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PREFACE

In the eight years since this book was first published, CMOS technology has
steadily moved 10 pecupy a central position in modern electronic system
design. Whether digital systems are high speed, high density, low power, or
low cost, CMOS technology finds ubiquitous use in the majority of feading-
edge commercial applications. CMOS processes have shrunk, and more
automuted design tools huve become commonplace, leading 1o far more
complex chips operating at much higher speeds than a decade ago. While the
basic theory of CMOS design remains unchanged. the emphasis and
approach to design have changed. With smaller processes and higher speeds
comes an increased emphasis on clocking and power distribution, while with
complex chip designs and short time~to-market constraints, less emphasis is
now placed on die size and the physicat details of chip design. The require-
ment for higher-quality CMOS chips has also increased the need {or good
approaches to testing,

This edition was updated with these changes in mind. All chapters have
undergone exiensive revision, and a ncw chapter on testing replaces onc on
symbolic layout. Sections on emeeging lechnologies such as BICMOS, logic
synthesis, and parallel scan testing have been added. The overall emphasis
hus been to include as much as possible of the engineering (und to some
extent, the economic) side of CMOS-gystemn design. The artwork has been
completely redone and many new figures have been added. All figures were
captured on 8 CMOS VLSI design system. Thus, where possible. dingrams
were checked via simulation or net comparison, The tendency has been w0
include tigures where possible ("a picture is worth a thousand words™) to
trigger the reader’s thinking,
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PREFACE

As a text, this book provides students with the necessury background Lo
complete CMOS designs und nssess which particular design style to use ona
given design, from Field Prograrmmable Gate Arrays o full custom design.
For the practicing designer, the book provides an exicnsive source of refer-
ence material thut covers contemporary CMOS logic, circuir, design, and
processing technology.

in commaon with the first cdition, the exi is divided into three main sec-
tions. The first deals with basic CMO3 logic and circuit design and CMOS
processing technology. This includes design issues such as speed, power diss
sipation, and clocking and subsystem design. The second section deals with
design approaches and testing. The final section describes three examples of
CMOS module/chip designs o provide working examples of the material
presented in the fiest lwo parts of the book.

In the cighties, designers struggled with toels, ciccuin technigues, and
technology to build CMOS digitad systems that could frequently be mastered
by one person. The design issues, for example. related 1o whether a simula-
tion for a cirenit could be done and, if so, bow accurately, Or perhaps the
success ol a project depended on a router or o design-rule checker that could
deal with large dotabases. Today, the technology has moved o a point where,
to a first order, the technology always works. Failures in design relate to
incomplete specifications, inadequate testing, poor communication between
designers in a team, or other issues that are somewhat removed from the
detailed enginecring that still has wo wake place. That engineering is sup-
ported by well-developed design tools. A significant task to be mastered in
toduy's world (once the basics have been learnt) 35 1o take a specification,
turn it into o design, enter the design into 3 CAD system, test it, have it man-
ufactured, and then be able 1o ship the product.

Increasingly, CMOS VLSI design is being seen oy an ideal mediom in
which to teach the general digital (and analog) system design principles
required in such a design process by introducing such issues as structured
design and testing, Coupled with education-based Field Programmable
Logic Array tools and prototyping kits, courses can be cralted arcund the
basic principles of CMOS design, such as logic design and delay estimation,
and cvoupled with more advanced (opics such as simulation, tming analysis,
placement and routing. and testing. With reprogrammable hardware, the
concepl-to-reality delay is reduced to minutes, and the education dynamics
of almaest-reul-time feedback can only help in the educotion of tomorrow's
system designers. The principles used in these Isboratory systems are then
applicable, with suitable modifications and information. w real-world prod-
ucts, whether such products employ gate-array, standard-cell. or full-cusiom
CMOS design technigues.

Burlington, Muss. N.H.E. W.
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Technical Nore: The text was revised using Microsolt Word 4/3 on an Apple
Mac I (BMb RAM, 1.2Gb disk) [rom a scanned OCR'ed version of the first-
edition lext. The figures were captured by the suthor using the TLW NS
VLS design sofiware (developed at Symbolics) with custom Lisp code {or
specialized EPS output and for capturing SPICE simulation results. The N5
design system was run under the Genera operating system on the Mac [1,
using a Symbolics Maclvory 2 board (2.6 Mwords physical memory, 400Mb
of paging space), and a Symbolics XL 1200 Lisp machine. Al design work
{symbolic layout and schematic capture, net comparison, SPICE, timing and
switch simulation, compaction, and timing analysis) dealt with in the book
was completed on these machines. In Tact, an interesting example of “ihe
wheel of reincarnation™ applies: the first edition of the book was vsed in part
1o create the Ivory Lisp micraprocessor, while the processor was used in turn
1o create the second edition of the ext.
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C

MOS
TRANSISTOR
THEORY

2.1 Introduction

In Chapter [ the MOS transistor was introduced in terms of its operation as
an ideal switch. In this chapter we will examine the characteristics of MOS
transistors in more detail to lay the foundation for predicting the perfor-
mance of the switches, which is less than ideal. Figure 2.1 shows some of the
symbols that are commonly used for MOS transistors. The symbols in Fig.
2.1(a) will be used where it is necessary only to indicate the switch logic
required to build a function. If the substrate connection needs to be shown,
the symbols in Fig. 2.1(b) will be used. Figure 2.1(c) shows an example of
the many symbols that may be encountered in the literature.

This chapter will concentrate on the static or DC operation of MOS tran-
sistors, This is the first design goal that must be satisfied to ensure that logic
gates operate as logic gates. All circuits are analog in nature and the digital
abstraction only remains an abstraction as long as certain design goals are
met. Design for timing constraints is covered in Chapter 4,

An MOS transistor is termed a majority-carrier device, in which the cur-
rent in a conducting channel between the source and the drain is modulated
by a voltage applied 1o the gate. In an n-type MOS ransistor (i.c.. nMOS),
the majority characters are electrons. A positive voltage applied on the gate
with respect to the substrate enhances the number of electrons in the channel

12} {b)

it

FIGURE 2.1 MOS transis-

tor symbols
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42 CHAPTER2 MOS TRANSISTOR THEORY

(the region immediately under the gate) and hence increases the conductivity
of the channel. For gate voltages less than a threshold value denoted by V,,
the channel is cut off, thus causing @ very low drain-to-source current. The
operation of a p-type transistor (i.e., pMOS) is analogous to the aAMOS tran-
sistor, with the exception that the majority carriers are holes and the voltages
are negative with respect to the substrate,

The first parameter of interest that characterizes the switching behavior
of an MOS device is the threshold voltage, V,. This is defined as the voliage
at which an MOS device begins 1o conduct (“lurn on™). We can graph the rel-
ative conduction against the difference in gate-to-source voltage in terms of
the source-to-drain current (/) and the gate-to-source voltage (V). These
graphs for a fixed drain-source voltage, V,,, are shown in Fig. 2.2. It is pos-
sible to make n-devices that conduct when the gate voltage is equal to the
source voltage, while others require a positive difference between gate and
source voltages to bring about conduction (negative for p-devices). Those
devices that are normally cut off (i.c., nonconducting) with zero gate bias
(gate vohage-source voltage) are further classed as enhancement-mode
devices, whereas those devices that conduct with zero gate bias are called
depletion-mode devices. The n-channel transistors and p-chiunnel transistors
are the duals of each other; that is, the voltage polarities required for correct
operation are the opposite. The threshold voltages for n-channel and
p-channel devices are denoted by V,, and V, , respectively.

e
n=channel anhancemant n=channal depletion
Drain Drain
Current Curreni
(lgs) (gs)
~ 0+ Vi vy 0
Gata-to-Source Voltage {Vg,j Gate-lo-Source Voltage (vgﬁn
Gate-to-Source Voltage (Vgs! Gale-lo-Source Vollago (Vgs)
“Vp 0 0V
f
FIGURE 2.2 Conduction grain grain
characteristics for enhance- o) e
ment and depletion mode
MOS transistors (assuming
fixed Vds) p-channa’ enhancement p-channel depleticn
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In CMOS technologies both n-channel and p-channel transistors are fab-
ricated on the same chip. Furthermore, most CMOS integrated circuits, at
present, use transistors of the enhancement type.

2.1.1 nMOS Enhancement Transistor

The structure for an n-channel enhancement-type transistor, shown in Fig.
2.3, consists of a moderately doped p-type silicon substrate into which two
heavily doped n* regions, the source and the drain, are diffused. Between
these two regions there is a narrow region of p-type substrate called the
channel, which is covered by a thin insulating layer of silicon dioxide (SiO)
called gate oxide. Over this oxide layer is a polycrystalline silicon (polysili-
con) electrode, referred to as the gate. Polycrystalline silicon is silicon that is
not composed of a single crystal. Since the oxide layer is an insulator, the
DC current from the gate to channel is essentially zero. Because of the inher-
ent symmetry of the structure, there is no physical distinction between the
drain and source regions. Since SiO, has refatively low loss and high dielec-
tric strength, the application of high gate fields is feasible,

in operation, a positive voltage is applicd between the source and the
drain (V). With zero gate bias (V,,, = 0), no current flows from source to
drain because they are effectively insulated from each other by the two
reversed biased pa junctions shown in Fig. 2.3 (indicated by the diode sym-
bols). However, a voltage applied to the gate, which is positive with respect to
the source and the substrate, produces an electric field E across the substrate,
which attracts electrons toward the gate and repels holes. If the gate voltage is
sufficiently large, the region under the gate changes from p-type to n-type
(due to accumulation of attracted electrons) and provides a conduction path
between the source and the drain. Under such a condition, the surface of the
underlying p-type silicon is said to be inverted. The term n-channel is applied
to the structure. This concept is further illustrated by Fig. 2.4(a), which shows
the initial distribution of mobile positive holes in a p-type silicon substrate of
an MOS structure for a voltage, V. much less than a voltage, V,, which is

Sourcn Gate gateoxide  pryjn

.'.,_'I _i_l e

n* n*
channel

o 4

hntusl IE electrons L

p -subsirale

b

Substrate
(Usually Vge)
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FIGURE 2.3 Physical struc-
ture of an nMOS transistor
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44 CHAPTER2 MOS TRANSISTOR THEORY

FIGURE 2.4 Accumulation,
Depletion and Inversion
modes in an MOS structure.

ACCUMULATION Van<<V
I - o0 6o l =
A, ili [ i
3 . > silicon dioxide insutator e ._,__i
| |
psubsiryo +:
o )
=
|
{a) _— -
DEPLETION Vgs = Vi

|
UMY e ol
| 1 F

| =— depletion ragion

®) — —_
" vERSION Vou >V,
inversion regian {n-type) P e

| t=— deplation region

A

(e}

the threshold voltage. This is termed the accumulation mode. As Vy, is raised
above V, in potential, the holes are repelled causing a depletion region under
the gate. Now the structure is in the depletion mode (Fig. 2.4b). Raising Vi
further above V, results in electrons being attracted to the region of the sub-
strate under the gate, A conductive layer of electrons in the p substrate gives
rise to the name inversion mode (Fig. 2.4c).

The difference between a pr junction that exists in a bipolar transistor or
diode (or between the source or drain and substrate) and the inversion layer
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2.1 INTRODUCTION 45

substrate junction is that in the pn junction, the n-type conductivity is
brought about by a metallurgical process; that is, the electrons are introduced
into the semiconductor by the introduction of donor ions. In an inversion
layer substrate junction, the n-type layer is induced by the electric field E
applied to the gate. Thus, this junction, instead of being a metallurgical junc-
tion, is a field-induced junction.

Electrically, an MOS device therefore acts as a voltage-controlled
switch that conducts initially when the gate-to-source voltage, V., is equal
to the threshold voltage, V,. When a voltage V,;, is applied between source
and drain, with V, = V,, the horizontal and vertical components of the elec-
trical field due to the source-drain voltage and gate-to-substrate voltage
interact, causing conduction to occur along the channel, The horizontal com-
ponent of the electric field associated with the drain-to-source voltage (i.e.,
V45 > 0) is responsible for sweeping the electrons in the channel from the
source toward the drain. As the voltage from drain to source is increased, the
resistive drop along the channel begins to change the shape of the channel
characteristic. This behavior is shown in Fig. 2.5. At the source end of the
channel, the full gate voltage is effective in inverting the channel. However,
at the drain end of the channel, only the difference between the gate and
drain voltages is effective. When the effective gate voltage (V- V)) is
greater than the drain voltage, the channel becomes deeper as V, is
] o increased. This is termed the “linear,” “resistive,” “nonsaturated,” or ““unsat-
urated” region, where the channel current /4 is a function of both gate and
drain voltages. If Vjj; > Vo= V), then Vi < V, (V, is the gate to drain volt-
age), and the channel becomes pinched off— the channel no longer reaches
the drain. This is illustrated in Fig. 2.5(c). However, in this case, conduction
is brought about by a drift mechanism of electrons under the influence of the
positive drain voltage. As the electrons leave the channel, they are injected
into the drain depletion region and are subsequently accelerated toward the
drain. The voltage across the pinched-off channel tends to remain fixed at
(Vg, = V,). This condition is the “saturated” state in which the channel cur-
rent is controlled by the gate voltage and is almost independent of the drain
voltage. For fixed drain-to-source voltage and fixed gate voltage, the factors
that influence the level of drain current, I, flowing between source and
drain (for a given substrate resistivity) are:

" oai

! « the distance between source and drain

: * the channel width

¢ the threshold voltage V,

* the thickness of the gate-insulating oxide layer

¢ the dielectric constant of the gate insulator
* the carrier (electron or hole) mobility, .
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46 CHAPTER2 MOS TRANSISTOR THEORY

Source Drain

5 !

p-substrale
/ \
n=type channel Depletion Layar
(Inversion Loyar) n
Vgs >V Ve =0
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FIGURE 2.5 nMOS device Vs > Vgs = Vi
behavior under the influence
of different terminal voltages
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The normal conduction characteristics of an MOS transistor can be cat-
egorized as follows:

» “Cut-off™ region: where the current flow is essentially zero (accumu-
lation region).

= “Nonsaturated” region: weak inversion region where the drain current is
dependent on the gate and the drain voltage (with respect to the substrate).

+ “Saturated” region: channel is strongly inverted and the drain current
flow is ideally independent of the drain-source voltage (strong inver-
sion region).

An abnormal conduction condition called avalanche breakdown or
punch-through can occur if very high voltages are applied to the drain.
Under these circumstances, the gate has no control over the drain current.

2.1.2 pMOS Enhancement Transistor

So far, our discussions have been primarily directed toward nMOS; how-
ever, a reversal of n-type and p-type regions yields a p-channel MOS transis-
tor. This is illustrated by Fig. 2.6. Application of a negative gate voltage
(w.r.L. source) draws holes into the region below the gate, resulting in the
channel changing from n-type to p-type. Thus, similar to nMOS, a conduc-
tion path is created between the source and the drain. In this instance, how-
ever, conduction results from the movement of holes (versus electrons) in
the channel. A negative drain voltage sweeps holes from the source through
the channel to the drain.

2.1.3 Threshold Voltage

The threshold voliage, V,, for an MOS transistor can be defined as the volt-
age applied between the gate and the source of an MOS device below which
the drain-to-source current I effectively drops to zero. The word “effec-

Source Gala Drain

) —

T holust [s lek:cuons 7

,_____.__.
1 o
T =
e ——

n~-subsirate

b

Subslrale
(Usually Vg)
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FIGURE 2.6 Physical struc-
ture of a pMOS transistor
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48 CHAPTER2 MOS TRANSISTOR THEORY

tively” is used because the drain current never really is zero but drops to a
very small value that may be deemed insignificant for the current application
(i.e., fast digital CMOS circuits). In general, the threshold voltage is a func-
tion of a number of parameters including the following:

= Gate conductor material.

« Gate insulation material,

* Gate insulator thickness—channel doping.
 Impurities at the silicon-insulator interface.

» Voltage between the source and the substrate, Vg,

In addition, the absolute value of the threshold voltage decreases with an
increase in temperature. This variation is approximately =4 mV/°C for high
substrate doping levels, and -2 mV/“C for low doping levels.!

2.1.3.1 Threshold Voltage Equations

Threshold voltage, V,, may be expressed as

V, = vr- mos 23 l{ﬁ: 2.1

[}

where V., is the ideal threshold voltage of an ideal MOS capacitor and Vy,
is what is termed the flat-band voltage. V, .. is the threshold where there is
no work function difference between the gate and substrate materials.

The MOS threshold voltage, V, ... is calculated by considering the
MOS capacitor structure that forms the gate of the MOS transistor (see for
t:-xamplc2 or?). The ideal threshold voltage may be expressed as

- ) Qb
v.r mos "‘¢b+ E (2.2)
0y
kT, (Na : . ;
where ¢, = ?In (T\f_' ) C,, is the oxide capacitance
i

and Q, = ,;’2&5,.{;'&“24: , Which is called the bulk charge term.

