based on Latchup Condition
#3. Bven if latchup is momentarily induced, it will not be sustained, because the
power-supply voltage will be less than Vi

The susceptibility of CMOS circuits to latchup is often determined experimentaily

by measuring the total current through the papn path while overstressing the anode
voltage, With the source and n-well contact (Fig. 6-22) maintained at Vpp, the isolated

voltage on the p™ region in the r-well is raised above Vpp.2? The value of Yirig is then
measured for the circuit structure being evaluated. (Once a latchup has been triggered,
the stressing voltage on the isolated region is returned to Vpp.) The value of Vi is
measured by lowering Vpp after a latchup.

Techniques for studying the transient behavior of Jatchup have also been described.
Such transient testing may provide better characterization of the latchup that occars in
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Fig, 6-22 Measurement technique for determining latchup triggering by p* evervoltage.
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Fig. 623 Transient latchup measurement setups: (a) p overvoltage triggering; and (b} nt
overvoltage Uiggering.”{‘ (© 1987 IEEE)

actual circuit environments (Latchup Condition #4). One test involves the measurement
of the prpn diode current when different voltage ramp rates are impressed on the isolated
pt region of Fig. 6-18a. This allows characterization of the displacement-current-
triggering cvent, described as being one of the causes of Type 2 mechanisms. In
another test setup, an overvoltage pulse is applied to the drain of the device described in
Fig. 6-23. For a given pulse height, the pulse width is increased until latchup is
triggered. As the pulse length approaches the bipolar transient response time, the pulse
height needed to induce latchup increases. When the length is further reduced, latchup
cannot be triggered, regardless of how large a pulse amplitude is applied,

A third transient test for latchup involves pulsing the base of one of the parasitic
bipolar transistors.*0 Transient excilation with a pulse width shorter than the minimum
regeneration time causes no laichup,

Another technique for evaluating the Jatchup hardness of 2 CMOS circuit design is
given by Troutman,36 who defines a differential latchup criterion. The following data
need be gathered when this technigue is used: the bypass resistance values; smail-signal
alphas of both parasitic transistors; base-emitier saturation currents for both transistors;
and temperature,

6.4.7.1 WModeling Latchup in CMOS Technology. Modeling of iatchup

has been attempted by a number of different groups. It has turned out to be a difficult
underiaking, since the phenomenon involves bipolar ransistors with strong injection
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effects, with the structures also isherently distributed in nature. As a result,
conventional one-dimensional device analysis is very difficult to apply.

6.4.8 Techniques for Reducing or Eliminating
Latchup Susceptibility

Circuits are described as being either katchup-free or lachup-immune; the distinction
between the two terms is important, Latchup-free refers to the ideal situation in which
latchup will never occur under any circumsiances, Latchup-immune refers 1o circuits
that will not exhibit latchup under normal operating conditions, bul that could be forced
to do so through the application of sufficiently high voltages or the injection of high
currents. While as of this writing there i no industrial standard for latchup hardness, a
circuit is generally recognized as being Iaichup-immune if it can withstand an Tyig of
more than 500 mA at the /O pins.

Latchup immunity exists if Vy is less than the power-supply voltage per Latchup
Condition #3. Many reporis in the literature describe such a cireuit as being latchup-
free. However, Troutman, points out that even transient switching (umsustained
latchup) can cause circuit problems and undesired power dissipation.38 Thus, he argues
that the most effective way to prevent laichup problems is fo ensure that the pnpn
structures remain in the OFF state at afl times.

The approaches o reducing or eliminating susceptibility to latchup can be divided
into three categories, as follows:

1. Processing lechniques that reduce the current gains of the parasitic ransistors
to the degree that Latchup Condition #2 cannot be satisfied,

2, Processing schemes that either reduce the values of Rgyp and Ry, or eliminate
the parasitic pnpn diode structure.

3. Circuit-layout procedures that decouple the parasitic bipolar transistors.

6.4.8.1 Processing Techniques That Reduce Current Galns.
Several techniques have been utilized in an atterpt to reduce B of the parasitic bipolar
transistors (bipolar spoiling). The first group invelves methods that physically separate
the emitter and collector regions of the lateral transistor (in which the #™ regions are
kept far from the n-well border). Obviously, for high-density circuitry, merely
increasing the spacing of these regions on the wafer surface is not a good solution,
Another approach for keeping these regions apart 15 to use recessed oxides andfor trench
structures Lo ingrease the distance carriers must travel from the n™ region to the well,
While these techniques do help, by themselves they provide inadequate lalchup
protection. (These technigues will be described in more detail in the sections dealing
with device isolation).

The techniques in the second group attempt to reduce the minority-carrier lifetimes in
the base. These include gold doping to produce wapping sites,*! neutron irradiation to
cause structural damage and resultant recombination centers, A2 and harnessing of the
oxygen precipitates formed in the substrate bulk by internal gettering processes for use
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as efficient recombination centers for minority carriers,*3 The first two of these lead to
increased leakage cuarrents, while the third has little effect on lateral transistors with
small base widths, since the precipitates do not form in the lightly doped epi. As a
result, the techniques in this group have not been widely implemented.* The third type
of technigue involves the use of a retrograde well, which reduces the vertical bipolar
gain by providing a high Gummel number and a retarded E-field in the base. 4 However,
care must be taken to remove injected carriers so that lateral ransistor action to the well
edge is not increased. 39 This approach also requires the availability of a high-energy
implanter,

The fourth type involves the use of silicided source/drains?3+48 to reduce the
emitier efficiency of the parasitic bipolar transistors. These techmques have the
disadvantage of degrading the gain of the MOS devices.47

In summary, the methods described above can help o reduce latchup susceptibility,
but provide an insufficient degree of latchup protection. The remaining two categorics
of latchup-suppression techniques, have been found to be much more effective, and as a
consequence, they have been much more widely implemented.

6.4.8.2 Processing Technigues That Reduce Rgyp and Ry or
Eliminate the papn Structure. Techniques that reduce the series resistance
values include the use of epitaxial layers or heavily doped substrates and the ase of
retrograde implants, Techniques that climinate the prpn path use either: (1) a
combination of deep trench isolation structures and epilaxial layers on heavily doped
substrates; or (2 silicon-on-insulator (SOI) substrates.

The use of lightly doped epitaxial layers on heavily doped substrates is effective in
reducing latchup susceptibility for two reasons. First, the highly doped layer
substantially reduces the value of Ry by placing a low-resistance path for majority
carriers in the substrate in parallel with the more lightly doped epi region in which the
devices are formed. Hence, it very effectively shunts the lateral parasitic bipolar
transistor. Second, any minority carriers injecled into the epi layer that then diffuse into
the highly doped substrate are more rapidly recombined there, so that fewer reach the
collector of the lateral bipolar device,

Figare 6-24 shows the trigger current and the holding voltage as functions of n' to
p* spacing, d, for various epi thicknesses,#8 Thin epi can be seen to dramatically
improve latchup immunity from either standpoint. For a 12-um epitaxial layer, the
triggering current required for latchup is less than 1 mA when = 10 um. When the
epitaxial thickness is reduced to 3 fum, d can be reduced to 5 um, and 1y, is increased o
80 mA. The advantage diminishes as d approaches the epi thickness. However, the
minimum epi thickness is limited by outdiffusion of impurity atoms from the heavily

*  An approach 1o treating oxygen precipitates in & thin layer 2.5 pum below the surface by
mieans of ion implantation of oxygen and epi growth has recently been reported.44 Since
these precipitates are positioned so that they reside in the base region of the lateral pnp
device, they are effective in reducing its alpha by decreasing the minority-carrier Jifetime in
the base.
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48

doped substrate during epi deposition and subsequent wafer processiag (sec section on
autodoping in Vol. 1, chap. 5). That is, due to this effect the ¢ffective epi thickness is
thinner than the initial epi thickness. (The effective epi thickness is defined as the
thickness of the epi layer when the doping concentration is less than some specific
number — e.g., 1x1018 ¢m3)y The fact that n-epi on n produces a sharper epi interface
than p-cpl on pt implies that #-epi should provide betier lachup pmwction:“ But as
noted in section 6.2, on well technology in CMOS, this benefit is obtained only at the
price of accepling the other drawbacks inherent 10 n-epi on ot wafers.

The disadvantages of epi CMOS include increased wafer cost, lower breakdown
voltages, and increased leakage currents. %Y In addition, epi-layer growth may generate
defects that will lead to reduced chip yiclds, 50

With respect 1o retrograde implants, it has been found that retrograde wells can be
effective against latchup for several reasons. In p-well technology, the retrograde
implant is used to form the p-well, with the following advantages being gained:

* The retrograde profile gives a high doping concentration deep in the well, which
reduces the gain of the vertical bipolar device.

= The heavier doping near the boitom of the well reduces Ry, thereby helping to
decouple the bipolar transistors,
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* The retrograde well can minimize thermal processing following epitaxial-layer
deposition. Epi layers with thinner effective thicknesses may therefore be possible if
retrograde wells are combined with epitaxial layers.

* If the combination of the two techniques is used, a process that also reduces both
Ryyp and Ry, is obtained,

In r-well technology, the retrograde implant is a p-type implant that is placed beneath
the NMOS devices in the substrate.51 This creates a p* layer in the substrate that has a
much smaller transition region than a p-epi-on-p™* substrate, thus providing even better
latchup protection.

Trench isolation, as described in chapter 2, allows nt and p™* regions to be placed
close to one another in CMOS. I the renches are deeper than the well regions, they
provide physical separation among device types. However, when trenches are used
withoul epitaxial Jayers on heavily doped substrates, their main contribution 1o latchup
immunity is that they force carriers in the lateral transistor base region fo travel greater
distances to reach the collector. As a result, trench isolation alone does not significantly
increase Iyjy or V. The major advantage of using trenches on their own is the increase
in latchup response time, which results in a substantial improvement in fransient upset
prevention. When deep trenches are combined with a lightly doped epitaxial layer on a
heavily doped substrate, however, laichup-free structures are produced.! 196 As minority
carriers injected into the substrate attempt to diffuse towasd the coilector, the deep trench
forces them into the heavily doped subsirate. There they rapidly recombine, substrate
and hence never arrive at the collector region.

Silicon-on-insulator technology is also receiving wide attention, since in addition 0
providing electrical isolation between the MOS devices, it results in latchup-free CMOS
structures, Each MOS device is isolated from neighboring devices by the insulating
layer; as a resull, the pnpn path is no longer present,

5.4.8.3 Circult-L.ayout Techniques for Decoupling Parasitic
Bipolar Transistors. Two types of structures can be incorporated into the circuit
layout that will provide latchup protection: guard structures, and subsirate and well
CONLacs.

Guard structures are heavily doped diffused regions that encircle the well. Troutman
states that they are the most effective Iayout procedure available for providing latchup
protection,??>4 and this claim is supporied by the simulated and experimental evidence
of Menozzi ot al.52 Guard-ring structures can be fabricated either outside the well (in
which case the guard surrounds the outer edge of the well region), or inside it (in which
case the well is placed between the active device regions and the well border). The guard
can be either a minority-carrier or a majority-carrier struciure.

Minority-carrier guard rings have a doping type opposile to that of the region in
which they are formed (Fig. 6-25). Normally, these guard rings are placed in the
substrate outside of the well edge {e.q., an n-lype diffusion in the p-substrate of an
newell CMOS technology). Since the guard is connected 1o the power sapply in such 4
way that the pn junction it forms with the substrate is reverse-biased, this type of guard
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Fig. 6-25 [(a) and (b)] Minority-carrier guard in substrate: {a) a*-diffusion guard; (b)
Deeply diffused guard in epitaxial CMOS. [(c) and (d)) Majority-carrier guard in subsirate: (c)
pt-diffusion guard for reducing subsirate sheet resistance; {d) Contact ring is preferable o
p-diffusion guard in epi-CMOS. (¢) Majority-carrier guard in well. (&) nt-diffusion guard o
reduce n-well sheet resistance. (f) 2" -diffusion guard to steer current away from vertical pap
emitter. 38 From R. R. Troutman, Latchup in CMOS Technology, Copyright Klewer
Academic, 1989, Reprinted with permission,

ring will collect any minority carriers in the substrate that diffuse into its depletion
region. The carriers are thus prevented from reaching the well, and as a result, the
collector current of the fateral bipolar transistor is reduced. The main role of minority-
carrier guards in preventing latchup is to provide this reduction in effective current gain.

If a thin epitaxial layer is used together with a deeply diffused guard, the effectiveness
of the guard is increased (Fig. 6-25b).36 That is, the path of minority-carrier diffusion
is narrowed (by the reflecting houndary where the high and Jow doped regions in the
substrate meel); this forces the carriers closer to the guard ring, where they can be
intercepted. In addition, any minority carriers that enter the heavily doped substrate
recombine more rapidly there,

Majority-carrier guard rings, on the other hand, are doped with the same type of
dopant as the regions in which they are formed., While they can be implemented outside
the well, they are usually more effective when placed inside. The function of this type
of guard is to provide a shorter {and, hence, a lower-resistance) path for the carriers that
constitute the collector current in the well (or substrate). The majority carriers in the
collector must drift to the power-supply node through Ry, (or Rgyp) once they enter the
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collector region, and the guard rings effectively reduce the value of Ry, and Ry, by
placing smaller resistances in parallel with these series resistances.

‘The reason that the majority guard is usually placed within the well is that the value
of Ry, is generally higher than that of Ry, The effective lateral resistance can be quite
high in shallow wells, since the source/drain diffusions in the well pinch the lateral
current paths. Thus, a guard ring in the well that reduces the distance between the well
edge and the well contact can be very effective in reducing the large value of Ry. A way
to implement three guard structures with only two diffusions is to place one guard so0
that it overlaps the well and substrate boundary (Fig. 6-26).

Voltage drops along the power supply bus to which the guard ring is connected
should never be allowed to become large enough to initiate a fatchup condition. For
example, if the bus to which the guard is attached has a sufficiently large resistance that
the voltage of the n™ guard in the n-well drops to 4 V, when the output rises 10 5 V, the
emitier tied to this higher voltage will turn ON, initiating a potential laichup event.

Troutman also emphasizes that a substrale-contact majority-carrier ring should be
mandatory for all chips.35v39 This would minimize lateral bypass resistance by
distributing substrate majorily carriers. When used with epitaxial CMOS, such contact
rings can reduce lateral bypass resistance o below 1 €2; in addition, they are as effective
as backside substrate contacts in climinating latchup. In fact, the need for multiple
majority guard rings {which would surround each of the well regions) can be climinated
through the use of a single substrate contact ring (as long as it is used together with
wafers that have a thin epl layer on a highly doped substrate),

The major Hmitation of guard rings is that they decrease overall circuit density, In
the input/foutpist circuits of CMOS, however, the MOS transistors must be made guite
large in order for sufficient off-chip drive-current capability to be provided., Thus, the
area penally imposed by guard-ring use around these circuits is usvally quite small,
Because of the noisy signals encountered at the 10 nodes of a chip, the use of guard
rings to suppress latchup in such circoitry is widespreaci.54 Each of the output devices
in the substrate is typically surrounded by a majority-carrier guard ring {tied to Vpp in
p-well CMOS, and 10 Vgg in n-well).

Note that n-well CMOS generally provides better latchup immunity than p-well, for
two reasons.3 First, since the mobility of majority carriers is higher in an r-well than
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Fig. 6-26 Implementation of two guard structures with only one diffusion by placing one
guard so that it overlaps the well-substrate i‘)()tmdary.5 2 (@ 1987 IBEE).
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in a p-well, Ry in the n-well is lower than in a comparable p-well. Fusthermore, Ry, is
usually much higher than Ry, especially in thin wells that are pinched by source and
drain diffusions. Thas, the lower value of Ry, in the a-well can be of significant help.
Second, because hot-clectron-induced substrate currents are much higher in NMOS than
PMOS devices, it is better to have the NMOS devices in the substrate. Such cusrents
are more casily collected From here than from the well region, especially if an epitaxial
layer on a heavily doped substrate is used.

The second type of circuit-layout technigue to be discussed is that of substrate and
well contacts. The use of guard rings in the well may represent too large an area penalty
because in high density circuits multiple well contacts can serve as an aliernative
approach to improving latchup immunity, However, this approach is not as effective as
the use of guard rings.>2

The number and placement of power-supply contacts to both the well and the
substrate also impact the effectiveness of this approach. Increasing the number of well
contacts to Vpp reduces latchup susceptibility, since the resistor length of Ry, for each
FET in the well is reduced when a well contact is in its proximity. The contact
spacings should therefore be no more than two squares apart, to ensure that no local
high-resistance regions exist. The well contacts should be hard-wired to the power-
supply connection (ground or Vpp} with a metal stripe. In this way, any injected
charge will be shunted 10 the supply rail through a low-impedance path that will not
contribute 10 the well's already relatively high lateral resistance.

The closer the contacts are 10 the source regions of the MOS devices, the smalier the
potential drop during current flow, leading 1o increased latchup immunity. The use of
butted source-substrate and butted source-well contacts, in which the n* and p* regions
are contiguous and connected to the same potential has thus become pﬁpula}:,wi While
such butted contacts also conserve area, they are limited to FETs that operate with
grounded sources,

6.5 CMOS ISOLATION TECHNOLOGY

In CMOS ICs, like kinds of devices within a given well must be isolated in the same
manaer as the devices in either NMOS or PMOS circnits {i.e., through a combination
of a thick field oxide and channel-stop doping). However, the isolation requirements of
CMOS technology extend beyond those of either PMOS or NMOS alone, in that in
CMOS it is also necessary to isolate the p- and n-channel devices from one another.
The isolation of p-channel from n-channel devices must satisfy two requirements: (1)
any possible leakage currents that could flow between adjacent PMOS and NMOS
devices must be suppressed; and (2) the susceptibility of CMOS to laichup must be
minimized.

In CMOS structures, the isolation spacing between the #- and p-channel devices is
defined as the total of the distances between the edge of the a region of the n-channel
device and the edge of the well, and the edge of the p* region of the p-channel device and
the edge of the well (or, in other words, the 17 1o p™ spacing ~ Fig. 6-27),
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Fig. 6-27 (a) Layout 1wop view of the isolation region beiween n-type and p-type
transistors in CMOS. (b) Cross sectional view of & CMOS inverter showing the channel
stops that are designed to prevent the surface under the field oxide from invcning.53 (® 1986
TEEE).

Basic isolation between p- and n-channel devices in CMOS is established by both a
reverse-biased well-substrale junction and by the regions under the ficld oxide (as long as
they are not inverted). This isolation, however, may not be perfect. Unwanted current
flow can arise due to junction breakdown, the formation of leakage paths between
devices, or latchup. The key leakage paths involve the parasitic MOS field devices
created in the field regions between the devices.” Leakage currents can arise if these
well-border parasitic field devices conduct prematurely, as a result of surface inversion,
or punchthrough below the surface.™ As noted, the letchup effect in CMOS arises as a

* The parasitic NMOS field transistor at a p-well border consists of the n™ source, the p-well
body, the n-substrate drain, and the polysilicon gate runner over the field oxride, as shown in
Fig. 6-27b. Similarly, the parasitic PMOS field transistor at this well border consists of the
p* source, the n-substrate body, the p-well drain, and the poly runner over the field oxide.

¥ In Fig, 2-4 of chapter 2 we described how punchthrough can oceur between the source and
drain of the same device, or between the source/drain regions of neighboring devices of the
same channel type. In this case, we refer 1o the punchihrough between the border of the
subsirate and source/drain regions in the well.
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result of the parasitic bipolar devices. Various isolation techniques have therefore been
developed to prevent both leakage and latchup. Device and process simulators used 10
model such CMOS isolation structures are described in chapler 9.

Interest in #- and p-channel isolation technigues is very keen, because such isolation
requires much more area than between like types of devices. For example, in carly
single-well CMOS technologies, the isolation spacing required was typically about
three times the diffusion depth of the well.® Thus, for a 4-um well depth, a2 minimum
nt 1o pt spacing of ~12 pm was needed. In early twin-tb CMOS technologies, which
used dual-channel stops, a minimum of 3-9 pm of lateral space was necessary for
effective isolation.* In chapter 2, however, we showed that isolation between like kinds
of MOS devices can be accomplished with isolation spacings of only 1.0-1.5 um. The
large area penalty of p- to n-channel device isolation is one reason why CMOS
technologies using conventional isolation methods cannot achieve as high a packing
density as NMOS,

This isolation-spacing requirement is due in part to the processes ased to fabricate
CMOS devices. Wells are typically driven in quite deeply to ensure that enough charge
exists below the transistor to prevent vertical punchthrough to the substrate. This
results in both a lateral diffusion of the well dopant and a reduction in the surface
concentration near the border of the well (Fig. 6-28). The channel stop doping in the
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Fig. 6-28 Impurity surface concentration near the border of the two tubs in twin-tub
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* A 3-pm minimum space between nt and p* regions was reported for a non—trench isolated,
twin-well CMOS process. To achieve such tight spacing, high-pressure oxidation was used to
grow the field oxide. This was more effective In preventing interdiffusion of the impurities
from the two wells than an atmospheric-pressure field-oxidation process would have been 29
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Fig. 6-29 Threshold voltage of n- and p-channel parasitic device as a function of the
separation belween the transistor edge and the tub border.14 The upper curve in the left-hand
graph shows the parasitic n-channel thresheld-voltage reduction near the tub border when no
adjscent n-tub i present. When an n-well is present, the threshold voltage is reduced (lower
curve), since the interdiffusion of the two types of impurities reduces the net surface
concentration of each dopant near the well border, 4 (@ 1980 TEEE).

substrate at the edge of the well is also substantially reduced, due to the compensation
between the acceptor and donor atoms: thig causes a reducton in the threshold voltage of
the parasitic MOS field transistors. We will next describe this phenomenon in more
detail for the case of twin-tub CMOS.

Figure 6-29 shows the threshold voltage of each type of parasitic device as a function
of the separation between the transistor edge and the tub border.14 The upper curve in
the left-hand graph shows the parasitic n-channel threshold-voltage reduction near the
tub border when no adjacent n-tab is present, When an n-well is present, the threshold
voltage is reduced (lower curve), since the interdiffusion of the two types of impurities
(Fig. 6-28) reduces the net surface concentration of each dopant near the well border.
Unless the net dopant-reduction effects are somehow counteracted, the spacing between
adjacent nt and p* devices must be kept quite large (e.g., > 10 zm) to prevent inversion
beneath the field oxide.

If smaller spacings between n- and p-channel devices are 1o be possible, the channel-
stop doping concentration must somehow be increased, particuiarly in the substrate
regions in n-well CMOS. During field oxidation, boron segregates into the oxide, while
phosphorus piles up at the silicon surface. As a result, in an n-well process a separate
p-type channel-stop implant must be added to increase the surface concentration of the
lightly doped p-substrate. Without such an implant, inversion between the n-channel
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devices is likely to occur, In p-well technologies the well itself is an adequate n-type
channel stop, because heavier boron doping exists in the p-well, and the concentration
of phosphorus is increased at the surface of the n-subsirate during field oxide growth.

In twin-tub processes, two channel stops are needed 1o reduce the zsolaﬂen distance as
much as possible. Figure 6-30, which is based on a 2-D device model,?3 shows the
impurity contours in the isolation region of a CMOS twin-tub process (with refrograde
wells),

The AT&T Twin-Tub V technology, 3 is an example of an advanced CMOS process
uses a LOCOS-based approach to isolate like devices. The starting material is a p-epi
layer on a p* substrate. The technology is implemented with a single-mask, self-
aligned twin-well process that uses two channel-stop implants (as well as two separate
well implants).

First, phosphorus and arsenic are sequeatially implanted into the n-well areas,
forming a high/low doping profile (channel-stop and well; Fig. 6-31). Since arsenic
diffuses much more slowly than phosphorus, it will remain near the surface of the well
during the drive-in step. This high arsenic concentration provides an effective channel
stop for p-channel devices and also protects against punchthrough.

Next, a relatively thick masking oxide is selectively grown over the s-well region,
and the p-welil implant (boron) is then performed. Because the implant is blocked by
the oxide thal covers the p-wells, it enters the silicon only in the p-well regions (a self-
aligned implant step). Both well regions are then driven in (with the thick oxide over
the n-wells being retained}, and a second boron implant (which will serve as the p-well
channel stop) is carried out. This implant is kept shallow because a high pressure
LOCOS process is subsequently used to grow the field oxide, minimizing the lateral and
vertical impurity-profile spreading. Once again, the implant is self-aligned (0 the p-well
regions by the presence of the oxide on the n-wells (Fig. 6-31).  The masking oxide is
then removed, and a nitride masking layer is deposited and patterned to cover the active
areas. Finally, the field oxide is formed.

This process makes it possible to achicve adequate isolation and a reduced tendency
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Fig. 6-30 2-D net-impurity contours in the isolation region of a retrograde-well CMOS
structure.53 (© 1986 1EEE).
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Fig. 6-31 (al) - (f1) Twin-tub dual-field implant process.!19 (a2) - (F2) Self-aligned twin-
tub and field-implant process using high-pressure ficld oxidations.

toward latchup with smaller device separations than are possible with an atmospheric-
pressure oxide-growth process. Neventheless, a 7-um spacing must be used between the
n* and p* regions in the Twin-Tub V structure to provide a Vi greater than the power-
supply voltage (5 V). Since this spacing stll represents a significant layout-density
limitation, alternatives to the LOCOS-only process are being vigorously pursued.

In another, more recent study using n-well technology, high-field channel-stop
implant doscs for the substrate (yielding a peak concentration of 5x1016 boron
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Fig. 6-32 Schematic of an n-well CMOS with trench isolation® (® 1986 1EEE).

atoms/cm?) allowed n* to p* spacings of 2.4 um with conventional wells, and 1.8 um
spacings with retrograde wells, 106

6.5.1 Trench lIsolation for CMOS

The two major alternative CMOS-isolation approaches are trench isolation®8 and
selective epitaxial growth (SEG) isolation. Trench-formation technology, discussed in
chapter 2, is applied to CMOS to attack the problems of latchup and punchthrough. Iis
main advantage is that laichup can be completely eliminated if a process employing a
thin epitaxial layer on a heavily doped substrate is used, and if the rench is allowed 10
penetrate to the heavily doped region.!! Trenches of micron and submicron widths have
been used to reduce p* 10 n* spacings to 2-2.5 um.37 In addition, when trenches deeper
than the well depth are used, they replace the reverse-biased pa junction as the isolation
structure at the well sidewalls (Fig. 6-32).