The symbol ¢y, is the bulk potential, a term that accounts for the doping of the
substrate. It represents the difference between the Fermi energy level of the
doped semiconductor and the Fermi energy level of the intrinsic semiconduc-
tor. The intrinsic level is midway between the valence-band edge and the

LG Display Co., Ltd.
Exhibit 1012
Page 030


jharris
Sticky Note
None set by jharris

jharris
Sticky Note
MigrationNone set by jharris

jharris
Sticky Note
Unmarked set by jharris


N

conduction-band edge of the semiconductor. In a p-type semiconductor the
Fermi level is closer to the valence band, while in an n-type semiconductor it
is closer to the conduction band. N, is the density of carriers in the doped
semiconductor substrate, and N, is the carrier concentration in intrinsic
(undoped) silicon. N, is equal to 1.45 x 10" cni™ at 300°K. The lowercase k is
Boltzmann's constant (1.380 x 10723 J/°K). Tis the temperature (°K) and ¢ is
the electronic charge (1.602 x 107'? Coulomb). The expression kT/g equals
02586 Volis at 300°K. The term gg; is the permittivity of silicon (1.06 x 10712
Farads/cm). The term C,, is the gate-oxide capacitance, which is inversely
proportional to the gate-oxide thickness (1,,,). The threshold voltage, V,.,,, is
positive for n-transistors and negative for p-transistors.
The flatband voltage, Vp, is given by

O
Vfb 5 ¢m: 7 -C: 2.3)

The term Vp, is the flat-band voltage. The term Q. represents the fixed
charge due to surface states that arise duc to imperfections in the silicon-
oxide interface and doping. The term ¢,,, is the work function difference
between the gate material and the silicon substrate (¢, — ¢g;), which may
be calculated for an n* gate over a p substrate (the normal way for an n tran-
sistor) as follows:*

E _
0, = -(Eg +9,) ==0.9V (N, =1x10'% em ™) (2.42)

where

5

Eg—lslhcbandgapencrgyafsullcon(I.I6 704 % 10 T+1108]

and T is the temperature (°K). For an n* poly gate on an n-substrate (a nor-
mal p-transistor)

o, =—(Z8-¢,) =-02v (N, = 1x10" cm) (2.4b)

From these equations it may be seen that for a given gate and substrate mate-
rial the threshold voltage may be varied by changing the doping concentra-
tion of the substrate (N4), the oxide capacitance (C,,,). or the surface state
charge (Qp). In addition, the temperature variation mentioned above may be
scen,

1t is often necessary to adjust the native (original) threshold voltage of
an MOS device. Two common techniques used for the adjustment of the
threshold voltage entail varying the doping concentration at the silicon-

2.1

INTRODUCTION
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insulator interface through ion implantation (i.e., affecting Q) or using dil-
ferent insulating material for the gate (i.e.. affecting C,,). The former
approach introduces a small doped region at the oxide/substrate interface
that adjusts the flat-band voltage by varying the Q. term in Eq. (2.3). In the
lauter approach for instance, a layer of silicon nitride (SizNy) (relative per-
mittivity of 7.5) is combined with a layer of silicon dioxide (relative permit-
tivity of 3.9), resulting in an effective relative permittivity of about 6, which
is substantially larger than the dielectric constant of Si0,. Consequently, for
the same thickness as an insulating layer consisting of only silicon dioxide,
the dual diclectric process will be electrically equivalent to a thinner layer of
Si0s, leading to a higher C,,, value.

In order to prevent the surface of the silicon from inverting in the
regions between transistors, the threshold voltage in these ficld regions is
increased by heavily doped diffusions, by implants of the silicon surface, or
by making the oxide layer very thick. MOS transistors are self-isolating as
long as the surface of the silicon can be inverted under the gate, but not in the
regions between devices by normal circuit voltages.

Example
1. Calculate the native threshold voliage for an n-transistor at 300°K for
a process with a Si substrate with Ny = 1.80 x 107'6, a SiO, gate
oxide with thickness 200 A. (Assume ¢,,,= 0.9V, @, =0.)

16
0 e (il
h 10
1.45x10
. = .36 volts
. . Eﬂt
with Ciis N f”_r
_ 39x885x 107"
02x1073
= 1.726 x 107 Farads/em*
2e.gN,20
S A ]
Y = Py T - + 24’.';

-0.9+.384 +.72

= 0.16 volis
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2.2 MOS DEVICE DESIGN EQUATIONS

2.1.4 Body Effect

As we have seen so far, all devices comprising an MOS device are made on
a common substrate. As a result, the substrate voltage of all devices is nor-
mally equal. (In some analog circuits this may not be true.) However, in
arranging the devices to form gating functions it might be necessary to con-
nect several devices in series as shown in Fig. 2.7 (for example, the NAND
gate shown in Fig. 1.6). This may result in an increase in source-1o-substrate
voltage as we proceed vertically along the series chain (V) =0, V0 = 0).
Under normal conditions—that is, when V¢ > Vi—the deplction-layer
width remains constant and charge carriers are pulled into the channel from
the source. However, as the substrate bias Vy, (Vi,urce = Viubsirare) 15
increased. the width of the channel-substrate depletion layer also increases,
resufting in an increase in the deasity of the trapped carriers in the depletion
layer. For charge neutrality to hold, the channel charge must decrease. The
resultant effect is that the substrate voltage, V. adds to the channel-
substrate junction potential. This increases the gate-channel voltage drop.
The overall effect is an increase in the threshold voltage, V, (V3 > Vy)).

2.2 MOS Device Design Equations

2.2.1 Basic DC Equations

As stated previously, MOS transistors have three regions of operation:

« Cutoff or subthreshold region.
« Nonsaturation or linear region. .
¢ Saturation region,

The ideal (first order, Shockley) equations®’® describing the behavior of an
nMOS device in the three regions are:

The cutoff region:
I, =0 V. sV, (2.52)

The nonsaturation, linear, or triode region:

!

=

2
’ Is
by = B ( ' s v.'} Vn".\' - 2-_ |

s

€V, <V, ~V, (2.5b)

[ Although this region is commonly called the linear region, /,, varies lin-
. . b . .

carly with V,; and V,; when the quadratic term V;,=/2 is very small (i.e.. V,,

©s
<< Vi = V)

FIGURE 2.7

The effect of sub-
strate bias on
series-connected n-
transistors
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52 CHAPTER2 MOS TRANSISTOR THEORY

FIGURE 2.8 Geometric
terms in the MOS device
equation

The saturation region:
ly= [}——2— — eV~ VeV, (2.5¢)
where [, is the drain-to-source current, V,,, is the gate-to-source voltage, V, is the
device threshold, and B is the MOS transistor gain factor. The last factor is depen-
dent on both the process parameters and the device geometry, and is given by
E(W
B = f‘_ (__ ] (2.6)

(Ll

L

where U is the effective surface mobility of the carriers in the channel, € is
the permittivity of the gate insulator, r,,, is the thickness of the gate insulator,
W is the width of the channel, and L is the length of the channel. The gain
factor P thus consists of a process dependent factor pe/ 1, , which contains
all the process terms that account for such factors as doping density and
gate-oxide thickness and a geometry dependent term (W/ L), which depends
on the actual layout dimensions of the device. The process dependent factor
is sometimes written as uC,,,. where C,. = €/1,, is the gate oxide capaci-
tance. The geometric terms in Eq. (2.6) are illustrated in Fig. 2.8 in relation
to the physical MOS structure.

The voltage-current characteristics of the n- and p-transistors in the non-
saturated and saturated regions are represented in Fig. 2.9 (with the SPICE
circuit for obtaining these characteristics for an n-transistor). Note that we
use the absolute value of the voltages concerned to plot the characteristics of
the p- and n-transistors on the same axes. The boundary between the lincar
and saturation regions corresponds to the condition 1Vl =1V, ~ V|l and
appears as a dashed line in Fig. 2.9. The drain voltage at which the device

Polysilicon Gate
Drain Dittusion :
S0z source Ditusion
B » -—
’ 2
1 £
W
-~ 5 S

L
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2.2 MOS DEVICE DESIGN EQUATIONS

WBSS:
e g = Vi = V!
e Nﬁ“‘
Vs
an | T :
[ ("o-esv lgs! R
s \>/ . g
V=5V f\; IQ; <~ ;/ p
iV Y sl
et Vpqy!
A —
Wl

becomes saturated is called V. or the drain saturation voltage. In the
above equations that is equal o V,, — V,.

Example

Typical values (for an n-device) for current (~1p) processes are as
follows:

i, = 500 cm® | V-sec

£=39¢ =A3.9 x 8.85 x 107" Flem (permittivity of silicon dioxide, $;0,)

e =200

Hence a typical n-device B would be

~14
S00x3.9x 885X 107 W _ oo E,u -
2x1073 L L

On the other hand, p-devices have hole mobilities () of about 180
em*IV-sec, yielding a 8 of

W )

Thus the ratio of n-to-p gain factors in this example is about 2.8. This ratio
varies from about 2 to 3 depending on the process.

2.2.2 Second Order Effects

Eq. (2.5) represents the simplest view of the MOS transistor DC voltage cur-
rent equations. There have been many research papers published on more
detailed and accurate models that have been created to fill a variety of
requirements, such as accuracy, computational efficiency, and the conserva-
tion of charge. The circuit simulation program SPICE? and its commercial
and proprietary derivations generally use a parameter called LEVEL to spec-

53

FIGURE 2.9 VI characteris-
tics for n- and p-transistors

LG Display Co., Ltd.
Exhibit 1012
Page 035


jharris
Sticky Note
None set by jharris

jharris
Sticky Note
MigrationNone set by jharris

jharris
Sticky Note
Unmarked set by jharris


54

CHAPTER2 MOS TRANSISTOR THEORY

ify which model equations are used. LEVEL 1 models build on those defined
in Eq. (2.5) and include some important second-order effects. LEVEL 2
models calculate the currents based on device physics. LEVEL 3 is a
semiempirical approach that relies on parameters sclected on the basis of
matching the equations to real circuits. The MOS device equations in terms
of the LEVEL | parameters used in SPICE will be covered here; Section
2.10, in this chapter. describes the LEVEL 3 parameters used in the commer-
cially available HSPICE program.

First the term pe/t,, (LC,,) is defined as the process gain factor. In
SPICE this is referred to as KP. Depending on the vintage of the process and
the type of transistor, KP may vary from 10-100 M!Vz. In addition, it is not
unusual to expect a variation of 10%-20% in KP within a given process as a
result of variations in starting materials and variation in SiO» growth.

2.2.2.1 Threshold Voltage-Body Effect

The threshold voltage V, is not constant with respect to the voltage diflfer-
ence between the substrate and the source of the MOS transistor. This is
known as the substrate-bias effect or body effect. The expression for the
threshold voltage may be modified to incorporate Vg, the difference
between the source and the substrate.

«;"f?'ss:“f Ny (20, + V)
-

nx

Vv

1l

Vﬁ,+2q>b+

=
|

a © (o8 21V 13 |

0= Vot YL (29, +{Vy)) + 2¢|'L! 2.7

where V, is the substrate bias, V, is the threshold voltage for Vg, = 0 (Eq.

2.1), and vy is the constant that describes the substrate bias effect. The term
¢, is defined in Eq. 2.2,

Typical values for y lie in the range of 0.4 to 1.2. It may be expressed as

L = S
Y= e J2EgNy = — [2qee N, (2.8)

(LAY (LAY

in which g is the charge on an clectron, €,,, is the diclectric constant of the sil-
icon dioxide, gg; is the dielectric constant of the silicon substrate, and N, is the
doping concentration density of the substrate. The term vy is the SPICE param-
cter called GAMMA. V, is the parameter VIO, N, is the parameter NSUB,
and ¢, = 2¢;, is PHI. the surface potential at the onset of strong inversion,
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2.2 MOS DEVICE DESIGN EQUATIONS 55

Example

For with Ny=3x 10" cm™, 1, = 2004, ¢, = 3.9 x 8.85 x 107" Fiem,
Eg=11.7x8.85x 107" F/em, and g = 1.6 x 107! Coulomb

'} “s
y= X0 16x 1070 11.7x885x 107 x 3 x 10
39x885x 10
= .57
16

6, = 02586 In ( b [-6]

I 1.5% 10

=375

Ata Vy, of 2.5 volts, and with
Vs = Vio+.57[ J75+25- /75 ]

= Vm-a» 53

Thus the threshold shifts by approximately half a volt with the source at 2.5
volts for these process parameters.

As we shall learn in Chapter 3, the type of CMOS process can have a
large impact on this parameter for both n- and p-transistors. The increase in
threshold voltage leads to lower device currents, which in turn leads o
slower circuits.

2.2.2.2 Subthreshold Region

The cutoff region described by Eq. (2.5a) is also referred to as the subthresh-
old region, where /;; increases exponentially with Vi, and V. Although the
value of 1 is very small (/;; = 0), the finite value of /;; may be vsed to
advantage to construct very low power circuits'? or it may adversely affect
circuits such as dynamic-charge storage nodes. As an approximation, Level
| SPICE models set the subthreshold current to 0. (See Section 2,11 for the
SPICE Level 3 subthreshold equations.)

2.2.2.3 Channel-length Modulation

Simplified equations that describe the behavior of an MOS device assume
that the carrier mobility is constant, and do not take into account the varia-
tions in channel length due to the changes in drain-to-source voltage, V..
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For long channel lengths, the influence of channe! variation is of little con-
sequence. However, as devices are scaled down, this variation should be
taken into account.

When an MOS device is in saturation, the effective channel length actu-
ally is decreased such that

Lnﬂ =L~Lyon 2.9)

where

€si

L:."mrl . \}26.{\,‘_‘4( ‘(ffs (¥ =)

8 '

The reduction in channel length increases the (W/L) ratio, thereby
increasing (3 as the drain voltage increases. Thus rather than appearing as a
constant current source with infinite output impedance, the MOS device has
a finite output impedance. An approximation that takes this behavior into
account'! is represented by the following equation:

kW 5
Iy = E-E(%S*l;')-(l-’rllﬁ_‘) (2.10)
where k is the process gain factor pe/r,, and A is an empirical channel-
length modulation factor having a value in the range 0.02V 110 0.005v L,
In the SPICE level 1 model A is the parameter LAMBDA.

2.2.2.4 Mobility Variation

The mobility, p, describes the ease with which carriers drift in the substrate
material. It is defined by

average carrier drift velocity (V)
u= —— (2.11)
Electric Field (E)

If the velocity, V, is given in cm/sec, and the electric field, E, in V/iem, the
mobility has the dimensions cm>/V-sec. The mobility may vary in a number
of ways. Primarily, mobility varies according to the type of charge carrier.
Electrons (negative-charge carriers) in silicon have a much higher mobility
than holes (positive-charge carriers), resulting in n-devices having higher
current-producing capability than the corresponding p-devices. Mobility
decreases with increasing doping-concentration and increasing temperature.
The temperature variation becomes less pronounced as the doping density
increases. In SPICE  is specified by the parameter UO.
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2.2 MOS DEVICE DESIGN EQUATIONS

2.2.2.5 Fowler-Nordheim Tunneling

When the gate oxide is very thin, a current can flow from gate to source or
drain by electron tunneling through the gate oxide. This current is propor-

tional to the area of the gate of the transistor as follows:'>-13:14
E,
2 E,
lpx = C,WLE, e (2.12)
V.,
where E = " is the electric field across the gate oxide and

ax
ox

Ejand C | are constants.

This effect limits the thickness of the gate oxide as processes are scaled. How-
ever, it is of great use in electrically alterable programmable logic devices.

2.2.2.6 Drain Punchthrough

When the drain is at a high enough voltage with respect to the source, the
depletion region around the drain may extend to the source, thus causing cur-
rent to flow irrespective of the gate voltage (i.e., even if it is zero). This is
known as a punchthrough condition. Currently, this cffect is used in [/O pro-
tection circuits 1o limit the voltages across internal circuit nodes, although it
will impact design as devices are scaled down by requiring that internal cir-
cuit voltages be reduced to a point where the effect does not occur.

2.2.2.7 Impact lonization—Hot Electrons

As the length of the gate of an MOS transistor is reduced, the electric field at
the drain of a transistor in saturation increases (for a fixed drain voltage). For
submicron gate lengths, the field can become so high that electrons are
imparted with enough energy to become what is termed “hot.” These hot
electrons impact the drain, dislodging holes that are then swept toward the
negatively charged substrate and appear as a substrate current. This effect is
known as impact ionization. Moreover, the electrons can penetrate the gate
oxide, causing a gate current. Eventually this can lead to degradation of the
MOS device parameters (threshold voltage, subthreshold current, and
transconductance), which in turn can lead to the failure of circuits.'>-16:17
While the substrate current may be used in a positive manner to estimate the
severity of the hot-electron effect, it can lead to poor refresh times in
dynamic memories, noise in mixed signal systems, and possibly latchup. Hot
holes do not normally present a problem because of their lower mobility.

57

LG Display Co., Ltd.
Exhibit 1012
Page 039


jharris
Sticky Note
None set by jharris

jharris
Sticky Note
MigrationNone set by jharris

jharris
Sticky Note
Unmarked set by jharris


58

CHAPTER2 MOS TRANSISTOR THEORY

The presence of hot electrons has guided CMOS device enginecring over
the last few years. Chapter 3 shows some examples of the process steps that
are used to provide long-lifetime submicron devices at 5 volts, Various circuit
techniques that aim at reducing the voltage stress at the drains of n-transistors
have also been proposed. Hot electrons will eventually push 3-volt and lower
power supplies into prominence in CMOS design as the reduction in drain
voltage markedly improves device lifetimes and reliability.

As an illustration of the relative magnitude of the substrate current, the
following equation is representative'® (for an L = 0.8 p. 1,,, = 160A CMOS
process):

!.mh.umn' - !:.':Cl Vi vd_\-m) €2 (2.13)

where

Cl =224 x 1075 —.1x107°Y,,

Cl =164

v _ b&m'{‘efjsmr

dsar V“" + Lef f'E.mr
with

Vnu = "{;s - "f’u _U'B%s -0.25 1;”

Egye = 110x107+0.25x 107V,

sat

L is the effective channel length in meters.

2.2.3 MOS Models

In Section 2.2.2 we presented the ideal equations that describe the behavior of
MOS transistors. While these incorporate some nonideal effects (channel-
length modulation, threshold-voltage variation), they may not accurately
model a specific device in a particular process. That is especially true for
devices that have very small dimensions (gate lengths, gate widths, oxide
thicknesses) as the modeling process becomes increasingly 3D in nature.
Researchers have developed and refined a wide range of MOS models in an
effort to predict more accurately the performance of MOS devices before they
are fabricated for varying design scenarios. For instance, one might predict
DC currents very accurately from raw process parameters, thus helping predict
the behavior of an as yet untested device. However, because of the complexity
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2.2 MOS DEVICE DESIGN EQUATIONS

of the model, it might not be appropriate for a fast-execution-time model that
might be needed for digital simulation purposes. In that case, a model based on
parameters measured from an actual process might be appropriate.

Depending on the particular circuit level simulator that may be avail-
able, a wide variety of MOS simulation models may be used. For instance in
one commercial circuit simulator there are over 10 different MOS models.'?
Many semiconductor vendors expend a great deal of effort to model the
devices they manufacture. Many times these efforts are aimed at internal cir-
cuit simulators and proprietary models. Most CMOS digital foundry opera-
tions have been standardized on the LEVEL 3 models in SPICE as the level
of circuit modeling that is required for CMOS digital system design, Table 2.1
is a sumnmary of the main SPICE DC parameters that arc used in Levels 1, 2,
and 3 with representative values for a 1| n-well CMOS process.

SPICE Level 3 model parameters also include process parameters that
are used to calculate VTO, KP, GAMMA, PHI, and LAMBDA if they are not
specified. For instance, if GAMMA is not specified, TOX and NSUB may be
used to calculate it. Section 2.11 has a full description of the SPICE LEVEL
3 parameters and their use.

Table 2.1 SPICE DC Parameters

Parameter nMOS pMOS Units Description

VTO 0.7 0.7 volt Threshold voltage

KP 8x 10 25x10° AV Transconductance coefficient

GAMMA 4 5 L Bulk threshold parameter

PHI 37 .36 volt Surface potential at strong
inversion

LAMBDA 01 0! volt ' Channel length modulation
parameter

LD 0.6x10%  0.1x10®  meter  Lateral diffusion

TOX 2x10%  2x10® meter  Oxide thickness

NSUB 2x10%  4x10% l/em®  Substrate doping density

2.2.4 Small Signal AC Characteristics

The MOS transistor can be represented by the simplified (V, = 0) small-sig-
nal equivalent model shown in Fig. 2.10 when biased appropriately. Here the
MOS transistor is modeled as a voltage-controlled current source (g,,), an
output conductance (g). and the interelectrode capacitances. These values
may be used, for instance, to calculate voltage amplification factors (gain) or
bandwidth characteristics when considered along with other circuit ele-
ments.
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60 CHAPTER2 MOS TRANSISTOR THEORY

FIGURE 2.10 Small signal
model for an MOS transistor

Drain
@
Gale clﬁd
e - - - -
9mVgs , 1
== ! :?‘Jﬁ: = Cap
C¢+cuh |
+ - . WS
|
|
Source

The output conductance (g,) in the linear region can be obtained by dif-
ferentiating Eq. (2.5b) with respect to Vy, which results in an output drain-
source conductance of

gd‘ - ﬁ [ (Vg,t- V.f} 2 2V¢1'I]

fim
=V = 0=B(V,, - V) 31
Note that consistent with Eq. (2.5b), V,;, must be small compared to V, for
the MOS device to be in a linear operating regime.
On rearrangement, the channel resistance R, is approximated by

R::(Huear) = B_(Vgs—_-vri

(2.15)
which indicates that it is controlled by the gate-to-source voltage. The rela-
tion defined by Eq. (2.15) is valid for gate to source voliages that maintain
constant mobility in the channel. In contrast, in saturation [i.e., Vs 2 (Vg -

V1, the MOS device behaves like a current souree, the current being almost
independent of V. This may be verified from Eq. (2.5¢) since

rB 5
(Hdr dl_i (Vgs_ V') -J
~- = = { (2.16)
dVd_‘, dvd_r

In practice, however, due to channel shortening (Eq. 2.9) and other effects,
the drain-current characteristics have some slope. This slope defines the g,
of the transistor. The output conductance can be decreased by lengthening
the channel (i.c., L).

The transconductance g, expresses the relationship between output cur-
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2.3 THE COMPLEMENTARY CMOS INVERTER-DC CHARACTERISTICS 61

rent. .. and the input voltage, V.. and is defined by

di

{
g&n = EF:; | Vds = constant (2.17)
5

It is used to measure the gain of an MOS device. In the linear region g, is
given by

Bisctinouny = BYy; (2.18)

and in the saturation region by
Smisany = B( Vg.r = V:) . (2.19)
Since transconductance must have a positive value, the absolute value is

used for voltages applied to p-type devices.

2.3 The Complementary CMOS Inverter—
DC Characteristics

A complementary CMOS inverter is realized by the series connection of a
p- and an n-device, as shown in Fig. 2.11. In order to derive the DC-transfer
characteristics for the inverter (output volage, V,,,,, as a function of the
inverter, V;,), we start with Table 2.1, which outlines various regions of oper-
ation for the n- and p-transistors. In this table, V,, is the threshold voltage of
the n-channel device, and V,, is the threshold voltage of the p-channel

FIGURE 2.11 A CMOS
inverter (with substrate con-
nections)
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62 CHAPTER2 MOS TRANSISTOR THEORY

TABLE 2.2 Relations Between Voltages for the Three
Regions of Operation of a CMOS Inverter

CUTOFF NONSATURATED SATURATED
Ve < Vi Vep<Vip
devi Vg:p > le Vm < V.‘p # VDU P:'N < V + ‘DD
p-device
Viu > VJ_:: +Vpp VJJ;: > Vg;p o v.'p Vdsp < V .!p
ot = vfn = V.!'p Vuul < VHI vp
V,ur' > Vin vgsn > Vi
devi V,\‘El.' i vl'-ll Vm > Vm V > Vm
n-device
Vin < Vi Vdm<v -V vdm>v Vi
Vour < 1'1!1 Vin Vour> Yiu= VY

device. The objective is to find the variation in output voltage (V,,,,) for
changes in the input voltage (V).

We begin with the graphical representation of the simple algebraic equa-
tions described by Eq. (2.5) for the two inverter transistors shown in Fig.
2.12(a).%° The absolute value of the p-transistor drain current /5, inverts this
characteristic. This allows the VI characteristics for the p-device to be
reflected about the x-axis (Fig. 2.12b). This step is followed by taking the
absolute value of the p-device, Vi, and superimposing the two characteris-
tics yielding the resultant curves shown in Fig. 2.12(c). The input/output
transfer curve may now be determined by the points of common Ves intersec-
tion in Fig. 2.12(c). Thus, solving for V;,, = V;,, and I, = I, gives the
desired transfer characteristics of a CMOS inverter as illustrated in Fig. 2.13.
The switching point is typically designed to be 50 percent of the magnitude
of the supply voltage: = Vpp/2. During transition, both transistors in the
CMOS inverter are momentarily “ON," resulting in a short pulse of current
drawn from the power supply. This is shown by the dotted line in Fig. 2.13.

The operation of the CMOS inverter can be divided into five regions (Fig.
2.13). The behavior of n- and p-devices in each of the regions may be found

by using Table 2.2.

Region A. This region is defined by 0 < V;, £ V,,, in which the n-device is
cut off (1, = 0), and the p-device is in the linear region. Since /g, = -y
the drain-to-source current /,,, for the p-device is also zero. But for V,,, =
Vour = Ypp, with V., =0, thc output voltage is

v

Ve = Yop (2.20)
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2.3 THE COMPLEMENTARY CMOS INVERTER-DC CHARACTERISTICS 63

Vgsna
Vgsna
.m‘
= " Vigan3
v
gspl
Vosp
_VG'BD:I
“Vgsps
~Vgsps
(a)
'dan"dsp"
-V,
“Vosp v
/—F‘___ e w
N T}
® —Ny 0 Vasn ——— Veo
o @ Equal Curreni Points
)
dsndsp W--=-= Vo
Vinp Vinn

Vasn (Voo = Vasp)

&)

Region B. This region is characterized by V,,, < V;, < Vpp/2 in which the
p-device is in its nonsaturated region (Vi # 0) while the n-device is in satu-
ration. The equivalent circuit for the inverter in this region can be repre-
sented by a resistor for the p-transistor and a current source for the n-

FIGURE 2.12 Graphical
derivation of CMOS inverter
characteristic
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64 CHAPTER2 MOS TRANSISTOR THEORY

FIGURE 2.13 CMOS
inverter DC transfer charac-
teristic and operating regions

FIGURE 2.14 Equivalent
circuits for operating regions
of a CMOS inverter

p°ON* n"OFF"

Voo __._:NB—L\'

Vi 5 Voo

Idsn = ~Vdy
Vour Voo { / a3
I

transistor as shown by Fig. 2.14(a). The saturation current 1, for the n-
device is obtained by setting V,; = V.. This results in

! = ﬁ 1]

dsn e——

where

HH . “}ﬂ
b=

n

and

V,,, = threshold voltage of n-device
W= mobility of electrons

W, = channel width of n-device
L, = channel length of n-device.

|
4 RegienC
Region 'dsp I'..,_' )

1) lgsn |
"| Vout T 4 Vaut

L L
fal )

Vi = Vm] 2

2.21)

(e)
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2.3 THE COMPLEMENTARY CMOS INVERTER-DC CHARACTERISTICS

The current for the p-device can be obtained by noting that
vg: = (Vr'n s VDD}
and

Vds T (Vmu =, VDD)

and therefore

1, = [w.—v VYV, -V Vo~ Vop)? 222
nfsp_-Bp___( bbb lp}{ onr DD)_'—E— o )
where

b - ()

3 lox Lp
and

ip = threshold voltage of p-device
M, = mobility of holes
W, = channel width of p-device
L, = channel length of p-device.

Substituting
Jrf.l'.s_il': i P

the output voltage V,,,, can be expressed as

v B
3 Db n 2
Vaui ® (V:'n_Vrp)+J“”m'V;p)'_uvr'n'""ﬁ"_vrp) VDD_E"(Vin'Vr )*
P

(2.23)
Region C. In this region both the n- and p-devices are in saturation. This is
represented by the schematic in Fig. 2.14(b) which shows two current

sources in series.
The saturation currents for the two devices are given by

L, = B"’v Vop=V,)?2
d.rp___g'( in~ "DD fp)
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?‘"
’dm "2" ( Vl'l'l Vm) 2
with
!d.\p ol PP
This yields

el
|V.DD * I + Vm \ ﬁ'
V. = L (2.24)

By setting

Bu = Bp and Vlrl = _le‘

we obtain

V., = —, (2.25)

which implies that region C exists only for one value of V,. The possible
values of V,,, in this region can be deduced as follows:

n-channel: V;,, -V, <V,
Vour> Vi =V
p'ch‘m“el: Vfi‘l‘ - Vuu: = V:p
IV;mn' < Vin - V.rp'

Combining the two incqualities results in

Vir = Viu < Vot <Vin =V, - (2.26)

ol in np
Tt 2 VDD 5 =
This indicates that with V;, = —— . V,,, varies within the range shown. Of
course, we have assumed that aif MOS device in saturation behaves like an
ideal current source with drain-to-source current being independent of V.
In reality, as V, increases, [, also increases slightly: thus region C has a
finite slope. The signilicant factor to be noted is that in region C we have two
current sources in series, which is an “unstable” condition. Thus a small
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2.3 THE COMPLEMENTARY CMOS INVERTER-DC CHARACTERISTICS

input voltage has a large effect at the output. This makes the output transition
very steep, which contrasts with the equivalent nMOS inverter characteris-
tic. (See Section 2.4.) The relation defined by Eq. (2.24) is particularly useful
since it provides the basis for defining the gate threshold V,,,,. which corre-
sponds to the state where V,,,, = V,,,. This region also defines the “gain” of the
CMOS inverter when used as a small signal amplifier.

Region D. This region is described by Vpp/2 <V, < Vpp - V,,. The
p-device is in saturation while the n-device is operating in its nonsaturated
region. This condition is represented by the equivalent circuit shown in Fig.
2.14(c). The two currents may be written as

l :
"dsp i -iﬁp“{n X VDD‘ ";p )=

and

oul
!tfm i Bui (vm =% vm) Vom T _J
with

Id,\'p = '!d:u J

The output voltage becomes

b ] B 2
V.rmr = (Vr‘n ¥ Vm) 2 J( Viu = Vm) == E'E ( V:'n - VDD - V: s (2.27)
n

Region E.  This region is defined by the input condition V,,, 2 Vpp = V. in
which the p-device is cut off (1,5, = 0), and the n-device is in the linear mode.
Here, Vi, = Vi, = Vpp. which is more positive than V,,,. The output in this
region is

Ve = 0. (2.28)

From the transfer curve of Fig. 2.13, it may be seen that the transition
between the two states is very steep. This characteristic is very desirable
because the noise immunity is maximized. This is covered in more detail in
Section 2.3.2. For convenience, the characteristics associated with the five
regions are surnmarized in Table 2.3.
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68 CHAPTER2 MOS TRANSISTOR THEORY

TABLE 2.3 Summary of CMOS Inverter Operation

REGION CONDITION n-device OUTPUT
A 0=V, <V, cutoff Vou=Vop
v
bD
B VS Vin <= saturated Eq.(2.23)
Vop
[ Vin = —5~ saturated Vour #AVi)
Vop
D =5 <VinSY nonsaturated  Eg. (2.27)
E Vin>Vop = Vi nonsaturated V= Vg

2.3.1  B,/B, Ratio

In order to explore the variations of the transfer characteristic as a function
of B,/B,, the transfer curve for several values of B,/B, are plotied in Fig.
2.15(a). Here, we note the gate-threshold voltage, V,,,, where V,, =V, is

FIGURE 2.15 Influence of

B,
_Z on inverter DC transfer

P

characteristic

Vout

(b}
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2.3 THE COMPLEMENTARY CMOS INVERTER-DC CHARACTERISTICS

dependent on B,/B,,. Thus, for a given process, if we want to change 8,/B,,,
we need to change the channel dimensions, i.e., channel-length L and
channel-width W. From Fig. 2.15(a) it can be seen that as the ratio B,/B,, is
decreased, the transition region shifts from left to right; however, the output
voltage transition remains sharp, and hence the switching performance is not
affected. For the CMOS inverter a ratio of

= = | (2.29)

may be desirable since it allows a capacitive load to charge and discharge in
equal times by providing equal current-source and -sink capabilities. This
will be discussed further in Chapter 4. For interest, the inverter transfer
curve is also plotted (Figure 2.15b) for W, /W, (the width of the n- and
p-transistors). This shows a relative shift to the left compared with the
ratioed case because the p-device has inherently lower gain.

Temperature also has an effect on the transfer characteristic of an
inverter.?! As the temperature of an MOS device is increased, the effective
carrier mobility, |1, decreases. This results in a decrease in B, which is related
to temperature T by

par ! (2.30)

Therefore
Ll (231)

Since the voltage transfer characteristics depend on the ratio B/B,, and the
mobility of both holes and electrons are similarly affected, this ratio is inde-
pendent of temperature to a good approximation. Both V,, and V,, decrease
slightly as temperature increases, and the extent of region A is reduced while
the extent of region E increases. Thus the overall transfer characteristics of
Fig. 2.15 shift to the left as temperature increases. Based on the figures given
carlier, if the temperature rises by 50°C |, the thresholds drop by 200mV
cach. This would cause a .4 V shift in the input threshold of the inverter.

2.3.2 Noise Margin

Noise margin is a parameter closely related to the input-output voltage char-
acteristics. This parameter allows us to determine the allowable noise volt-
age on the input of a gate so that the output will not be affected. The
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70 CHAPTER2 MOS TRANSISTOR THEORY

FIGURE 2.16 Noise margin
definitions

specification most commonly used to specify noise margin (or noise immu-
nity) is in terms of two parameters—the LOW noise margin, NM;, and the
HIGH noise margin, NMy. With reference to Fig, 2.16, NM| is defined as the
difference in magnitude between the maximum LOW output voltage of the
driving gate and the maximum input LOW voltage recognized by the driven
gate. Thus

1%

NML = :V OLmax *

ILmav ™

(2.32)

The value of NMy is the difference in magnitude between the minimum
HIGH output voliage of the driving gate and the minimum input HIGH volt-
age recognized by the receiving gate. Thus

NM’H i 'VOHml'ri* VIHuu'n * (2.33)

where

Vitimin = minimum HIGH input voltage
Vitmax = maximum LOW input voltage
Voumin = minimum HIGH output voltage
VoLmax = maximum LOW output voltage.

These definitions are illustrated in Fig. 2.16.

Generally, it is desirable to have V= Vi and for this to be a value that
is midway in the “logic swing,” Vg to Vgy. This implies that the transfer
characteristic should switch abruptly; that is, there should be high gain in the

s S~
L >0 { >o
L~ L~
Qutput Characlerislics Input Characteristics
Voo
i i '
Logical High Output Ranga |
Voumin | Logical High Inpul Range
Virems
o Indeterminale
Region
Vit max
"r 1 I Logical Low Input Range
Logical Low Outpul Range
Vo
i Pl |
Ves
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23 THE COMPLEMENTARY CMOS INVERTER-DC CHARACTERISTICS

Vout

V(.‘I

transition region. For the purpose of calculating noise margins, the transfer
characteristic of a typical inverter and the definition of voltage levels Vy;,
Vor. Vin. Vou are shown in Fig. 2.17. To determine Vy;, we note that the
inverter is in region B of operation, where the p-device is in its linear region
while the n-device is in saturation. The V; is found by determining the unity
gain point in the inverter transfer characteristic where the output transitions
from Vgg. Similarly, V is found by using the unity gain point at the Vg,
end of the characteristic. For the inverter shown the NM; is 2.3 volts while
the NMy, is 1.7 volis,

Note that if either NM; or NMy; for a gate are reduced (=0.1 Vpp), then
the gate may be susceptible to switching noise that may be present on the
inputs. Apart from considering a single gate, one must consider the net effect
of noise sources and noise margins on cascaded gates in assessing the overall
noise immunity of a particular system. This is the reason to keep track of
noise margins. Quite often noise margins are compromised to improve
speed. Circuit examples later in this book will illustrate this trade-off.

2.3.3 The CMOS Inverter As an Amplifier

It should be noted that the CMOS inverter when used as a logic element is in
reality an analog amplifier operated under saturating conditions. In region C
in Fig. 2.14, the CMOS inverter acts as an inverting linear amplifier with a
characteristic of

V = -AV, (2.34)

onl m

where A is the stage gain.