As of 1988, active devices can not yet be set against the trench sidewall, due o
channel-inversion problems associated with the vertical trench sidewall (Fig. 6-33).56
The sidewall inversion is caused by the horizontal parasitic MOS device, with the well
acting as the gate electrode and the trench dielectric acting as the MOS gate oxide (with a

thickness equal to the trench width), The voltage across this parasitic device is 5V
Poly gate

wm
- R -

]

Trench

p-Substrate -
i i | | i

1 2 3 4 5 ]
pum

Fig, 6-33 The corresponding two-dimensional potential contours showing sidewall
inversion; the simulation is done at Gy =5x1010 em2, Na= 6x1014 cm3, Vap =3V, Vas
=0V, Vgp =-1 V120 (@ 1983 [EER),
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under normal CMOS operating conditions. This gate voliage and the narrow (e.g.,
1-pumj} trench width can easily cause inversion along the sidewall, outside the well but
facing it.

There are two reasons why p-wells exhibit more severe trench-sidewall inversion
problems. First, some of the needed boron doping segregates into the wench oxide
during the thermal oxidation step. The second reason is the presence of the fixed charge,
which is normally positive.

Once sidewall inversion oceurs, a-channel devices with regions butted to the same
sidewall become electrically connected by a path along the sidewall, Two obvious
solutions are to leave a separation between the #t and the sidewall or 1o increase the
trench width, with the end result of either approach being an increase in the isolation
spacing. Because of this limitation, the minimum n to p* isolation distance in trench
isolation is 2-2,5 um (1988).

Trench isolation has several other disadvantages, as follows:

* Fabrication is much more complicated than in LOCOS, making this an
expensive alterative approach,

¢ For adequate filling and planarization, only one trench width can be utilized
(unless SEG refill of the trenches is used).

* Another type of isolation is alse nceded (usually LOCOS) for most inactive
parts of a chip. If a trench deeper than the well depth were used to isolate each
device within the well region, each device would be isolated from the substrate.
To keep the device bodies from floating, it would be necessary to provide each one
with its own well conlact, rather than using a single contact for the entire well,
Chip area would thus be wasted, defeating the purpose for which the technology
was adopted.

6.5.2 Isolation by Selective Epitaxial Growth for CMOS

Various schemes using SEG have been explored as CMOS isolation alternatives {sce
chap. 2 for more details on SEG technology). One of the first, selective-etch-and-refill-
with epi (SEREPI), uses an epi refill of rccesses in silicon, with the sidewalls
passivated prior 10 refilling. In one approach,’? the well regions were anisotropically
etched 1o a 5-ptm depth, and a 200-nm thermal oxide was grown on the recess surfaces,
This oxide was removed from the bottom of the recess with an anisotropic dry etch,
leaving it on the sidewalls. Buried layers were formed by arsenic implantation into the
bottoms of the wells, and then epilaxial silicon was selectively grown in the wells. By
controlling the growth rate, it was possible 10 refill the wells so that the surfaces were
level with the ouiside substrate.

The SEREPI structure offers the advantages of minimum isolation area and also the
flexibility of dopant-profile control in the opitaxial silicon in the wells. A similar
process, reported by Kasai et al.,50 uses a sidewall layer consisting of a 250-nm-thick
composite film of oxide and nitride (see Fig. 2-34b, chap. 2). After these layers have
been removed anisotropically through dry etching, a sacrificial oxide is grown on the
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bottom of the renches and is then wet-etched away to remove any dry etching damage.
Finally, an SEG step is performed.

While it is possible to make the n™ to p™* isolation distance as small as 0.25 um,
with either approach, some problems exist. First, LOCOS must still be used to isolate
devices from one another within the same well. Sccond, unless a deep boron implant is
added 1o the n-channe! side of the isolation, sidewall leakage or inversion can occur,
Finally, the 0.25-um distance between p* and a* regions can become a limitation for
masking of opposite-type implants if 2 and p* junctions are to be placed on opposite
sides of the 0.25-ym-thick dielectric.

Another SEG-based approach for isolating CMOS has been described by Manoliu and
Borland, 13 and by Stivers.8! In this approach, windows are anisotropicatly eiched jnte
a 1-2-um-thick surface-layer oxide (see Fig. 2-43, chap. 2). Separate implants are used
to form p* layers in those recesses designated to be p-wells, and #* layers in those that
are to be n-wells, The oxide recesses are then refilled, using an SEG step in which
sidewall inversion in the p-well is suppressed by tailoring the doping profile of the
boron doping (i.c., this region is doped with 1x1017/cm? in the active area of the
n-channel devices). As a resull, no subthreshold "kink” is observed in the wrn-off
current (such kinks in the subthreshold current curve are due to leakage from source to
drain along the sidewall of the jsolation structize),

The two buried layers increase the latch-up immunity of the CMOS devices
considerably. Furthermore, this approach eliminates the need for an additional LOCOS
isolation. Although this technique was only tested for minimum spacings of 2 um, it
is estimated that it will provide adequate isolation for spacings down to 1 um, Finally,
good planarity and gate oxide integrity were observed.

The technique of retrograde wells has also been investigated for implementing reduced
isolation spacing and increased latchup immunity in CMOS (as well as for enhancing
other device characteristics). 1619 In this approach, the wells are formed by means of a
high-energy implant, which is performed following formation of the field oxide,
Because the peak of the implant is well below the silicon surface, the impurity
concentration in the well decreases as it approaches the surface (hence the name
"retrograde well").

It is easier to implement p-well CMOS with retrograde wells, since boron has a
higher implant range in silicon than does phosphorus, and boron implants thus require a
lower ion-implantation encrgy in order 1o achicve a similar depth. Because the well is
formed after the field oxidation, retrograded p-wells can have higher NMOS field-
threshold voliages compared to those exhibited in conventionally-formed wells. (In the
latter, some of the boron segregates into the oxide during field oxidation, leaving less
boron present at the silicon surface. This reduces the field-region threshold voltage.) In
addition, the lateral diffusion of boron that occurs when the channel-stop implant is done
prior Lo field oxidation is eliminated.

There are several drawbacks to the retrograde well approach. Fiest, it produces devices
with a high junction capacitance (C;) and a high body-effect coefficient () due to the
relatively high doping concentration below the surface in the wells, These effects
decrease the speed of circuits manufactured with such devices. Second, this approach

ONSEMI EXHIBIT 1008B, Page 161



428 SILICON PROCESSING FOR THE VLSI ERA -~ VOLUME II

may require the use of implanters with accelerating voltages greater than 400 keV,
While such machines are available, their low beam current makes them incompatible
with high-volume manufacturing needs, Note that doubly ionized boron can be
implanted with an accelerating voltage of 200 keV 1o obtain the same result, and that
such a voliage is within the range of ordinary implanters. However, the beam curreat in
this case remains low (see Vol. 1, chap. 9.)

6.6 CMOS PROCESS SEQUENCES

Since there are so many options available for designing a CMOS process {low, no
“standard” approach has been adopted. The process flows presented here are merely
illustrations of the gencral sequence of process steps and of the types (and number) of
masking fayers used.  We will first present examples of simple p-well and n-well
single-level-metal CMOS process flows, Such process sequences might be used in the
fabrication of CMOS circuits with a minimum feature size of 1,25-2.0 um. We will
then describe a twin-well, double-level-metal process that uses LDD structures. ‘With
additional enhancements such as trench or SEG isolation, the filling of contact holes and
vias with CVD metal, and novel interlevel diclectric planarization methods, such a
process would likely be used in the manufacture of CMOS circuits with submicron
dimensions.

6.6.1 Basic p-and n-Well CMOS Process Sequences

A basic single-well CMOS process can be implemented in either p-well or n-well
technology using eight masking levels. Figure 6-34 shows seven of the eight masking
levels of a basic p-well process. Figure 6-35 illustrates the front end masking levels of
an n-well process. (The back end steps of a process sequence are those that begin with
the coniact masking step. Thus, the term front end processing, refers to all of the sieps
up 1o that point.) We will describe an example n-well CMOS process in more detail,

The NMOS devices in the n-well technology ate formed in the lighdy doped p-
substrate (£1x1013/cm?), while the PMOS devices are formed in the more heavily
doped n-well (~1x101/cm3), The starting material is cither a lightly doped <100 p-
type wafer or a heavily doped <100> p* wafer with a thin (5-10-um thick), lightly
doped p-type epitaxial layer at the surface. A process for enhancing the gettering
capabilities of the wafer may be employed belore feature formation on the wafer surface
is begun (see Vol, 1, chap. 2).

The n-well regions are the initial features formed on the starting material. First, a
thermat oxide is grown and a CVD nitride film deposited. Then Mask #1 is used to
patiern windows in these layers, through which phosphorus for the n-well is implanted.
Since the implantation process is unable to place the phosphorus tons deeply encugh
into the sificon, these impurities must be driven in to the appropriate depth during

ONSEMI EXHIBIT 1008B, Page 162



Cross Sepion

ST Te

{al {8}
Loens Drode
R AN
powelt mn- '
fkubsteate
i

el

s}

prehaane! feghannet

[}

5

S

_;g

o

0

fas)

L2

w

183 §

g

=

Fig. 6-34 Cross sections and top views of a typical p-well CMOS process at all mask Cz:}
levels: (a) p-well mask; (b) active.area mask; (c) poly-gate mask; {d) p¥ mask; (&) n* mask;

{I} contact mask; (g} metal mask.! From 5. Y. Chen, CMOS Devices and Technology for -

VLS!. Copyright Prentice- Hull, 1989. Reprinted with permission. : 2

ONSEMI EXHIBIT 1008B, Page 163



430 SILICON PROCESSING FOR THE VLS! ERA - VOLUME I]

Croks cection [Masting Leval] Process

{1} Bowelhimpiant ped difiyion
fewil

]

YRR EEEEEE

Photuegit 131 henwe srea delined by rtnde mankh
5 {3} schanng! Leld baran Mmplant wik
herenEt mask

»  Reemows phitgresst
s ADLoL
stop ®  Germsio sdnde

4l
W {4} owell math guitig GHUIGNEAT

& Voadpitiiand
[FELE GLUNELE

AEE
+ frenihtbrostop t;ﬂym‘
ehanngh
stop

(el

B G

T N TN, Py
oot ettt

(AR} Optitsnh n-wdis Inash

€ Vosadionat
\ / ad (Eaor B}
N Gate cudation

= .
¥
T e LR . # Polydapnst
EEE S 2% and dagn
Yogad® dapng
il

{3
R - W S W - T S 51 Pory mask and sigung
b
4+ te
le}

i SEER

FREx wEw

Fig. 6-35 Cross sections and masking levels and associated processes of an n-well CMOS$
front-end pmccsg‘] From 1. Y. Chen, CMOS Devices and Technology for VLSL. Copyright
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subsequent high femperature cycles. An oxide is also grown on the n-well regions
during the drive-in step. At the conclusion of the drive-in processes the surface
concentration in the well is ~1x1026/cm?3, and the impurity concentration gradient
within the well is also rather small. Note that the redistribution of the well dopant
occurs laterally as well as vertically,

Next, a boron threshold-adjust implant is carried oul. There is no resist mask for thig
step, as the thin oxide or oxide/nitride layer covering the siticon wafer surface protects it
from contamination. As was described in section 6,3,1, this single implant can provide
a correct Vo adjustment for both the NMOS and the PMOS devices,

The surface is then stripped of its oxide and nitride/oxide layers, and a new pad-
oxide/nitride layer (needed for LOCOS) is formed. Mask #2 is then used to pattern this
layer to define the active device and ficld regions. A boron channel-stop implant is
performed for the p-substrate field regions. Although no separale mask is used, the
boron implanted into the well field regions is not of sufficient concentration o
significantly alter the n-concentration there. In addition, when the field oxide is grown
the phosphorus piles up beneath it in the well regions (see Vol. 1, chap. 7), while some
of the boron implanted during the channel-stop implant segregates out into the field
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oxide, Hence, the surface concentration of phosphorus in the well remains high enough
that a separate channel-stop implant is usually not needed for the well region.

The field oxide is then grown, afier which the nisride/oxide fayer is removed from the
active device regions (see chaps. 2 and 5). Next, a gate oxide is grown, in the same
manner as that described in chapter 5 for NMOS devices. (Note that a sacrificial pre-gate
oxide is frequently grown and stripped prior to the growth of the actual gate oxide.)

The deposition of polysilicon by CVD for the gate layer is then carried out. This
layer is subsequently doped with phosphorus to form an n'* polysilicon gate material.
The resistivity of the polysilicon should be as small as possible, since this layer aiso
serves as an interconnect stracture. (In more advanced processes, even lower resistivities
are achioved by forming a silicide layer on top of the polysilicon layer) Mask #3 is
used o pattern the polysilicon.

Masks #4 and #5 are then used 1o selectively implant the source/drain regions of the
PMOS and NMOS devices, respectively. The polysilicon protects the channel region
under the pate from being implanted. Arsenic is preferable for the n* regions so that
shallow junctions and minimum lateral diffusion under the gate can be obtained. (It is
typically implanted to a dose of 3-6x10!% cm%, and with an energy of 40-60 keV.)
Boron is often implanted as BFg* (for shallow junction formation) at doses of 1-5x101°
em-2 and energies of 30-50 keV. Typical values of source/drain sheet resistance should
be below 30 Qfsq. Ohmic contacts to the n-well and p-substrate are formed
simultancousiy with the implants that create the NMOS and PMOS source/drain
regions, respectively. These implants are then anncaled with a short thermal process at
a moderate temperature (e.g., 900-1000°C)., The gate oxide that covers the source and
drain regions during the implant is usuaily later stripped and regrown, sincd it has been
damaged by the heavy implants and may have begn contaminated by the RIE step used
to patiern the poly.

A CVD doped oxide (with the dopants being either phosphorus, or boron +
phosphorus) is deposited to a thickness of 50-100 nm, to serve both as a dielectric
between the polysilicon and metal layers, and as a gettering fayer. This layer is flowed
(sce Vol, 1, chap. 6) to improve the wafer-surface topography with respect to metal step
coverage,

Mask #6 is used to open contact windows in the CVD oxide so that connections can
be made between the metal layer and the silicon and polysilicon. Following a reflow
step, an aluminum (or aluminum-silicon} layer is deposited and patterned (using Mask
#7). The wafers are subjected to a final anneal step, which is followed by the deposition
of the passivation layer. Mask #8 is then used o open windows in this layer.

An important aspect of this simple CMOS process is that it uses only one more
mask than the E-D NMOS process described in chapter 5. The three extra magks in the
CMOS sequence (two masks for the source/drain implants, and one for the well mask)
replace the depletion-mode implant mask and the buried-contact mask of the BE-D NMOS
process. Thus, the process complexity of a modern simple CMOS process is not much
greater than that of advanced NMOS,
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6.6.2 Twin-Well CMOS Process Sequence

This section describes an advanced ten-mask, twin-well CMOS process (Fig. 6-36).
Again the process sequence options are many, so there is no one standard process. What
is described here is an academic, hypothetical baseline process sequence that almost
certainly does not exist exactly as presented, and that is useful primarily as a vehicle for
illustrating a general sequence of steps in advanced CMOS-circuit fabrication. Where
the process steps are not significantly different from those of the single-well process,
details will not be repeated; instead readers will be referred to the appropriate sections of
the book.

6.6.2.1 Starting Material. The starting material in an advanced twin-well
process is typically a <100>-orientation, heavily doped substrate on which a thin
(5-10-zm thick), lightly doped epitaxial layer has been grown. Although n-epi-on-n*
substrates have some advantages for a few special applications (e.g., for building CMOS
SRAMS: see chap. 8), p-epi-on-p™ substrales are the more common choice, because they
are less sensitive to process-induced defects (see section 6.2,

6.6.2.2 Formation of Wells and Channel Stops. The twin wells are the
first features (o be formed, assuming that neither trench isolation nor SEG isolation is
heing used. (Note that, as described carlicr, trench isolation would require an additional
masking step.) The well-formation procedure can be carried out in a number of ways.
The moest obvious method is to use two masking steps, each of which blocks one of the
well implants. A single masking-step procedure, however, has been dcvciepcd,63 and
that is probably the most commonly used approach (see Fig. 6-31).

1pm

1 “mr Nltritle

Twin-Tub V CMOS Structure

- Dietectric 81 RRY
“F' - : i ." i}

Fig. 6-36 Cross section of AT&T's Twin-Tub V CMOS structure. 121 Reprinted with
perntission of Semiconductor International.
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In this method, a single mask is used to pattern a nitride/oxide film that has been
formed on the bare silicon surface (Mask #1). The openings in the film become the n-
welt regions, and phosphorus is then implanted into them (e.g., at 80 keV). Next, a
thermal oxide i grown on these regions, to a thickness that is sufficient to block the
boron implant used to form the p-wells. After stripping of the oxide/nitride layer, the
silicon in the p-well regions Is exposed, while the n-well regions are covered with the
implant-blocking oxide. Thus, during the p-well implant (e.g., at 50 keV), the boron
penetrates (he silicon only in the desired arcas.

Next the welis are driven in (e.g., at 1100°C for 500 min}. Al the conclusion of the
drive-in steps, the concentration in the wells for a 0.8-um-CMOS process could be
~1x1016/em3 for the p-well, and ~3x1016/cm3 for the n-well. The a-well might have a
higher doping concentration, 1o improve the punchthrongh performance of the PMOS
devices and to eliminate the need for a separate channel-stop siep for the n-well. A
higher concentration in both wells would still produce devices with relatively low
capacitances at the bottoms of the sowrce/drain-to-well junctions,

The channel-stop implant procedure is also usually included in the part of the pro-
cessing sequence in which the wells are formed. In one reported twin-well progess, 20
only a p-well channel-stop implant (boron) is used, because the doping in the n-well is
high enough (3x1016 ¢m3) that a separate channel stop impiant is not required. In this
case, an unmasked boron implant is done following both well implants, but prior to
ficld-oxide growth.

In asecond approach,ﬁs an additional mask can be used to provide both n-well and
p-well channel stops (Fig. 6-31a). Note that in this procedure, the boron channel stop
is implanted into both the n-well and p-well field regions; the phosphorus channel stop
must be increased 1o compensate for the presence of the boron in the n-well field
regions. The disadvantages of this method include the additional alignment slep between
the channel stops and the well masks, the interdiffusion that occurs during the oxidation
step, and the asymmetry of the doping profiles. (The latter is due 1o the increased phos-
pharus concentration that must overcompensate the nonselective boron channel stop).

A maskless variation of this method has been developed to overcome the above
drawbacks (Fig, 6-310).°3:64 In this sequence, both arsenic and phosphorus are
implanted into the n-well regions. This places both the dopants that form the well and
the dopants that form the channel siop into the s-well regions prior to implanting of the
p-wells. An oxide is then selectively grown on the a-well regions, and the boron
dopant for the p-wells is implanted. After the n-wells have been driven in, the oxide
over the a-wells is retained, and a second boron implant is carried out. This implant
serves as both a channel stop in the p-well field regions and a punchthrough-prevention
implant in the active regions of the p-well,

Various approaches have been proposed to prevent excessive redistribution of the
boron channel stop implant during field-oxide growth, These include:

t. Co-implanting of Ge with the boron, which has been found 1o reduce the
boron diffusion constant.63

2. Implanting of the field regions with C1 1o increase the field-oxide growih rate
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{thus reducing the amount of time the wafers must be exposed to the high
temperature). 86

3. The use of high-pressure oxidation 1o reduce the thermal cycle that must be
employed to grow the field oxide.}226.55 This also reduces the boron channel-
stop dopant loss to the growing field oxide, as well ag the interdiffusion of the
wells (As a result, smabler isolation spacings between n- and p-channel devices can
b used).

6.6.2.3 Deiflnition of Active and Field Heglonsg. In a conventional
advanced CMOS process, a standard LOCOS process (described in detail in chaps. 2 and
5) is used to define the active and field regions (Mask #2) and to grow a thick thermal
oxide over the field regions. Enhanced LOCOS approaches, which overcome some of
the limitations of conventional LOCOS, can be used as alternative processes 1o form
isolation structures in the ficld regions. Seme that have been reported as having been
integrated into submicron CMOS processes include the SI1LO pr('x:css67 and a poly-
buffered LOCOS process?S (see chap, 2 for details on both of these). A high-pressure
oxidation process for growing the field oxide, was reported to have been used in both of
these processes,

6.6.2.4 Gate-Oxide Growth and Threshold-Voltage Adjustment.
The gate-oxide growth process is essentially the same as that used in the NMOS process
described in chapter 5. The threshold-voltage implant process can be accomplished with
either a single implant siep, using boron (see section 6.3.1), or two separate implants
{in which case additional masking steps are required). A separate selective punchthrough-
prevention implant for the NMOS devices is usually needed, especially for submicron
devices; this step also reguires the use of an extra mask. The Vr-adjust and
punchthrough-prevention implants can also be done either before or after the pate-
oxidation step. To keep the boron Ve implant shallow (i.e., to improve the PMOS
punchthrough characteristics, as described in section 6.3.2), implanting is sometimes
done through the gate oxide. To protect the gate oxide from contamination (as well as 1o
keep the implant shallow), part of the polysilicon can be deposited prior to the implant
step, 2667 with the remainder deposited aflerward.

Alternative gate-oxide materials are being studied as replacements for 8i0q. Gate
oxides of less than 10 nm will not be practical unless the gate voliage is also reduced,
for two reasons, Firgt, in order to prevent tunneling, the minimum gate oxide thickness
must be 2Vpn/Eqx(max), where Egx{max) is 6 MV/em, For Vpp = 3V, the
minimum thickness is thus 10 nm. The second reason has to do with the reliability and
burn-in techniques used in accelerated lifetime festing. [t becomes very difficult to
screen out weak devices from good ones when the breakdown-voltage criterion defining a
weak oxide falls within the range of the distribution exhibited by the good devices. This
situation is encountered at oxide thicknesses below 10 nm.58

If a material with a larger dielectric constant than that of $i03 (3.9) could be used,
the gate dielectric could be thicker, while the same capacilance per unit area could be
maintained. Extensive work has been conducted on such materials, including nitrided
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oxides, thermal nitrides (diclectric constant = 8), and tantalum pentoxide, TaxOs5 (22).
Rapid thermal processing has been explored as a means for forming the nitrided oxides,
since the high temperatures needed for their formation can be produced by rapidly
heating and cooling the wafers.

The TapOs films have been prepared through thermal oxidation of a tantalum
tayer,5? by reactive spulterﬁrzg,m and CVD deposition.”!  Several reports indicate that
these films exhibit excellent characteristics, and thus show promise for potential
applications in advanced integrated circuits, 7213

In addition, a novel technique for forming ultrathin (15 am}, low-defect 5:0y gate
layers has been been reported.”S In this approach, a 5-nm thermal oxide is first grown.
A 5.nm CVD oxide is then deposited, and finally another 5-nm oxide is thermally
grown, knder the CYD layer (Fig. 6-37). The layer is able to grow beneath the CvD
oxide because the oxidizing species diffuse through the first two layers to the 51502
interface (see Vol 1, chap. 7). During the second thermal oxidation, the top CVD
oxide is also densified. This combination layer exhibits a low defect density because the
growth-induced micropores (which are the major factor contributing to the defect density
in gate dielectrics), are misaligned. If they were to extend completely through the oxide
film, these micropores would be potential paths for rapid diffusional mass transport, as
well as for current leakage.

5.6.2.5 Polysilicon Deposiilon and Patterning. The process of forming
the 2™ polysilicon gate structure involves the deposition of a polysilicon layer and
patterning with Mask #3. The steps followed are essentially the same as those in the
basic CMOS process. In most advanced CMOS processes the polysilicon film is
overlaid with a refractory metal silicide to form a polycide structure (see Vol. 1, chap.
11). In some cases, a saficide (self-aligned silicided gate and source/drain regions — sce
Vol. 1, chap. 11) process is employed to reduce the parasitic resistance of the source and
drain regions, as well as that of the gate material, In most such cases, the salicide
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Fig. 6-37 Effects of oxidizing densification anneal: (a) $iD7 films; (b) 5i09- SigNy4 dual
dielectric; (¢} thermal $i07 - deposited 8102 multilayered stacked films. 76 (© 1988 IEEE).
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formation is carried out after the source and drain have been implanted.

The polysilicon can be doped either after deposition by diffusion or ion impianiation,
or in situ during deposition. The former approaches were used in most MOS processing
prior to submicron device generations. For submicren devices, in which a reduced
thermal budget becomes more imperative, in sity doping becomes more atiractive,
(since the long, high-temperature drive-in step can be eliminated).103 The redistribution
of channel and source/drain implants is thus minimized, allowing improved control of
threshold voltage, punchthrough, and Ly

As was described in sections 6.3.3 and 6.3.4, alternative materials to a* polysilicon
(or to polycides with n* polysilicon as the underlayer) have been investigated as gate
materials (e.g., p* and n* polysilicon, or refractory metal gates). Each alternative
process introduces some changes into the process flow; nevertheless it is predicted that
as device dimensions shrink, such measures will need to be used to maintain adequate
device performance.

Eiching of the gate structure can be a difficult step, especially when gate lengihs are
in the sabmicron range. First, the dimensions must be accarately and uniformly
produced across the wafer, as I is strongly dependent on the gate dimensions. Second,
the sidewalls must be vertical in order to reduce asymmetric Ipy characteristics in devices
built with LDD structures (see section 5.6.5.2). Third, the formation of vertical
sidewall gate structures implies the need for a completely anisotropic ctch step (see
Vol 1, chaps. 15 and 16). In turn, such a step requires that the eich process be highly
selective against etching the thin underlying gate oxide layer.

6.6.2.6 Formation of Source/Drain Reglons. In advanced-CMOS pro-
cesses, the gate lengths are short enough that LDD structures must be used (o minimize
hot-electron effects, especially in NMOS devices. Therefore, the procedures outlined in
section 5.6.5 are used to fabricate such LDD structures. If these structures are used only
for the NMOS transistors, Masks #4 and #5 are used 1o allow the sources and drains of
the iwo trangistor types to be selectively implanted.*  Note that if LDD structures are
also used for the PMOS devices, two additional masking Iayers may be needed (6-38ab.
A removable-spacer LDD process for both NMOS and PMOS devices has been
reporied (Fig. 6-38b) that does not require the use of any other masks than the two
needed to selectively form the sources and drains of the two transistor types.57.73 In
the removable spacer process, the heavily doped sourcefdrain implant is performed first,
with the spacers in place. After the spacers have been removed, the implant that forms
the lightly doped drain regions is carried out (Fig. 6-38b). This process can be used lo
provide LDD structures for one or both transistor types, as desired, Polysilicon is used
as the material of the removable spacers in one approach,57.9% while a low-temperature

* A procedure that requires only one masking step for creating both types of source and drain
regions has also been reported. In this approach, the heavy boron implant is carried oul
nonselectively. The mask is then used 10 cover the PMOS device active regions. An n-type
implant heavy enough to overcompensate for the boron implant in the active regions of the
n-channel devices is used to form the sources and draing of the NMOS wansistors,
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Fig. 6-38 (A) Non-removable oxide spacer LDD process: {a) »”implant, (b} p implant, (¢}
after LDD spacer ctch and n* implant, (@) after nt and p™ implant, (e) after p anneal. (B)
Removable spacer LDD process: () sfter spacer eteh and a" implant, (b) after NMOS spacer
removal and #~ implant, (¢} pt implant, (¢} after PMOS spacer removal and p” implant, (e}
after p* anneal 87 (© 1986 IEEE).