FIGURE 2.17 CMOS
inverter noise margins
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72 CHAPTERZ2 MOS TRANSISTOR THEORY

Vin _!! ..I /'__._",--o-—-- VDN

FIGURE 2.18 The
CMOS inverter as
an amplifier

This region may be further examined with a circuit simulator by using
the circuit shown in Fig. 2.18, with a high-value resistor between input and
output (10M Q). The input is DC isolated using a capacitor. The gain of this
amplifier is estimated by using the small-signal model of the amplifier
shown in Fig. 2.10. This circuit is valid for small signals around the linear
operating point of the amplifier. The gain is approximately given by

A= Cuotal Rdsej‘r.-c.ﬂ'vr
= (8o + Bup) Fetsn 1 1gsp)
= Blus (i Gy = Emp and ryg, =r. sdp) (2.35)

This gain is very dependent on the process and transistors used in the circuit
but can be in the range from 100 to over 1000. The gain is enhanced by
lengthening the transistors to improve the ry, values. This improvement
comes at the expense of speed and bandwidth of the amplifier.

2.4 Static Load MOS Inverters

Apart from the CMOS inverter, there are many other forms of MOS inverter
that may be used to build logic gates. Figure 2.19(a) shows a generic nMOS
inverter that uses either a resistive load or a constant current source. For the
resistor case, if we superimpose the resistor-load line on the VI characteris-
tics of the pull-down transistor (Fig. 2.19b), we can sce that at a V,,w of 5
volts, the output is some small V. (V) (Fig. 2.19¢). When V,; = 0 volts,
Vs rises to 5 volts. As the resistor is made larger, the Vi, decreases and the
current flowing when the inverter is turned on decreases. Correspondingly,
as the load resistor is decreased in value, the Vi, rises and the on current
rises. Selection of the resistor value would seek a compromise between Vy,,
the current drawn and the pull-up speed. which vary with the value of the
load resistor.

The resistor- and current-source-load inverters shown in Fig. 2.19 are
normally implemented using transistors in CMOS processes. In some mem-
ory processes, resistors are implemented using highly resistive undoped poly-
silicon. When transistors are used the inverter is called a saturated load
inverter if the load transistor is operated in saturation as a constant current
source. If the load transistor is biased for use as a resistor, then it is called an
unsaturated load inverter.

In this section we will examine a number of static load inverters that one
can implement in CMOS processes. Usually the reason for doing this is to
reduce the number of transistors used for a gate to improve density and/or to
lower dynamic power consumption.

LG Display Co., Ltd.
Exhibit 1012
Page 054


jharris
Sticky Note
None set by jharris

jharris
Sticky Note
MigrationNone set by jharris

jharris
Sticky Note
Unmarked set by jharris


=

2.4 STATIC LOAD MOS INVERTERS 73

7 Pload = 01ma
1 _Pdmrer | i

fa)

2.41 The Pseudo-nMOS Inverter

Figure 2.20(a) shows an inverter that uses a p-device pull-up or load that has
its gate permanently grounded. An n-device pull-down or driver is driven
with the input signal. This is roughly equivalent to the use of a depletion load
in nMOS technology (which preceded CMOS technology as a major systems
technology) and is thus called “pseudo-nMOS.” This circuit is used in a vari-
ety of CMOS logic circuits. Similar to the complementary inverter, a graph-
ical solution to the transfer characteristic is shown in Fig. 2.20(b) for various
sized p-devices for a particular CMOS process. This shows that the ratio of
B./B,, affects the shape of the transfer characteristic and the V, of the
inverter (shown in Fig. 2.20c). Figure 2.20(d) shows that when the driver is
turned on, a constant DC current flows in the circuit. This is to be contrasted
with the CMOS inverter in which no DC current flows when the input is
either the terminal high or low state, The importance of whether DC current
flows, and hence whether one can use the pseudo-nMOS inverter, depends
on the application. CMOS watch circuits rely on the fact that when the cir-
cuit is not switching, no current is drawn from the small battery that powers

Figure 2.19 Ageneric static
load inverter
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74 CHAPTER2 MOS TRANSISTOR THEORY

FIGURE 2.20 The pseudo-
nMOS inverter and DC
transfer characleristics

"JI. d
(5]
<
1 Vou
)
Vin —]| {isriver

(o) (b} (c) (d)

the watch. In this application, having circuits that consumed DC current
would not be advisable. Similarly in circuits which required a power-down
mode (as in palmtop or portable computers) one might not want such cir-
cuits. Finally, the fact that CMOS complementary circuits do not draw DC
current has led some semiconductor manufacturers to have a gross test of
CMOS chips that tests the DC current of a chip (IDDQ testing—see Chapter
7). If there is DC current, they assume there is some fault internally and have
to do no more testing of that die. Notwithstanding these applications where
pseudo-nMOS gates are not applicable, they do find wide application in
high-speed circuits and circuits that require large fan-in NOR gates. Even in
DC power critical applications, the pseudo-nMOS gate may be used by
selectively grounding the gate of the p-device pull-up transistor. (Note: The
output voltage of a pseudo-nMOS inverter with both driver and load transis-
tors turned off will depend on the subthreshold characteristics of the tran-
sistors. This should be rigorously simulated if contemplated, or the output
should be clamped to a known voltage.)

For the circuit shown in Fig. 2.20 the current in the n driver transistor is
given by

B,
= E(V

2
inv Vm) = (Vour > Vr' = Vm)'

]
The p-device Iy, with Vo, = -V is

i Vour = Vo) * ]
!d.\'p > Bp (=Vpp- Vf,u) (Vie=Vpp) =—== . TR
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2.4 STATIC LOAD MOS INVERTERS

Equating the two currents we obtain

( v -, }-_) -
2 out DD
NS Bp [(‘ Voo~ Vrp) (Vﬁﬂ'l’ = VDD) T m

n
2 (V'n 2 Vm)

I

-4

Solving for V.

Vmu s V!p % -‘JI'II( Vop+ pr} i=C (2.36)
where C = k(V,, -V, )2
B
and k = B—"
r
also
E, " ( VDD + V;p) - ( Vmu + le_)f (237
BP (Vin= Vi) :

Figure 2.21(a) shows two cascaded pseudo-nMOS inverters. For equal noise
margins, the gate-threshold voltage V;,, should be set to approximately
0.5Vpp. (Another criteria might set V,, to be halfway between Vy; and Vi)
At this operating point, the n-device (pull-down) is in saturation (0 < Vg, -
Vi < Vygu)s and the p-device (pull-up) is in the linear mode of operation (0 <
Vd.fp < Vgsp - Vrp)'

With V;,, = 0.5Vpp. Vi, =1V, = 0.2Vpp, Vpp =5 volts, the following
result is obtained

B,
B

Recalling that the technology and geometry contributions to P, the ratio of
widths of the n-device to the p-device might range between approximately 3/1
for p,/p, = 2 and 2/1 where ,/pt, = 3. Figure 2.21(b) shows some typical trans-
fer characteristics for varying B,/B), ratios. The noise margins are as follows:

=6

Bu/Bp Vi Vig Voi Vou  NM, NMy
2 34 4.5 1.4 5 20 0.5
4 1.8 33 0.6 5 1.2 2.7
6 1.4 2.8 0.35 5 1.05 32
8 ) | 24 0.24 5 0.86 3.6

100 0.5 1.1 0.00 ) 0.5 39
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76 CHAPTER2 MOS TRANSISTOR THEORY

FIGURE 2.21 Cascaded
pseudo-nMOS inverters

Mgy =5 s
™
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~
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33
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From this one can see that the low noise margin is considerably worse
thin the high noise margin. The overall noise margin of a pseudo-nMOS cir-
cuit can be enhanced considerably by following such a stage with a CMOS
stage (B,/B, = 1). In this case for B,/B, = 6,

Vit Viu Vou Vou  NMp  NMy
2.3 3.3 .35 5 1.95 13

This inverter finds widespread use in circuits where an “n-rich” circuit is
required and the power dissipation can be tolerated. Typical uses include
static ROMs and PLAs. Note that the circuit could use n-load devices and
p-active pull-ups, if this were of advantage.

Rather than operate the p-transistor in the linear region it is possible to
operate it as a constant current source (saturated load). Figure 2.22(a) shows
an inverter with a p-transistor biased to be a constant current source (V,,,, >
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2.4 STATIC LOAD MOS INVERTERS 77

v
&1 ; :

be set to compensate for process changes (see also Fig. 5.27). Figure 2.22(b)

shows transfer characteristics for a variety of n-transistor widths. (Sec also

Section 5.4.3.)

» = Vip). The constant current p load allows the inverter characteristics to

2.4.2 Unsaturated Load Inverters

Figure 2.23(a) shows an inverter using an nMOS transistor load. This type of
inverter was used in nMOS technologies prior to the availability of nMOS
depletion loads and in pMOS technologies prior to the availability of nMOS
technologies. It is included here for completeness. The high level is an n
threshold down from Vpp (but remember that the threshold is modified by

5
4
-
-| load
. 3 DeirvoeeMoad
TR
ot
Vin ¢ Vm.ﬂ 5
| drivar 2
2]
2
1 4
0
0 1 2 3 4 E
\'III'I
{a) 1b)

FIGURE 2.22 Constant
current source load pseudo-

nMOS inverter

FIGURE 2.23
load inverter

Unsaturated
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78 CHAPTERZ2 MOS TRANSISTOR THEORY

FIGURE 2.24 Saturated
load inverter

the body effect because the source of the n-load transistor is above V). Fig-
ure 2.23(b) shows the transfer characteristics for a variety of pull-up to pull-
down ratios. For k = 4 V5, = .24 volts, Vyy = 2.2 volts, Vg = 3.8 volts and
Vi = .56 volts. Thus the low noise margin is .32 volts and the high noise
margin is 1.6 volts for cascaded circuits, The small low noise margin would
make this inverter nonoptimal as a conventional logic circuit. However, it
might be used in isolated circumstances where p-transistors were not wanted
(lor instance, in some /O structures).

2.4.3 Saturated Load Inverters

A number of other “pseudo-nMOS™ inverter configurations are possible.
Figure 2.24(a) shows a p load with its gate connected to the output. The
transfer characteristic is shown in Fig. 2.24(b) for a number of pull-up/pull-
down ratios. The output rises to a p threshold down Irom Vpp. In addition as
the output voltage approaches Vpp - ]V,pI. the V across the pull-up is
reduced. thus decreasing the current flowing in the pull-up, which has a det-
rimental effect on the pull-up speed. While V,,,, > V,, - V,, (i.e., for small V,,
values), the driver transistor is in saturation

/ B B_d_q ver

dsdriver b

,
(Viy= V)2 (2.38)

Similarly the load device / is permanently in the nonsaturated region

ﬁfmm’ B
Bisiud ™ i (Vour=Von = vtp) e (2.39)
P
"
4 .
B8
Voul 3 25
v‘"_ S e 2 Vaut -
- 1
2
L 4
<
0
0 1 4 3 4 5
Vin

iy b}
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24 STATIC LOAD MOS INVERTERS

Equating the two currents we obtain

Bdr:‘l r
¢ v _ Nload , 1
=g Vin=Vp)™ = =3 (Vowr= Voo~ v:p) ;
Upon rearrangement,
vrml = VDD + V.'p + Ik ( Viar ca "’N:) (2.40)
where k = —4river
Bi'mm‘

This effectively gives the Vg, value (V,, = 0). Similar calculations cun
yield the V. From Fig. 2.24(b). for k = 4 V= .24 volts, Vyy = 2.1 volts,
Vou = 4.4 volts, and V. =.5 volis. Thus the low noise margin is .26 volts
and the high noise margin is 2.3 volts. The small low-noise-margin makes
this inverter unsuitable for cascaded logic use, but it is of use in other cir-
cumstances and forms the basis for the differential pair inverter, which we
will examine subsequently.

Finally, Fig. 2.25 shows an nMOS depletion load inverter. This inverter
relies on the existence of a depletion nMOS transistor to form the load
device, That is, the threshold of the depletion transistor is negative. While
this is relatively rare in CMOS processes, this inverter formed the basis for
the generation of MOS technology that ushered in the VLSI era. By connect-
ing the gate of the load to the output, a constant current load is formed.
Unlike the inverter shown in Fig. 2.24, which uses a p-device as a constant
current load, the output of this inverter can rise to a full Vpp level.

)

FIGURE 2.25 Depletion
load inverter
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80 CHAPTERZ2 MOS TRANSISTOR THEORY

FIGURE 2.26 Cascode
inverter

FIGURE 2.27 TTL input
inverter
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2.4.4 The Cascode Inverter

The cascode inverter is shown in Fig. 2.26. It resembles a pseudo-nMOS
inverter but with an n-transistor connected in series with the pull-down
n-transistor. If the gate of the series transistor is held at a constant voltage,
Viias- the drain of the driver transistor (V) will be held to un n threshold below
Vpias- The output node, V,,,,,, swings from Vpp to V. The series transistor acts
as a “common gate” amplifier and in effect isolates the V| node from the V.,
node and keeps the signal swing on V| between Vg and Vj,;,c — V,,,. This fea-
ture will be used in a logic family discussed in Chapter 5.

2.4.5 TTL Interface Inverter

One finul CMOS inverter is shown in Fig. 2.27.%3 This is of use in interfacing
to TTL logic systems. The series-p load basically feeds a conventional

v'“ QL%

{a)
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2.5 THE DIFFERENTIAL INVERTER

CMOS inverter with a reduced Vpyp supply. This changes the input threshold
to suit a TTL output. (Vg = 0.8V Vg = 2.0V).

2.5 The Differential Inverter

All of the inverters that we have examined thus far have been singled-ended:
that is, they have a single input signal and produce a single outpul signal. An
inverter that uses two differential inputs and produces two differential out-
puts is shown in Fig. 2.28(a). Two n-transistors have their sources com-
moned and fed by a constant current source that is in turn connected to
ground. The drains of each n-transistor are connected to resistor loads that
are connected to the supply voltage.

If the input voltages Vy,; and Vi), are set to the same voltage Ve one
then each transistor has a Vo of Voo = V. Where Vy is the voltage
across the constant current source. Thus the [/, for each transistor is equal
and the output voltages V,,,,y and V> are equal. If the voltages V. and
Vrign: are increased equally, then Viy rises to maintain the constant current
through the current source. The output voltages, V.| and V.5, will stay at
the same value. Applying this common signal to both inputs therefore results
in no gain (idcally); this gain is referred to as the Common Mode Gain. IT
Vs is increased by 8V, and Vi, is decreased by 8V. then the current in Ny
will increase by 8/ and the current in Ny will decrease by 8.V, will
decrease by 8/R and V,,,» will increase by 8/R. Thus the dilferential gain
from V), to Vi is

P 281R OIR —_—
diff =~ 35y = Ty (41
The term 8//8V may be recognized as the g, of the driver transistor. Thus
the gain is

"‘";Hjj = -g,R. (2.42)

This is cafled the Differential Gain because it resulted from applying a dif-
ferential signal to the inputs. In practical circuits, ideal constant current
sources are hard to lind so the Common Mode Gain and Differential Gains
vary from the ideal. The Common Mode Rejection Ratio (CMRR) is
defined as

Differential Gain

o o i e 9
Common Mode Gain’ (431

CMRR =

81
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82 CHAPTER2 MOS TRANSISTOR THEORY

FIGURE 2.28 Basic differ-
ential amplifier

The value of the load resistor, Ry, is a tradeoff between gain (large R) and
bandwidth (low R). Also, the value of the current source, /g, .0, TEpresents a
balance between power dissipation (low /, small power dissipation) and
bandwidth (high /, low R, high bandwidth). As Ry, is decreased for a given
Lsources the minimum voltage at the output decreases (V,,un = Vop =
Lipurce Ripad)- AS By is increased, Vi, decreases usually until a point at
which the current source ceases to act as such or some other bias condition
prevents the amplifier from operating as such. The size of the driver transis-
tor affects the gain. The larger the transistor the higher the gain, but the
larger are the associated parasitic capacitances.

For instance, in the circuit shown a tail current of 100pA is chosen. The
quiescent conditions required are as follows:

vfi.:ﬂ = right = 2.5 volts

Vourt = Vourr= 3.5 volts
Thus 1o Rivad = Vpp =35
=13
1.5
lem" - 5-6]IA
= 30KQ

Figure 2.28(b) shows the I/O characteristic for the circuit shown in Fig,
2.28(a) for a number of transistor widths. As the transistor width is
increased, the gain increases. In addition, as the transistor width is increased,

w407
— wed
|
4
| | Voulz
30500 < 30K
Vouti — — Voulz 31
| V.
Vigh . L "'righl out
|40 vy, a0 |— 3
N . 'T r— N, | -
: .:':’C l oc i - -
L 100pA = 2sv
[ |
0
2 25 3 Viight
3 2 Vigy
{3 (L]
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25 THEDIFFERENTIAL INVERTER 83

the V) voltage rises as the required V. to establish the tail current decreases.

At the quiescent point the driver transistors are in saturation, and for instance
% )

the B for the process is . 124mA/V= and V,, = .7 volts. Hence,

Em= I]( ng - Vf)
A2 x20x(25-1.5-.7)
74mS (milliSiemens)
A =g, R0
=74 %107 x30x% 10°
=223,

]

From the characteristics in Fig. 2.28(b)

A=222
which shows good correspondence.

In Fig. 2.28 we used an ideal current source for the differential pair. An
MOS transistor may be used to provide a very good constant current source
provided certain operating conditions are met. From the DC operating equa-
tions, we know that when a transistor is in the saturation region, the drain
current to a first approximation is independent of drain-source voltage. We
can improve the characteristics of the MOS constant current source by
lengthening the device beyond the minimum dimensions allowed. This
reduces the effect of channel-length modulation.

A CMOS differential pair with an nMOS current source and pMOS
load resistors is shown in Fig. 2.29. A voltage V), sets the current in the
current source. The constant current source will act as such provided that
Vv > Viius = Vi To keep Vi, low while providing a reasonable current
requires the current source to have a large f.

FIGURE 2.29 CMOS
differential amplifier
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In the circuit, V,;,. is set by what is termed a current mirror, 1f a current
is forced in Ny, then an identical current will flow in transistor Ny, The rea-
son for this is as follows, With the drain connected to the gate, N5 is in satu-
ration. Forcing a current /g3 in N3 yields a Vi3 of

i,

53
Vess = |5 Vo
Now, because Ny has a Vo =V,

B
l\'.v:-l =3 (Vgn

-V) = "53'

One may cascade current mirrors to provide a variety of current tracking
arrangements. If a current multiplication is required, this may be achieved by
appropriate ratioing of the current mirror transistors.

Figure 2.30(a) shows a differential amplifier that employs an active cur-
rent-mirror load structure rather than resistive p-transistors. This structure
forms the basis for many RAM sense amplifiers. In this application, the cur-
rent source is often connected as an unsaturated device. In these circum-
stances, one has to ensure that the DC conditions are such that the amplifier
operates correctly. The active p loads have to be able to source the total cur-
rent developed by the current source n-transistor, A starting point is to make
BN3 =Bp, = Bp,. Figure 2.30(b) shows the amplifier characteristic for vary-
ing load device sizes. If the p-devices are too small, then when Vier = Voo
the high value at ¥, will be lower than possible because P will not be able
to source all of the current from N5, If Py and P, are made larger with respect
to N, the low value of the amplifier increases, the gain of the amplifier
decreases, and the transition region moves to the left as shown in Fig.
2.30(b). The gain is then determined by the g, of Ny and the output conduc-
tance of P; and N,. Figure 2.30(c) and Fig. 2.30(d) show the 1/O character-
istics for the amplifier and the currents that flow in the current source and the
two load devices. The small signal gain is given by™

£
v (118 (2.“)

»
8

where g, 18 the g, of the driver transistor and g, is the combined output
conductiance of the p current Joad and the n-driver transistor. This is shown
in Fig. 2.30(¢) for various values of load- and driver-device sizes for a fixed
current source, As the length of the devices is increased (ry, increases), the
gain of the amplifier increases. Increasing the width of the driver devices
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2.5 THE DIFFERENTIAL INVERTER 85
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FIGURE 2.31 Self-biased
CMOS differential amplifier

Vip —— . Vou

FIGURE 2.32
Transistor connec-
tion for CMOS
transmission gate

MOS TRANSISTOR THEORY
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does not have as marked an effect on the gain as the g, = B(V - V)). For
instance if the B of the driver transistors is quadrupled, then the (Vs — V) is
halved and the g, is only doubled.

A further CMOS differential amplifier is shown in Fig. 2.31.%% It has
twice the gain of the amplifier shown in Fig. 2.30 and has the advantage that
it is self-biasing. This amplifier is of use in TTL-CMOS input buffers and
comparalors.

2.6 The Transmission Gate

The transistor connection for a complementary switch or transmission gate is
reviewed in Fig. 2.32. It consists of an n-channel transistor and a p-channel
transistor with separate gate connections and common source and drain con-
nections. The control signal is applied 1o the gate of the n-device, and its
complement is applied 10 the gate of the p-device, The operation of the trans-
mission gate can be best explained by considering the characteristics of both
the n-device and p-device as pass transistors individually, We will address
this by treating the charging and discharging of a capacitor via a transmis-
sion gale.

nMOS Pass Transistor.  Referring to Fig. 2.33(a), the load capacitor Cy,uy
is initially discharged (i.c., V,,, = Vgg). With S =0 (Vgg) (i.e.. Vo = 0 volis),
14 = 0. then V= Ve irrespective of the state of the input V. When § =1

(Vpph and Vi, = L, the pass transistor begins to conduct and charges the load
capacitor toward V., ie.. initially V. = Vi), Since initially V,,, is at a
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2.6 THE TRANSMISSION GATE 87

ial ]

higher potential than V,,,,, the current flows through the device from left 10
right. As the output voltage approaches Vpp — V. the n-device begins to
turn off. Load capacitor, Cj,,,y. will remain charged when § is changed back
to 0. Therefore the output voltage V,,,, remains at Vpp — Viyew, e Vinevy) i
the n-transistor body affected threshold with the source at V). This implies
that the transmission of logic one is degraded as it passes through the gate.
With V,, = 0,5 = I, and V,,,, = Vpp = Viyv, - the pass transistor begins to
conduct and discharge the load capacitor toward Vgg. i.e., Vo = Vpp. Since
initially V;, is at a lower potential than V,,,, the current {lows through the
device from right to left. As the output voltage approaches Vg, the n-device
current diminishes. Because V,,,, falls to Vg, the transmission of a logic zero
is not degraded.

pMOS Pass Transistor. Once again a similar approach can be taken in
analyzing the operation of a pMOS pass transistor as shown in Fig. 2.33(b).
With -5 = 1 (§ = 0), V},, = V. and V,,, = V. the load capacitor Cp, .y
remains uncharged, When -5 =0 (§ = 1), current begins to flow and charges
the load capacitor toward V. However, when V;, = Vigand V,,, = Vpp. the
load capacitor discharges through the p-device until ¥, = Vi, at which
point the transistor ceases conducting. Thus transmission of a logic zero is
somewhat degraded through the p-device.

The resultant behavior of the n-device and p-device are shown in Table
2.4. By combining the two characteristics we can construct a transmission
gate that can transmit both a logic one and a logic zero without degradation.
As can be deduced from the discussion so far, the operation of the transmis-
sion gate requires both the true and the complement version of the control
signal.

TABLE 2.4 Transmission Gate Characteristics

DEVICE TRANSMISSION OF ' I TRANSMISSION OF ("
n poor zood
sood poor

FIGURE 2.33 nMQS and
pMOS transistor operation in
transmission gate
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88 CHAPTER2 MOS TRANSISTOR THECRY

FIGURE 2.34 Transmission
gate oulput characteristic for
control input changing

The overall behavior can be expressed as:

n-device = off
p-device = off

S=0(-S=1); _ _ 2.45
( ) vin - VSS' er.‘ =Z ¢ )
Vin =Yoo Vour=2

where Z refers (o a high impedance state and

n-device = on
p-device = on

S=1(=-5=0); - e 246
y ) Vt’u = VSS‘ vrmf = VSS' : )
Via = Yoo Your™ Voo

The transmission gate is a fundamental and ubiquitous component in
MOS logic. It finds use as a multiplexing element, a logic structure, a laich
element, and an analog switch, The transmission gate acts as a voltage con-
trolled resistor connecting the input and the output.

Figure 2.34(a) shows a typical circuit configuration for a transmission
gate in which the output is connected 10 a capacitor and the input to an
inverter. The control input is shown turning the transmission gate on. That is,
the gate of the n-channel transmission gate switch is changing from 0 — |
and the gate of the p-channel is changing from | = 0. First consider the case

V. v, W 2
M- =it __ Yoa o 5
:. Ignz * dps
{a)
's
v (may |~ 'dps
¥s N
N
!/ — & dn:
-:- fdn
1
0 1 2 3 4 -]
v, Voul
{b) oty (e}

LG Display Co., Ltd.
Exhibit 1012
Page 070


jharris
Sticky Note
None set by jharris

jharris
Sticky Note
MigrationNone set by jharris

jharris
Sticky Note
Unmarked set by jharris


——y

26 THE TRANSMISSION GATE

where the control input changes rapidly, the inverter input is low (Vgg), the
inverter output is high (Vpp), and the capacitor on the transmission gate out-
put is discharged (Vgg). The currents that flow in this situation may be mod-
eled by the circuit shown in Fig. 2.34(b) in which the input is held at Vpp
and the output is ramped from Vgg to Vpp, while the currents in the pass tran-
sistors are monitored (in SPICE by using zero-volt voltage sources). In real-
ity, the capacitor discharge would be exponential, but a linear ramp serves to
show what happens to the pass transistor currents. As V,, rises, the
p-transistor current follows a constant V,,; of =5 volts (Fig. 2.34¢). That is, it starts
out in saturation and transitions to the nonsaturated case when IV, - V1 >
IVspl. The n-transistor is always in the nonsaturated region as Vg, = Vi,
and Vi, = Vi, < Vg When V,,,,, reaches a V,, below Vpp. the n-transistor
turns off. Thus there are three regions of operation:

Region A. n nonsaturated, p saturated (V,,,, < V)
Region B. n nonsaturated, p nonsaturated (Vy, <V, < Vpp - V)
Region C. n off, p nonsaturated (Vpp - Vi, < V)

In region A, we can approximate the p-current as a constant current
while the n-current varies linearly with V.. Hence the total current is linear
with V;,.. In region B both currents vary linearly with V,,,,. Finally in region
C the p-current varies linearly with V,,,,,. Thus the transmission gate acts as a
resistor, with contributions to its resistance from both n- and p-transistors,
This can be seen in Fig. 2.34(c) (14,5 + 14ps)- Similar simulations may be car-
ried out for Vy, = Vygand V,,,, = Vpp = Vi

Another operation mode that the transmission gate encounters in lightly
loaded circuits is where the output closely follows the input, such as shown in
Fig. 2.35(a). Figure 2.35(b) shows a model of this while Fig. 2.35(c) shows the
SPICE circuit used to model this condition including current monitoring voltage
sources. Figure 2.35(d) shows the n- and p-pass transistor currents for V.~ Vj,
=-{.1 volts. It can be seen that again there are three regions of operation:

Region A. n nonsaturated, p off
Region B. n nonsaturated, p nonsaturated
Region C. n off, p unsaturated

The total current decreases in magnitude as V,, increases until V,, =
Vipthodv-effected)- Here the p-transistor turns on and in this case slows the
decrease of current. When V;,, > Vpp = Viypody - offecredy the current starts to
increase in magnitude as the p current increases. In this simulation the p and
n gains were matched. For the region Vip < Vi < Vpp = Vi the transmission
gate will have a roughly constant resistance. The effect of having only one
polarity transistor in the transmission gate is also seen. If only an n-transistor
is used, the output will rise to an n threshold below Vjyp as current stops
flowing at this point. Similarly, with 4 single p-transistor, the output would
full to a p threshold above Vg, as current stops flowing in the p-transistor at

89
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90 CHAPTER2 MOS TRANSISTOR THEORY

FIGURE 2.35 Transmission
gate output characteristic for
switched input changing

FIGURE 2,36 Resistance
of a transmission gate for
conditions in Figure 2.35

Vss
i a R - -L
'Vguq Vin [ o= ]Iw
T+ & e i
Voo
v
™) it} oo

o
oo <
® o S L )

(d)

this point. Note also that as either the p or n current approaches zero, the
speed of any circuit would be prejudiced. If the surrounding circuitry can
deal with these imperfect high and low values, then single polarity transmis-
sion gates may be used. Figure 2.36 shows a plot of the transmission gate
“on" resistance for the test circuit shown in Fig, 2.35(c).
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2.8 BIPOLAR DEVICES

2.7 The Tristate Inverter

By cascading a transmission gate with an inverter the tristate inverter shown
in Fig. 2.37(a) is constructed. When C = 0 and -C = |, the output of the
inverter is in a tristate condition (the Z output is not driven by the A input).
When C = | and ~C = 0, the output Z is equal to the complement of A. The
connection between the n- and p-driver transistors may be omitted (Fig.
2.37b) and the operation remains substantially the same (except for a small
speed difference). Figure 2.37(c) shows the schematic icon that represents the
tristate inverter. For the same size n- and p-devices, this inverter is approxi-
mately half the speed of the inverter shown in Fig. 2.11. This inverter will be
discussed in more detail in Chapter 5, because it forms the basis for various
types of clocked logic, latches, bus drivers, multiplexers, and I/0 structures

2.8 Bipolar Devices

Thus far we have treated the MOS transistor in isolation as the device of
interest. However, there are other semiconductor devices that are fabricated
either parasitically or deliberately in a CMOS process. In particular, the
junction diode and the bipolar transistor will be examined. The former is of
use primarily in digital circuits as a protection device in IO structures. The
latter may be constructed to improve the speed of CMOS in BiCMOS pro-
cesses. Of concern to all CMOS designers. however, are the parasitic bipolar
transistors constructed as a by-product of building the basic nMOS/ pMOS
structures in CMOS. These can lead to a circuit debilitating condition known
as latchup. This will be covered in detail in Chapter 3.

2.8.1 Diodes

The diode is the most basic of semiconductor devices and is created when a
metul and a semiconductor or two semiconductors form a junction When two

FIGURE 2.37 Tristate
inverter
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92 CHAPTER2 MOS TRANSISTOR THEORY

FIGURE 2.38 Diode V/
characteristics

diffusions of opposite polarity form a junction, a junction diode is formed.
When a metal and semiconductor merge either an ohmic contact is made or
a Schottky diode is created. In most CMOS processes only ohmic contacts
are formed where metal contacts diffusions.

For instance, in an nMOS (or pMOS) transistor, the source and drain ter-
minals form np (or pn) junction diodes to the substrate (or well). The sche-
matic symbol for a junction diode is shown in Fig. 2.38(a). The two
terminals are designated the anode and cathode. The VI characterislics of a
diode are shown in Fig. 2.38(b). The current in a diode is given byZ{l

av
1= Ayl [e"‘"" ~ 1) (2.47)

where

Ay = area of the diode

I; = the saturation current/unit area

q = clectronic charge

k = Boltzmann’s constant

t = Temperature

m = a constant between | and 2 to account for various nonlinearities
(m ~ 2 for pn junction diodes and m ~ 1.2 for Schottky diodes).

There are a number of characteristics of interest. When a positive volt-
age is applied to the cathode with respect to the anode, electrons are attracted
to the supply and holes are repelled, leading o a “reverse-biased™ condition

(a4 )]

positive cathode | J

v
e " T —
. rovarse negative cathode
P f breakdown |
anode p valiage
(a} (b
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2.8

in which a very small reverse current flows, This results in a depletion region
similar to that in the MOS transistor when it is in the depletion regime before
inversion. In the above equation the exponential term is reduced in impor-
tance and the current is approximated by (A= 1)

Livarne ®=d (= 1 % 10774) (2.48)

This condition applies until the voltage exceeds the reverse breakdown volt-
age of the junction, at which point the current increases rapidly due to ava-
lanche multiplication. This occurs when electrons accelerated by the high
field across the junction impact silicon atoms, thereby producing electron-
hole puirs. When a negative voltage is applied to the cathode, the diode
becomes forward biased. The current is approximated by (4, =1)

q‘_l"
lf ornard ! rekm' (2.49)
As Fig. 2.38(b) shows, the current rapidly increases when the cathode-anode
voltage is less than -0.6 volts. The v axis is reflected.

2.8.2 Bipolar Transistors

By building an NPN diffusion sandwich, as shown in Fig. 2.39(a), an NPN
bipolar transistor may be constructed. Similarly a PNP transistor may be
constructed by sandwiching an n diffusion between two p diffusions. The
terminals of a bipolar transistor are called the collector, base, and emitter.
The behavior of a transistor may be modeled (and is in the SPICE simulation
program) by the structure shown in Fig. 2.39(b) for an NPN transistor. If
Vpg. the base-emitter voltage, is set at around .7 volts and Ve the collector-
to-emitter voltage, is positive, the base emitter diode is [orward biased and

collector collector
le
. L
-
== .
baso 1]
e o
s
e d
emilter s
1
« collecior amitar
base «
i emitter
(@) b
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FIGURE 2.39 Structure
and model of an NPN bipolar
transistor
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94 CHAPTER2 MOS TRANSISTOR THEORY

the collector base diode is reverse biased. By using the Ebers-Moll model,?’
the collector current may be calculated as

qVpe
ikt e
le=1|e = I+7—}. (2.50)
A
While the emitter current is given by
i
Ig=1-|1+— v (2.51)
B [I s ]
1
where kT/g = .026 (at 300°K)
Vg = the collector-emitter voltage
Vgg = the basc-emitter voltage
m = aconstant between I and 2
Vy = the Early voltage (an approximation to allow for nonideal phe-
nomena that result in finite output conductance)
f = forward current gain
Is = the junction saturation current.

The forward current gain, 3, (not to be confused with MOS B's) typically
ranges from 20-500.

The VI characteristics of a typical NPN transistor are shown in Fig. 2.40,

The basic design equations for use with digital bipolar circuits are
described in association with the inverter shown in Fig. 2.41. Here, the col-
lector of an NPN transistor is connected to a positive supply via resistor &
The base is connected via resistor Ry, to an input voltage V;,. The base cur-
rent /g, is given by

B 2 (2:52)
where Vi, = the base emitter voltage (~0.7 volts)
and Vi, = the input voltage.
The collector current is given by

’( =B’f)
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and hence the collector voltage is given by

Vour=Vpp — IR

Vif - Vb
Kml'_' VDD"'B" lR CRL'
b
The gain, A, is given by
dvum 24 B Rr
dvt'n Rb '

(2.53)

An n-well CMOS process inherently has a PNP transistor that is created
between the substrate (collector), well (base), and source/drain diffusions
(emitter). This PNP transistor is not that useful except for application as a
current reference. This transistor is a vertical PNP because the transistor is

formed by the vertical stacking of junctions.

2.8 BIPOLARDEVICES 95

FIGURE 2.40 NPN transistor
VI characteristics
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P
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FIGURE 2.41 Inverter
using an NPN lransistor
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96 CHAPTER2 MOS TRANSISTOR THEORY

FIGURE2.42 BasicBiCMOS
inverter

Extra processing steps must be added to CMOS processes to build more
useful NPN transistors. These steps result in what is termed a BICMOS pro-
cess (for Bipolar and CMOS). Similar to the case with p- and n-channel tran-
sistors in CMOS, NPN bipolar transistors have much higher gain and better
high-frequency response than PNP transistors. Thus BiCMOS processes
concentrate on adding a high-performance NPN transistor.