CVD oxide (over a thin polysiticon film) is used in the other.”3

Various techniques have been developed for forming the shallow source/drain
Junctions needed for submicron CMOS devices. First, As is implanted for the n-channel
devices and BFo™ for the p-channel devices, since both species have very shallow
projected ranges at implant energies of 30-50 keV (see Vol, 1, chap, 9). These implants
are usually performed through a screen oxide to protect the source/drain regions from
contamination during the implant procedure. Second, preamorphization of the silicon
by implantation with Si or Ge reduces channeling and helps produce shallow junctions.
It is necessary, however, to diffuse the implanted specics past the layer of implant
damage that cannot be annealed out, in order to prevent junction leakage (see Vol. 1,
chap. 9). RTP wechniques have been explored as a means of carrying out these anncal
and diffusion thermal cycles. Shallow p*n junction formation through the use of
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diffusion (i.e., by uiilizing RTP and either a solid diffusion source82 or a spin-on
diffusion source®?) has also been reported. The use of an antimony implant to obtain
shallow n'p junctions with n layers of lower resistivity than is possible with arsenic
has also been described.81

Note that the screen oxide is usually stripped off following the source/drain implant,
since it is damaged {(and may be contaminated) by the heavy implants. A new oxide is
grown over the source/drain regions and on the sidewall of the etched polysilicon
electrode (and this step is referred 1o as poly reoxidation). During this thermal cycle,
some (but not alf) of the implaniation damage is annealed out. The oxide formed on the
poly sidewail shifts the remaining damage away from the gate edge to maintain the
integrity of the thin gate oxide (Fig. 6-39).104.110 At the same time, the sidewall
oxidation produces a gate bird's beak, or GBB, under the polysilicon edge. This reduces
the the gate-to-drain overlap capacitance and relieves the clectric-field intensity at the
corner of the gate structure, However, because the GBB encroachment can degrade
transconductance of submicron MOSFETSs and impact their subthreshold swing and
threshold voltage, 109 this poly reoxidation process must be optimized for fabrication of
submicron MOSFETs, 111

An approach 1o forming shallow junctions that uses CoSip source/drain junctions has
been reported.29 In this approach, the CoSiy is formed before the source and drain
junctions are created by means of a heavy fon implantation step. The implant is then
performed so that the damaged layer, which would have occurred in the silicon crystal, is
kept within the CoSiy layer. As a resull, it is necessary to drive the implanted
impurities just far enough so that they enter the gilicon region to form the required pn
junction. If 4 salicide process is used, the device has a cross-section, as shown in Fig,
6-40.
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Fig. 6-39 (a) SEM micrograph of a gate structure with a GBB. (b) Profiles of GBE versus
oxide thickness grown during re-oxidation. 104 ‘This paper was originally presented ai the
Spring 1989 Meeting of The Elecirochemical Society, Inc, held in Los Angeles, CA.

ONSEMI EXHIBIT 1008B, Page 172



CMOS PROCESS INTEGRATION 439
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Fig. 6-40 Cross section of CMOS structure in which CoSip is first formed on the source
and drain regions, and then As and BFy* is selectively implanted into the CoSig. These
dopants are then driven out of the CoSip and into the Si subsirate to form shallow ptand nt
sourcefdrain mginns.zg (© 1986 1EEE).

Another approach is to create so-called elevated source-drains. A thin (e.g., 200-nm)
epitaxial layer of silicon can be selectively deposited onta the exposed source-drain areas
of the MOS transistor, following the implantation of the lightly doped region of the
LDD structure and formation of the spacers (Fig. 6-41a), This method has been used for
the NMOS devices of a 1 Mbit SRAM.7? In this case, a heavy BFy™ implant is done
such that the SEG film becomes heavily doped; the boron penetrates to the substeate
during an RTP anneal that follows the implant. In this way, elevated, heavily doped,
shaliow source/drain regions are formed, The source-drain junction depths in the
substrate are less than 0.2 gm deep (Fig. 6-41b}. As noted earlier, the gate oxide that
covers the source and drain regions is usually eiched away and regrown following the
implant step.

6.6.2.7 CVD Oxide Deposition and Contact Formation. Following
the formation of the source and drain regions (and the salicide layers), a doped oxide is
deposited by CVD, with procedures very much like those of the basic NMOS and
CMOS processes (see section 5.4.1.6).

Contact windows are opened in this CVD layer to allow electrical connections to be
made between the Metal 1 layer and the source/drain, gate, and substrate and well contact
regions (Mask #6). Again, the details are similar to those of the basic NMOS and
CMOS processes.

Advances in contact technology for CMOS include the use of barrier layers to prevent
spiking through the shallow junctions, and the filling of contact holes by such
materials as CVD W, polysilicon, or even SEG. In addition, as device dimensions
decrease, the parasitic resistances of the source and drain regions become more
significant. More details on all of these topics are provided in chapter 3.
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Fig. 6-41 Elevated source/drains. () Key process steps in forming elevated source/drains
using SEG. (b) Comparison of the doping profile in source/drain regions of a PMOS device
afler a BF2V implant directly into the regions (and a conventional furnace anncal) versus a
BF" implant into the 8EG regions and an RTP anncal. 79

6.6.2.8 Metal 1 Deposition and Patierning. The issues invelved in the
deposition and palterning of the Metal 1 layer are niot significantly different from those
described in chapter 5 for the NMOS process.  Mask #7 is used 1o pattern the Metal 1
layer. (For more information on the metal-layer deposition and patierning processes,
see chapter 4 of this volume, and Vol. 1, chap. 9.)

Despite its higher resistivity compared 1o Al, wngsien's superior electromigration
properties make it more appropriate for certain applications, As a result, CYD W has
been selected as the Metal 1 material for a variety of circuit designs.

6.6.2.8 Intermetal Dielectric Deposition/Planarization and Via
Patterning. Following the Metal 1 patterning, an intermetal diclectric must be
deposited 1o electrically isolate Metal 1 from the Metal 2 layer. A variety of materials
and deposition processes, have been wiilized (see chap, 4).
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However, deposition of this layer may make the wafer topography 0o severe 10
allow the Metal 2 film to be deposited with adequate step coverage. A number of
planarization processes have been developed 10 overcome this problem (see chap. 4). If
such techniques are successfully implemented, the wafer topography will be selatively
planar, and any steps on its surface will be gently sloped rather than severely vertical.

It i necessary 10 open vias in the intermetal dielectric layer so that an electrical
connection can be established between Metal 2 and Metal 1 at desired locations (Mask
#8}). Metal 2 must be deposited with adequate step coverage into the vias.

A number of technigues have been studied to improve coverage of Metal 2 in the
vias, including the following (sec chap. 4):

* Sloping the via walls by means of the via-etch process.

° Filling the vias with a blanket W or polysilicon deposition, and then etching
back to provide a planar surface.

* Filling the vias with a selective deposition of W or Al

* Increasing the step coverage into the vias through bias sputtering and heating
of the substrate during deposition.

® Laser melting the Metal 2 film 1o increase step coverage.

6.6.2.10 Metal 2 Deposltion and Paiterning. The processing issues of
depositing and patterning (Mask #9) the Metal 2 layer are discussed in chapter 4.

6.6.2.11 Passivation Layer Deposition and Patlerning. The
passivation-layer deposition and patterning (Mask #10) issues are the same those of the
basic CMOS or NMOS processes.

6.7 MISCELLANEOQUS CMOS TOPICS
6.7.1 Electrostatic-Discharge Proteciion

The input signals to an MOS IC are fed 10 the gates of MOS transistors. If the voltage
applied to the gate insulator becomes excessive, the gate oxide can break down, The
dielectric breakdown strength of SiOy is approximately 8x108 V/em; thus, a 15-nm gate
oxide will not not tolerate voltages greater than 12 V without breaking down, Although
this is well in excess of the normal operating vollages of 5-V integrated circulis,
voltages higher than this may be impressed upon the inputs {o the circuits during either
human-operator or mechanical handling operations.

The main source of such voltages is triboelectricity (electricity caused when two
malerials are rubbed together), A person can develop very high static voliage (i.c., a few
hundred to a few thousand volts) simply by walking across a room or by removing an
integrated circuit from its plastic package, even when careful handling procedures are
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followed. If such a high voliage is accidentally applied to the pins of an IC package, its
discharge (referred 1o as electrostatic discharge, or ESD) can cause breakdown of the gate
oxide of the devices (o which it is applied. The breakdown event may cause sufficient
damage to produce immediate destruction of the device, or it may weaken the oxide
enough that it will fail early in the operating life of the device (and thereby cause device
failure). A more detailed description of ESD failures in semiconductor devices can be
found in reference 4.

Al pins of MOS ICs must be provided with protective circuils to prevent such
voliages from damaging the MOS gates. The need for such circuits is also mandaied by
the increasing use of VLSI devices in such high-noise environments as personal
computers, automobiles, and manufacturing control systems. These protective circuits,
normally placed between the input and output pads on a chip and the transistor gates 10
which the pads are conniected, are designed to begin conducting or to undergo breakdown,
thereby providing an electrical path Lo ground {or to the power-supply rail). Since the
breakdown mechanism is designed to be nondestractive, the circuits provide a normally
open path that closes only when a high voltage appears at the input or cutput terminals,
harmlessly discharging the node to which it is connected.

Four types of circuils are used to provide protection against ESD damage, as follows:

1. diode breakdown

2, node-to-node punchthrough
3. gate-field-induced breakdown
4, parasitic pnpn diode latchup.

Often, a combination of protection methods is used, with a breakdown diode and one of
the other protection devices connected in parallel with the gate being protected.

6.7.1.1 Diode Protection. Protection is obtained by using the diode-breakdown
phenomenon 1o provide an clectrical path in the silicon substrate that consists of a
diffused resistor region (of a doping type opposite to that of the substrate). This diffused
region is connected between the input pad and the gate (Fig, 6-42a). If a reverse-bias
voltage greater than the breakdown voltage of the resuliant pn junction is applied, the
diffusion region (which otherwise works as a resistor), operates as a diode and undergoes
breakdown. Furthermore, this diffused region will also clamp a negative-going
transition at the chip input to one diode drop below the substrate vollage. In CMGS
technologics, an addiional protection diode can be added by utilizing the pn junction
that exists between a pt node and the body region of the PMOS device {an n-type
region, that is connected to Vppy). This diode is utilized as a protection device when a
connection is made between the pad and a p™ region. (Note that this second diode will
clamp positive-going transitions (o one diode drop above Ypp.)

6.7.1.2 Node-to-Node Punchihrough. As defined in section 5.5.2,
punchihrough is the phenomenon by which the depletion region surrounding the drain of
an MOS device extends along the channel of the device and contacts the depletion region
of the source of the device. While the current that results from punchihrough is ordinar-
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o GATE Dmuj}cn A

Fig. 6-42 MOS protective circuits: {a) Diode; {(b) Punchthrough device; {c} Layout of an
input protection structure containing both devices.}22 From T. B. BDillinger, VLS/
Engineering. Copyright Prentice-Hall, 1988, Reprinted with permission.

arily an gnwanted cffect, it is harnessed in ESD protection circuits for beneficial
purposes, The source and drain regions of an ESD punchthrough protection structure are
placed close enough together that punchthrough occars at a voltage lower than that of
the gate-oxide breakdown (Fig. 6-42b). Such a structure is layed out and tested to meet
a specific ESD transient reliability measure. Once it has been verified as functioning
according to the design specifications, it can be connected (o each chip signal /O pad.

6.7.1.3 Gate-Controlled Breakdown Structure. The clectric field near
the comner of an MOS device's drain node is strongest at the surface, since the depletion
region is narrowest at this point®3 and the entire voltage across the depletion region
must be dropped over a very short distance. The fact that the gate voltage can increase
the strength of the electric field at the corner of the drain is the principle used in
designing the gate-contzolled breakdown structure (Fig. 6-43}.

As the reverse-bias vollage applied to the drain is increased, the gate-to-drain voltage
also increases (note that the gate is tied to ground), Because the presence of the gate
reduces the breakdown voltage of the junction near the corner of the drain, a relatively
small voltage can cause the junclion to break down at this point. At breakdown, the
Junction conducts a large current; in this device, the current flows from the drain 1o the
substrate. The actual input voltage at which breakdown occurs can be controlled by
altering the oxide thickness, This produces a large voltage drop across the relatively
high resistance of the diffusion area, reducing the voltage applied to the gate of the
MOSFET.

Such structures were the workhorses of ESD protection devices. It has been found,
however, that processing enhancements that increase the device performance of small-
dimension devices sometimes have a negative impact on the failure resistance of the
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Fig. 6-43 (a) Cross-section, and (b) layout of a thick-oxide metal-gate device for node-to-
substrate breakdown and input-pad "pr()tectic)ﬂ.w'2 From T. E. Dillinger, ¥LSI Engineering.
Copyright Prentice-Hall, 1988, Reprinted with permission.

ESD protective devices, Specifically, silicided source/drain regions and LDD structures
can degrade the ESD performance of the gate-controlled breakdown stractures so that the
voltage at which these devices themselves fail is reduced from 4 kV to 1kV.86.87 Aga
result, ESD protection structures can be rendered largely ineffective by the silicided
regions, or else the circuits can be caused 1o fail by ESD in new failure modes as a
result of the addition of performance-enhancement features. 8688

8.7.1.4 pnpn-Diode ESD Protection for Advanced CMOS Circuits.
Even as devices are made smaller, a fixed minimum volume of silicon must always be
used 1o dissipate the power associated with the current flowing through the protective
devices to ground. If the power is dissipated in foo small a volume of silicon, the
silicon can be heated beyond its melting point; this can destroy the device, even if the
circuit-protection device is operating properly, As a result, a minimum unscalable area
(Fig. 6-44) will be required in order for the same degree of protection to be maintained
through each generation of scaled technology.58:89

Effective protection of VLSI must be provided for both automated and human
handling. ESD from a machine i8 typically modeled as a high-voltage (4-kV), short-
duration pulse (i.e., the EIAJ machine model [MM} test method), while ESD from 2
human operator is usually modeled as a longer, lower-voltage (300-V) but higher-
current pulse (e.g., the Mil. Sid. human body model {HBM] test method), Thus, if the
gate-controlled breakdown structure itself fails at 1 kV, it ceases to provide protection
against HBM ESD.87

To solve this problem on the inputs of a CMOS chip, it has been proposed that the
parasitic lateral pnpn structure inherent in all CMOS circuits be exploited (Fig. 6-43a)
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Fig. 6-44 Wunsch and Bell power curves for silicon mell, aluminum meli, and silicon melt
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as an ESD structure {sce scction 6.4). Such a structure — which is deliberately
configured to latch up at a voltage lower than that required Lo damage the input MOS
gate oxide — is built into each input circuit on the chip (D1 in Fig. 6-45b). Thus, this
paragitic pnpn structure serves as the primary ESD structure of the input circuit by
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Fig. 6-45 (a) Lateral papn input protection structure showing parasitic and increased area
at n-well and p-well junction resulting in lower power density. (b} Inpul-protection circuil
showing primary protection elements R1 and D1 and secondary protection elements R2 and
D2. (¢) Representation of dual-diode output circuit cross section.  Effectiveness depends on
parasitic diode impedance as well #s capacitance between supplies. {d) Cross section of MOS
thin-oxide device showing current density a1 silicide and silicon interface.87 (® 1979 IEEE).
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providing a low-impedance path when it is turned on. It also offers increased area for
power dissipation. Secondary ESD structures, however, must also be used on each
input circuit (e.g., D2 and R2 in Fig. 6-45b) to provide effective protection uniil D1
achieves its Jow-impedance conducting state.

On the outputs of the chip, the parasitic diodes that exist in the CMOS output cxrcuu
are used to provide ESD protection, much as described in section 6.7.1.1 {(Fig. 6-45¢),37
Such dual-diode CMOS outputs have proved 1o be effective when the resistance of the
parasitic diode in the p-channel device is minimized and the failure threshold of the n-
channel device is maximized, As shown in Fig. 6-43d, the stress current density in the
diode of the silicided n-channel device is very nonuniform due to the silicided
source/drain regions. As a resull, the diode can fail if too high a current density passes
through only a small fraction of the area of the silicided contact.

6.7.2 Power-Supply Voltage Levels for Future CMOS

As MOS has evolved, device scaling has been practiced t0 increase the speed and packing
density of MOS ICs. Although scaling of the electric field to maintain a constant
clectric field (CE) would have promoted both high performance and high reliability, in
practice a constant voltage (CV) has been maintained in order to maintain TTL
compatibility and prodace higher circuit performance. Such nonscaling of the voltage
leads to reliability problems, caused by hot-electron effects and oxide breakdown.
Scaling of the power supply voltage is thus desirable. M. Kakamu has calculated the
optimum power-supply voliage as a function of shrinking line width, and has shown
that this voltage can be scaled down in proportion 1o the square root of the design-rule
shrinkage without sacrificing circuit perfcrmance.gﬂ The relationships given between
the supply voltage and the design rule are

i}

Vpp = 6.1x (L /232 (for conventional drain structures) (6-9)

i

Vpp = 8.2x (L /Y2 (for LDD structures) (6-10)
where L (um) is the design rule and Vpsp is the power-supply voltage (volts). These
cquations predict that at dimensions of 0.6 um, the power supply voltage will have to
be reduced to 3.3 V in order for reliable device operation and circuit performance to be
maintained if conventional drain structures are used. On the other hand, if LDD
structures are used, it is predicted that Vpp = 5 V will still be feasible for 0.7-um
dimensions. A recent report indicates that these equations may be slightly pessimistic,
in that MOSFETs with gate lengths of 0.6 pm that operate from a 5-V supply have
been successfully fabricated.102 Through optimization of the LDD structures of these
devices, a lifetime of more than 10 years in the face of hot-carrier degradation effects, is
predicted.
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6.7.3 Low-Temperature CMOS

Since it is possible to build MOS devices with minimum dimensions of less than 0.5
pim, low-temperature operation of CMOS (e.g., at 77°K} has been actively investigated.
At low temperatures, the MOS devices exhibit lower subthreshold leakage, higher carrier
mobility (which vields improved speed performance), and a stecper logarithmie current-
voltage slope. It has been found that the normalized propagation delay in CMOS logic
gates is reduced by a factor of nearly 2 or 3 when the devices are operated at
77°K,91,92.93,94  The major reason for the slow commercial introduction of such
systems has been the difficulty associated with liquid-nitrogen refrigeration.

6.7.4 Three-Dimensional CMOS

Since the limits of two-dimensional CMOS may soon be approached, a logical direction
for continued advances in device scaling is three-dimensional devices. CMOS is welk-
suited for 3-D integration, since low-power circuits will be mandatory in order for heat
dissipation problems to be avoided. The 3-D approach will offer the benefits of
increased packing density and higher speeds (due to shorter interconnects).

The inability to fabricate single-crystal silicon over insulating layers, however, has
historically been an obstacle to the implementation of 3-D ICs. Recent advances in SO1
technologies show promise of being able to surmount this obstacle and much work is
currently being done to develop 3-D CMO8.9%
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PROBLEMS

6.1 An n-well CMOS process starts with a substrate doping of 3310 em®. The well doping
g near the surface is approximately constant al a level of 3x10'% om®. The gale oxide
thicknesses are both 40 nm. (a) Calculale the threshold voltages of the n- and p-channel
transistors, {5 Caleulate the boron doses needed to shift the NMOS threshold to +1 V and the
PMOS threshold to -1 V. Assume that the threshold shifts are achieved through shallow ion
implantations. Neglect oxide charge.

6.2 In & p-well CMOS technology, the n-substrale has a doping concentration of 1x1013
em?, and the p-well concentration is 5x10'6 cm3,  Caleulate the source/drain junction
capacitances and body-effect coefficients for both n- and p-channel MOSFETs assuming the
gate oxide is 20 am thick in both devices.

6.3 In an n-well CMOSS process, specify the necessary masking sequence in correct order
and also state the number of masks needed a process that uses both a double-poly and double-
level metal process.

6.4 A CMOS mverter is driven with a square wave voltage source with a period of 1 us. The
power supply voltage, VDD = +12 V and the load capacitance CL is 20 pF. Find the power
dissipated by the inverter.
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6.5 If an LDD structure is needed for both #- and p-channel MOSFETSs in a submicron CMOS
process, list the CMOS muasking sequence and associated major processing steps. I the
doping concentration of the p° LDD is an order of magnitude Targer than that of the " LDD,
can any of these steps be omitted?

6.6 Comparing a rewrograde well CMOS process to a conventional well CMOS process, what
is the most important difference in the two process sequences and in the compieted device
structures? How do these differences impact the device isolation?

6.7 In a (p* diffusion)- (n-well)-(p-on-p* subsirate) structure, the r-well is uniformly doped
at 1x1016 cm™ and is 1 g deep, the p-cpi thickness is 4 um and is uniformly doped at 1x1013
em™?, and the p* diffusion is 0.4 pm deep. If a substrate bias generator is needed and the p*
diffusion and n-well are both biagsed at 5 V, what is the maximum (in absolute value) subsirate
voltage that can be applied before punchthrough oceurs?

6.8 Explain why using a lightly doped epitaxial layer on a heavily doped substrate is one of
the most effective ways to increase latchup resistance. Why is a thinner epi even more
helpful and what limits the continuous sealing of epi thickness?

6.9 For an n-well CMOS structure, draw a lumped equivalent circuit model of the parasitic
device structures that give rise to latchup and derive the conditions for latchup to cceur.

6.16 Explain why latchup cannot be sustained if the holding voltage is greater than the
supply voltage. What is the most effective technique for increasing the holding voltage?

6.11 If the n*-to-n-well spacing is 3 um, the n-well depth is 1.3 um, and the p* diffusjon
depth is 0.3 pm, estimate the minimum pulse width needed to trigger lalchup.

6.12 In an n-well CMOS structure the well depth is | gm and the well concentration 1x1016
om™>, The p* diffusion is 0.3 zum deep and it is doped at 1x10'9 cnr®. Estimate the vertical
prp transistor common-crmitter current gain () using one-dimensional analysis. (Hint: You
will need to calculate the minority-carrier diffusion length in the base of the transistor, and
compare this with the base width in order o estimate @, which can then be used to find B.)
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CHAPTER 8

SEMICONDUCTOR MEMORY
PROCESS INTEGRATION

Memories store digital information (or data) in terms of bits, or binary digits (ones or
zeros), Modern digital systems use memory devices to store and retrieve large quantities
of digital data at electronic speeds. Early digital computers used magnetic-cores as the
devices in fast-access memories. With the introduction of semiconductor memory chips
in late 1960s, however, magnetic cores began to be replaced by integrated cirenits
{which implemented a much higher-density digital-memory function). This not only
increased the performance capabilities of the memory, but also dragtically decreased its
cost. By the end of the 1970s, magnetic-core memories had been completely displaced
as high-speed memory devices.

8.1 TERMINOLOGY OF SEMICONDUCTOR MEMORIES

Memory capacities in digital systems are usually expressed in terms of bits, since a
separate storage device or circult is used to store each bit of data. Each storage element
is referred to as a cell, Memory capacities are also sometimes stated in terms of bytes
{8 or 9 bits) or words (32 — 80 bils). Each byle typically represents an alphanumeric
character. Every bit, byte or word is stored in 4 particular location, identified by a
unique numeric address, and only a single bit, byte, or word is stored or retrieved during
each cycle of memory operation,

Memory-storage capability is expressed in units of kilobiis and megabits {or
kilobytes and megabytes). Since memory addressing is based on binary codes, capacities
that arc integral powers of 2 are typically used. As a result, a memory device with a
1-kbit capacity can actually store 1,024 bits, and a 64-kbil device can store 65,536 hils,

In digital compulers, the number of memory bits is usually 100 to 1000 times
greater than the number of logic gates, which implies that the memory cost per bit
must be kept very low. In addition, it is desirable for the memory devices 1o be as
small as possible (since this will allow the highest density of cells on a chip), to
operate at & high speed, (0 have a small power consumption, and (o operate relinbly,

567
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Memory cells could be designed to possess a set of characteristics close to those of
an ideal digital-logic-clement. Such an ideal cell would be able to

1. perform the desired logic function;

2. robustly guantize the signal levels of the stored data;

3, exhibit a high degree of input-output isolation and fan-out; and
4. regenerate the stored logic-levels.

However, to enable cach memory cell to possess all of these attributes would require
the use of a complex circuit lo implement each cell. Memory-cell design thesefore
involves trading off most of the desired propertics of digital-logic devices in order lo
achieve a cell that is as simple and compact as possible. Consequently, the cell itself is
not capable of outputting digital data in an electrical form compatible with the
requirements of the remainder of the system, To restore the electrical characteristics of
the cell's outputted data to adequate values, properly designed peripheral circnits (e.g.,
sense amplifiers, memory registers, and output drivers) are necessary. These circuits are
designed o be shared by many memory cells, The trade-off thus made is that of a less-
robust output signal from the cell, in exchange for a simple, compact memory cell
design (consisting of only 1 o 6 transistors),

8.1.1 Random-Access and Read-Only Memories
(RAMs and ROMSs)

The most flexible digital memories are those that allow for data storage (or writing) as
well as data retricval (or reading)., Memories in which both of these functions can be
rapidly and easily performed, and whose cells can be accessed in random order
{(independent of their physical locations), are referred to as random-access memories
(RAMS). Read-only memaories (ROMs) are those in which only the read operation can
be performed rapidly (although ROMs are generally configured so that their cells are
also randomly accessible, and data can be entered into them}. Enfering data into a
ROM, however, is referred to as programming the ROM, to emphasize that this
operatien is much slower than the writing operation used in RAMSs.

8.1.2 Semiconductor-Memory Architecture

The organization of large semiconductor memories is shown in simplified form in
Fig. 8-1.1 The storage cells of the memory are arranged in an array consisting of
horizontal rows and vertical columns, Each cell shares electrical connections with all
the other cells in its row, and column. The horizontal lines connected to all the cells in
the row are calied word lines, and the vertical lines (along which data flows into and out
of the cells) are called it lines, Each cell therefore has a unique memory location, or
address, which can be accessed at random through selection of the appropriate word and
bit line, (Some memorics are designed so that four or eight cells are accessed
simultaneously.) Thus, in semiconductor memories such as that shown in Fig. §-1,
any cell can be accegsed in random order, at a fixed rate, for the purpose of either reading
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Fig. 8-1 Organizadon of a random access memory (RAM).

or writing data. The array configuration of semiconductor memories lends itself well 1o
the regular, structured designs favored in VLSL

There are also a number of important circuits at the periphery of the array. The first
such peripheral circuit is the address decoder. Two of these are used on each chip - one
for the word lines, the other for the bit lines. These circuits allow a large number of
word and bit lines to be accessed with the fewest number of address lines. Address
decoders for this purpose have 27 oulput Tines, with a different one sclected for each
different n-bit input code. In later gencrations of memory circuits, address multiplexing
was integraled on some memory chips o reduce the number of address pins by hall.
(MNote that the address decoder was the first peripheral logic-circuit 1o be built on the
memory chip).

The readfwrite control circuitry shown in Fig. 8-1 determines whether data is o be
written into or read from the memory, Because such circuits also amplify and buffer the
data signals retrieved from the cells, one of the important circuits in this subsystem is
the sense amplifier. Tn dynamic memorics thal need periodic data refreshing, refresh
circuitry may also be provided.
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Note that most RAMs have only one input-daia lead and one ouiput-data lead (or
only one combined input/output lead), Writing into and reading from such RAMs is
done one bit at a time. Other RAMs have a number of input- and output-data leads,
with the number determined by the word length of the system's data bus. ROMs, on
the other hand, are typically organized so that the number of output-data leads (usually
eight) is the same as the number of lines on the data bus. ROMs are programmed word
by word (i.¢., eight bits, or one byte, at a time) and are read from in the same manner.

8.1.3 Semiconductor-Memory Types

In semiconductor RAMS, information is stored on each celi either through the charging
of a capacitor or the setting of the stte of a bistable (lip-flop circoit. With cither
method, the information on the cell is destroyed if the power is interrupted. Such
memories are therefore referred 10 as volatile memories. When charge on a capacitor is
used to store data in a semiconductor-RAM cell, the charge needs to be periodically
refreshed, since leakage currents will remove it in a few milliseconds, Hence, volatile
memories based on this storage mechanism are known as dynamic RAMs, or DRAM s,

If the data is stored (L.e., written into the memory) by setting the state of a flip-flop,
it will be retained as long ag power is connected to the cell (and no other write signals
are received). RAMs fabricated with such cells are known as staric RAMs, or SRAMS.
Volatile RAMSs can be treated as nonvolatile if they are provided with battery backup.
Some DRAM and SRAM chips are even packaged together with a battery to facilitate
implementation of this approach.

It is often desirable 10 use memory devices that will retain information even when
the power is temporarily interrupied {or when the device is feft without applicd power
for indefinite periods). Magnetic media offer such nonvolatile-memory storage. In
addition, a variety of semiconductor memories have been developed with thig
characteristic. At present, virwally all such nonvolatile memories are ROMs, While
data can be entered into these memories, the programming procedure varies from one
type of ROM to the other (and none of them can be considered 1o be RAMs).

The first group of nonvolatile memorics consists of those ROMs in which data is
entercd during manufacturing, and cannot subsequently be altered by the user. These
devices are known as masked ROMs (or simply ROMs}. The next category consists of
memories whose data can be entered by the user (user-programmable ROMs). In the
first example of this Lype, known as a programmable ROM, or PROM, data can be
entered into the device only ence.

In the remaining ROM types, data can be erased as well as entered, In one class of
erasable ROMs, the ceils must be exposed (o a strong ultraviolet light in order for
stored data 1o be erased. These ROMs are called erasable-programmable ROMs, or
EPROMSs. In the final type, data can be efectrically erased as well as entered into the
device; these are referred to as EEPROMs. The time needed to enter data into both
EPROMSs and EEPROMs3 is much longer than the time required for the wrire operation
in a RAM. Ag a result, none of the ROM types can at present be classified as folly
functional RAM devices.
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A few nonvolatile RAMs have been developed, but these have not yet reached the
state of development at which they can be considered an important class of
semiconductor memory.

8.1.4 Read-Access and Cycle Times in Memories

The two principal time-dependent performance characteristics of a memory are the read-
access time and the cycle time, The first is the propagation defay from the time when
the address is presented to the memory chip until data stored at that address is available
at the memory output. The cycle time is the minimum time that must be allowed after
the initiation of a read operation {or a write operation, in 2 RAM) before another real
operation can be initiated. The minimum cycle times for reading and writing in a RAM
are not necessarily equal, but for simplicity of design most systems employ a single
minimum cycle time. For semiconductor RAMs, the read-access time is typically
50~ 90% of the read-cycle time.

8.1.5 Recently Introduced On-Chip Peripheral Circuitls

Additional peripheral circuits have recently been added 1o the basic memory-
organization structure shown in Fig. 8-1. These circuits serve mainly to improve the
manufacturability and testability of the chips. Those designed o increase manufactura-
bility include redundancy circuits and error-correction circuits. Redundancy circuits allow
some defective chips to be salvaged, while self-testing circuits reduce testing time.

Redundancy allows a defective row or column of cells 1o be replaced with a spare.
Replacement techniques include the use of electrically or taser-blown fuses, or of one-
time-programmable memory cells (which conteol on-chip multiplexers that switch in
spare rows or columns). Redundancy measures typically improve manufacturing yields
by factors of between 1.5 and 3.

Error-detection and correction techaiques involve the addition of parity bits 1o allow
the system 1o detect bad data, as well as circuitry to accomplish parity checking and
error correction. This imposes an area penalty: for example, if one parity bit is added to
each byte, the size of a 32k x 8k chip would be increased to 32k x 9k, If a failure is
detected during programming, the parity bits can be sacrificed to act as a spare bit field
for byte-wide applications. In DRAM designs, the use of error-correction coding (ECC)
requires another 27% of memory cells. Because the ECC approach corrects soft errors as
well as hard errors, the problem of soft errors can be reduced for the life of the product.

8.1.6 Logic-Memory Circuits

Special-purpose circuits that combine logic and memory on the same chip have recently
been introduced. These fall into two categories: (1) memories that have some additional
logic capabilities (fogic-in-memory circuits, or special-application RAMs); and (2) logic
circuits that contain some memory capability (memory-in-logic circuits).
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A namber of different special-application RAMs have been developed, including
video RAMs (VR AMSs) and multiport SRAMsAS Video RAMs are DRAMs designed
to support the high-capacily requirements of frame buffers and display memories found
in graphics terminals and systems. ‘They have two input/output ports - one for random
access (as in conventional RAMS), and one for serial-access, The serial port accesses
the memory sequentiaily and performs the various seriafization tasks necessary to drive
cathode-ray tubes or other serial-data devices. The fast serial-readout-rate also enables
quick refreshing of the graphics screen, The random-access port is driven by a graphics
processor and is used to build the screens of displayed data (i.e., the random-access
capability allows real-time updating of pictures).

Multiport SRAMs are being offered for use in multiprocessor systems. For example,
dual-port SRAMs are becoming widely used to allow two independent logic circuits 1o
simuliancously access one memory in a read and write mode, The two circuits can thus
communicate with each other by passing data through the common memory. (Two
processor-containing components of a digital system might be a2 CPU and a disk
controller, or two processors working on two related but different tasks,) The use of the
dual-port memory would eliminaie the need for any special data-communication
hardware.

Many applications for memory-in-logic circuits have also been envisioned, but these
have only begun to be implemented, Some manufacturers of epplication-specific
cireudts (ASICs) do offer large memory blocks as part of prefabricated gate arrays, as
well as increasingly larger memory blocks in their standard-cell libraries. Other, mote
advanced circuits are still being developed. For instance, more extensive use of memory
will be needed in image processing and coder-decoder (CODEC) ULSI circuits, Image
processing systems will bs greatly enhanced when a processor is available with a
memory of at least 2 Mbits that can store a frame of a picture, Similarly, CODECs
used 1o move pictures could use such an image processor with an on-chip memory for
data compaction. Finally, microprocessor chips are being built with on-board memories.
(For example, the Inte! 486 uP containg cache memory on the chip, which consumes
~40% of the chip area,) Even more memory integration might allow for an on-chip
memory hierarchy. Products that could use such circuits include point-of-sale terminals,
smart cards, and telecommunications circuits.

8.2 STATIC RANDOM-ACCESS MEMORIES (SRAMS)

SRAMS, the first type of semiconductor memory to be implemented, are referred o as
static memories because they do not require pericdic refresh signals in order (o retain
their stored data, The bit state in an SRAM is stored in a pair of cross-coupled inverters,
which form a circuit known as a flip-flop. The voltage on each of the two outputs of a
flip-flop circuit is stable at oaly one of two possible voltage Ievels, because the
operation of the circuit forces one ouiput to a high potential, and the other fo a low
potential. The memory fogic siate of the cell is determined by whichever of the two
inverter outputs is high. Fip-flops maintain a given state for as long as the circuit
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receives power, but they can be made 1o undergo a change in state (i.e., to flip), through
the application of a trigger vollage of sufficient magnitude and duration to the
appropriate input. Once the circuit has settled inlo its new stable state, the trigger
voltage can be removed. SRAM cells can be implemented in NMOS (Fig. 8-22),
CMOS (Fig. 8-2b), bipolar (Fig. 8-2c), or BICMOS technologies.

The chicf disadvantage of an SRAM cell is that it consists of at Ieast six devices, as
compared o only two for the dynamic-memory cell. Thus, even when the same set of
design rules is used, an SRAM chip cannot be built with as many cells as a DRAM
chip (as is illustrated in Figs. 8-3a and 8-3b).

On the other hand, SRAMs are the fastest semiconductor memories. Their speed is
derived from the self-restoring nature of the flip-flop and the static peripheral circuits of
the memory chip. Bipolar SRAMs are the fastest of all, and MOS SRAMSs arc the
fastest among MOS memories. Bipolar SRAMs, however, dissipate much more power
than CMOS SRAMSs (e.g., 0.1-t0-1.0 mW/bit versus ~25 #W/bit).

Fpp =i Y

{e}

Fig. 8-2 Cireuit schematic of (a) NMOS SRAM cell, (b) CMOS SRAM cell, (¢} Bipolar
SRAM cell.! From D, A. Hodges and H, G. Jackson, Analysis and Design of Digital
Integrated Circuits, Copyright, 1983 McGraw-Hill Book Co. Reprinted with permission.
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i

SRAMS are also characierized by their input/output (1/0) capability: one group has a
TTL I/O capabitity, while the other has an ECL /O capability (see chap. 7, section
1.2.2 for a comparison of TTL and ECL 1/O signals). For the past several generations,
high-speed CMOS technologies have been used to build TTL I/O SRAMs, while ECL
I/O SRAMs have been implemented using bipolar technology. This is changing, since
BiCMOS technology has begun to be used to fabricate both TTL and ECL [/O SRAMs.
For example, 256-kbit ECL I/O SRAMs with 15-ns access times were commercially
introduced in 1989, and 1-Mbit devices are expected shordy. TTL-I/O BiCMOS
SRAMSs are challenging incumbent CMOS and bipolar devices and already offer higher
performance than all but the best of the CMOS SRAMs.

As SRAMs have evolved, they have undergone an increase in density. Most of this
has been due to the use of smaller line widths (e.g., the 4-kbit MOS SRAM used 5-um
lines, while the 16-kbii, 64-kbit, 256-kbit, and 1-Mbit SRAMs were built with 3.0-
pm, 2.0-um, 1.2-pm, and 0.8-um lines, respectively). The remainder of the density
increase has been due to improvemenits in process lechnology, novel cell designs, and
circuit fnnovations,
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Figure 8-2 indicates that one word line and two bit lines are connected to each
SRAM cell: consequently two access transistors are also provided in cach cell. In
principle, it should be possible to achieve all memory functions using only one column
line, one bit line, and one access transistor. In practice, however, normal variations in
device parameters and operating conditions, make it difficult (or impossible) to obtain
reliable operation at maximum speed using a single access-line to flip-flop cells.
Therefore, the symmetrical bit lines (bit 0 and bit 1), arc necessary. In a matrix of
memory cells, cach pair of bit-0 and bit-1 lines is shared by all memory cells in each
column, and each word line is shared by all memory cells in each row.

8.2.1 MOS SRAMs

MOS SRAMs can be fabricated in either NMOS and CMOS, with early MOS SRAMSs
implemented in the former (Fig. 8-2a depicts a schematic diagram of an NMOS-SRAM
cell). The load devices, Ms and Mg, are depletion-mode NMOS transistors; the driver
transistors, My and Mo, and the access Lransistors, M3 and My, are enhancement-mode
NMOS ransistors. The fully static CMOS SRAM (full-CMOS) cell shown in Fig.
8-2b was developed next. In this cell, the load devices are PMOS enhancement-mode
transistors, while the other four transistors are enhancement-mode NMOS devices.
Finally, a four-transistor SRAM cell was developed, with high-valued polysilicon
resistors used as the load devices (pely-load cell). Since all the transisiors in this cell
are NMOS devices, the celis can be buill in CMOS p-wells. When an array of such
poly-load cells was fabricated in a p-well and combined with full-CMOS peripheral
circuits, the tesulting SRAMs demonstrated a significant decrcase in power
consumption compared to NMOS SRAMs (since most of the power in an SRAM is
dissipated in the peripheral circuits, such as the off-chip drivers). These SRAMs also
dispiiyed a higher packing density than did SRAMs built with [ully static CMOS
cells.

The full-CMOS cells dissipate less power than do the other types of MOS SRAM
cells when in the standby mode of operation (i.c., when the cell is not being writlen
into or read from). In the other Lypes of cells, one lnverler is always ON, and hence
significant current is drawn from Vpp (much more, of course, in the six-transistor
NMOS cell). In the full-CMOS cell, however, one transistor in cach of the coupled
inverters is OFF thus, only junction-leakage cusrent is drawn from Vpp. This current
is approximately three orders of magnitude less than that drawn by the poly-toad cell,?
demonstrating that very little power is dissipated in the full-CMOS cell. In addition,
the stability of the full-CMOS cell is high, since higher alpha-particle immunity and
smaller junction leakage sensitivity is exhibited, The insensitivity 1o Jeakage allows
operation at higher temperatures, Fully static CMOS SRAMs have been exploited as
low-power, batlery-backed memory devices in batiery-operated consumer goods and
poriable office equipment.

The isolation of s-channel from p-channel devices means that the full-CMOS cell
generally requires a larger area than does the poly-oad cell. Purthermore, in order 1o
establish contacts from the drain regions of the p-channel devices to those of the
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n-channel devices {as well as to the nt polysilicon-gate materials), the metal layer must
be used. In four-transisior/poly cells, there are no p-channel devices; so no n-channel-
to-p-channel isolation is needed in the memory array of the chip. Buried contacts which
take up less space can also be used to connect the draing of the aceess transistors and the
gate of driver-transistors. Since it is also more costly to manufacture SRAMs with
[ull-CMOS celis, four-transistor/poly-load cells have been used in the design of most
high-density CMOS SRAMSs. By 1989, 1-Mbit CMOS SRAMs were being offered
commercially,

Alternative cell structores have also been investigated as 4 way Lo increase the density
of SRAMs. One such approach is to stack the trangistors on top of one anather. For
example, the full-CMOS cell can be built with the active p-channel transistor load
stacked above the n-channel devices. The second layer of transistors can be fabricated on
recrystallized silicon!? or built using a hydrogen-passivated polysilicon transistor.!3
Although the processing techniques needed to fabricate such three-dimensional stacked
structures are complex and difficult to control, these devices will become more attractive
as the need to form higher-density structures becomes greater.

A novel SRAM cell based on the reverse base current of a bipolar transistor and
consisting of only one bipolar transistor and one MOS transistor was described by
Sakui et al.14 Such a compact cell would allow SRAMs to be built with the same
densitics as DRAMs.

8.2.1.1 Circuit Operation of MOS SRAM Cells. NMOS and CMOS
SRAM cells all exhibit the same basic circuit behavior (Figs. 8-2a and b), When
writing or reading data in such a cell is desired, the word line of the cell (which is held
low in the standby state) is raised (o Vpp (e.g., +5 V). This causes the enhancement-
mode NMOS access transistors Mg and My 10 be turned ON. Writing is performed by
forcing one of the bit lines low {e.g., close to 0 V), while maintaining the other at its
standby value (about 3 V). For example, to write a I, the bit-0 fine must be forced
low . *

When this occurs, My tumns OFF and its drain voltage rises due lo the currents
flowing through Mg and M3. When Mg has been tusned ON, the bit line can be
returped 1o its standby level, leaving the cell in the state of storing a 7. (The operation
of writing a 0 is complementary to that just described).

For reading a I, the bit lines must both be biased at about 3 V., When the cell is
selected, current flows through Mg and M3 to ground and through Ms and M3 to the bil
I line, The gate vollage of My does not fall below 3 V, so My remaing ON. The
voltage of the bit-0 line is thus reduced o less than 3 V, while the voliage of the bit-/
line is pulled up above 3 V, since My is OFF but Ms is ON. As a result, a differential
output signal exists between the bit-0 and bil-J lines. This signal is fed to the sense
amplifier, whichin SRAMsis a differcatial amplifier capable of providing rapid sen-

* The cell must be designed so that the conductance of the access fransistor is several lmeg
larger than that of the load wansistor (i.¢., comparing M4 1o Mg), in order for the drain of Mp
and the gate of My to be brought below V1)
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sing. Conseguently, one of the bit lines needs to be enly slightly discharged in order to
generate a differential input signal large enough fo drive the sense amplifier. To avoid a
change in the state of the cell during reading, however, it is necessary for the
conductance of Mz to be around three fimes as large as that of My so that the drain
voltage does not rise above V. {The operation of reading a 0 is complementary to the
one just described).

Among the most important factors limiting the maximum speed of MOS SRAMs
are the delay associated with signal propagation through address buffers and decoders
(which gets longer ag the number of inputs and outputs increases), and the delay
associated with the charging and discharging of the word and bit lines (which increases
as the RC product of the word- and bit-line structures increases).

Bit-lines are typically formed in metal (Al), and hence their resistance is not a
significant limitation. Word-lines, however, are normally implemented with polysilicon
or polycide, so their higher resistance is considerably larger than that of the bit-lines.
This then becomes one factor that limits SRAM speed. The parasitic capacitance of the
word- and bit-line structures themselves, combined with the many paralleled access
transistors {which are connected to each word and bit ling), results in a large equivalent
lumped capacitance on each of these lines.

Finally, there is a delay associated with the signal propagation through the sense-
amplifier and data-output circuits. Congiderable effort has been expended to develop
high-speed sense amplifiers for SRAMs. In addition, a circuit lechnigue known as
address-transition detection (ATD) has also been used to speed up sensing in MOS
SRAMs. In this technique, the bit lines are equilibrated upon detection of a change in
the address input. (Sense-amplifier design, and the details of ATD are discussed in texts
on VLSI circuit design, and so will not be further described here,

8.2.1.2 SRAM Cell Layout and Processing Issues. For maximum
density 10 be achieved in a memory device, the cells must be be laid out in as small a
size as possible, The size is determined by the cell's topology and by the design rules of
the IC fabrication technology. A completed layout design represents the outcome of
years of development, and a great deal of design experience. Figures 8-4a, 4b, and 4¢ are
examples of SRAM-cell designs for a six-transistor NMOS SRAM celt,® a poly-load
cell,® and an advanced full-CMOS cell,” respectively. These cell layouts also reflect
some of the process enhancements that have made possible the improvements in SRAM
performance, speed, and density.

Table 8-1 shows the evelution of the MOS SRAM,; shrinking line widths and a
varicty of process enhancements can be seen to have been primarily responsible for the
density and performance improvements, Figure 8-5 presents the same information
graphically. The process erhancements are summarized in the following paragraphs
describing the cells used in 1-Mbit SRAMSs.

Several 1-Mbit CMOS SRAMSs based on the poly-ioad cell were described in detail
in the FEEE Journal of Solid-State Circuits (October, 1988), and a 4-Mbit SRAM
(Qctober, 1989).199 The access time of these devices ranges from 7.5 to 18 ns
(although the access times of commercially available 1-Mbit SRAMs in 1989 were
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Fig. 8-4 {a) Schemalic and layout of NMOS SRAM cell.® After R. Hunt, "Memory Design
and Technology,” in M. J. Howes and D. V. Morgan, eds., Large Scale Integration.
Copyright 1981, John Wiley & Sons. Reprinted with permission, {b) Schematic and layout
of poly load SRAM cell. (@ 1988 IEEE).

heing given as 25-120 ns)32 From the layout of the 7.5-ns CMOS SRAM cell (Fig.
8-4b), it can be seen that a double-polysilicon, double-level metal process is used, and
that the cell area is 66 um? (6.0 x 11 um). The first level of polysificon is a polycide
structure, which is used for the Vgg power line in the memory array as well as for the
gates of the MOS transistors. The second poly layer is used to form both the high-
valued load resistors and the low-resistance Vpp lines. The bit lines are formed in Metal
1, and the word lines in Metal 2. A 0.8-pm twin well-CMOS process is used in which
the channcl leagths of the n- and p-channel transistors are 0.8 and 1.0 pm, respectively,
Gther advanced poly-load-based CMOS SRAM designs include such process
enhancements as trench-isolation structures, triple-level polysilicon, self-aligned con-
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Fig. 8-4 (c) Layout of a full-CMOS SRAM cell.” (@ 1988 IEEE).

tacts, buried contacts, and spare rows and columns for redundancy,

A 1-Mbit CMOS SRAM based on a full-CMOS cell was reported in the same issue
of the IEEE Journal mentioned above (Fig. 8-4b).7 1t has a longer access time (25 ns)
but consumes only 1 4W of power in the standby mode. Its memory-cell size is 5x12
um, which implies that clever cell design and advanced processing lechniques can
produce fully static cells with sizes comparable 1o those of poly-load cells. (Note that
the major reduction of ccll area in such full-CMOS cells has been attributed to the use
of a local interconnect !aycrws — chap. 3, section 3,112, The local interconnect layer
allows the two inverters of the cell to be cross coupled with only two contacts per cell

Table B8-1. Evolution of MOS SRAM Technology

Introduction Size Access Minimum Process
Date {blts}  Time Feature Size Enhancemenis
1969 PMOS 256 bit Silicon Gate, CVD Oxide
1972 NMOS 1k 8 pm Depletion-Mode Load
1973 NMOS 4k 405 (1988) Sum Ton-Implant V7 Adjust
1978 NMOS 16k 3 um Plasma. Eiching /Wafer Stepper
1982 CMOS/MNMOS 64k 15 ns 2 um Double-Poly
1985 CMOS/NMOS 256k 28 ns (1988) 12 um Polycide/Poly, LDD Structures
1988 CMOS/NMOS 1M 25ns {1988) 0.8 um (Polycide/Poly, Double-Metal,
Full CMOS 1M 25ns (1988) Fwin-Well, LDD Structures)
1689 CMOS/NMOS 1M 10 ns
CMOS/NMOS 4M 25 ns 0.5 um 3.3 V, Rewrograde p-Well,
BICMOS 1M 8ns 0.8 um 25 Mask Levels, Twin-Well
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- compared 10 nine contacts in a cell implemented with double-level metal, but with no
locat interconnect level — and thus the cell size can be made signigicantly smaller.)

This SRAM is fabricated using a 14-mask process, and it employs a single level of
polysiticon and two layers of metal. The poly layer is selectively doped p-lype when it
acts as the gate for PMOS devices, and n-type when it is a gate for NMOS devices. A
silicide strap i also used to connect poly lines to diffused regions. Spare rows and

columns are included for redundancy.

Another full-CMOS SRAM (256 kbits in size) has also been described.? This 35-ns
access-time part uses TiN as a local-interconnect structure between gates and diffused
regions, and .8-um MOS devices. The 100-nm-thick TiN layer has a sheet resistance
slightly lower than that of a 500-nm doped-poly layer {14 Qfsq vs. 20 Q/sq). The TiN
makes contact to the TiSiy layer that is formed on the surfaces of both the diffusion and
gale regions, Since TiN is also an effective diffusion barrier, it prevents the phosphorus
dopant in the #™ polycide structure from diffusing and counterdoping the diffused drain
regions of the PMOS devices when a connection is formed between them. (The
formation and properties of TiN as an interconnect and barrier material is discussed in

greater detail in chap. 3).

Several 4-Mbit CMOS SRAMS are described in the October, 1989 issuc of the FJEEE
Journal of Solid-State Circuits. The decrease in SRAM cell size as a function of

minimum feature size is shown in Fig, 8-5.
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Fig. 8-8 MOS SRAM cell size versus design rule histary‘ué (® 1986 IEEE).
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8.2.1.3. High-Valued Polysilicon Load Resistors for MOS SRAMs
High-valued resistors are used as the load devices in the poly-load SRAM cell (Fig.
8-2b). In order 1o minimize power consumption and yet maintain an optimum soft-
error rate, the load current of the cell is set o about 31 pA.13 Very high-valued load
resistors must be used to obtain such small load currents. For example, it has been
calculated that 164 G£2 resistors must be used for 64-kbit and 256-kbit SRAMSs, and 97
GO resistors are needed for 1-Mbit and 4-Mbit SRAMs (Fig. 8~63).15 Films made of
materials with very high sheet resistances must be used to fabricate these load resistors
10 avoid the consumption of excessive area,

Undoped polysificon films exhibit high sheet-resistivity values, making them good
candidates for fabricating such structares (Fig. 8-6b), When undoped g)@ysilicon films
are implanted with arsenic in doses from ~1x1013/cm? 1o 1x1017fem?, the sheet
resistivity can be controlled from 10% Qfsq up to about 1012 Q/sq (Fig. 8-6¢). Hence,
to fabricate a high valued resistor {for example, a 97-GS2 resistor for a 1-Mbit SRAM
cell), a polysilicon film with a sheet resigtance of 26 G£2/sq can be used. This sheet
resistance can be obtained with an As implant dose of ~3x1013/cm2. The length of a
97-G£2 resistor fabricated in such a 50-nm-thick, 1.2-pm-wide line of polysilicon would
be 4.0 um,

Undoped polysilicon exhibits such high resistivity because some of the impurities in
the films segregate to the grain boundaries and do not effectively produce free carriers,
In addition, the grain-boundary regions trap some of the free carriers that are produced
(see Vol. 1, chap. 6),

The I-V characteristics of the high-valued polysilicon resistors predicied by the
trapping mode! of Lu et al. fit the experimental data fairly well if the resistor length is
not too short.)6 On the other hand, lateral diffusion from adjacent higher-doped regions
in the poly can significantly alter the resistance value if such diffusion takes place over
a large enough fraction of the resistor length, Because the potential energy barrier to
diffusion along the grain boundaries is lower than that in the bulk (see Vol. 1, chap. 8),
the rapid diffusion of impurities along grain boundaries can bring impurities o the
lightly doped poly regions, even at relatively low temperatures,

The effect just described can be important in the design of polysilicon-load SRAM
cells, The resistors are normally formed in the second polysilicon layer, and the
remainder of this layer is implanted with a much higher dose (so that it can serve as a
low-resistance interconnect path). Duriag this implant, the high-resistivity poly regions
are covered with a mask to avoid impurity doping. The minimum size of the mask is
limited by the effect of the lateral diffusion of impurities from the highly doped regions
during the activation anneal of the polysilicon following ion implaatation (e.g., 950°C
for 30 min). Hence, a lower limit of about 3 m was initially predicted for the length
of such resistors.