2.8.3 BIiCMOS Inverters

The availability of an NPN transistor can markedly improve the output drive
capability of a conventional CMOS inverter due to the high current gain of
the NPN transistor.28:29 Figure 2.42 shows one version of a BICMOS
inverter. When the input is low, P, is turned on and supplies base current to
NPN;, and sets the base voltage to Vpp. N is turned on and clamps the base
of NPN; to Vgs. Thus NPN, is off and the output rises to a V,, below Vpp,.
When the input is high, the base of NPN | is clamped to Vgg by N and N,
supplies the base current for NPN5. The output falls to a small voliage above
V. This voltage is called Vg, the collector emitter voltage with the tran-
sistor in saturation. This is due to the finite “on resistance” of the transistor
and may be reduced by increasing /.. It is normally in the range of 0.1 — 0.3
volts, Thus this inverter has an output swing between Vpp = V), and Vg +
Vegsar The Vy, drop causes DC dissipation in any following CMOS gates, a
problem which is not improved as the supply voltage is reduced.

A second BiCMOS inverter is shown in Fig. 2.43. Transistors P, and N,
are used as resistors to bias the NPN transistors. When the input is low, P}
feeds base current to NPN, and P5 serves to pull the output high. The value
of P, is a compromise to achieve high speed pull-up without bypass of the
base current to NPN . When the input is high, N5 feeds the base of NPN,

|
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while N3 serves to pull the output to Vg The primary advantage of this
implementation is that the output falls to Vgg and rises to Vpp.

A third BICMOS inverter is shown in Fig. 2.44. In this inverter a feed-
back inverter is added to control the “resistor” transistors. When the input is
low and the output is high, the feedback inverter places a zero on P> and N>,
thereby pulling the output high. When the input is high, the output becomes
low and the feedback inverter places a high on N5 and P5, which pulls the
output low.

A final BiCMOS inverter is shown in Fig. 2.45% which only uses a pull-
up NPN transistor. When the input is low, P, P, NPN, and the feedback
inverter combine to pull the output high, When the input is high, N4 pulls the
output low. This inverter is of particular use for 3.3 Volt supply circuits. The
technique of using an nMOS transistor as the sole pull-down element can be
used for the BICMOS inverters shown in Figs. 2.42 and 2.43. Section 5.4.2
has an extended reference list of research on BiCMOS.

Vout

{a) ib)

FIGURE 2.43 BiCMOS
inverter using MOS transis-
lors as resistors

FIGURE 2.44 BiCMOS
inverter with feedback
inverter.
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98 CHAPTER2 MOS TRANSISTOR THEORY

FIGURE 2.45 BIiCMOS
inverter with nMOS pulldown

2.9

out

&)

Summary

This chapter has examined the DC characteristics of MOS transistors,
diodes, bipolar transistors and CMOS inverters. In addition the operation of
the CMOS transmission gate was reviewed. Finally, the circuit configura-
tions of some BiICMOS inverters were surveyed. The circuits treated in this
chapter are the basis for the majority of logic and memory circuits used in
CMOS digital system design. Ensuring their correct DC operation is the first
step in constructing a correctly functioning circuit, The second step, satisfy-
ing temporal (or timing) constraints requires one 1o be able to estimate the
speed of a circuit. This will be treated in Chapter 4,

2.10 Exercises

(35

. Caleulate the noise margin for the BICMOS inverter shown in Fig.

242

a. BiCMOS — CMOS (8, = B,) and
b. BiCMOS — pseudo-nMOS (B,/B), = 4)
(V. =.7 volts)

. Calculate the noise margin for a CMOS inverter operating at 3.3V

with V;, =0.7V. V,, =-0.7V. B, = B,. What would you do to the tran-
sistor characteristics to improve the noise margin?

. Derive the Vg and Vg for the inverter shown in Fig. 2.23.

. Derive the VI equations that predict the Vg, for the inverter shown in

Fig. 2.24

LG Display Co., Ltd.
Exhibit 1012
Page 080


jharris
Sticky Note
None set by jharris

jharris
Sticky Note
MigrationNone set by jharris

jharris
Sticky Note
Unmarked set by jharris


tod

2.11 APPENDIX—SPICE LEVEL 3 MODEL

5. Design an input buffer that may be used to interface with a TTL
driver (Vpp = 5V. V5, = 0.8V, Vg = 2.0V). Show full derivations of
DC conditions.

6. Design a buffer that interfaces internal 3.3V logic to CMOS /0 logic
operating at 5V.

7. Does the body effect of a process limit the number of transistors that
can be placed in series in a CMOS gate at low frequencies?

8. Sometimes the substrate is connected to a voltage called the substrate
bias to alter the threshold of the n-transistors. If the threshold of an
n-transistor is 1o be raised, explain to what polarity the voltage sub-
strate would be connected. Draw a circuit diagram showing Vpp.
Vg, and substrate supplies connected to an inverter.

9. Under what voltage conditions is a p-transistor with a source con-
nected to Vpp =5V (V), = -0.7V) a good current source?

10. Using switched current mirrors, show how you would construct a
current sourced digital to analog (D/A) converter with eight distinct
current level outputs.

11. Calculate the threshold implant necessary to increase the threshold
voltage to 0.6V for the example in Section 2.1.3.1.

12. For the values given in Section 2.2.2.7 (L,53=0.6 um V,, = 0.6V) cal-
culate the worst case substrate current as a percentage of /y, for a
2-input NAND gate operated at 5V and 3.3V.

2.11 Appendix—SPICE Level 3 Model

The following is a summary of the Level 3 MOS model parameters used in
the HSPICE program from Meta-Software, Inc. These parameters are con-
sistent with most SPICE implementations that are widely available. The fol-
lowing is reproduced in large part from the HSPICE User’s Manual with the
kind permission of Meta-Software. This model uses empirical values deter-
mined from processed test devices as a basis for the model equations. The
basic model parameters—LEVEL, COX. KAPPA. KP. TOX. and VMAX—are
reviewed in Table 2.5 in terms of a (L5 - 1y n-well process. (Note: These
values should be used only as a guide—check with your CMOS manufac-
turer for accurate model parameters.)

The Level 3 model parameters for modeling the effective width and
length are given in Table 2.6.

The Level 3 model also uses some parameters that vary the threshold
vollage. These are as given in Table 2.7.

The parameters related to mobility are given in Table 2.8,
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100 CHAPTER2 MOS TRANSISTOR THEORY

TABLE 2.5 Basic Model Parameters

TYPICAL Ipm
NAME UNITS CMOS VALUE DESCRIPTION
LEVEL 3.0 DC model selector.
cox Fin® 35~ 17E-4 The oxide capacitance per unit
(100 - 200 A) gate area. If COX is not specified,
then it will be calculated from
TOX.

KAPPA v 0.01-.02 Saturation field factor, used in
channel-length modulation equa-
tion.

KP amplV? 2.0E-5 The intrinsic transconductance
parameter. If not specified, then
KPiscaleulated as KP= U0.COX.

TOX m 1-2E-8 Gate oxide thickness.

VMAX mls 1.5=-2E5 Maximum drift velocity of carri-

ers; (1.0 indicates an infinite value.

TABLE 2.6 Effective Width and Length Parameters

TYPICAL Ipm
NAME UNITS CMOS VALUE DESCRIPTION

DEL m 0.0 Channel-length redoction on each
side.

LD m Di - 1E-6 Lateral diffusion into channel
from source and drain diffusion.
If LD is unspecified, but XJ is
specified, then LD =075 XJ.

LREF i 0.0 Channel-length reference.

LMLT m 1.0 Length shrink factor.

WD m 05-.1E-6 Lateral diffusion into channel (rom
butk along width.

WMLT 0.0 Diffusion layer and width shrink
factor.

WREF m 1.0 Channel-width reference.

XJ " A= TE-6 Metallurgical junction depth,

XL m 0.0 Accounts for masking and etch-
ing cffects,

XwW Ht 0.0 Accounts for masking and etch-

ing effects,
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TABLE 2.7 Threshold Voltage Parameters

TYPICAL lum
NAME UNITS CMOS VALUE DESCRIPTION
DELTA 1.0-135 Narrow width factor for determin-
ing threshold,
ETA 05,15 Static feedback factor for adjust-
ing threshold
GAMMA i3 2-6 Body effect factor. If GAMMA is
not specified it is calculated from
J2qe NSUB
GAMMA = o
ND 1A% 1.0 Drain subthreshold factor.
NO 1.0 Gate subthreshold factor.
LND pm/V 0.0 ND length sensitivity.
LNO pm 0.0 N0 length sensitivity.
NFS on v 7.5E11 Fast surface state density.
NSUB om 2E16 Bulk surface doping. If not speci-
fied. calculated from GAMMA.
PHI v 74 Surface inversion potential. If not
specified it s calculated from
NSUB as
PHI = 3‘—?-.hr { N'ELB)
iy Ni
vro v 05 =07 (N) Zero-bias threshold voltage. If not
0.5 = -0.7(P) specified it will be calculated
from other parameters.
wiC 0.0 Subthreshold model selector.
WND pm/V 00 ND width sensitivity.
WNO W] 00 NO width sensitivity.

TABLE 2.8 Mobility Parameters

TYPICAL lpam
NAME UNITS CMOS VALUE DESCRIPTION
THETA v 0.05-0.15 Mobility degradation factor.
vo em® Vs 600 (N) Low field bultk mobility.
250(P)
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The drain current is calculated as follows in the Level 3 model.

Cutoff Region V, =V,

'.r.\'.s' =0
On region. V,, >V,
_ (1 +/b)
igs =B V;.'s Vs 2 Vite) Ve
where
W
B = KP ?E'Jg
off
~ w t’ff
OGO T
Ve = min(Vyo Vel

and

GAMMA fs (The 4 in this equation should be 2 but
fb = fn+ ———====. HSPICE emulates the original SPICE
HPHEE Y, program and uses 2.)

The narrow width effect is included through the fi parameter,

w eff

The term fx expresses the effect of the short channel and is determined as

fv =i stca.';_-d { i’?ﬂ.‘ﬂh’d"‘ we Jfl ) (____lt:_’_’____ 2 N Eth'ﬂh'd }
Itff XJ'“"‘”"“ XJ-"l‘u! vl +wp XJS('HI’(':!
wp = xd [(PHI+ V)
vl = J_’J‘f_si‘m
T NgNSUB
we =
[ W ( = % '1|
X cate 0.0331353+0.8(1|3939[WJL)_0,0”107-, _wp J |
% scaled scaled J

LG Display Co., Ltd.
Exhibit 1012
Page 084


jharris
Sticky Note
None set by jharris

jharris
Sticky Note
MigrationNone set by jharris

jharris
Sticky Note
Unmarked set by jharris


B

2.11 APPENDIX—SPICE LEVEL 3 MODEL

XJguled = X SCALM
LD, yeq= LD SCALM.

SCALM is a global scaling factor applied to all MOS models in a given
HSPICE run. The effective channel length and width in the Level 3 model is
determined as follows:

l of = LycateaLMLT + XL.\'t.'ufrd -2(LD seated ¥ DELgcate )
where

L ated = LSCALM

XLscuted = XL-SCALM

DEL,, yjeq = DEL-SCALM

LMLT is a scaling factor applied on a model by model basis.
Wer = MW ajoq WMLT + XWo, i0q = 2WDg 1)

where

Weatca = W-SCALM

XW, atea = XW-SCALM

WD, teq = WD-SCALM

M is a parameter that allows for multiple parallel devices. The default
value is 1.

LRE, F,\‘mled =LREF scaled LMLT + XL.\'('H."{‘n' = E(LD.rm!cd +D. EL.st.afrd)
WRE Fw.‘m‘rri = M(WRE. 'FJt.tll't‘tf MLT + X wst'afu! - 2WD .mr!m.'}

Similar to LMLT, WMLT is a model scaling factor.
The threshold vohage is calculated as follows:

1
B A4 x 10 = r .
Vyp = V= e ¥y o+ GAMMASs [PHI+V 4 fn (PHI+V )
coxr’
eff
with
Vii = fo?+PH!
or

Vy; = VTO~GAMMA /PHI
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The saturation voltage V., is calculated as

v = Vgs = VHI
dsar = "[}ﬁ,_

V. +V = Jv 2iv?

vn'_! ar = Vsat ¢ saf «

where

Vv =%X_I“E

] ",
If the model parameter VMAX is not specified, then
Vasar = Vst
The parameter p, is the normal field mobility. It is calculated as

N = vo vV >V
¢ 7 I+THETA(V - V,) gs” Tth

The degradation of mobility due to the lateral ficld and the carrier velocity
saturation is determined if VMAX is specified.

The effects of channel length modulation are calculated as follows:

Al = xd [KAPPA.(V, -V, VMAX = 0

st )

G ) | 9 N
Al = ;;;7_“: +ﬂf'[‘.'.’3 3‘1_] +KAPPAA (V= V,..)

where ep is the lateral electric field at the pinch off point. Its value is approx-
imated by:

"1 (V( 5y ‘I‘dma‘)
(l!} = f r—

¢ j}'vt!.mr
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211 APPENDIX—SPICE LEVEL 3 MODEL

The current in saturation is computed as

ln'.r
!:! s = _'__Kf :

legy

In order to prevent the denominator from going to zero, HSPICE limits the
Al as follows:

I
if Al> -f:;-f.’

In the subthreshold region the current is characterized by the model parame-
ter for fast susface states, NFS. The modified threshold voltage, V. is deter-

mined as follows:

V., = V,,+fast NFS>0
where
[, , aNFs  GAMMASs [(PHI+ V) +fn (PHI+ V)
fast= 2 |"*eox * 2(PHI+ V)

The current /4 is given by

V=W

- 5t
lf o l'dsr v, Vdc-' v .rb} £ e V:\’S < v.em

1§ an'

!ds = fdx (Vgi‘ V:h‘ V:h) Vﬂ"‘ £ v‘”"

The modified threshold voltage is not used in strong inversion.
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CMOS
PROCESSING
TECHNOLOGY

The purpose of this chapter is 1o introduce the CMOS designer to the tech-
nofogy that is responsible for the semiconductor devices that might be
designed. This is of importance in understanding the potential and Hmite
tions of a given technology. It also givessome background for the geometric
doesign rules that are the interface medium between designer and fabricator.

The basics of semiconductor manulacturing are first introduced. Fol-
lowing this. a basic n-well CMOS process is described showing the process
steps and how they relate to the design description passed from the designer
to the Fabrication engincer. Folowing this, o number of enhancements o the
busic CMOS technology are described. Many of these are now required by
mainstream CMOS logic and memory designers. The next section introduces
the reader to layout design rules thit prescribe how to manufacture the
CMGS chip. The nature of CMOS latchup and the solutions 1o this problem
are then covered. Finally, some CAD issues as they reluie to process technols
ogy are covered. An appendix, Scction 3.9, outlines the actual steps used in
a CMOS process for thase who want (o get down 1o that level of deail.

3.1 Silicon Semiconductor Technology:
An Overview

Silicon in its pure or inrrinsic state is & semiconductor, having a bulk eleciri-
cal resistance somewhere between that ol a conductor and an insulidtor. The
conductivity of silicon can be varied over several orders of magaitude by
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110 CHAPTER 3 CMOS PROCESSING TECHNOLOGY

imtroducing impuritvatoms into the silicon crystal lattice, These dopanes
may either supply frec electrons or holes. Impurity clements that use clec-
trons are referred to as acceprors since they aceeptsome of the electrons
already in the silicon, leaving vacancies or holes. Similarly, donor clements
provide electrons. Silicon that contains a majorily of donors is known as
i=type and that which contains ¢ majority of acceptors is Khown as pype.
When n-type and p-type materials are brought together, the region where the
silicon changes from n-type o p-type is called a junction. By arranging junc-
tions in gertain physical structures and combining these with other physical
structures, various semiconductor devices may be constructed. Over the
years, silicon semiconductor processing has cvolved sophisticated techs
nigues for building thesc junctions and other structures having special prop-
criies.

3.1.1  Wafer Processing

The basic raw material used in medern semiconductor planis is a wafer or
disk of silicon, which varies from 75 mm to 230 mm in diameter and is less
than | mm thick. Wafers are cut from ingots of single-crystal silicon thiit
have been pulled from a crucible melt of pure molien polyerystalline silicom
This is known as the "Czochraiski,” method {Fig. 3.1) and is currently the
most common method for producing singlescrystal material. Controlied
amounts of impuritics are added to the melt to provide the crystal with the

DHrection of Pull

Crystal Hoider

ey

o

Hepige
e Geowing Crysial

Quartz Crucibla s

with Graphito Linar | = dohen Siicon

FIGURE 3.1 Czochraiski
method for manufaciuring sil-

. . Cfuc:D!sfSu@peﬂ
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3.1 SILICON SEMICONDUCTOR TECHNOLOGY: AN OVEHVIEW

reguired electrical properties. The crysial orientation is determined by a seed
crystal that is dipped into the melt to initiate single-crystal growth. The melt
is contained in a quartz crucible, which is surrounded by o graphite radiator,
The graphite is heated by radio frequency induction and the temperature is
maintained a few degrees above the melting point of silicon (=14257C). The
atmosphere above the melt is typically helium or argon.

After the seed is dipped into the melt, the sced is pradually withdrawn
vertically from the melt while simultancousfy being rotated. The molien
polycrystatline siticon melts the tip of the seed, and as it is withdrawn,
refreezing cecurs. As the melt freezes, it assumes the single crystal form of
the seed. This process is continued until the melt is consumed, The digmeter
of the ingot is determined by the seed withdrawal rate and the seed rotation
rate, Growth rates range from 30 1o 180 mm/hour.

Slicing into wafers is usually carried out using internal cutting-edge
diamond blades, Walers are usually between 0.25 mm and 1.0 mm thick.
depending on their diameter. Following this operation, at least one face is
polished to a flat, scratch-free mirror finish.