A technique for reducing the extent of the lateral diffusion by implanting the
polysilicon with a very heavy dose of oxygen (~1x1022/cm®) has been reported.!”?
High-valued resistors can be fabricated with lengths as small as 0.8 um (Fig. 8-6d). The
oxygen apparently segregates to the grain boundaries, retarding the diffusion of the
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Fig. 8-6 (a) Comparison of parameters about the load resistors in SRAM cells. (b}
Schematic cross section of a polysilicon resistor.

arsenic (and perhaps also increasing the potential barrier height by forming silicon-
oxygen bonds).

The high sheet resistance of polysiticon-load resistors is also reduced by hydrogen
diffusion into the polysilicon from plasma-deposited nitride passivation films. This
was found to be controllable by sandwiching the polysilicon film with an LPCVD
silicon-nitride film (which contains much less hydrogen than does plasma-deposited
nitride; see Vol. 1, chap. 6).19
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Fig. 8-6 (¢) Sheet resistance versus arsenic dose for jon-implanted polysilicon resistors,}
(® 1985 IEEE), (d) Resistance versus nominal resistor lenglh for oxygen-doped and undoped
polysilicon resistors, Resistance s normalized to 1-u4m width,}7 (© 1987 IEEL).

8.2.1.4 Soft Errors In SRAMs. SRAMs offer better resistance than DRAMS 10
both transient and total-dose radiation, making them betier suited for some military and
space applications. Until recently, the soft-error rates of SRAMs (see section 8.3.4)
were negligible compared 1o those of DRAMs, However, as geomeuies have been
scaled down to produce circuits of greater density, alpha-particle-induced soft-crror rates
have also become a concern in SRAMs.?3 Although p-well CMOS in itself raises the
threshold against soft-error failures, the use of extra buried p-layers has also been
explored as a way o reduce such errors by an additional three orders of magnitude.w in
addition, the full-CMOS cells exhibit less susceptibility than poly-load cells to single-
event upsets and soft errors.

CMOS/SOS technology provides inherently harder parts than does bulk CMOS, and
SRAMSs have thus been buill in CMOS/SOS for such applications, A report detailing
the causes of the increase in soft-grror rates in densely packed SRAM cells is given in
reference 11. Another report on the modeling of alpha-particle sensitivities of SRAMSs
indicates that state-of-the-art CMOS SRAMSs from 64 kbits to 1 Mbit can be made o
exhibit sufficient insensitivity 10 alpha particles.!®
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8.2.2 Bipolar and BiCMOS SHRAMS

Although MOS SRAMs have achieved much higher device densities on a chip, as well
as lower cost and Iower power per bit, bipolar SRAMs using cmitter-coupled logic
(BCL} technology are still faster, Hence, they are chiefly used in applications where
highest-speed operation is required (e.g., in the cache memory of high-speed computers).
ECL SRAMs are classified into twezfroups: high speed (7-15 ns access times), and
ultra-high speed (<7 ns access time),#* The fastest 16-kbit bipolar SRAMS have access
times of <4 ns,20 and a subnanosecond $-kbit bipolar SRAM has been reported. 2131
As noted carlier, such bipolar SRAMs exhibit an ECL /O capability.

The emitter-coupled cell shown in Fig, 8-2¢ is the most widely used bipolar SRAM
cell. The load devices affect both the current in the standby mode and the saturation
conditions of the driver ransistors. In addition, since these devices also determine the
read/write curreant, they have a significant impact on the access time. In carly bipolar
SRAMs the load for sthe flip-flop was simply a resistor, which caused the driver
Iransistors 1o saturate when accessed. In more recent high-speed ECL SRAMS, another
cell (as shown in Fig. 8-7a), has been used that utilizes a pnp (ransistor as the load.
The advantage of this is that it allows for a smatler cell size, since the transistors are
fabricated in parasitic elements. However, because the loads still allow the driver
wansistors to saturate, SRAMs which use such celis cannot achieve ultra-high speeds.
Hence, such cells are used in medium-speed, high-density bipolar SRAMs,23

In ultra-high-speed ECL cells, saturation is avoided through the use of a Schottky
diode in combination with resistors (the so-called Schottky-barrier-diode, [SBD]
switched-load-resistor cell; Fig. 8-7b.22 The load-resistance value in this cell is high
during standby and low when active, making the current during standby aboui one-
thousandth of that drawn by the cell during reading and writing.

Although this cell was invented quite some time ago, it did not gain wide acceptance
because of its low density. Recent cell degigns that incorporate trench isolation (io
allow closer spacing of the transistors) and two levels of polysilicon (one for the
interconnections and the other for the resistors) have allowed cells about half the size of
conventional SBD cells to be realized. £

2] |3
&3 580 |¥ . fhy !
sBD i anps
2 an
- a4, -

pog npn
N apn s
T L T

gy

(a) ()

Fig. 8-7 Equivalent-circuit diagrams and cross-sectional views of {a) switched-load memory
cell, and (b) cross-coupled pnp load celt.? (© 1986 IBEE).
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In ultra-high-speed SRAMSs, the Schotiky diode speeds the switching response and
increases the soft-error immunity by sustaining most of the stored charge on the SBD
capacitance. A large SBD capacitance is therefore needed in order for high reliability 1o
be maintained. The SBD capacitance, however, is quite small per unit area (2.8
fF/um?). An alternative cell that incorporates a separate TapOs capacitor has been
reported. 2427 The use of this capacitor, which has a capacitance of 8.5 {Ffum?, makes
it possible to reduce the celt size by 30% compared o a conventional SBD cell.

Another ECL-SRAM cell using polysilicon diodes as the load elemenis has been
developed.}13 The advantages of this approach include: compact cell size, very low
starkiby current, very low parasitics, and small active junction area. Access times of 1.5
ns for a 1-kbit SRAM have been demonstrated.

Process innovations that have been incorporated to allow faster, higher-density
SRAMs inclade the use of electromigration-resistant aluminum alloys {to permit higher
current densities in metal interconnect stripes) and U-groove isolation {see chap. Z)
which reduces the isolation width by a factor of three compared to fully recessed
LOCOS isolation (sec Fig. 2-35a).

Circuit technigues have also been used to enbance the performance of bipolar
SRAMS. For example, readfwrite current has been concentrated in the active region of
device operation, and the word delay has been reduced through the use of Darlington
drivers, Table 8-2 summarizes the evolution of bipolar SRAM technology.

Table 8.2 Bipolar SRAM Evolution

Introduction Access Load Process Circuif

Diate Bize Time Device Enhancemsents Enhancements
1975 1k 1.5 ns  Resistor Al-Cu Non-Saturated Read/Write Current
1978 4k 2.2 ns  Schottky Diode Darlingten Drivers

1982 16 k 3.0 ns  pap Transister U-Groove Isolation
1986 64k 5.0 ns

8.2.2.1 BICMOS SRAMs. Although high-speed ECL SRAMs up to 64 kbits in
size have been fabricated, such large bipolar SRAMs have power dissipation and yicld
problems. Power dissipation increases because each cell draws a minimum standby
current of about 2 yA to maintain sufficient noise margins and immunity from alpha
particle soft errors. Deflects in the narrow base region make it difficult for high-yielding
circuits containing 262,144 narrow bases 1o be produced {i.c., each cell of a 64-kbit
ECL SRAM designed with pnp loads contains four transistors),

On the other hand, CMOS alone cannot be used to build such high-performance,
higher-density SRAMs because the driving capability of CMOS is inferior to bipolar,
and it is practically impossible to design an input and output buffer circuit in CMOS
that has an ECL 1fO capability.

SRAMSs have been developed which combing both bipolar and CMOS devices on the
same chip. A comparison of 64-kbit SRAMs built using ECL and BiCMOS$ techno-
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Table 83 Comparison of 64-kbit Bipolar and BICMOS SRAMSZ4

134m BCMOS  2.0-um BiCMOS 1.2-¢tm Bipolar  Unit

Organization 64k x 1 W6k x 1 64k x 1 word x bit
Address Access Time 7 13 10 s

Write Pulse Width 4 7 11 ns
Oyperating Power 350 500 1300 mW
Memory-Cell Size 97 230 524 um2

Die Size 20 30 55.4 mm?

logies is given in Table 8-3.24 More recently, 256-kbit BICMOS SRAMs have been
announced, with access times of 8-12 ns.2%26 As noted carlier, BICMOS SRAMs can
be designed with TTL as well as ECL 1/ capabilites.

in early BiCMOS SRAMs, moderate-speed bipolar transistors were infegrated into
what was essentialy a CMOS technology in order to provide faster output buffers and
sense amplifiers. In more recent designs, the CMOS devices are being fabricated on a
basically high-speed bipolar chip. In an carly 16-kbit BICMOS SRAM, the cells of the
memory array were poly-load cells, the peripheral circuits were CMOS, and the 1O
buffers and sense amplifiers were bipolar circuits. In a more recent 256-kbit BiICMOS
SRAM design, the memory array was implemented with full-CMOS cells, and bipolar
sense amplifiers and ECL output bulfers were used. This memory had a reporied access
time of & ns and could be operated with battery backup (i.c., since it draws only 1 yA
during standby, a battery with minimal power can provide long-term backup).

Figure 8-8 shows the specd-versus-density characteristics of bipolar, CMOS, and
BICMOS SRAMs, 3 These curves indicate that bipolar technologies no longer offer
the fastest performance at such densities, and that ECL YO BICMOS offers higher

Speed vs Density
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Fig. 88 Comparison of speed and density of CMOS, Bipolar and BiCMOS SRAM:s.34
Reprinted with permission of Semiconductor International,
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speeds than bipolar ECL at middle and higher densities (because of the severe speed,
power, and density trade-off in bipolar ECL). In addition, BiCMOS SRAMSs are
somewhat faster than CMOS SRAMs at equivalent power and density for the same
geometry, and TTL /O BiCMOS SRAMs are a little slower than ECL 1/O SRAMs
because of their larger output voltage swing. Finally, BICMOS offers a range of speed
and power trade-offs (from very fast, low-density BiCMOS at high power, to slightly
slower, mid-density memory circuits at moderate power).

Recently, an 8 ns 1-Mbit BiCMOS SRAM4 and a 3.5 ns 16-kbit ECL BiCMOS
SRAM!3 have been reported.

8.3 DYNAMIC BRANDOM ACCESS MEMORIES
{DRAMS)

As noted earlier, dynamic random access memories (DRAMS) are so named because their
cells can retain information only temporarily (on the order of milliseconds); even with
power continuously applicd. The cells must therefore be read and refreshed at periodic
intervals, While the storage time may at first appear to be very short, it is actually
long enough to allow for many memory operations between refresh cycles,

Despite of this apparently complex operating mode, the advantages of cost per bit,
device density, and flexibility of use (i.c., both read and write operations are possible)
have made DRAMSs the most widely used form of semiconductor memory lo date,

The carliest DRAMSs used three-transistor cells and were fabricated using PMOS
technology. Nevertheless, their introduction represented an immediate, dramatic decrease
in the minimum semiconductor memory-cell size, since they could replace SRAMs
based on a six-transistor cell. As a result, more celis per chip could be implemented.
However, DRAM cells consisting of only one transistor and one capacitor were quickly
implemented,28 and such cells have been used in DRAMs ever since.

8.3.1 Evolution of DRAM Technology

The earliest MOS combinational logic networks, referred to as static logic circuils,
operated without any need for periodic clock signals, However, it was recognized that
clock signals could be used (o advantage in combinatorial and sequential logic circuits.
By introducing clock signals at arbitrary circuit nodes, it was possible to achicve faster
operation, greater circuit density, and reduced power dissipation. Such logic circuits
became known as dynamic logic circuils,

Data in these circuits was temporarily stored in dynamic registers (in the form of
charge on the gate of an MOS wansistor), rather than in static registers (which store data
as the state of a flip-flop circuit). Thas, dynamic shift rogisters could be built with
fewer transistors and, consequently, on much smaller areas of silicon than were needed
for static shift registers. This allowed a dramatic increase in logic-circuit density.

A question arose, however, as to how long the gate of a MOS transistor could store
charge before that charge would be lost through leakage currents. It turned out that at
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near room temperature, the charge could stored for more than 10 milliseconds, If a
clock signal were to arrive at intervals significantly shorter than this, a farge fraction of
the initially stored charge would still remain on the MOS transistor gates. Therefore, if
a clock signal were to be applied at feast this frequeatly, dynamic registers could serve
as efficient charge-starage nodes.

It was also quickly realized that if the dynamic siored-charge approach was practical
in dynamic logic circuitry, it might aiso work for semiconductor-memory designs. In
the case of a dynamic memory, however, a refresh signal had 1o be applied to each
charged cell node at sufficiently frequent intervals (typically, every 4-8 ms), 1o allow the
temporasily stored data on cach cell 10 be retained indefinitely.

The concept of the DRAM was patented by Dennard of IBM in 1968, and the first
commercial DRAM was introduced by Intel in 1970, The latter was built using a three-
transistor cell (Fig. 8-9) in PMOS silicon-gate technology, while Dennard's patent used
a one-transistor cell, In the three transistor cell, the charge is stored on the parasitic
capacitance of the gate of wansistor My, (Although the capacitance in this cell is a
parasitic effect, it is drawn explicitly in the circuit schematic of Fig, 8-9 because it is
essential for normal memory-cell operation.) The leakage current of the reverse-bias
junction of the drain region of transistor M3 discharges this capacitance over a period of
several milliseconds or more, Hence, a periodic signal must arrive at the node in order
for the charge stored on the capacitor to be maintained. Since one-transistor DRAM
cells quickly replaced the three-transistor cells, the rest of our discussion will be

restricted to them,
Precharge
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Fig. 8-9 Layout and circuit for a 3-transisior DRAM cell.
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¥ig. 8-10 Single-transistor DRAM cell and storage capacitor. (a) Circuit schematic. {b)
Cell layout, (¢) Cross section through A - A8 Afier R. Hunt, "Memory Design and
Technology,” in M.J. Howes and D.V. Morgan, eds., Large Scale Integration. Cepyright
1981, Jolm Wiley & Soms. Reprinted with permission.

8.3.1.1 One-Transistor DRAM Cell Design. The influence of Dennard's
one-transistor celi?® (which actually consists of one transistor and one capacitor) is
considered to be comparable 1o that of the invention of the transistor itself.3 The design
of this cell has been rendered in many versions since its invention, and we will begin
the description of its evolution (which, by the way, is far from over), with a des-
cription of a simple cell that utilizes a polysilicon layer as onc plate of the cell
capacitor (Fig. 8-10). The first such cell was fabricated with 8-um features, used 1280
um? of silicon area, and was employed in the design of the 4-kbit NMOS DRAM.
There have since been many variations of even this simple cell, with single or double
layers of polysiticon, different methods of capacitor formation, and different materials
used for the word and bit lines. These are reviewed in detail in reference 30.
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in the cell shown in Fig, 8-11a, the capacitor stores the charge on the cell (storage
capacitor), and the NMOS transistor allows the bit imc w aceess the charge-storage
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Fig. 8-11 (a) DRAM cell connections to word and bit iines. {b) and {¢} Cross-sectional and
layout views of (b) the simgle-poly-word-line/diffused-bit-line 4-kbit DRAM cell, and (¢) the
double-poly diffused bit line merged DRAM celr3 (After C. N. Berglund) (d) Structural
innovations of DRAMs 41 (® 1985 IEEE).
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region of the capacitor. The storage capacitor consists of a polysilicon plate over a thin
axide film (which is the capacitor dielectric), with the semiconductor region under the
oxide serving as the other capacitor plate. An n™ diffused region in the semiconductor
substrate serves as the bit line and an alumirum stripe as the word line, As can be seen
in the cross-section of the cell (Fig. 8-11b), the bit-line diffused region makes contact
with the nt-diffused source region of the access transistor. A contact between the word
line and the polysilicon gate of the access transistor is made, as also shown in this
figure.

One widely implemented enhancement of this basic cell design is shown in Fig.
8-11c. In this modified cell, the floating drain region of the access transistor is
eliminated and a second layer of polysilicon transfers the charge from the bit line to the
storage capacitor, This not only allows the cell to be reduced in size, but also increases
ils storage capaciiy.ss The disadvantage is that a double-polysilicon process must be
used. As has often been the case in the evolution of VLSI, increased packing density
and better performance are achieved at the price of somewhat greater process complexity.
Figure 8-11d summarizes the structural innovations used as DRAMSs have evolved,

8.3.1.2 Operation of the One-Transistor DRAM Cell To study the
operation of the cell in Fig. 8-11c, assume that the substrate is grounded and that 5 V
are applied 1o the polysilicon top plate of the storage capacitor (which we'll refer to as
the plate electrode of the capacitor), The semiconductor region under the polysilicon
plate serves as the other capacitor electrode, and in an NMOS cell this p-type region is
normally inveried by the 5-V bias. As a result, a layer of electrons is formed at the
surface of the semiconductor, and a depleted region is created below the surface. (The
electrode on which the charge is stored will be referred to as the storage electrode.)

To write a one into the cell, 5 V are applied to the bit line, and a 53-V pulse is
sisultancously applied to the word line, The access transistor is turned ON by this
pulse, since its Vop is about 1 V. The source of the access transistor is biased to 5 V,
since it is connected 1o the bit line, However, the electrostatic potential of the channel
beneath both the access-trangistor gate and the polysilicon plate of the storage capacitor
is less than 5V, because some of the applied voltage is dropped across the gale oxide.
As a result, any clectrons present in the inversion layer of the storage capacitor will
flow to the lower polential region of the source, causing the storage electrade 1o become
a depletion region that is emptied of any inversion-layer charge. Whea the word-line
pulse returns o O V, an empry potential well remains under the storage gate. This
empty well represents a binary one, and it is shown as the deep-depletion space-charge
region in Fig, 8-12.

For writing a zere, the bit-line voliage is returned 10 0 V, and the word line is again
pulsed to 5 V. With the access transistor turned ON, electrons from the n" source
region (whose potential has been returned to ¢ V) have access to the empty potential
well (whose potential is now lower than that of the source region). Hence, the electrons
from the source move to fill it, thus restoring the inversion layer beneath the poly
plate. When the word-line voltage is returned to zero, the inversion-layer charge present
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Fig. 8-12 A basic dynamic RAM cell, showing (a) a stored one and (d) a stored zero. The
writing of a one is shown in (b) and (¢}, and the writing of a zero is shown in {e) and (f).
From D. K. Schroder, Advanced MOS Devices. Copyright 1988, Addison-Wesley. Reprinted
with permission.

on the storage capacitor is isolated beneath the storage gate. This condition represents a
stored binary zero,

Note that when a one is stored, an empty well exists. This is not an equilibrium
condition, since electrons that should be present in the inversion layer have been
removed, As electrons are thermally generated within and nearby the depletion region
surrounding the well, they will move to re-create the inversion layer. A stored one thus
gradually becomes a stored zero as electrons refill the empty well. The nature of the
planar one-transistor DRAM cells is that ones become zeros, and zero$ remain zeros,

To prevent the ones from being lost, cach celf muust be periodically refreshed by the
memory so that the correct data remains stored at each bit location. The time interval
between refresh cycles is called the refresh time, The total leakage current of the cell
must be low enough that the cell does not discharge and Iose its memory state between
refreshes. A typical guideline has allowed a 20% degradation of the charged state of a
cell during the refresh time. 105 For example, if this interval is 8 ms and the charge
stored on a celf is 108 electrons, the maximum allowed leakage current at maximum
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operating chip temperatures and worst-case voliages and timing conditions is ~4 pA.
This specification can be achicved fairly easily at the average cell level. However, since
the leakage currents in a large number of cells exhibit a distribution, the high side of the
distribution must be monitored in the course of technology development — and
manufacturing — to ensure that the maximum allowable current is not exceeded in any
of the memory chip cells.

It is predicted that as memory sizes continue o increase, the maximum allowable
ieakage current will be reduced. Since alternative capacitor dielectric materials may be
used in advanced DRAMs, the leakage currents across such dielectrics will be an
important material characteristic. In addition, the access transistor of the celis will have
to be wrned off very "hard" when the memory cell is not being accessed, since any
source-drain leakage can also discharge the storage capacitor.

8.3.1.3 Writing, Reading, and Refreshing DBAM Cells, It's useful to
consider the reading and writing of DRAM cells from a circuit perspective as well as
from the device physics perspective just discussed. Figare 8-13 provides a simplified
schematic of this operation.

Switches 51 and S2 are used to sclect the appropriate bit and word lines that are
connected to the cell in question, Such switch closure is the response to an address
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Fig. 8-13 Schematic diagram showing the v:rriténg‘ reading, and refreshing operations of a
DPRAM. Alter ref. [117], reprinted by permission of Scientific American, Inc.
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signal fed to the bit (column) and word (row) decoders, The closure of S1 causes a
“high" voltage (o be applied to that particular word (row) line (in turn causing the access
transistors controlled by this line to be wmed ON).

If it is desired to write data into the cell at that point, an appropriate voltage must
also exist on the correct bit line. In addition, switches $3 and 54 must be set to the
write positions. This allows the voltage at point A on the bt line, V4, to be applied
1o the source of the cell being addressed (point B). As long as Switch §1 is closed and
the access trangistor is lumed on, the capacitor of the cell can be charged to Va ~ Vy
(where Vy, is the storage-elecirode poteptial). When the write operation is completed,
swifches S1 and 82 are opened, and another cell can be written.

1€ it is desired to read data from a particular cell, the appropriate switches S1 and 52
are once again closed (it is assumed that all of the cells already contain the stored
information). Switch $4, however, is set to the read position. The storage capacitor of
the cell being read is now connected to one input of the sense amplifier. The sense
amplifier is a comparator circuit, with its other input being connected to a reference
voltage, Vyer. Therefore, if the celi-capacitor voltage is larger than Viep, a logic 1 is
read; if it is smaller, a logic 0 is read. ‘

A logic 7 corresponds to the condition in which the storage electrode is depleted of
its inversion layer charge. If a logic 7 is read immediately after the cell has been written,
the signal will be strong. As time passes, thermal clectron-hole pair generation will
cause refilling of the empty potential well, thereby degrading the amplitude of the logic
7 signal. If 1o long a time elapses between the writing and reading, the inversion
charge will be reestablished, and a logic 0 will be produced when the cell is read. Once
a logic 0 is stored on a cell, however, it will continue 10 be read for as long as power
remains applied 1o (he capacitor plate clectrode.

This indicates that the logic / must be periodically refreshed to allow it to be retained
on the cell for indefinite time periods, Because il is not known what logic level is
stored on each cell at any instant of time (especially since the cells are randomly read
and written), it is mandatory that the entire memory be refreshed at periodic intervals
{usually every few milliseconds). Furthermore, since reading a cell changes the charge
on is capacitor, the cell must also be refreshed immediately following each read
operation.

The refresh procedure is accomplished by switching 53 to the refresh position after
the sense amplifier output has been sct by the read operation. The output voltage of the
sense amplifier will then write the appropriate information back onto the cell capacitor.
I£ it is desired to refresh the entire memory, each cell can be read and refreshed. Ttis
apparent, however, that data cannot be written while reading or refreshing is in progress.

One sense amplifier must be available for cach bit line. Note that the sense amplifier
is an extremely sensitive comparator (basically of the cross-coupled flip-flop type), and
its design is critically important to the success of DRAM manufacture. Although the
details of the design task are not our subject here, some aspects of sense-amplificr
performance should be mentioned. When a cell is read, the charge stored on the celi
capacior is shared with the 10 to 20 times larger capacitance of the bit line (which, as
we gaw carlier, is a long conductor ling connected to the sources of all of the cells in the
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column). After the time interval between refresh pulses has elapsed (e.g., 8 ms} the
difference in stored vohage between a 7 and a 0 may be as small as 2 V. As aresult,
there may only be a 100-200 mV difference between the 1 and 0 signals applied Lo the
sense-amplifier input.

8.3.1.4 DRAM-Coll Charge Storage and Capacitance, A one must be
clearly distinguishable from a zero when the read operation is performed. The zero is
represented by the inversion charge present when the potential well is full. This
quantity in an MOS capacitor, Qg, is given by

Qs = (Y - 208 Cox = Vi Cax {(8-1)

where V¢ is the voliage applied 1o the gate, gris the difference in potential between the
intrinsic Fermi level (Ep) and the Fermi level (Ep), and Cox is the capacitance of the
capacitor oxide.® In order to pack a great many cells onto a DRAM chip, the cell size
is made as small as possible, This implies that it is also desirable to make the area of
the storage capacitor as small as possible. On the other hand, Qy of the storage
capacitor must be large enough to send a sufficiently strong signal to the sense circuitry
and 1o provide sufficient immunily from soft errors (see section 8.3.5). Novel cell
designs have been developed in an attempt to satis{y these apparently contradictory
requirements (such designs will be discussed later),

EXAMPLE 8-1: Calculate the charge stored in the inversion layer when a zero is
stored (both in units of coulombs, and in terms of the number of electrons present)
when 5 V are applied to an MOS capacitor whose dimensions are 4 x 4 um, and
which has an 8i0 dielectric that is 15 nm thick. Also, find its capacitance, Cs.
SOLUTION: Q. ()= Ve Cs = (£x A x Vg )/ lox

(3.9 x 8.85x10°1 Flem x 16x10-8 cm? x 5 V) /1.5x10°6 cm

i

18.6 x 10014 C = 186 £C, or singe ¢ = 1.6 x 10-19 Clelectron

1.15x 109 elecuons; and

It

Qs
Cs = Qs/Va = 3710F,
The above shows that the most imporlant parameters involved in increasing the charge
stored on the capacitor are the dielectric consiant and thickness of the insulator, and the
area of the capacitor.

The capacitance of the DRAM cell is also important. As described earlier, when the

* The approximation used in Eq. 8-1 is valid when Yy » 2, which is the case for V(' = 5V
and @ = 0.4 V.
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contents of the cell are sensed, the charge stored on it is "dumped” into the bit line
connected Lo the sense amplifier. Because the bit-line capacitance (Cg) is typically 7 to
15 times larger than the cell capacitance, the capacitively-divided voltage difference
applied to the sense amplifier (AV .} is substantially smafler than that existing in the
cell alone. AV, is given approximately by

BV = (1/2) VA (Cox )/ (Cox + Cp) (8-2)

The minimum detectable voltage difference that the sense amplifiers of 1-Mbit DRAMs
can detect (L.e., their sensitivity) is in the aeighborhood of 150-200 mV. (Note that
this sensitivity must be maintained under worst-case operating conditions of voltage,
temperature, and noise, as well ag worst-case variations of processing conditions.) It is
predicted that the sensitivity of sense amplifiers will have to be significantly increased
in order for higher-density DRAMs (o be fabricated.