3.1.2 QOuxidation

Many of the structures and manufacturing techniques used to make silicon
integrated circuits rely on the propertics of the oxide of silicon, namely, sil-
ican dioxide (5i04). Therefore the reliable manufucture of 5i0s is exiremely
important.

Oxidation of silicon is achicved by heating silicon wafers in an oxidizing
stmosphere such as oxygen or water vapor. The (wo common approaches are:

» Wet oxidation: when the oaidizing atmosphere contains water vapor.
The temperature is usually between 900°C and [000°C, This is a rapid
[ToCess.

v Dry oxidation: when the oxidizing atmosphere is pure oxygen. Temper-
atures are in the region of 1200°C, 10 achicve an acceptable growih rate.

The oxidation process consumes silicon. Since Si05 has approximatcly
twice the volume of sificon, the 5105 layer grows almost equally in both ver-
tical dircctions. This effect is shown in Fig. 3.2 for an n-channel MOS device
in which the 310, (field oxide) projects sbove and below the unosidized sil-
icon surface.

3.1.3 Epitaxy, Deposition, lon-Implantation,
and Diffusion

To build various semiconductor devices, silicon conlaining varying propor-
tions of donor or acceptor impurities is reguired. This may be achicved using
epitaxy, deposition, or implantation. Epitaxy involves growing a single-crys-
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112 CHAPTER 3 CMOS PROCESSING TECHNOLOGY
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taf film on the silicon surface {which is already a single crystal) by subject-
ing the siticon wafer surface to elevated temperature and 4 source of dopant
material, Deposition might involve evaporating dopant material onto the sil-
icon surface followed by a thermal cyele, which is used 1o drive the impuri-
ties from the surface of the silicon into the bulk. fon implantation involves
subjecting the silicon substrate to highly energized donor or acceptor atoms.
When these atomy impinge on the silicon surface, they travel below the sur-
fuce of the silicon, forming regions with varying doping concentrations. At
any elevated temperature (> 800°C) diffusion will occur between any silicon
that has differing densities of impurities, with impurities tending (o diffuse
from areas of high concentration to areas of low concentration, Hence itis
important once the doped areas have been put in place to keep the remaining
process sieps ot as fow a temperature as possible.

Construction of transistors and other structures of interest depends on
the ability 10 confrol where and how many and what type of impurities arc
intreduced fnto the silicon sarfuce. What type of impurities are introduced is
centrolled by the dopant source, Boren is lrequently used for ereating acceps
tor silicon, while arsenic and phosphorous sre commonly used to create
donor silicon. How much is used is determined by the energy and time of the
ion-implantition or the time and temperature of the deposition and diffusion
step. Where it is used is determined by using special materials as masks. In
places covered by the mask ion implamtation does nat occur or the dopant
does not contact the silicon surface. In areas where the mask is absent the
implantation occurs, or the predeposited material is allowed to diffuse into
the silicon. The common maierials used as masks include

» photoresist.
= polysilicon (polycrysialline silicon).
e silicon dioxide (5i05).

e silicon nitride (SiN).
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3.1 SILICON SEMICONDUCTOR TECHNOLOGY: AN OVERVIEW

The ability of these materials to act as a barrier against doping impuri-
ties is o vital factor in this process, called sefective diffusion. Thus selective
diffusion entails

* patterning windows in a mask material on the susface of the waler
= subjecting exposcd areas to & dopant source,
= removing any unrequired mask material.

In the case of an oxide mask, the process used for selectively removing
the oxide involves covering the surface of the oxide with an acid resistant
coating, except where oxide windows are needed. The 515, is removed
using an ciching technique. The acid resistant coating is normally a phote:
sensitive organic material called phororesist (PR), which can be polymerized
by ultraviolet (UV) light, IT the UV light is passed through a mask containing
the desired patters, the couting can be polymerized where the pattern is 10
appear. The polymerized areas may be removed with an organic solvent,
Eiching of exposed 5134 then may proceed. This is called a positive resist,
There are also negative resisty where the uncxposed PR is dissolved by the
solvent, This process is iltuswrated in Fig. 3.3, In established processes using
PRs in conjunction with UV light sources, diffraction around the edges of
the mask patterns and alignment tolerances Bmit line widths to around 0.8
pm. During recent years, electron beam lithography (EBL) has emerged as o
contender for pattern genecation and imaging where line widihs of the order
of 0.5 pm with good definition are achievable. The main advamages of EBL
pattern generasion are as {olfows:

= Patterns are derived directly from digital data,

« There are no intermediate hardware images such as recticles or masks:
that is. the process can be direct.

o Different patierns may be accommodated in different sections of the
wafer without difliculty.

» Changes to patierns can be implemented quickly.

The main disadvantage that has precluded the use of this technique in com-
mercial fabrication lines is the cost of the equipment and the Jarge amount of
time required 10 access all points on the wafer,

3.1.4 The Silicon Gats Process

So far we have touched on the single-crystal form of silicon used in the mane
utacture of walers and the oxide used in the manufacture and operation of
circuits. Silicon may also be formed in a pofvervstalline form (not having o
single-crystalline structuee) called polvsilicon. This is used as an intercons
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nect in silicon ICs and as the gute electrode on MOS wransistors, The most
significant aspect of using polysilicon as the gate electrode is its ability 1o be
used as a further mask to allow precise definition of source and drain elee-
trodes. This is achicved with minimum gate-to-source/drain overfap, which,
we will learn, improves circuit performance, Polysilicon is formed when sil-
icon s deposited on 510, or other surfaces. In the case of an MOS transistor
guie electrode. uadoped polysilicon is deposited on the gote insulalor. Poly-
silicon and source/drain regions are then normally deped at the same time.
Undoped polysiticon has high resistivity. This characteristic {5 used 1o provide
high-value resistors in static memaries. The resistivity of polysilicon may be
reduced by combining it with a refractory metal (see Section 3.2.4),
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3.1 SILICON SEMICONDUCTOR TECHNOLOGY: AN QVERVIEW 15

The steps involved in a typical sificon gate process eniail photomasking
and oxide etching, which are repeated a number of times during the process-
ing sequence. Figure 3.4 shows the processing steps afier the initial patiern-

Pattaming $:0, Layar

e}

Galp Ox=igation

s

Faliaming
Polysilicon

[4]

Terplznt or
Oiftusion

(5]

Contmct Cuig

fe}

Patigrning of
Aluminum Layer

n

Paubvats

Toin Qrida
T 1004 > 3004

e SiicON Subsirate

[-subsirate

Polysihcgn
= SUMe»2um

el kel E

Tgm Jaep

pre

----- =511, by deposition

prsubsiiate

Aluminum Contacls

el el

Figure 3.4 Fabrication
staps for a silicon gate nMOS
transisior

LG Display Co., Ltd.
Exhibit 1012
Page 096 ;


jharris
Sticky Note
None set by jharris

jharris
Sticky Note
MigrationNone set by jharris

jharris
Sticky Note
Unmarked set by jharris
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FIGURE 3.5 A parasitic
MOS transistor or field
davice

ing of the 5104, which was shown in Fig. 3.3, The wafer is covered with
Si0, witly at least two different thicknesses (Fig. 3.4b). A thin, highly con-
rotled Jayer of 505 s required where aclive wansistors are desired. This 5
called the gute-oxide or thinox. A thick layer of 8iQy is required clsewhere to
isolate the individual transistors, This is normally called the field oxide. We
will examine a variety of methods of achieving these two oxide thicknesses
in Section 3.2.1.

Polysilicon {s then deposited over the wafer surface and ewched to form
interconnections and transistor gates: Figure 3.4(c) shows the result of an
eiched polysilicon gate. The exposed gate oxide (not covered by polysilicon)
is then etched away: The complete wafer is then exposed to a dopant source
or i§ ion-implanted. resuliing in two actions (Fig. 3.4d). Diffusion junctions
are formed in the substrate and the polysilicon is doped with the particular
type of dopant. This also reduces the resistivity of the polysilicon. Note that
the diffusion junctions form the drain and source of the MOS transistor,
They are formed only in regions where the polysilicon gate does not shadow
the underlying substrate. This is referred to as aself-aligned process because
the source and drain do not extend under the gate. Finally, the completc
structure is covered with 5105 and contact holes are etehed 1o make contact
with underlying layers (Fig. 3.4e). Aluminum or other metallic interconnect
is evaporated and ctched 1o complete the final connection of elements
{Fig. 3.40). Further oxide layers, contact holes and metallization layers are
normally added for extri interconnect.

Noie that parasitic MOS transistors exist between unrelated transistors,
as shown in Fig. 3.5, Here the source and drain of the parasitic iransistor are
existing source/deains and the gate is o metal or polysilicon interconnect
overlapping the two source/drain regions. The “gateoxide™ is in (act the
thick field oxide. The threshold voltage of this transistor is:much higher than
that of a regular transistor {this device is commonly called o feld device)
(Eq. 2.1). The high threshold voltage is usually ensured by making the ficld
oxide thick enough and introducing a “channel-stop™ dilfusion, which raises

prubsirate Fiald dovice
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B
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3.2 BASIC CMOS TECHNCLOGY

the impurity concentration in the substrute in areas where transistors are not
required, thus further increasing the threshold voltage (Section 2.1.3.1).
These devices do have some useful purposes where the fact that they turn on
at voltages higher than normal operating voltages may be used 1o protect
other circuitry.

3.2 Basic CMOS Technology

CMOS (Complementary Mctal Oxide Silicon) technology is recognized as
the leading VLSI systems technology, CMOS provides an inherently low
power static circuit technology that has the capability of providing a lower
power-delay product than comparable design-rule bipolar, nMOS, or GaAs
technologies, In this section we provide an overview of {our dominani
CMOS 1echnologics, with a simplificd treatment of the process steps. This-is
included primarily as u guide for better appreciation of the luyout styles that
may be used to implement CMOS gates.
The four main CMOS technologics are:

= n-well process.
= p-well process.
e twin-tub process.

= silicon on insulator.

In addition, by adding bipolar transistors o range of BICMOS processes
are possible,

Puring the discussion of CMOS5S technologices, process cross-sections
and layouts will be presented. Figure 3.6 summarizes the drawing conven-
tions.

3.2.1 A Basic n-well CMOS Process

A common approach to n-well CMOS fabrication has been 1o start with a
lightly doped p-type substrate (wafer), create the n-type well for the p-chan-
ned devices, and build the n-channel transistor in the sative p-substrate.
Although the processing steps are sornewhat complex and depend on the fab-
rication line, Fig. 3.7 ilustrates the major steps involved in o typical n-well
CMOS process. The mask that is used in each process step is shown in addi-
tion to a sample cross-section through an n-device and o p-device, Although
we have shown a polysilicon gate process, it is of historical significance 1o
note that CMOS was originally implemented with metad (aluminum) gates.
This technology (in p-well form) formed the basis Tor the majorily of low
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118 CHAPTER 3 CMOSPROCESSING TECHNOLOGY

FIGURE 3.6 CMOS pro-
cess and layout drawing
conventions
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power CMGS circuits implemented in the 1970s. The technology is robust
and still in vse. As con be seen from Fig. 3.7, the mask levels are not orga-
nized by component function. Rather they reflect the processing steps.

o The tirst mask defines the n=well {or n-wb); p-channe! transistors will
be fabricated in this well, lon implantation or deposition and diffusion
is used to produce the nswell (Fig. 3.7a), The former tends to produce
shallower wells which are computible with fine dimension processes.
As the diffusion process occurs in all directions, the deeper a diffusion
is the more it spreads laterally. This lateral spread affects how near to
other structures wells can be placed. Hence, for closely spaced strue-
wres a shallow well is required. From a patterned well shape, the final
well will extend outside the patterned dimension by the lateral diffu-
sion.

» The next mask is called the “active” mask, because it defines where
arcas of thin oxide are needed to implement transistor gates and allow
implantation to form'p- or n-type diflusions for transister scurce/drain
regions {Fig. 3.7b). Other terms-for this mask include thinox, thin-
axide, island, and sesa: A thin layer of Si0; is grown and covered
with 8iN. This iy used a5 o masking layer {or the following two steps.
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FIGURE 3.7 Atypical n-well
CMOS process

¢ The channel-stop implant is usually then completed. This uses the
p-well mask (the complement of the p-well mask). 1t dopes the
pesubsirate in arcas where there are no a-transistors p* using a phos
toresist mask-{Fig. 3.7¢). This, in conjunclion with the thick ficld
oxide that will cover these areas, aids in preventing conduction

between unrclated transistor source/drains,
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FIGURE 3.7 (continued)
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+ Following the channel-stop implant. the photoresist mask-is stripped,
leaving the previously masked Si0+/8iN sandwich defining the active
regions. The thick field oxide isthen grown. This grows'in arcas
where the SiN Liyer is absent. The oxide grows in both directions ver
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3.2 BASIC CMOS TECHNOLOGY 121

tically and alse Jaterally under the S104/5iN sandwich (Fig. 3.74).
This lateral movement results in what is called a “bird’s beak™
because of the shape of the oxide encroachment under the gate oxide
mask. This gencral oxide construction technique is called LOCOS for
LOcal Oxidation Of Silicon. The oxide encroachment results in an
active aren that is smaller than patterned. In particular, the width
dimension of a ransistor will be reduced from what might be expected
from the photolithography. Other techniques such as SWAMI (Side-
Wall Masked l'salalion)]'z have been developed to reduce the effect of
the bird’s beak. OF additiona! concern is the final planarity of the field
oxide/gate oxide interface. If the difference in height is oo great, the
subsequent conductors may have “siep coverage” problemsin which a
conductor thins and can even break as it crosses a thick to thin oxide
boundary. To counter this, many planarization technigques have been
developed. One such technigue is to pre-eich the silicon in areas
where the feld oxide is 1o be grown by around half the final reguired
field oxide thickness; The LOCOS oxide is then grown and the final
ficld oxide/gate oxide interface is very planar,

» An n-tranaistor threshold voliage adjust step might then be performed
using a p=well pholoresist mask. In current fabrication processes the
polysilicon is normally doped 1, With normal doping concenirations
suitable for small dimension processes, this results in threshold voli-
age for n-devices of around 0.5+0.7 volls. However, the p-device
threshold is around ~1.5 to ~2.0 vohts. Thus the p-device has 10 have
its threshold voliage adjusted more than the n-device. This is donc by
introducing an additional negatively charged layer at the silicon/oxide
interface. This moves the channel from the silicon/oxide interface fur-
ther into the silicon, creating a “buried channel” device.” Following
these lwo steps the gate oxide is grown,

Polysilicon gate definition is then completed. This involves covering
the surface with polysilicon and then etching the required pattern (in
this case an inverted “U7}. As noted previously, the “pely” pate
regions lead 1o “self-aligned” source:drain regions (Fig. 3.7¢).

« An nsplus (n%) mask is then used to indicate those thin-oxide areas
(and polysilicon) thal are to be implanied u™*. Hence a thin-cxide area
gxposed by the nsplus mask will become an 1" diffusion area
(Fig. 3.7f). If the noplus area is in the p-substrate, then an n-channel
trunsistor or n-type wire may be constructed, If the nsplus area is in
the n-well (not shown), then an olsuic contact to the n-well may be
constructed. An ohmic contacl is one which is only resistive in nature
and is not rectifying (as in the case of a diode). In other words, there s
na juaction (n-type and p-type silicon abutting), Current can flow in
both directions in an ohmic contact. This type of mask is sometimes
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called the sefeer mask because it selecrs those transistor regions that
are 1o be a-lype. In modern small dimension processes. o reduce hot
carrier ¢[fects, considerable effort may go into what is wermed “drain
engincering.’"“ Rather thao using one single diffusion or implantation
step and mask to produce the sourcef/drain regions, quite complicated
structures are constructed, Typical of these strucivres is the LDD or
Lightly Doped Drain structure. which is illustrated in Fig. 3.7(g). This
copnsists of a shallow n-LDD implant thag covers the source/drain
region where there 15 no poly (i.e., the normal sourcefdrain region). A
spacer oxide is then grown aver the polysilicon gate. An #* implant is
then used 1o produce n* implants that are spaced from the edge of the
original poly gate edges. The spacer is then remaved, resulting in a
structure that is more resistant o hot-clectron effects. Current 0.23um
processes revert 1o a simpler self-aligned structure presemably
becawse of the complexity of the LDD structure.

The next step usually vses the complement of the n-plus mask,
although an extra mask is normally not needed. The “absence” of un
n-plus region over a thin-oxide arca indicates that the arca will be a p*
diffusion or p-uctive. P-active in the n-well defines possible p-transiss
tors and wires (Fig. 3.7h). A p* diffusion in the p-substrate allows an
ohmic contact 10 be made. Following this step, the surface of the chip
is covered with o layer of 810, The LDE step is not necessarily done
for p-transistors-because their hot-carrier susceptibility is much less
than that of n-teansistors, For this reason, the drawa length dimension
of p-trapsistors might be larger than that of the n-transistors.

Contact cuts are then defined. This involves etching any Si0; down 10
the surface to be comtacted (Fig. 3.71). These allow metal (next step) o
contact diffusion regions or polysilicon regions.

Metallization is then applied o the surface and selectively etched
{Fig. 3.7)) 1o produce circuit interconnections.

As g final step (not shown}, the wafer is passivated and openings to the
bond pods are etched to allow for wire bonding. Passivation protects
the silicon surface against the ingress of contaminants that can modify
circuit behavior in deleterious ways.