8.3.1.5 High-Capacity (HI-C) DRAM Cells. Another technigue for
increasing the cell's charge-storage capacity without increasing its size was suggested
independently by Sodini and Xamins,37 and Tasch, et al.196 This novel technique
involves multiple ion implantations to increase the substrate doping in the local
vicinity of the storage node.

A deep implantation of p-type impurities (boron} is first performed under the Storage-
plate area. This increases the substrate doping, which in turn increases the depletion-
region capacitance of the storage capacitor. However, this single implant alone does not
increase the charge-storage capacity of the cell, since the extra p-doping also reduces the
difference in the surface potential between an empty and a full potential well,

To restore surface potental fo its previcus value it {without compromising the
increased capacitance), a very shallow layer of n-type dopant (arsenic) is implanted under
the storage plate area (Fig. 8-14), The implanted donor atoms, which are very close to
the 8i/8i0; interface, behave like a fixed positive oxide charge (and the presence of such
oxide charge acts to increase the surface potential in NMQS structures). By increasing
the depletion-region capacitance without simultaneously increasing the surface potential,
the charge-storage capacity of these so-called high capacity cells (or Hi-C cellsy is
enhanced by about 50 percent compared to conventional cells. 35104 Although, this
technique increases the storage capacities of planar capacitor structures in these types of
one-transistor cells, the cell size that must be used in order for adequate charge-storage
capacity to be obtained eventually becomes too large for this type of cell to be used in
advanced DRAMS {i.e., »1 Mbit). New cell structures have thus been developed for
larger DRAMS,

8.3.1.6 CMOS DRAMs. With the introduction of the 236-kbit DRAM, the
design of DRAM circuits began to change from NMOS to a mixed NMOS/CMOS
technology. The cells of the mixed-technology memory array are all built in a common
well of a CMOS wafer, The access trangistor and storage capacitor of each cell are
usually stifl fabricated wsing NMOS technology, while the peripheral circuils are
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Fig. 8-14 High-capacity (Hi-C) dynamic RAM structure with arsenic (+) and deeper boron
{-) implants. (a) One-iransistor cell with single-level polysilicon. (b) Double-level
polysilicon cell.33 (@ 1978 IEEE).

designed and fabricated in CMOS technology, The majority of 1-Mbit DRAM designs
were executed in NMOS/CMOS technology, and this trend is expected to continue,

The advantages of NMOS/CMOS over NMOS DRAMs include lower power
dissipation (L.c., by a factor of around 3) and smaller soft-crror rates (sec section 8.3.5).
In addition, as power-supply voltages are reduced 1o allow smaller MOS transistors o
be built, NMOS device design must become much more complex to allow the cells to
function properly. CMOS on the other hand, can easily operate at such lower voltages.
Finally, a circuit technique known as static column decoding, which significantly
reduces the memory access time, can be successfully implemented in CMOS but not in
NMOS (i.e., since to do so in NMOS would require a circuit dissipating excessively
large standby power).3%

In late 1989 1-Mbit BICMOS DR AMs were introduced. Their access times of 40 ns
placed thein between the high-speed 1-Mbit SRAMs (access times of 20 ns}, and the
slower 1-Mbit CMOS DRAMSs (access times of 60-80 ns).

8.3.2 Design and Economic Constrainis on Advanced
DRAM Cells

As the DRAM cell has been scaled down in size, the minimum amount of stored charge
needed to maintain reliable memory operation has remained the same. This constant
charge-storage value has had o be maintained within fabrication-cost constraints. From
the system point of view, a new generation of DRAM will be embraced if it allows a
density increase of about fourfold at the circuit board level, provided that this is
accompanied by a cost seduction. To allow such an increase to be realized, the new
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DRAM generation must be able to use the same size package as that used by the
previous generation. This explaing why the 300-mif package housed DRAMs for five
generations. To squeeze enough cells onto a chip to allow this package to be retained
implies that the cell size of the 1-Mbit DRAM cannot exceed 20 um?.

For future DRAM generations, however, increased memory size will be achieved by
both increasing the chip size and shrinking the cell size. Since the chip size is predicted
10 increase by a factor of 1.5 from gencration to generation, the cell area will therefore
need to shrink to 40% of the size of the previous generation (which can be done by
shrinking the minimum line width o 70% of that used previously). For 4-Mbit
DRAMs, the cell size must therefore be no larger than 9 ym?2; for 16-Mbit DRAMS, no
farger than 4 um?, and so on. To meet the signal-to-noise ratio constraints and the soft-
error rate requirements, a minimum of ~200 £C of charge (~108 electrons) will have to
be stored. For the {abrication process to be economically feasible, as few steps as
possible should beyond those required to fabricate the tansistors and interconnects
should be added.

Recovery of the cquipment and development costs of the 256-kbit, 1-Mbi, and
4-Mbit DRAMs has become the major factor dictating the three-year product-
introduction and delivery cycle so that a profit can be generated from each DRAM
generation. In a typical three-year cycle, fewer than 1 million chips would be shipped
for sampling during the introduction year. In the first production year, 5 million chips
wouid be shipped; production would increase to 50 million chips in the second year, and
500 million in the third, (Note that in the sccond year the market would be mainframe
computers, and in the third year it would be personal compuiers)? The three-year
model predicts that 16-Mbit DRAMs will be introduced in 1992, and 64-Mbit DRAMSs
in 1995,

It was noted in section 8.3.1.3 that the cell's storage capacity could be increased by
making the capacitor diclectric thinner, by using an insulator with a larger dielectric
conslant, or by increasing the area of the capacitor. The first two options are not
currently viable, since capacitor dielectrics thinner than those now being used in DRAM
cells (10 nm) will suffer leakage due 1o Fowler-Nordheim winneling, and dielecirics with
significantly larger diclectric constants than of SiOy have not yet been accepted for
DRAM-cell application (although research work is under way to develop such higher-
dielectric-constant materials).?? One recent report described a plasma-CVD process for
depositing high-guality TazOs films.119 (Tay05 exhibits a much higher dielectric
constant than Si0z [22 vs. 3.9], but normally also suffers from a much higher leakage
current.) However, by reacting TaCls with NoO under optimized plasma-CVD
conditions, Taz0s films with a thickness that yielded capacitances equivalent to those
of a 30-A $i0; film, demonstrated very low leakage currents for up to 10-year operation
at33 V.

it should also be noted that since the 256-kbit DRAM generation bifayer films
{consisting of both silicon nitride and $i05), have been used as the capacitor diclectric
to increase cell capacitance (Fig. 8-15a). The higher dielectric constant of SisNg {twice
as large as that of 8i07} was responsible for this increase,
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Fig. 8-15 Cross-sectional view of a planar-capacitor DRAM cell with s two-layer capacitor
dielectric.” (® 1988 IEEE). {b) Trends in storage charge and electric field across capacitor
insulator.#! (@ 1985 1IEEE). {¢) Comparison of DRAM production factors. 44

One technique that did allow thinaer dielectric films to be used was the half-Veo
approach.40 That is, the plate electrode is biased o Voo/2 (ie., 10 2.5V when Voo =
5V}, and the storage elecirode is aliowed 1o swing between 0V and 5 V. As a result,
the same quantity of charge can be stored on the capacitor, but the value of the electric
field acting on the dielectric is only half the value that exists when the voliage between
the two plates equals Ve This technique has been implemented in the fabrication of
1-Mbit DRAMSs {Fig. 8-15b).

"The third option (increasing the capacitor area) can be effective if the arca is increased
by forming the stomge capacitor in & trench etched in the substrate or by using a stacked
capacitor structure. Both approaches have been implemented, and many variations of
such thres-dimensional capacitors have been reported.

ONSEMI EXHIBIT 1008B, Page 219



609  SILICON PROCESSING FOR THE VLSI ERA - VOLUME 11

The planar capacitor structure used in the one-transistor DRAM cell described in
section 8.3.1.1 was predicted to be usable up to the 256-kbit DRAM generation, In
this generation, the capacitor consumes 30 1o 40% of the cell arca. It was generally
agreed that beyond this, a three-dimensional capacitor structure would be needed in order
for sufficient charge storage to be obtained. It turned out, however, that virtually all of
the DRAM manufacturers elected to squeeze everything they could from the planar
capacitor, and continued 1o use it to manufacture 1-Mbit DRAMs. This decision was
due largely to the difficulty in achieving a reliable capacitor dielectric in a wench cell at
the time 1-Mbit DRAMs were introduced. The use of both larger chip sizes and the
half-V ¢ plate-clectrode vollage technique permitied the planar capacitor to pesform
adequately for 1-Mbit DRAMs. Reference 42 presents the details of a 1-Mbit DRAM
technology using a 38-fF planar-capacilor structure in which the cell size is 37 pm?,

As DRAM size increases, process complexity is expected to increase markedly as
well. For example, a 1-Mbit DRAMs is reported to roquire ~18 masks and 350
processing steps, all of which could be successfully carried out in a Class 10 cleanroom
(Fig. 8-15¢). In comparison, the 4-Mbit DRAM is expected 1o need 20-25 masks and
in excess of 450 processing steps, and will thus require a Class 1 cleanroom processing
facitity. 4% A detailed report on the technology issues that will need to be addressed
in the design and fabrication of 64- and 256-Mbit DRAMs has recently been
published. 105

In 1989 1-Mbit CMOS DRAMSs with access times ranging from 6-100 ns were
being commercially offered, (The fabrication of g high speed 22-ns CMOS DRAM was
announced in Tate 1989, but it was not being offered for sale )19 At that time, 4-Mbit
DRAMS with access times of §0-120 ns were also being offered, and 16-Mbit CMOS
DRAMSs with access times as small as 45 ns were being reported.}!l Finally, 1-Mbit
BICMOS DRAMs with access times of 30 ns were being introduced. 112

8.3.3 Trench-Capacitor DRAM Cells

8.3.3.1 Trench Capacitor Processing for DRAMS. Trench-capacitor
structures have been developed as a way to w achieve DRAM cells with larger
capacitance values without increasing the area these cells oceupy on the chip surface.
{For example, the silicon-area reduction of a trench capacitor compared (o a planar
capacitor for the same specific capacitance is a factor of 18 or more. Specifically, a 4.0-
pm-deeps trench capacitor with surface dimensions of 0.87 x 2.4 pm will oceupy lfess
than 3 pm? of chip area but will have a capacitance of 40 1366 Many of the
processing details involved in trench- capacitor fabrication are the same as those
described in chapter 2, section 2.6.3, which deals with the process technology of trench-
isolation structures. In this section we discuss those issues that are unigue o the
fabrication of trench capacitors used in DRAM cells.

There are several differences between the trench structures used for isolation and those
used as DRAM capacitors. In the former, the diclectric film on the trench walls can be
relatively thick, and the trench can be refilled with polysilicon or CVD 5103, In the
latter, the insulator formed on the trench walls serves as the capacitor dielectric, and it
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must therefore be as thin as possible. Since the material that refills the trench serves as
one plate of the capacitor, it must consist of highly doped polysilicon. Furthermore, in
order for increased capacitance to be obtained through increases in trench depth (while all
other parameters remain constant), the trench walls must be highly vertical. To allow
for reliable refilling of the trenches, however, some trench sidewall slope must be
allowed, and a compromise process that produces a nominal sidewall slope of 87° has
been suggeswdf‘é Finatly, 1o obtair such structures as Hi-C capacitors, the trench walls
may need to be selectively doped.

Several techniques have been developed for achieving a dielectric capacitor film that
is thin enough to provide both high capacitance and high reliability (that is, the
dielectric must be able to provide the same equivalent breakdown voltage as the planar
capacitor used in previous DRAM generations), First, composite diclectric films (e.g.,
thermally grown oxide and CVD nitride) are frequently used. 476268 Since the nitride
has a higher diclectric constant than 8i0», a thicker composite film will yield the same
capacitance as a thinner single Si09 layer. This thicker film prevents capacitor leakage
due to dielectric breakdown or Fowler-Nordheim tunneling.

The growth of the thermal oxide film is also a key step. Unless preventative
measures are taken, a thinner oxide will grow in the botiom corners {concave) and op
comers (convex} of the trench. A higher electric field will exist across these regions,
causing trench capacitors to exhibit higher leakage currents than planar capacitors.

‘This problem is avoided for the bottom comgers by ensuring that the etch process
produces a treach with rounded bottom corners (see chap, 2). In addition, an oxidation
step for edge rounding and stripping is performed prior to the growing of the actual
capacitor 85109 film, One report indicates that a 50-nm $i0Q5 film is grown in this
process and is then stripped in dilute HF (Fig, 8-162).%% In addition to smoothing out
any sharp bottom corners, this step also removes any plasma damage from the trench
walls.

Fig. 8-36 (a) Rounding-off oxidation can produce wrenches with smooth botiom comers, 48
(& 1985 IEEE). () Rounding-off oxidation can also reduce the severity of the sharp upper
corner of the trench.90 This paper was originally presented at the Spring 1989 Meeting of
The Electrochemical Society, Inc, held in Los Angeles, CA.
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The electric field is intensified at the top corners of the trench because they are
normally quite sharp afier etch, and this magnifies the effect of any oxide thinning that
may occur. {The extent of the electric-field intensification is modeled in reference 49.)
The edge-rounding oxidation step mentioned above also increases the curvature radius of
the top comer of the trenched Si surface (Fig. 8-16b), thus helping to produce a trench
capacitor with fow leakage cirrents under high electric fields. However, because it is
necessary (o use a process that allows viscoelastic flow during oxide growth (1o relieve
the stresses that inhibit oxide growth at the convex corners), a higher temperalre
oxidation process {e.g. 1100°C) is usually involved 4950 The use of rapid thermal
processing (RTP) to grow the trench oxide has also been reported.>! Good leakage-
current behavior is exhibited when RTP cycles of 1150°C for 25 sec in Op were used 1o
grow the trench oxide.

The polysilicon that fills the trench must also be highly doped o prevent depletion
effects. In sita doping of the poly is thus necessary, The conventional process for in
situ doping of polysilicon employs gasecus phosphine as the dopant source.
Unfortunately, this reduces the polysilicon deposition rale by a factor of about 23 (sce
Vol. I, chap. 6). Specially designed LPCVD furnaces with caged boats are needed to
improve the process. 117 However, these furnaces have particulate problems and cannot
he avtomated, making them incompatible with 4 high-volume fabrication environment.
A recent report described the use of t-butylphosphine (TBP) as an alternative doping
source.1 18 Tican be used in standard automated 100-wafer LPCVD furnaces to produce
in-situ doped polysilicon films, A higher deposition rate can be achieved (~20 A/min),
with adequate thickness uniformity. This material is also less toxic than phosphine.

8.3.3.2 First-Generation Trench-Capacitor-Based DRAM Cells.
Trench structures for storage capacitor application in DRAMs were first reported in
1982-83 (Fig. 8-172).52 The processing technology that made these structures possible
was anisotropic etching of 8i by RIE. Earlier V-groove structures etched in Si by
means of wet etching resuited in crystallographically produced sharp edges, which in
turn degraded the gate-oxide integrity (o the point where devices could nof be reliably
manulactured, One of the lirst (ests that had to be met by RIE-ciched trench capacitors
was that of exhibiting breakdown characieristics equal 10 those of planar-type capacitors.
As described in the previous section (and summarized in Fig. 8-17b), several reports
showed that this could be achicved through the implementation of trench etching control
measures, the use of edge-rounding procedures, or the use of combination fitms for the
trench dielectric (e.g., thermal $i0» and CVD nitride).

In the first generation of rench-capacitor-based cells the plate electrode of the storage
capacitor is inside the trench, and the storage elecirode is in the substrate, The access
transistor is a planar MOS transistor fabricated beside the trench capacitor, and the
trenches are 3-4 um deep. The cell size of the basic cells of this generation requires
about 20 sim? of surface arca, making the cells suitable for 1-Mbit DRAM designs. It
was thought that with appropriate design-rule shrinkage, these cells would be
appropriate for carly 4-Mbit DRAM designs.53
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Fig. 8-17 (a) Basic DRAM wench capacitor structure, 1 2 {® 1982 IEEE). (b) Processing
techniques used to insure fabrication of high-quality trench structures.

In ome variation of this cell type, the plate electrode is grounded, and the substrate is
biased between 0 and 5 V (which improves device isolation between adjacent ceils}ﬁ{‘
The walls of the storage electrode (i.c., those in the p-type substrate} are doped n-type,
creating a Hi-C type cell.

These first generation cells exhibit some disadvantages for smaller-sized DRAM
cells. Since the charge is stored in a potential well in the substrate, if the cells are oo
close together, high leakage currents arise between adjacent cells {due to punchihrough
or surface conduction). This problem can be alleviated through increased doping of the
region between the cells or through the use of deeper, narrower trenches, but at the cost
of creating other problems. First, the required doping in the substrase will lead 10
avalanche breakdown of the reverse-biased junction of the access transistors at spacings
<0.8 um, Second, deeper, narrower trenches are significantly more difficult to fabricate
reliably and for practical trench dimensions the spacing limit is nearly reached for the
cell sizes needed in 4-Mbit DRAMs. Further, since the storage node is in the substrate,
there is no immunity 1o charge collection from alpha particles. Consequently, this type
of trench capacitor is as vulnerable to alpha-particle~induced soft errors as cells made
with planar storage capacitors, Several design modifications have been developed
increase capacitance without either making the trenches deeper or increasing cell size.

In the first modification, the plate electrode is folded around the sides of the storage
electrode, creating a structure called the folded-capacitor cell, FCC (Figs. 8-18a and
b).75 A shallow trench is etched around most of the perimeter of the storage electrode.
The plate electrode is deposited over this trench, much as a tablecloth is laid over a table
top.56 When both the sides and the planar area (tabletop) are covered, a capacitor with a
larger area is obtained, and the capacitance is thereby increased (Fig. 8-18¢).

Interestingly, the capacitor of this cell apparently utilizes both the planar- and trench-
capacitor concepis. In addition, the cell's storage plate edges are electrically isolated
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from those of adjacent cells by means of a BOX-type isolation structure, rather than a
LOCOS isolation structure {Fig. 8-18d). This increases the memory-array packing
density {and in cffect decreases the cell size), while also increasing the capacitance. An
FCC cell size of 32 um? with a 70-{F capacitor was reportedly used to fabricate 1-Mbit
DRAMS. This cell appears to be scalable to 4-Mbit and 16-Mbit DRAM requirements.
In a second novel approach, the walls of the storage electrode wore made to follow the
outside edges of the cell perimeter, and the access transistor was placed inside (Jsolation
VErtical Capacitor cell, or IVEC, Fig. 8-192).57 A third invention folded the plate
electrode around the storage electrode but used selective doping of certain french walls to
achicve isolation (i.e., the substrate trench walls that act as isolation structures were
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selectively boron doped by means of obligue fon implantation) and storage (i.c., those
walls used as the storage plate surfaces were arsenic doped by means of oblique ion
implantation, creating a Hi-C storage capacitor). This latter cell was named the folded
bit-line adaptive sidewall isolated capacitor (FASIC) cell (Fig. 8-19b).98 FASIC cells
can be made as small 10 #m? and with capacitances as large as 50 fF, making them
suitable for use in 4-Mbit DRAMS. They require trenches of only 2 pm in depth,

8.3.3.3 Trench-Capacitor Structures with the Storage Electrode
inside the Trench (Inverted Trench Cell). One set of trench-capacitor
designs sought 10 reduce punchthrough and soft-error problems by placing the plate
clectrodde on the putside of the trench, and the storage electrode inside (Fig. 8-20a). Since
the charge is stored inside the trench (which is therefore completely oxide isolated except
in the region of lateral contact o the access transistor), it can leak only through the
capacitor oxide or the lateral diffused contact.

Four examples of early approaches using such celf designs are the buried-storage-
electrode cell {(BSE) (Fig. 8-200),50 the substrate-plate-trench cell, (SPT) {Fig.
8-2()(:),61 and the stacked-transistor-capaciior cell, (STT) (Fig. 8-20d).52 In the first
two, the plate electrode is heavily p-doped and is connected 16 the power supply, while
the inside storage plate i heavily n-doped. Since the substrate is roaintained at
essentially an equipotential, the punchthrough problem exists only around the region
through which the charge is introduced into the trench. Note that for heavily-doped
storage electrodes (e.g., »2x1019 cm'g), inversion will not occur at 5 V or less,
Instead, the biag applied 10 the capacitor causes both plajes of the capacitor to deplete;
together with the oxide capacitor, these two depletion regions make this type of trench
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Fig. 8-20 (s) Mechanism of charge storage on outer and inner plates of the DRAM trench
storage cappcitor, (b) Cross section and process sequence of BSE cell.50 (© 1985 1EEE). (c)
Cross section of SPT cell.b! (© 1985 IEEE). (d) Cross section of STT ceil.62 (@ 1987 IEEE).

capacitor equivalent to three capaciior efements in series. Since the depletion regions
grow with increasing voltage, the total trench capacitance decreases monotonically. The
heavy doping of the plates therefore helps to maximize the cell capacitance. Finally, in
such cells a 0 logic level is stored as 0 Vand a J levelas 5 V.,

The problem with this type of cell is that the gated-diode structure shown in Fig.
8-71a can cause a significant leakage current to flow into the storage node, adversely
affecting the cell's retention time. (The physics of the gated diode structure is treated in
detail in reference 63.)  An aliernative cell (the IBM SPT cell) overcomes this problem
by using PMOS access transistors and p-type doped inner-storage clectrodes, and then
creating the SPT celis in an n-well on a p-substrate (Fig. 8-215).64 As a result, the
storage electrode gates the n-well-lo-substrate junction, and the leakage current (as well
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as the band-to-band tunneling-induced leakage current generated in the bulk silicon)5 is
collected at the n-well contact instead of at the storage electrode. 1 such a ceil is not
built in a well (e.g., the BSE cell), the storage elecirode will gale the junction formed
by the storage clectrode and the substrate, and the resulting leakage current will be
collected by the storage electrode.

In the most advanced type of cell that does not use the substrale as the storage
electrode, both the plate and storage electrodes are fabricated inside the trench opening,
allowing both electrodes 10 be completely oxide-isolated, Lightly doped epitaxial layers
on heavily doped substrates are not needed, and the cells will be free from punchthrough
at arbitrarily small cell spacings. In addition, the soft-error rate will be reduced further
than it is in the other inverted trench cells. However, these improvements are achieved
through a substantial increase in process complexity.

Several such cells have been reporied, including the dielectrically encapsulated trench
(DIET) capacitor (Fig. 8-222),50 the half-Ve sheath-plate capacitor (HPSC) (Fig.
8-220),67 and the double-stacked capacitor (DSP) (Fig. 8-22c).5% The last has two
polysilicon plates, one biased to Vpp and the other to Vee/2. The capacitors formed
by the lower poly plate and substrate {separated by the outer dielectric layer}, and by the
two poly layers (separated by the interpoly dielectric) act in parallel, almost doubling
the cell's storage capacitance. A DSP cell of 6 ;fmz in size with trench depths of 4 pm
is reported to exhibit a capacitance of 50 IF.

8.3.3.4 Trench-Capacitor Cells with the Access Transisior

Stacked above the Trench Capaciior. The access transistor occupies a

significant fraction of the cell area in trench-transistor cell designs. When this {ransistor

is a planar transistor and is placed alongside the trench capacitor, surface area must be

devoted 1o both structures. Attempts to use short-channel lengths for the access
O

Plate Poly Si Storage Node
Poly Si {Vg)

Gate Controled

Capacitor Diode Structure Currant

Insulator

ay P-SUB  5x%10%¢m™

= Substrate

Fig. 8-21 (a) Cell structure with gate controlled diede, (b} Schematic representation of SPT
cell bias conditions — p-substrate-io-n-well junction is gated by the polysilicon node. 84 (@
1987 IEEE).
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process sequence of the HPSCC cell.67 {& 1987 [EEE), {c) Cross section of the DSP cell. 58
(© 1987 IEEE). (d) Fabrication process of the TSAC el (@ 1986 IEEE).

transistor have run up against (he effects of drain-induced barrier lowering (sec section
5.5.2).

One technigue for overcoming this problem extends the gaie length of the access
transistor by forming a trench in the ransistor channel (Fig, 8-22d). This redaces the
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area of the planar access transistor without decreasing its chanmel lengm.@ Using this
technique with a self-aligned contact structure, a cell size of 9 ;zmz was realized; such a
cell is making it suitable for a 4-Mbit DRAM.*

A more efficient use of space would be to stack the transistor above the trench
capacitor (and, if possible, to form a vertical-access transistor), Two examples of such
celis are the trench-transistor cell (Fig, 8-23) and the self-aligned epitaxy over trench cell
(SEOT) (Fig. 8-24).7

I the trench-transistor cell, the vertical-access (or trench} transistor is built in the top
2 um of the treach, 1ts source is connected 1 the 't polysilicon storage electrode of the
capacitor by a lateral contact, made by means of an oxide undercut etch and polysificon
refill, The drain, gate, and source of the trench transistor are formed by a diffused buried
n't bit line, an a* polysiticon word line, and a lateral contact, respectively, The gate-
oxide thickness is ~25 nm and the channel length is 1.5 gm. The transistor width is
determined by the perimeter of the trench. The clectrical behaviors of this trench
transistor have been modeled, and the results are presented in reference 72. This cell has
reportedly been used to build 4-Mbit DRAMs.

A surrounding gate transistor (8GT) cell that extends the trench-transistor cell
approach has recently been reported (Fig. 7-23d).}23 This cell can be made smaller than
the trench-transistor cell because it uses trench isolation for the bit-line isolation, rather
than the LOCOS isolation used in the latter cell, The transistor and capacitor of this
celt surround a silicon piltar. allowing the cell size to be shrunk to 1.2 1im? while still
providing 30 {F storage capacitance. The SGT cell is being studied as a candidate for
64/256-Mbit DRAMSs,

In the SEOT cell the storage electrode is first completely isolated from the substrale
{Fig. §-25a}, and selective epllaxy is then grown, With the exposed S8i area surrounding
the trench acting as a seed, a single-crystal-silicon layer grows over the top of the trench
(Fig. 8-25b), When the epilaxy growth is stopped before the lateral epitaxial film has
grown completely over the trench, a self-aligned window Is formed on top of the rench.
The capping oxide on the top of trench surface is then etched, and a second epitaxial
film is grown. A pyramidal window of polysilicon is formed on top of the exposed
polysilicon in the trench; the material surrounding this pyramid is single-crystal gilicon
forraed by means of lateral epitaxy. A planar surface is achieved after a specific
minimum of epitaxial growth, and the isolation structure and MOS$ wansistors are then
fabricated. An S-plmZ cell size has heen achieved using 0.85-pm design rules, making
thig cell suitable for 4-Mbit DRAMs. With some process improvements and design
modifications, the cell appears to be scalable to 64-Mbit DRAM dimensions.

8.3.4 Stacked Capacitor DRAM Cells

Another approach that allows the cell 1o shrink in size without a loss of its slorage
capacily is that of stacking the storage capacitor on top of the access transistor, as

* A report that studied the design methodology and size limitations of submicron access
transistors for DRAM applications is published in reference 70.
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trench transistor cell;’% (© 1985 TEEE). (d) Schematic view of SGT cell.123 (© 1989 IEEE).

ONSEMI EXHIBIT 1008B, Page 230



SEMICONDUCTOR MEMORY PROCESS INTEGRATION 611

4510, 511,1910,

Fig. 8-24 Cross section of the SEOT cen.”? (© 1988 1IEEE).

shown in Fig. 8-26.73 The lower electrode of the stacked capacitor is in contact with
the drain of the access transistor, and the bit line runs over the top of the stacked
capacitor, Although some stacked capacitor (STC) type cells have been used to fabricate

Fig. 8-25 Koy processing steps of the SEOT Lechnok}gy.?I (© 1988 fEEE).
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256-kbit DRAMS, the minimum cell size required by conventional stacked-capacitor
cells for adequate charge-storage capacity is tou large for these cells to be used in larger
DRAMs.

For STC cells to be made feasible for 1-Mbit DRAMs and beyond, an insulator with
a larger diclectric constant than that of $i05 must be used, or novel cell structures must
be developed. Although research is continuing into the use of such higher dielectric
constant materials as tantalum pentoxide, currently acceptable insulators do not make
conventional STC cells viable for 1-Mbit and larger DRAMSs. However, several novel
STC cell designs have been reported.

In the first of these, the contact hole used 10 connect the lower capacitor clectrode fo
the drain of the access transistor is not filled up with polysilicon, as is the case in
conventional STC cells (Figs. 8-27a and 1).74 Such filling up of the contact hole
reduces the effective area of the capacitor, especially for holes with small dimensions.
Instead, the contact hole s opened affer the lower capacitor-electrode polysilicon film is
deposited, and only a thin second polysilicon film is subsequently deposited into the
hole (Fig. 8-27¢). Good contact between the second film and the substrate is established
by means of an ion-beam mixing implantation step following the thin-poly deposition
(see section 3.4.2.5), This process produces a cell capacitance that is ~1.3 times as
large as that obtained with a conventional S$TC. (Figure 8-27d shows an SEM
photograph of the new cell.} A cell capacitance of ~35 {F with a cell size of 8.8 um? g
achieved with this design.

As shown in Fig. 8-27d, by wenching into the Si substrate it is possible to produce
even more capacitance for a cell size of the same area {or a comparable capacitance fora
smaller cell size). The wenched STC cell of Fig. 8-27d is predicted to be able to provide
30 f¥ of capacitance in a cell area of 1.3 um?, which would make it suitable for 64-
Mbit DRAMSs. A wench depth of ~1 um is needed to achieve this capacitance value.

in the second novel STC cell, the bit lines are formed before the stacked capacitor is
fabricated. In addition, the capacitor is laid out on a diagonal with respect 1o the bit and
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Fig. 8-28 Cross section and layout of: (a) conventional $TC cell. (b) DASH cell?s {(®
1988 IEEE).

word Hines, which increases the cell area without increasing its size, This cell is thus
called a diagonal active-stacked-capacitor cell with a highly packed storage node
(DASH). TS Figure 8-28a shows the cross section of the DASH cell, and Fig. 8-28b
compares the layouts of this type of cell with that of a conventional STC cell. The
DASH cell yields a 35-fF capacitance for a cell size of 3.4 ymz, and hence could be
used in 16-Mbit DRAMs.

In the third novel $TC cell, a unique fin structure is used Lo fabricate a capacitor with
a high capacitance in a small area. (Figure 8-29a shows the fabrication process
sequence.)76 This structure would allow cells with two fins to be used in & 16-Mbit
DRAM. When the bit lines are formed prior to formation of the fin structure (Fig,
8-291), a cell structure can be obtained that has sufficiently high capacitance in a small
enough area to allow fabrication of a 64-Mbit DRAM.

A fourth novel STC ceil, called a spread stacked capacitor (SSC) cell, 122 the storage
electrode is expanded into the neighboring 2nd memory cell arca (Fig. 8-29¢ and d), and
the storage electrode of the 2nd memory cell is expanded to the 1st memory-cell area.
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conventional-STC ceil. (d) SEM photo of a spread-stacked capacitor. 122 (@ 1989 IEEE).

This allows the storage capacitance of the SSC cell 10 be ~1.8x as great as that of the
conventional STC cell, making a possible candidate for 64-Mbit DRAMs.

8.3.5 Soft-Error Failures in DRAMs

When a DRAM is tested, cach cell is operated to verify that it functions correctly. A
hard fail, or hard error, indicates that a particular array location repeatedly fails 1o output
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correct data values previously writtien into the location. Although there are a number of
potential sources of hard fails, by and large they are caused by random physical
defects. As noted carlicr, various layout design approaches and on-chip error-detection
and correction circuits (that replace failed bits with spares), have been implemented to
eliminate faulty cells from a memory, allowing some defectively manufactered chips to
be salvaged.

Soft errors, which are single-nonrecurring read errors on single bits of a memory
artay, are also a significant problem in DRAMs. A soft error is not a permanent error,
in the sense that the causse is not a process defect. A write (then read) cycle n an array
location that was previously in error carries no greater or lesser probability of error
again than dots a cycle in any other array location,

Although soft errors can be caused by such circuit related problems as supply-voltage
noise, inadequate noise marging, and sense-amplifier imbalance, there is one speeific
physical failure mode that will cause soft errors, even when all circuit-related failure
modes are climinated. The cause of thig failure mode of was identified in 1979 by May
and Woods’7 as the alpha particles originating from the decay of uranium and thorium
atoms. These radioactive atoms are naturally occurring trace impurities in the materials
used 1o make IC packages, and the alpha particles they emit have energies in the 8-9
MeV range.

Since a bit of information is stored on a cell by the presence or absence of charge in
the potential well of the storage capacitor, the number of electrons that distinguishes an
emply well from a full one (and hence which differentiates between a logical one and a
zero) is known as the crztzcabupsa: charge, The generally quoted value for this charge is
45-50 {C (2.5x10% electrons),”8 which is about 25% of Qs (see section 8.3.1.8),
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which is when the cell is storing a one for the double-poly cell shew;‘x.’”{@ 1979 IEEE).
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If the temperatuse is raised, or if light is incident on the memory, the generation rate
of electron-hole pairs in the substrate can be significantly increased. If enough electrons
are produced that an empty well fills up in the interval between refresh pulses, a soft
error will occur. Electron-hole pairs are also produced by jonizing radiation incident on
a memory chip ~ specifically, when energetic alpha particles strike a semiconductor
substrate {(Fig. 8-30).

The electron-hole pairs produced as an alpha particle first passes through the chip's
passivation layers are not collected by the empty well, implying that some fraction of
the initial alpha-particle energy is lost before it reaches the substrate. Even if only half
of the initial energy is retained, there will still be enough energy (4 MeV) to produce
roughly 108 electron-hole pairs along a trajectory ~25 um in length.”® Any of the
electrons generated within the potential well will be swept into the storage node by the
depietion region electric field. Those electrons generated in the bulk that diffuse to the
edge of the well will likewise be collected by the storage node. The remainder will
recombine in the bulk. If a large enough fraction of the electrons generated by an alpha-
particle strike is collected by the empty potential well, a soft error can resuit. The
entire collection process occurs in a matter of microseconds.

8.3.5.1 Techniques Used to Reduce Soft-Error Rates in DRAMSs.
The soft-error rate (SER), expressed as the number of ¢rrors per hour, describes the
degree of susceptibility to soft-error phenomena. When the storage nodes on silicon
devices were on the order of 25 ym in length, it was possible (but not likely) for all of
the electrons from one strike to be collected on one node. However, since Qg for these
strugiures was also larger (e.g., 2x105 electrons), the SER was so fow that the problem
was not noticed, As devices decreased in size, SERs grew significantly larger.

Soft errors in DRAMs were first reported in 16-kbit DRAMs (1 soft-fatlure per 1000
hours of operation was typical), and they became an appreciable concern in the design
and packaging of 64-kbit DRAMSs and larger. When new DRAMS are designed, an
atlempt is made to ensure that the SER is comparable to the hard-error rate,

1t was found that as long as a DRAM cell can store more than 6x10% cloctrons, the
SER can be made comparable to the hard-error rate. For storage devices in DRAMs of
up 1o 16 kbits, this was accomplished by scaling the oxide thickness to maintain
adequate capacilance in the cell, The reliability trade-off in this approach was an
increased hard failurs rate due to increased defects in the thinner gate oxide. The Hi-C
cell was invented as a means of increasing the storage capacity without increasing the
capacitor size. An added benefit of this cell is that the doping gradient of the deep p-
implant produces a potential encrgy barrier to the diffusing ¢lectrons, preventing some
of them from reaching the depleted well of the storage capacitor. Hence, the SER of
memories built with such cells is decreased. An additional advance was the
implementation of the insulator of the storage capacitor with a dual dielectric film
(8107 and SigMNyg), which increased the cell’s capacitance (see section 8.3.1.5).

The same SER-reducing phenomenon is exploited when DRAMSs are built in CMOS
technology. That is, the entire array of NMOS DRAM cells is built in a p-well. The
well-substrate junction acts as a reflecting barrler for diffusing minority carriers created
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outside of the well, preveniing most of them from reaching the unfilled storage nodes.
Putting the memory on a heavily doped substrate with a lightly doped epitaxial layer on
the surface is also beneficial. Since minority carriers generated in the heavily doped
substrate have much shorter Jifetimes than those in the lightly doped regions, they are
prevented from reaching the epitaxial region in which the cells are built (see also section
6.8.4.2).

The use of rench-capacitor structures can also reduce the SER of DRAMS, increasing
the number of stored electrons per cell without requiring the lateral device or chip to be
made larger. A trench cell in which the storage plate is inside the trench provides better
SER than one in which the storage plate is on the outer walls. (If there is little or no
isolation between closely spaced wench cells and the wack of an alpha particle intersects
two of the cells, considerable charge can be tansferred. The charge flow along the aipha
track can cause transient forward-biasing of the cell junctions. This bipolar-like effect
becomes more dominant as the cell-to-cell spacing decreases.)105

A final method used to reduce SER is to apply a thick coating of a radioactive-
contaminant-free polymer on top of the IC. For example, alpha particles with energies
of up to 8 MeV are completely absorbed by a 50-pum-thick layer of polyimide. In
addition, packaging materials are now manufactured with much lower concentratons of
radioactive impurities. Purification of the materials used in wafer fabrication
(particularly metallization) is also being pursued, and trace levels of radioactive
impurities are now low cnough that they can be eliminated them as a significant source
of alpha particles,

Even with thick polymer coatings, chips are still vulnerable to strikes by high-
energy cosmic rays (in the form of high-atomic-number nuclei). A small fraction of
such very energetic particles can penetrate the earth's atmosphere, the package, and the
polymer coating, entering the silicon. Under some conditions, these nuclei can also
produce soft-errors through the generation of electron-hole pairs, At present, it is
estimated that cosmic-ray events produce an SER about an order of magnitude lower
than that due to alpha particles from currently available "clean” packaging materials.

8.3.6 The DHAM as a Technology Driver

The DRAM has also been used as a technology driver over a large part of its life, since
it makes a good test vehicle for advancing silicon integrated-circuit process technology.
The regalar, repetitive architecture of the DRAM chip requires the least amount of
engineering design time to create a circuit with hundreds of thousands, or millions, of
devices that can be produced in full-scale production in the factory. Hence, a new MOS
technology can be fully tested in the shortest time using the DRAM as the production
test vehicle. After the flaws in the process and manufacturing procedures have been
ironed out using the technology driver, the process can be transferred 1o the manufacture
of other, more design-intensive circuits.

In the mid-1980s, U.S. semiconductor manufacturers increasingly turned to high-
density MOS logic arrays as a replacement technology-driver eircuit, since most of them
had been forced 10 abandon the the DRAM market after the price erosion of the 64-kbit
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DRAM. The American preference for the logic test chip was alse based on the fact that
congiderable engineering and manufacturing expertise from the production of such dense
fogic chips as the 80386 and 68000 MPU families. By the late 1980s, however, the
world wide manufacturing trend had swung 10 CMOS SRAMEs, since these circuits are
easier to design than DRAM circuits (which require intricate clock circuitry). In
addition, the 4-Mbit and larger DRAMSs use three-dimensional capacitor structures that
are unique to the DRAM, and their yield statistics may thus not be as valuable for
learning how to manufacture other circuits that do not utilize such structures.

In 1989, however, Osamu of Toshiba presented a case for why DRAMS could still
serve as excellent technology drivers.80 First, the repetitive structure allows failure
categories 1o be easily identified so that efforts can be undertaken to correct processes
that lead to the failures, Second, the factors that impact the RAM yield can be analyzed
more completely and in a much shorter period of time than those in logic devices (i.e.,
the tasks of test-vector generation and design for lestability are much less onerous for
RAMSs than for logic circuits), Finally, the volume production of DRAMs is so great
that memory-fabrication processing experience is acquired much more rapidly. These
lessons can be transferred 1o other volume 1C production lines, For example, DRAM
production can reach 108 parts per year at a single manufacturer {with 2x108 devices per
chip in the 1-Mbit DRAM), versus ~50K microprocessor parts per year (with 1x108
devices per typical 32-bit microprocessor).

8.4 MASKED READ-ONLY MEMORIES (ROMS)

Masked {or mask-programmed) ROMs are nonvolatile memeories into which informa-
ion is permanently stored through the use of custom masks during fabrication. Users
thus must provide the ROM manufacturer with the desired bit pattern of the memory.
Subsequent changes of stored data are impossible, and only read operations can be
performed. Since only a single customized mask is required to personalize these ROMs
for a specific application, however, many designs can be economically implemented.

Such memory circuits have been implemented in bipotar, NMOS, and CMOS
technologies. As of 1989, 4-Mbit CMOS ROMs were the largest available, but parts
containing as many as 32 Mbits ar¢ envisioned. The fastest high-density MOS-based
ROMs have access times of about 80 ns,81 while less dense (256-kbit) ROMs are faster
(50 ns). The faster ROMs are most often used to simplify the interface to micro-
processors by climinating wait states, thereby permitting more rapid program execution.
Bipolar ROMs are even faster (e.g., 0 ns access time for a 1-kbit ECL ROM), but they
are alse much less dense,

In addition 1o interfacing with microprocessors, ROMs have been used for a variety
of applications, including these:

= Look-Up Tables. These are used for mathematical caleulations in which
evaluations of square roots and of trigonometric functions, logarithmic functions,
anct exponential functions are needed. The procedure would usually be much more
time consuming if software subroutines were used to calculate the series
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expansions of particular functions. Other look-up applications include spell
checking and dictionary servicing.

v Character Generators. All digital systems rely on the display of alphanumeric
characters of such input and output devices as CRTs and dot-matrix printers. In
most of these applications, the patterns of pixels, segments, or dots used to
display the set of characlers are stored in a ROM. In Japan, large (1-Mbit and
Targer) ROMs are used as character generators for the complex kanji charactess.

= Microcontrol Store. In microprogrammed digital systems, the execution of an
encoded macroinstruction involves the generation of a sequence of signal vectors
for gating or control purposes. ROMs are often chosen for such applications
because their higher packing density and simpler fabrication procedure make them
less costly than static or dynamic RAMs. In addition, ROMs are more stable
than SRAMzg and DRAMs. Parts of computer programs that are completely
debugged and that do not need to be rewritten during computation are thus often
stored in ROMs.

8.4.1 Masked-ROM Implementation

Each bit of information in 4 ROM s stored by the presence or absence of a data path
from the word (access) to a bit {sense) line, The data path is eliminated simply by
ensuring that no circuit element joins a word and bit line, Thus, when the word ine of
a ROM is activated, the presence of a signal on the bit ling will mean that a [ is stored,
whereas the absence of a signal will indicate that the bit location is storing a 0. As
shown in Fig. 8-31 (which uscs an NMOS array as the example), there can be two basic
forms of the ROM, with implementation by either the NOR function (Fig. 8-31a), or
the NAND function (Fig. 8-31b). Note that programming of masked ROMs in bipolar
technology is done by selectively omitting a contact, at the contact mask in the emitter-
foliower or Schottky-diode ROM arrays shown in Fig, 8-31d.

Although the speed of the ROM depends on the details of the MOS fabrication
process, MOR arrays usually have faster access times; in addition, the stored bit pattern
can be set by the metal-interconnection layer, Therefore, unprogrammed NOR ROMs
can be manufactured up until the metal mask step and can then be stored in inventory.
Such almost-completed wafers can be quickly completed (programmed) by using a
custom mask that patierns the metal layer,

The NAND-type ROMs, on the other hand, have a longer access time, and they
must be programmed through the impiantation of dopants into the channel of selected
transistors wherever stored zeros are desired (Fig. 8-31c). Such a step must be performed
earlier in the manufacturing sequence, which increases the TAT. The advantage of
NAND ROMs over the NOR type is that they have a considerably higher density when
fabricated using the same process and design rules.

The access time of ROMSs is limited by the resistance and capacitance of the word and
bit lines, as well as by the currents available {o drive these lines, Because of their
higher density (i.e., 1-Mbit CMOS ROMs were introduced in 1983), ROMs were the
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Fig. 8-31 (2) MOS ROM NOR array, (b) MOS ROM NAND array.!

first semiconductor memories in which on-chip error-correction circuitry (ECC) was
implemented.

8.5 PROGRAMMABLE ROMS (PROMS)

If only a small guantity of ROM circuits is needed for a specific application, custom
fabrication of even a single mask layer may be too expensive and/or time consuming. In
such cases, it is faster and cheaper for users to program each ROM chip individually,
ROMSs with such capabilities are relerred 1o as user or field-programmable memories.
Many types of these have been developed.

In this section we describe programmable read-only memories (PROMS), a type of
ROM into which information can be programmed only once and then cannot be erased.
Subsequent sections describe ROMs that allow data to be erased after entry.

In PROMs, 2 data path exists between every word and bit line at the complstion of
chip manufacture (corresponding to a stored [ in every data position). Storage cells are
selectively altered to store a 0 following manufacture by clectrically blowing open the
appropriate word-to-bit connection paths. Since the wrile operation is destruclive, once
a () has been programmed into a bit location it cannot be erased back to a I in a PROM.
PROMs were originally implemented in bipolar technalogy, although MOS PROMs
have recently become available as well,
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Fig. 8-31 (c) MOS NAND ROM - simplified layout, (d) BIT RCM cells. From D. A,
Hodges and H. G. Jackson, Analysis and Design of Digital Integrated Circuits, Copyright,
1983 McGraw-Hill Book Co. Reprinied with permission.

In bipolar PROMS, two techniques are used 1o eradicate the word-to-bit-line paths in
desired bit locations. The first involves the use of a bipolar transistor in series with a
fuse, as shown in Fig, 8-32, In such emitter-follower bipotar PROMs, a small fusible
link is placed in series with cach emitter, Early links were implemented with nichrome
thin films, but these exhibited a growback problem {in which disconnected fuses became
reconnected after some time). PROM fuses are now generally made of polysilicon.
Fuse-link PROMSs are designed o operate with a 5-V supply for reading data, but higher
voltages (10-15 ¥V} are needed to produce the 10-30 mA required to blow open the fuses.
Such large vollages may be supplied by off-chip programming devices or by special
electronic circuits available on the chip.

The second technique makes use of a pn diode that is short-circuited by an
avalanching pulse. An example of a 64-kbit bipolar PROM using pn diode cells with
an access time of 50 ng is described in reference 82,

MOS PROMs have also been introduced, and in 1985 they became available in
1-Mbit size. Such componenis are actuatly MOS erasable and programmable read-only
memories (EPROMS) housed in inexpensive plastic packages (rather than in the costly,
quartz-windowed ceramic packages needed by erasable MOS PROMS). Without a quartz,
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window these MOS PROMs can be field-programmed oaly once. As a result, they are
commonly known as gne-time-programmable (OTP) ROMs, The advantage of these
over bipolar PROMs is that they can be fabricated in much higher densities. High-
density CMOS OTP ROMs are now being built with access times close to those of
bipolar PROMs, but with more bits per chip and much lower power dissipation. For
example, a 256-kbit CMOS OTP ROM with an access times of 50 ns has recently been
introduced; this approaches the access time (~40 ns) of large [64-kbit] bipolar
PROMSs.87 In addition, OTP ROMs are no Ionger much more expensive than ROMs,
and hence they are also expected o increasingly replace masked ROMs.

8.6 ERASABLE PROGRAMMABLE
READ-ONLY MEMORIES (EPROMS)

Erasable PROMs depend on the long-lerm retention of electronic charge as the
information-storage mechanism. The charge is stored on a flpating polysilicon gate of
an MOS device (the torm floating refers to the fact that no electrical connection exists
to this gate). The charge is transferred from the silicon substrate through an insulator.

Each of the various mechanisms implemenied 1o transfer (and remove) charge from
the floating gate has been the basis of a different erasable-PROM device type. This
section describes the so-called electrically programmable ROM (EPROM), which also
requires that the device be irradiated with ultraviolet (UV) light for removing (or erasing)
the stored charge from the floating gate.

Word . -
line Bit line
Fee 3 - |
Rivw i l/
i 3\ [\.i

P

------- Cidugsee
Fig. 832 (a) Emiuer-follower bipolar PROM.! From D. A. Hodges and H. G. Jackson,
Analysis and Design of Digital Integrated Circuits, Copysight, 1983 McGraw-Hill Book Co.
Reprinted with permissien.
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Flg. 833 (1) Circuil schematic and cross seciion showing the mechanism of charge
injection into the gate by avalanche in a FAMOS memoty element. (b) A FAMOS element
made with two layers of pelysilicon and suitable for n-channel MOS applications. From R. 8.
Muller and T, I, Kamins, Device Electronics for Integrated Circuits, nd Ed. Copyright 1986,
John Wiley & Sens, Reprinted with permission.

Traditionally, such EPROMSs have been used as prototyping vehicles to ensure that
no glitches remained in the code. Once the programs were finalized, he code was
usually fixed into ROM components. However, the cost of FPROMs is shrinking with
advances in technology, and as a result, their use is growing af the expense of ROMs.
Another factor in favor of EPROM:s ig their faster turn around time (which also plays a
role in the choice of technology used to implement masked ROMs).

The charge-transfer mechanism is based on the injection of hot clectrons into the
floating polysilicon gate, which is completely encapsulated by 8103, The original
EPROM devices were fabricated in PMOS technology and consisted simply of a
MOSFET with a floating gate (Fig. 8-33a), If a sufficiently high reverse-bias voltage
is applied 1o the drain, the drain-substrate pn junction will experience avalanche
breakdown, causing hot electrons to be generated, Some of these will have enough
encrgy to pass over the oxide potential-energy barrier and charge the floating gate {(see
section 5.6.2). These BPROM devices were thus called Floating-gare, Avalanche-
injection MOS transistors (FAMOS).
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Fig. 8-34 Energy band diagram of a FAMOS device with charge stored in the silicon gate,
From E. 8. Yang, Microelecironic Devices, Copyright 1988, McGraw-Hill Book Company.
Reprinted with permission.

Once electrons are transferred to the gate, they are trapped there, as illustrated by the
energy-band diagram shown in Fig. 8-34. Since the potential-energy barrier at the
oxide-silicon interface is greater than 3 eV, the rate of spontaneous emission of
electrons from the oxide over this barrier is negligibly small. The electronic charge on
the floating gate can thus be retained for many years.

If the floating gate is charged with a sufficient rumber of electrons, inversion of the
channel under the gate will occur. A conducting channel then forms between the source
and the drain, exactly as would occur if an external gate voltage were applied. The
presence of a I or £ in gach bit location is therefore determined by the presence or
absence of a conducting channel in a programmed device.

Subsequent advances in process technology (Fig. 8-33b) made it possible 1o
implement EPROMSs with 5 V, n-channel devices.533 In such EPROMs the cells
can also be laid out in NOR or NAND arrays; we will use the NOR array configuration
to describe the operation of these newer cells.

Two layers of polysiticon are used to form a double gate in the trangistor, as shown
in Fig. 8-33b. Gate #1 is the foating gate and is placed under Gate #2, Cell selection
is controlled by Gate #2, which therefore plays the role of the single gate in
coaventional MOS transistors, Initially, Gate #1 is uncharged; thus, if the drain,
source, and Gate #2 of the transistor are grounded, Cate #1 will alsobeat 0 V. Ifa
voltage (Vq) is subsequently applied to Gate #2, the vollage on Gate #1 (V1) will be
given by:

Vi o= [Cp/{Cp + C)l Vo (8-3)

because the two gales represent a capacitive divider as shown in Fig. 8-35. From the
electrical perspective of Gate #2, the transistor appears 10 have 2 larger V. In order 10

turn on this transistor, a larger gate voltage must be applied to Gate #2 (typically
somewhat more than twice the normal V). For example, if a conventional NMOS
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Fig. 8-35 Equivalent capacitive divider of an EPROM structure.

device with a Vr = 1 V was fabricated with the double gate of Fig. 8-33b, a voltage of
2 V would have to be applied to Gate #2 to i it GN; a voliage of 5 V for reading the
cell would also cause it to turn ON (Fig. 8-36). Such a turned-on device would cause a
positive logic stored zerp W appear at the ontput of the bit line if the device was used in
a NOR array. As a result, the programming of the EPROM begins by discharging all
of the floating gates through exposure to UV radiation, so that every cell initially stores
a0. A isthen selectively wrilten into the desired cells.

For al 10 be writlen into a cell, both Gate #2 and the drain are raised 10 about 12V
(for a few hundred microseconds), while the source and substrate are kept grounded (early
EPROMs required 30 V programming voltages for several milliseconds). Hot electrons
are created near the drain and are atiracted (o the floating gate (which, due to capacitive
coupling, has a more positive potential than the drain), Some fraction of the electrons
will traverse the oxide and charge the floating gate. When the voliages on Gate #2 and
the drain are returned 1o zero, these charges remain tapped on Gate #1. The electrons
trapped on Gate #1 cause ifs potential to be at about -5 V. Therefore, if a signal of only
5V is applied to Gate #2 when the EPROM is being read, no channel will form in the
transistor. Under this circumsiance, a 1 is stored in the cell. The electron- trapping
process is self-Hmiting, because once electrons are stored on the floating gate they begin
to inhibit further electron injection.

In order for the cells to be erased, the stored charge must be removed from the
floating gate. This is accomplished by flood exposure of the EPROM with strong ulira-
violet light for approximately 20 minutes. The UV light creates electron-hole pairs in
the SiQ)y, providing a discharge path for the charged flcating gate.

. 1 Active,
ts lg..,._ word line
voltage

Not .
programmed

(1)

(a)

Yo

Fig. 8-36 Transfer characteristic of a floating-gate transistor.
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One of the advantages of EPROMs is that the cells consist of only one transistor,
allowing them to be fabricated with high densities (e.g., a 4-Mbit CMOS EPROM with
an access time of 120 ns and 0.8-um channel-length transistors has been :eportcd).gS In
addition, they cost less to manufacture than electrically erasable PROMs (EEPROMs —
see the next section).

A disadvantage of EPROMs is that they require UV light for erasing and must
therefore be packaged in an expensive ceramic package with a UV-transparent quartz
window. In addition, they must be removed from the circuit board and put into a special
UV eraser. {(Note that since sunlight and fluorescent lamps contain some UV, one week
of sunlight or three years of room-level fluorescent lighting are likely to erase some of
the cells. Therefore, except during erasure, the window should be covered at all times
with an opaque label) Another disadvantage is that the high voltage needed to program
the EPROM is generally not available on the integrated circuit, so a special
programming setup must also be provided. This limitation, combined with the fact that
EPROM programming takes a relatively long time, means that these cells are used
primarily for reading information and are only occasionally rewritten. (Note, however,
that the programming time is decreasing dramaticaily. In the first 64-kbit EPROMs, it
took about 50 ms to program each byte, adding up to almost seven minutes for the
entire chip; in the 4-Mbit EPROM, 8% the program time has been reduced to 10 ps/byte,
s0 that the entire chip can be programmed in only five secondst)

OTP ROMs compete with high-density masked ROMs because they offer the benefit
of a significantly shorter TAT (albeit at a somewhat higher cost). OTP ROMs are also
less expensive than bipolar PROMs, and offer a PROM capability with much higher
density, While bipolar PROMSs are generally faster, a three-transistor EPROM cell wag
recently reported that would allow CMOS EPROMSs to be built with the same speed and
density as bipolar PROMs, but with much lower power dissipation and 100%
testability. B¢ Another one-transistor cell, split-gate 256-kbit CMQS EPROM with an
access time of 50 ns has also been reported. 57

Some of the relevant process and circuit-design enhancements used in fabricating the
Targe CMOS EPROMs include the following:88

» Use of thin (20 nm) reliable interpoly dielectric materials, often consisting of
composife films of Si02/513N4/8i04, for increased capacitive coupling between

Gaes #1 and #2,

* Self-aligned contacts to the control gate (as well ag a self-aligned floating gate)
to achieve the 3.1 x 2.9 um? small cell size.

* Use of a Jow-resistance polycide gate for the word line to achieve high speed.

* Reduction of the programming voltage to 10.5 V, along with a reduction of the
programming time (o ~10 ys/byte,

* On-chip test circuits.
A novel self-aligned planar-array EPROM cell has also been proposed.8990 This
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cell appears o make possible the fabrication of 4-Mbit EPROMs with 1-um design
rules because it uses buried at bit lines that are self-aligned to the FAMOS transistor.

8.7 ELECTRICALLY ERASABLE PROMS (EEPROMS)

In some applications it is desirable to erase the contents of a ROM clectrically, rather
than to use a UV light source. In other circumstances it is useful to be able to change
ong byte at a time, without having to erase the entire IC. A varicty of electrically
erasable PROM;s have been developed to serve these applications. Such EEPROMS are
the most sophisticated of the ROM families in terms of the physical operating
principles and process complexity. For example, EEPROMs must be fabricated with
unique tunnel oxides, as well as with high-voliage transistors (for programming and
crasing the devices).

Three technologies have been developed for EEPROM fabrication: (1) MNOS
transistors; (2} Floating-gate Tunnel Oxide (FLOTOX) MOS transistors; and (3)
textured-polysilicon floating-gate MOS transistors. Although MNOS transistor-based
devices were among the first EEPROMs 10 be commercially manufaciured, their
technology limitations have made them less widely adopted than the others, Therefore,
we will devote most of our attention to FLOTOX and textured-poly EEPROMs.

8.7.1 MNOS-Based EEPROMs

The MNQS EEPROM cell consists of a single MOS-like transistor that employs a
composite gate-diclectric layer (SizN4, ~50 nm thick, on top of a very thin [~2 nm
thick] Si0O7 layer), as shown in Fig. 8-37. (See ref. 118 for more details on MNOS
devices.) Unlike in floating-gate MOS devices, the charge is stored in discrele traps in
the nitride bulk. The charge wansfers from the substrate 1o the nitride fraps {and back,
during erasure} by tunneling through the thin oxide layer, Programming is accomplished
by applying a high voliage to the top gate; erasing is done by grounding the top gate
and raising the well to a high potential,  MNOS transistors are built within wells (akin
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Fig. 8-37. Cross.sectional structure of an MNOS memory ceil. 197 (© 1983 IEEE).
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1o those used in CMOS) o that their channel potentials can be controlled,

The manufacturing process of MNOS transistors involves the following
modifications to the standard single polysilicon-gate MOS technology: thin oxide
growth, nitride deposition, and post-nitride temperature cycles. Mastering the processes
used 1o grow the altra-thin oxide and deposit the nitride and to control their quality is a
challenging task. Furthermore, while the basic transistor is very small and highly
scalable, each cell of the memory array requires a select transistor.  This requirement,
coupled with the need to fabricate wells, produces a relatively large effective cell size.
Finally, the charge stored on the nitride traps continually leaks away through the thin
oxide by means of tunneling, even when no erase voliage is applied, The charge loss is
thus time dependent, making charge retention the main reliability concern with MNOS
devices. (With MNOS structures, as the switching speed is increased, the ability to
retain stored charge is decreased, Thus, devices with a retention time of tens of years can
be fabricated if a slow switching speed can be tolerated.}

Nevertheless, MNOS exhibits higher tolerance to ionizing radiation than do either of
the other EEPROM technologies, Thus, MNOS EEPROMSs currently find their main
use in low-density military applications that need radiation-hardened EEPROMS; this
appears 1o be the niche to which MNOS EEPROMs will be relegated in the future 2!

8.7.2 FLOTOX EEPHOMs

The floating-gate tunneling oxide (FLOTOX) transistor, shown in Fig, 8-38a, consists
of an MOS transistor with two polysilicon gates. A thin (8-12 nm) gate oxide (or
oxynitride) region 18 formed near the drain, The lower polysilicon layer is the floating-
gale while the other is the contrel gate. The remainder of the floating-pate oxide is
typically 50 nm thick, and the interpoly oxide is ~50 nm thick, Programming of this
transistor is done by causing electrons 1o be transferred from the substrate to the floating

a Bit column
Poly 2

Foly 1
(flpating)

Program
line T

> P substrate \ . )
5 \\t i
k1 i

b Tunnel
o unne
(a) g{i :Etc oxide &)

Fig. 838 (a) Cell structure of a Flotox transistor structure, (b) Connection in an
EEPROM 9! (® 1986 [EEE).
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gate through the thin oxide layer by means of Fowler-Nordheim tunneling 92

The control-gate vollage is raised to a sufficiently high value so that tunneling
ensucs (e.g., 12 V in modern FLOTOX EEPROMs). As electsonic charge builds up
on the floating gate, the electric field is reduced, which decreases the electron flow.
Since the tunneling process is reversible, the floating gate can be erased by grounding
the control gate and raising the drain voltage, indicating that tunneling is used both to
program and erase the FLOTOX transistor. Programming and erase times are on the
order of 9 ms, Electron wansfer by Fowler-Nordheim tunneling, however, requires a
minimuym electric- field strength of around 10 MV/em. Thus, for oxides of 10 nm in
thickness, such tunneling will be negligible when normal 5-V signals are applied. Asa
result, FLOTOX transistors can be expected to retain their charges for more than 10
years if the memaory is subjected only to normal read cycles.

The FLOTOX wansistor must be isolated by a select trangistor. Otherwise, the high
voltage applied to the drain of the selected cell during erasing would also appear on the
drain of the other unselected cells in the same memory column. A FLOTOX EEPROM
cell must therefore consist of two transistors (Fig. 8-38b). Although this limits the
density of such EEPROMs in comparison 1o EPROMs and flash EEPROMs, it makes
it possible 10 erase and re-program one byle of the memory without having o erase the
entire IC, In addition, two cycles are needed to load the correct data into the memory,
In the first, all the cells in a byte are programmed (i.c., the floating gates are charged);
in the second, selected cells are erased, with the drain used for data control,

The fabricatior of FLOTOX EEPROMs involves a modification of the polysilicon-
gate MOS process. A double-polysilicon process is used, together with a thin tunnel-
oxide growth process. The growth of a high-quality, thin tunneling oxide is, in fact,
the critical manufacturing step in this technology. The tunneling dielectric reportedly
can be successfully implemented with nitrided oxides, since the barrier between silicon
nitride and silicon is lower than that between $i0q and S$i. As a result, a higher
wnneling current can be obtained for the same voliage. 9> _

Despite the fact that a reliable process for growing thin tunneling oxides must be
developed, FLOTOX-based devices have become the most widely manufactured of the
EEPROM types, They are stil] the easiest o learn o manufacture for companies that
have already successfully developed an EPROM process. Since it is desirable fo be able
to program and erase the BEEPROM while it remains in place on a PC board,
considerable effort has also been expended to make this memory type fully operational
with & 5 V power supply. (This type of operational capability is referred 1o as 5 V
only.}

FLOTOX-based EEPROMS are best suited for applications in which low-cost, low-
density, nonvelatile memories are required ~ for example, in microcontrollers and
programmable logic devices. Another potential application is for smart credit cards;
several Japanese companies bave announced 64-kbit FLOTOX-based EEPROMs for this
market,

On the cother hand, scaling and reliability considerations appear to limit the
maximum size of FLOTOX EEPROMs to 256 kbits. The need for two transistors, and
the relatively large size of the select transistor (due to the jarge voliages needed for
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Fig. 8-3% Textured-polysilicon memory cell. (a) Top view. (b) Cross-sectional structure.? !
(® 1986 IEEE).

programming and erasure) are contributing factors. The poly-fo-poly area of the sense
transistor must also be large, due to the high oxide capacitance of the thin tunnel
oxide M Purthermore, the FLOTOX EEPROMs exhibit high faiture rates, caused by
defect-related oxide-breakdown problems as memory size i3 ingreased.9 Error-detection
and correction codes (EDCC) can be used to overcome this Hmitation, but such solu-
tions impose a penalty of increased die cost, Reference 95 gives an example of a 50-ns
access time, 256-kbit FLOTOX-based CMOS EEPROM using a single-bit EDCC,

The reliability of FLOTOX-based EEPROMSs compares favorably with that of the
other two BEPROM types. As with the others, there is a very low failure rate during
5-V operation; reliability problems occur as a result of the high voltages that must be
used during programming and erasing, Random single-bit failures occur in FLOTOX
devices due 10 oxide defects, resulting in leaky oxides that lose charge over time, The
number of cycles that most FLOTOX EEPROM:s are specified to be able 1o endure be-
fore the thin oxide becomes too leaky to relain data sufficiently, is 103-10% cycles.
However, a process for increasing this endurance level to 106 cycles has been
rcpomd.%

8.7.3 Texiured-Polysilicon EEPROMs

Textured-polysilicon EEPROMs, introduced in 1983 as an alternative (o the tunneling
oxide types of devices, are also based on the foating-gate MOS technology, The cell
consists of three layers of polysilicon that partially averlap (Fig. 8-39) to create a cell
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that behaves like three MOS transistors in series. The floating-gate MOS fansistor is
formed by the middie polysilicon structure, which is encapsulated with SiOy to cnable
high charge retention. While charge is still transferred to the floating gate by meang of
Fowler-Nordheim tunneling, tunneling takes place from one polysilicon structure to
another rather than from the substrate to the floating gate. The interpoly oxides through
which the tunneling takes place can be made significantly thicker than the tunneling
oxides in FLOTOX devices (60-100 nm in extured poly devices, versus <12 nm in
FLOTOX devices), since the eleciric ficld that promotes the tenneling is enhanced by
the geometrical effects of the fine texture at the surface of the polysilicon structures,

Texuured-poly cells are programmed by causing electrons to tunnel from pely ! to
the floating poly. Erasure is accomplished by causing electrong to tunnel from the
floating poly structure 1o poly 3. The voltage of poly 3 is taken high in both the
programming and erase operations. The drain voltage, however, determines whether
tunneling occurs from pely 1 1o the fleating gate, or from the floating gate 10 poly 3.
As aresult, the state of the drain voliage determines the final state of the memory cell.
This provides an advantage, in (hat the cell represents a direct write cell — there i no
need to charge all the cells and then remove the charge from selected cells, as with
FLOTOX EEPROMS,

Textured-poly EEPROMS depend on a tunneling process whose physical mechanisms
are not as well understood as those of tunneling through thin oxides, and which appears
lo require tighter control of empirically determined process parameters. In addition, the
three poly layers require 3 more complex (and therefore more costly) fabrication
sequence. Furthermore, fextured-poly EEPROMs require a higher operaling vollage
than FLOTOX devices (>20 V), Finally, an intrinsic endurance problent is caused by
the very high electron trapping that occurs as a result of tunneling in the poly oxides.
This eventualty leads to a condition in which the memory can no longer be programmed
or erased.

For all of the above reasons, the textured-poly approach has been less widely pursued
than the FLOTOX approach. Only one company, Xicor, is heavily involved in
manufacturing these devices,?7 However, because the poly cells can be made about
one-half the size of FLOTOX cells, it is possible to fabricate them in high-density
configurations. In 1989, the largest textured-poly EEPROMSs being offered had a
1-Mbit capacity.  Although the cell-size advantage gives the textured-poly approach an
edge over the FLOTOX EEPROMSs for memories larger than 256 kbits, the flash-
EEPROM techrology described in the next section, provides a way to achieve equally
high-density EEPROMSs without the need o develop a textured-poly process,

8.8 FLASH EEPHOMS

The flesh EEPROM device is so named because the contenis of all of the memory's
array cells can be erased simultaneously ag with a UV-EPROM, but through the use of
an electrical erase signal. The term flask refers to the fact that the cells can be erased
much more rapidly {1 or 2 seconds, compared 1o the 20 minutes required to erase a UV-
EPROM). Although it was not possible to erase only a single byte in the first
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generation of flash EEPROMs, by 1989 parts had become available that offered a byte-
by-byte erasable (and 64-byle erasable) feature in a 256-kbit memory.?3

Flash EEPROMs are attractive for the middle of the programmable semiconductor
spectrum, where neither EPROMs nor EEPROMS are particularly cost effective. The
applications in this range typically require more memory capacity than EEPROMs can
provide, but they also need faster and more frequent reprogramming than can be
accomplished with EPROMs. Examples include automotive and automated factory
equipment applications. As an example, the average EPROM cost about §7 in 1989,
and a flash memory about $25. But the differential is wiped out by the expense of
single reprogramming. The in-system reprogramming of a flash device may cost as
little as $1, whereas pulling an EPROM out of a system to erase it by exposure to 20
minutes of UV light may cost over $80 when equipment, downtime and labor are
factored in.

Meanwhile, EEPROMSs are likely to remain popular wherever bytes will have 1o be
erased selectively, But flash products, might do better for updating stored logic, when
this must done more than once but less often than in main memory, cache memory, or
registers, Reprogramming costs are similar, but MNash memories are less than half the
price of EEPROMS.

The erasing mechanism in flash EEPROMSs is Fowler-Nordheim tunneling off the
ficating gate to the drain region. Programming of the floating gates, however, is carried
out in most {lash cells by hot-electron injection into the gate.* Unlike floating-gate
EEPROMs {which incorporale a separate select iransistor in each cell to allow
individual byte erasure}, flash memories forego the select transistor to obtain bulk
erasurge. Thaus, [ash-EEPROM cells are roughly two o three times smaller than
floating-gate EEPROM cells fabricated with the same design rules.”” Figure 8-40
shows the cross-section of a CMOS {lash-EEPROM cell implemented with triple
polysilicon, and a SEM photo of a double-poly flash EEPROM cell.

Most flash-EEPROM cells use a double-poly structure, as shown in Fig. 8-41
(which also shows the Toshiba triple-poly cell, Fig. 8-41b). The upper poly forms the
control gate and the word lines of the structure, while the lower poly is the floating
gate. The gate oxide is ~10 nm thick,190 and the interpoly dielectric is an oxide/
nitride/oxide composite film ~45 nm thick ?% In the structure shown in Fig, 8-40 and
8-41¢ the control-gate poly overlaps the channel region adjacent to the channel ander the
floating gate. This structure is needed because when the cell is erased, it leaves a
positive charge on the floating gate. As a result, the channel under the [loating gate
becomes inverted, The series enhancement-mode transistor (formed by the control
gaie over the channel region), is needed in order to prevent current flow from source lo
drain. A more recently reported flash-EEPROM cell (Fig. 8-41g) doss not require the
control gate 10 form a series enhancement-mode transistor, because it uses a special
software-controlied erase pracedure that prevents the foating gate from being over
erased. 100

* The 5-V-only flash memories from Texas Instrumenis and Amtel depend on tunneling for
both write and erase mechandisms.
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Fig. 8-40 Triple-poly flash-EEPROM cell from Toshiba: (2) Layout; {(b) Cross section of
the cell; (¢} Section at right angles o the section shown in part (c);l'01 (d) SEM pictures of
double-poly flash-EEPROM and EPROM cells. 99 (@ 1988 IEEE).

Flash EEPROMS can be seen (o combine the advantages of UV-crasable EPROMs and
floating-gate EEPROMs.  They offer the high density (Fig. 8-42), small-die size,
lower cost, and hot-electron writability of EPROMSs, together with the casy erasability,
on-board reprogrammability, and electron-tunneling erasure features of EEPROMs.
High-density CMOS flash EEPROMS in 1-Mbit sizes are commercially available. It is
projected that by the year 2000, 256-Mbit flash EEPROMs will be fabricated with 0.25
LM geonetry.

With a memory-cell size of about one-quarter the size of current EEPROM cells, the
flash EEPROMSs also achieve EPROM die sizes. In addition, there are two types of
flash EEPROMSs: (1) those that are more akin to the EEPROM (and thus require a 12-V
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Fig. 8-41 Four spproaches to flash memory technology: (a) Intel cell; {b) Toshiba triple-
polysilicon cell; {c) SEEQ cell; (4) Texas Instruments 5-V-only cell. 123 (© 1989 IEEE).

external supply for programming and erasure); and (2) those that are closer 1o EPROMs,
and hence need only a 5-V supply. Furthermore, the programming voltage can be
applied during read operations, eliminating the need to swilch it off when not erasing or
programming. Byte-wrile times are 100 gs, and erasure times are 200 ms. Access
times of 110 ns at 30-mA active-current consumption are provided by a 128-kBit
CMOS flash EEPROM. 190101 Endurance (G.e., the number of times a device can be
erased and written) is a minimum of 100 cycles, and can be as high as 1000 cycles (note
that this is lower than the endurance of EEPROMSs, which is typically 1000 — 10,000
cycies).

8.9 NONVOLATILE FERROELECTRIC MOS RAMS

A novel type of nonvolatile MOSFET DRAM memory cell, introduced in late 1987,
uses the electrical polarization of a ferroelectric capacitor to store information
semipermanently. 192103 Since ferroelectric polarization retention is nearly perpetual
(ust as in magnetic core memories), refresh is not needed. The reported write speed is
200 ns in one design,102 and 60 ns in another,10% which is much faster than that
exhibited by an EEPROM (1 ms) or a UV-PROM (10 ms) without fatigue after 1012
write ¢ycles. It is predicted that by 1991 products will be available with operating
lifetimes of ~75 years at a cycle time of 100 ns, and 1012 read/write cycles, A recent
review article has described the latest advances in such nonvolatile RAMs, 124
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The cell contains a ferroelectric capacitor as the charge storage clement and an MOS
transistor for sensing and writing (Fig. 8-43b). The ferrocleciric insulator of the
capacitor may be polarized by either a positive or negative voltage, and its polarization
state is retained after the vollage is removed (this characteristic is called a ferroelectric
effecty. This effect occurs because in some materials dipoles will alipn in parallel under
the influence of an externally applied electric field, and they will remain aligned
(polarized) after the field is removed, Reversal of the field causes polarization in the
opposite direction. Thus, a ferroelectric is a material which can be permanently
polarized by the application of an clectric ficld. (Contrary to the name, the ferroelectric
effect has nothing to do with iron.)

A ferroelectric thin-film capacitor exhibits a characteristic hysteresis curve, which
describes the amount of charge that the device can store as a function of the applied
voltage (Fig. 8-42a). It hag two stable polarization states and can be modeled as a
bistable capacitor with two distinct polarization thresholds. The coercive voltage is the
digital switching threshold of the capacitor. For memory applications, it is desirable for
the two coercive voltage points to be symmetrical and less than 2.5 V, so that the
memory may opesate from standard memory power-supply voltages.

Memory arrays of such ferroelectric cells (FRAMs) have the potential to replace hard
and floppy magnetic disks. Such memory arrays could provide increased reliability
compared with the present magnetic disk drives, since the FRAM coniains no moving
parts. In addition, they could offer much shorter read, write, and access times than
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b
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Fig. 8-42 Size of flash-memory cell versus lithographic feature size.99 (® 1988 IEEE).
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Fig. 8-43 {a) Thin-{ilm ferroclectric capacitors exhibit a stable coercive vollage of less
than 2.5 V and a switched charge of more than 20 gcoulombs em2.125 (© 1989 IEEE). (b)
Ferroelectric-dielectric film {lead zirconate titanate, PZT) sandwiched between Iwo metal
electrodes to form a non-linear capaeitor built above existing circuitry.  Reprinted with
permission of Semiconductor International,

current memory disks can,

Perroelectrics are essentially compatible with conventional wafer processing and
memory circuits. The manufacture of MOS transistors involves relatively mature
technology, and only the fabrication of ferroelectric thin films on $i and 8i0»
substrates still needs to be further developed. In one reported design, a 256-bit
demonstration chip uses capacitors fabricated with a thin film of lead zirconate titanate
(PZT) ceramic as a diclectric sandwiched between two metal electrodes. This structure
forms a "digital memory capacitor” built above existing semiconductor circuitry (Fig.
8-44). Such PZT films remain ferroclectric from -80°C to 350°C, well beyond the
operating temperature range of existing silicon circuits, Other ferroclectric materials
being studied are lanthanum-doped PZT, and lithium niobate.

FRAMs can be operated and programmed from 3 single 5 V power supply. In
addition, because ferroelectric materials typicaily exhibit dielectric constants much larger
than that of 8i0; (e.g., 1000-1500 versus the 3.8 1o 7.0 of current DRAM capacitors),
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a larger charge can be stored on a capac::t,or of the same size (for example, if a capacitor
using a P2ZT film could store 10 1uCfem? of charge, one of the same size using SiO2
could store only 0.1 HuC/em?). I the smaller ferroclectric capacitor could be used,
DRAM manufacturing could thus revert to the simpler planar process.
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PROBLEMS

8.1 Determine the width to length ratios for the static NMOS static RAM cell layout shown
in Fig. 8-4a. Assume that the source and drain diffuse 0.5 pm into the channel, so that the
elactrical channel length is 1 fm less than the channel length measured in Fig. 8.4a. Use the
above device data to caleulate the nominal power consumption at standby, the readout current
when the column lines are biased at +3.0 V, and the column voltage needed i change the
state of the selected cell.

8.2 For the cell of the previous problem, calenlate the row and column capacitances and
resistances per memory cell. Assuming that a read operation requires that the column voltage
change from 3.0 to 2.5 V. Calculate the row and column delay times for a 4096 bit (64x64)
array of these cells.

8.3 A DRAM is required to operate with a minimum refresh time of 4 ms. The storage
capacitor in each cell is 10 pm square, hias & capacitance of 50 pF (50x10°15 F), and is fully
charged at 8 V. (2} Calculate the number of electrons stored in each cell. (b} Estimate the
worst-case leakage current that the dynamic capacitor node can tolerate.

8.4 Calculate the arca negeded to make a trench-capacitor DRAM cell with the same
capacitance as the capacitor in problem 8.3, assuming that the trench depth is (a) 1 um deep,
and (b) 5 pm deep, and the trench in both cages is 1 pm wide. Assume that the capacitance per
silicon surface area is the same as in problem 8.3.

8.5 Draw the layout for a NOR ROM implemented in silicon.gate NMOS technology with a
level of detail similar 1o that shown in Fig. 8-31c. Calculate row (gasie) and column
capacitances per bit, assuming the gate oxide thickness is 100 nm, substrate doping is
1%10'5 em™3, source/drain doping is 1x10%0 em3, the $/D junction depths and lateral
diffusions are 1 ym, and the minimum feature size (Le., polysilicon gate width and length) =
10 . This ROM uses a load transistor formed with a depletion implant. (Do not neglect the
capacitence from this implant o substrate.) In addition, caleulate the nominal current
available when reading a stored zero (low column voltage).

8.6 Given an EPROM cell as shown in Fig. 8-33b, assuming that the transistor
characteristics if Gate 1 could be used as an input are those given above, (OFf course, Gate 1 s
not directly accessible in the EPROM device.) The exide under Gate 1 is 100 nm thick, and
that under Gate 2 is 120 nm thick. The drawn channel dimensions are W = L = 10 um. (2}
Caleulate the saturated drain current for this device with source grounded and 5 V applied to
drain and Gate 2, assuming that the potential on Gate 1 is zero with 0 V on all other
elecirodes. (b) Assume that during writing a current of 1011 A flows from Gale L to drain,
induced by the high field in the drain depletion region. How long will it take for the
potential on Gate 1 to change by 5 V due to this current?

8.7 Caleulate the threshold voltage seen from Gate 2 for the EPROM cell of the previeus
example, assuming the potential on Gate 1 is -5 V with 0 V applied to all other ¢lectrodes.
8.8 For a floating-gate EPROM, the lower gate oxide has a dielectric constant = 4, and a
thickness of 100 nm. The insulator above the {loating gate has a dielectric constant of 10

and s 100 rm thick. If the cusrent density J in the lower insolators is given by J = oF, where
o= 107 (Q-emyl, snd the cument in the other insulator is negligibly small, find the
threshold voltage shift of the device caused by a vollage of 10 V applied to the control gate

{Gute 2) for (a) 0.25 psee, and (b) a sufficiently long time that J in the lower insulator
becomes negligibly small
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