The cross-section of the finished n-well process is shown in Fig. 3.8(c). The
layout of the nswell CMOS transistors corresponding to this cross-section is
iHustrted in Fig. 3.8(b). The corresponding schematic (for an inverier) is
shown in Fig. 3.8(a): From Fig. 3.8 it is cviden! that the p-type substraic
accommadates n=channel devices, whereas the n-well accommodates
p-channel devices: (Figure 3.8 also appears in color as Plawe 1)

In an n-well process. the p-type substrate is normally connected to the
negative supply {Vee) through what are termed Vg substrate contacts, while
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the well hag to be connected 1o the positive supply (V) through V), sub-
strate (or well or ub) contacts: As the-substrate is accessible at the top of the
waler and the bottom, connecting the substrate may be sccomplished from
the backside of the wafer. Topside connection is preferred because it reduces
parasitic resistances that could cause latchup {see later). Substrate connec-
tions.that are formed by placing i1 regions in the nawell (Viyp contacts) and
#¥ in the p-type substraie {Vge contacts) are illustrated by Fig. 3.9(a). The
corresponding layout is shown in Fig. 3.9(b). Other terminology for these
contacis include “well comacts,” "body tes,” or “wub ties”™ for the Vpp sub-
strate connection. We will use the term “substrate contact” for both Vyg and
Vi contacts. becavse this terminology can be commonidy used for most bulk
CMOS processes; t should be noled that these contacts are formed during
the implants used for the p-chanael and n-channel rransistor formation.

3.2.2 The p-well Process

N-well processes have emerged in popularity in recent years, Prior to this;
p-well processes were one of the most commonly availuble forms of CMOS:
Typical p-well fabrication steps are similar toan newell process, except that
g pewell is implunted rather then an n-well. The first musking step defines the
pewell regions. This is followed by a low-dose phosphorous implant driven
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FIGURE 3.8 Cross section
of a CMOS inverter in an

n-well process
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FIGURE 3.9 Subsirate and
well contacts in an n-well
process
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in by a high-lemperature step for the formation of the p-well. The weli depth
1% optimized 10 ensure against p-subsirale to ¥ diffusion breakdown, with-
oul compromising p-well to p* separation, The next steps are o define the
devices and other diffusions: to grow field oxide; contact cuts; and metalli-
zation. A p-well mask is used to define p-well regions, as opposed to an
n-well mask in an n-well process. Ap-plus (p®) mask muy be used 1o define
the p-channel transisiors and Vg contacts, Alternatively, we could use an
n-plus mask o define the n-channel transistors, because the masks usuatly
are the complement of each other.

P-well processes are preferred in circumstances where the characteris-
tics of the n- and p-iransistors are required 1o be more balanced than that
achievable in an n-well process. Because the transistor that resides in the
nitive substrate tends 10 have better characieristics, the p-well process has
better p devices than an n-well process. Because p-devices are inherently
lower gain than n devices, the n-well process exacerbates this difference
while a p-well process moderates the difference.

3.2.3 Twin-Tub Processes

Twin-tub CMOS technoloay provides the basis for separate optimizotion of
gY P P P

the p-type and n-1ype transistors; thus making it possible for threshold voli-
age, body effect, and the gain associated with n- and p-dévices o be inde-
pendentty optimized.>® Generally. the starting material is either an % or p*
substrate with a lightly doped epitavial or epi layer, which is used for protec-
tion against latchup (sce Section 3.5). The aim of epitavy (which means
“arranged upon”} is o grow high-purity silicon layers of controlied thick-
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ness with accurately determined dopant concentrations distributed homoge-
neously throughout the layer. The clectrical properties of thiy layer are
determined by the dopant and its concenteiation in the silicon, The process
sequence, which is similar to the n-well process apart from the b formation
where both p-well and n-well are utilized, entuils the following steps:

= Tub formuation;

» Thin-oxide construction.

» Sowrce and drain implantitions.
» Comtact cut definition.

s Metallization,

Since this process provides separately optimized wells, balanced perfor-
mance n-transistors and pstransistors may be constrocted. Note that the use
of threshold adjust steps is included in this process, These masks are derived
from the active and n-plus masks. The cross-section of a typical (win-tub
structure is shown in Fig. 3.10. The subsirate contacts {both of which are
required) are also included.

3.2.4 Silicon On insulator

Rather than using silicon as the substrate, wehnologisis have sought to use
an insulating subsirate to improve process characteristics such.as luichup
and specd. Hence the emerpence of Stlicon On Insulator (SO1) technologies.
SO CMOS processes have several potential advantages over the waditiona]
CMOS tccl1n010;_:iz:s..-’l These include closer packing of p-and n-transistors,
absence of lutchup problems, and lesser parasitic substrute capacitances. In

FIGURE 3.1¢ Twin-well
CMOS process cross seclion
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the S80I process a thin layer of single-crystail silicon film is epitaxially grown
on an insulator such as sapphire or magnesium aluminate spim:l.8 Alterna-
tively, the silicon may be grown on Si0 that has been in turn grown on sil-
icon. This option has proved more popular in recent years duc to the
compatibility of the starting material with conventional silicon CMOS fabri-
cation. Various masking and doping technigques (Fig. 3.11) arc then used to
form p-channel and n-channel devices. Unlike the more conventional CMOS
approaches, the extra steps in well formation do not exist in this technology.
The steps used in typical 501 CMOS processes are as follows:

®

®

Athin film (7-8 um} of very lightly-doped n-type 5i is grown over an
insulator. Sapphire or $i0, is a commonly used insulator (Fig. 3.11a).
An anisotropic etch is used to etch away the 51 excepl where o diffu-
sion area (n or p) will be needed. The etch must be anisotropic since
the thickness of the §i is much greater than the spacings desired
between the Si “islands” (Fig. 3.11k, 3.11c).

The p-islands are formed next by masking the n-islands with a pho-
toresist. A p-type dopant, boron, {or example—is then implanted. Ii is
masked by the photoresist, but forms p-isiands at the unmasked
islands. The p-islands will become the n-channel devices (Fig. 3.11d).
The peislands are then covered with a photoresist and an n-type
dopant—phoesphorus, for example=is implanted to [orm the n-islands.
The n-islands will become the p-channel devices (Fig. 3.11e).

A thin gaie oxide (around 100250 12\) is grown over all of the §i
structures, This is normally done by thermal oxidation.

A polysilicon film is deposited over the oxide. Often the polysilicon is
doped with phosphorus 1w reduce its resistivity (Fig. 3,111

The polysilicon is then patterned by photomasking and is ctched. This
defines the polysilicon layer in the structure (Fig. 3.11g).

The next step is 1o form the n-doped source and drain of the n-channel
devices in the p-islands. The n-islands are covered with a photoresist
and an n-type dopant, normally phesphorus, is implanted. The dopant
will be blocked at the a-islunds by the photoresist, and it will be
blocked from the gate region of the p-islands by the polysilicon. After
this step the n-channel devices arc complete (Fig. 3.11h).

The p-channel devices are formed next by masking the p-islands and
implanting a p-type dopant such as boron. The polysilicon over the
gate of the n-islands will block the dopant From the gate, thus Torming
the p-channel devices (Fig. 3.11i).

A layer of phosphorus glass or some other insulator such as silicon
dioxide is then deposited over the entire structure.
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FIGURE 3.11 SOl process
GH flow

o The glass is etched at contact-cut locations. The metallization layer is
formed next by evaporating aluminum over the entire surface and
etching it to leave only the desired mewal wires. The aluminum will
flow through the contact cuts to make contact with the diffusion or
polysilicon regions (Fig. 3.11j)

= A final passivation [ayer of phosphoris glassis deposited and etched
over bonding pad locations (not shown).
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FIGURE 3.11

{continued)

CMOS PROCESSING TECHNOLGGY
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Because the diffusion regions extend down to the insulating substrite,
only “sidewall” areds associated with source and drain diffusions contribute
to the parasitic junction capacitance. Since sapphire and 5i0; are extremely
good insulators, leakage currents beiween transistors and substrate and adjy-
cent devices are almost eliminated,

In order o improve the yield, some processes use “preferentind etch,” in
which the isfand edges are tapered. Thus aluminum or poly mnners can enter and
leave the islands with o minimum step height. Thiyis contrasted 1o “fully aniso-
tropic etch.” in which the undercut is brought 1o zero, as shown in Fig. 312,
An Visotropic eich™ s also shown in the same diagram for comparison.
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The advaniages of SOI technology are as follows:

Due to the absence of wells, transistor structures denser than bulk sil-
icon are feasible, Also direct n-10-p connections may be mude.

+ Lower substrate capacitances provide the possibility for Faster circuits.
+ No ficld-inversion problems exist (insulating substrate).

= There is no laichup because of the isolation of the n- and paransistors
by the insulating substraie,

Because there i no conducting substrate, there are no budy-cifect
problems. However, the absence of o backside substrate contact could
lead 1o odd device characieristics, such as the “kink™ cffect in which
the drain current increases abruptly at around 2 o 3 volts.”

s There iy enhanced radiation olerance (in fact, this iy almest the sole
reason the technology has been justified to date):

However, on the negative side, due to absence of substrate diodes, the
inputs are somewhat more difficult to protect. Beeause device gains are
lower, YO struciures have to be larger. Although parasitic capucitunces to the
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substrate are reduced. the coupling capacilance between wires still exisis so
that the actual reduction in stray lowd capacitance is less than one would
hope (sec Chapter 4), The density advantage of SO1 is not particularly
important, becavse the density of contemporary digital processes is deter-
mined by the number und density of the metal interconnection layers. Single-
crystal sapphire, spinel substrates, and silicon on 5104 are considerably
more expensive than silicon substrates, und their processing technigues tend
1o be less developed than bulk silicon technigues. Recently, companies have
started to produce SO substrates that can be used interchangeably with sili-
con substrates in bulk CMOS fabrication lines. As the barricr 10 using insy-
lating subsirates is reduced, more use of thum might be scen in day-to-day
circuits, where the possible performance increase justifies the increase in
processing cost and complexity.

3.3 CMOS Process Enhancements

A number of enhancements may be added to the CMOS processes, primarily

to increase routability of circuits, provide high-quality capacitors [or analog

circuits and memories, or provide resisiors of variable characteristics.
Thesce enhancements include

¢ double- or tripic- or guadruple-level metal {or more).
» double- or triple-level poly (or more).
= combinations of the above.

We will examine these additions in terms of the additionat fuactionality that
they bring to a basic CMOS process.

3.3.1  Interconnect

Probubly the most important additions for CMOS logic processes are addidonal
signal- and power-routing layers. This eases the routing (especially automated
routing) of logic signals between modules and improves the pewer and clock
distribution to modules. Improved routability is achicved through additional lay-
crs of metal or by improving the existing polysiticon interconnection layer.

3.3.1.1 Meial Interconnect

A second level of metal is almost mandaiory for modern CMOS digital
design. A third fayer is becoming commoen and is ceriainly required for lead-
ing-cdge high-density, high-speed chips. Normally, sluminum is used for the
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metal layers. [F some form of planarization is employed the second-level
mesal pitch can be the same as the first. As the vertical topology becomes
more varied. the width and spacing of meta] conductors has to increase so
that the conductiors do not thin and hence break at vertical topology jumps
{s1ep coverage)

Contacting the second-layer metal to the first-layer metal is achieved by
avda, as shown in Fig. 3.13. I furiher contaet to dilfusion or polysilicon is
required, a separation between the via and the contact cut {s usually required.
This requires a firsi-level metal b 1 bridge between metal2 and the fower-
level conductor, Tt is important to realize that in conlemporary processes
first-level meta) must be involved in any contact to underlying areas. A num-
ber of contact geometries are shown in Fig, 3,14, Processes-usually require
metal borders around the via on both levels of metal although some pro-
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FIGURE 3.13 Two-level
metal process cross section

FIGURE 3.14 Two-lavel
metal vialcontact geornetries
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132  CHAPTER3 CMOS PROCESSING TECHMOLOGY

cesses require none. Processes may have no sesteictions on the plucement of
the via with respect to underlying layers (Fig. 3.14a) or they may have to be
placed inside (Fig. 3.14b) or outside (Fig. 3.14¢) the underlying polysilicon
or diffusion areas. Aggressive processes allow the stacking of vias on top of
contacts, as shown in Fig. 3.14(4). Consistent with the relatively lurge thick-
ness of the intermedinte tsolation layer, the vias might be larger than contact
cuts and second-layer metal may need (o be thicker and require a larger via
overlap although modem processes strive for uniform pitches on metall and
metall.
The process steps for a two-metal process are briefly as follows:

« The oxide below the first-metal layer is deposited by atmospheric
chemical vapor deposition (CVD).

The second oxide layer between the two metal layers is applied inu
_ similar manner.

& » Depending on the process, removal of the oxide is accomplished using
: a plasma etcher designed to have a high rate of vertical ion bombard-
ment. This allows fast and uniform elch rates. The structure of 4 vin
eiched using such a method is shown in Fig. 3.13.

3.3.1.2 Polysilicon/Refractory Metal Interconnect

The polysilicon layer used for the gaics of transisiors is commonly used as
an interconnecct layer. However, the sheet resistance of doped polysilicon is
between 20 and 40 Msquare. I used as a fong distance conducior, a polysil-
ivon wire can represent a significant delay (see Chapier 4).

One method to improve this that requires no extra mask levels is to
reduce the polysilicon resistance by combining it with a refraciory metal
Three such approaches are illestrated in Fig. 3.15.'% In Fig. 3.15(), a siti-
cide (c.g., siticon and tantalum) is used as the gatc material. Sheet resis-
tances of the order of | 10 3 {¥/square may be obtained. This is called the
siticide gate approach. Silicides are mechanically strong and may be dry
etched in plasma reactors. Tantalum silicide is stable throughowt standard
processing and has the advantage that it may be retrofitied inlo existing pro-
cess lines. Figure 3.15(b) uses o sandwich of silicide upon poelysilicon,

Siicide T  Siicics Siigie
« Palyaifigon e Polyailiooe
P gt ol
et LN
] Sicided S0
-subsirate _ preubsirals . pesubstrate
Palysiticon/Sifcide Seli-Aligned Polysican'Sificios
FIGURE 3.15 Ralraciory Silicids Gata {Polycida} {Salicide)

meatal interconnect o} (b} e}
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33 CMOS PROCESS ENHANCEMENTS 133

which is commonly called the pelycide approach. Finally, the silicide/poly-
silicon approach may be extended to include the formation of source and
drain regions using the silicide: This is called the salicide process (Sell
ALligned SILICIDE) (Fig: 3.15¢)k The cffect of all of these processes is to
reduce the “second layer” interconnect resistance, allowing the gate material
1o he used as a moderate long-distance interconpect, This is-achieved by
minimum perturbation of an existing process. An increasing trend in pro-
cesses is 1o use the salicide approuch to reduce the résistance of both gate
and source/drain conductors.,

3.3.1.3 Local inferconnect

The silicide itself may be used 45 a “local interconaeet” layer [or connection
within cells.!! As an example TiN'? is used. Local interconnect allows a
direct conncclion between polysilicon and diffusion. thuy alleviating the
need for grea-intensive contacts and metal. Figure 3,16 shows a portion (p-
devices only) of a six transistor SRAM cellf that uses Jocal imerconnect. The
local interconnect has been used to make the polysilicon-to-diffusion con-
nections within the cell, thereby alleviating the need 1o use metal (and con-
tacts). Metal2 (not shown) bit lines run aver the cell vertically. Use of local
interconnect in this RAM reduced the cell ared by 25%. In general, local

Ipatinleronnnect M

focal interconnect

aratmarconnect

focal intereonnect ,<:"

{not shown pnova) \

it ek
I3 finas run inmekal2

FIGURE 3.16 Local intercon-
nect as used in a RAM cell
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134 CHAPTER3 CMOS PROCESSING TECHNOLOGY

FIGURE 3.17 Polysilicon
capadcitor

interconnect if available ¢dn be used to complete intracel! routing, leaving
the remaining metal layers for global wiring.

3.3.2 Circuit Elements
3.3.2.1 Reasistors

Polysilicon, if left undoped, is highly resistive. This property is used 1o build
resistors that are used in static memory cells, The process step is achieved by
preventing the resisior areas from being implanted during normal process-
ing. Resistors in the cra-02 (102 ) region are used.'? A valuc of 3 TQ,
results in a standby current of 2pA fora | Mbil memory.

For mixed signal CMOS (analog and digiwl), a resistive metal such as
nichrome may be added to produce high-value, high-quality resisiors. The
resistor accuracy might be lurther improved by laser trimming the resulting
resistors on each chip to some predetermined fest specification. In this pro-
cess a high-powered laser vaporizes areas of the metal resistor until it meets
a measurement constraint. Sheet resistance values in the K$/syuare are nor-
mal. The resistors have excellent temperature stability and long-term relia-
biligy.

3322 Capacitors

Good-quality capacitors are required for switched-capacitor analog circuits
while small high-valuefarea capacitors are required for dynamic memory
cells. Both types of capacitors are usually added by using at leasl one exira
taver of polysilicen, although the process wechniques are very different.

Polysilicon capacitors for analag applications are the maost straightfor:
ward. A second thin-oxide layer is required in order to have an oxide sand-
wich between the two polysilicon layers yielding a high-capacitance/unit
area. Figure 3.17 shows a typical polysilicon capacitor. The presence of this
second oxide can alse bo used 10 fabricate transistors. These may differ in
characteristics from the primary gate oxide devices.
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33 CMOS PROCESS ENHANCEMENTS 135

For memory capacitors, recent processes have used three dimensions o
increase the capacitance/area. One popular structure is the trench capacitor,
which has evolved considerably over the years 10 push memory densities o
64 Mbits and h(:yund.’~1 A vypical trench structure is shown in Fig, 3.18(a)."%
The sides of the trench are doped #* and coated with a thin 10am oxide.
Sometimes oxynitride is used because its high diclectric constant increases
the eapacitance. The trench is filled with a polysilicon plug, which forms the
boitom plate of the cell storage capaciior, This is held at Vpp/2 via o metal
connection at the edge of the array. The sidewall ¥ forms the other side of
the capacitor and one side of the pass transistor that is used to enable data
onto the bit lines. The botiom of the trench has a p7 plug that forms a channel-
stop region to isolate adjacent capacitors. The trench is 4um deep and has a
capacitance of 901F. Rather than building a trench, Fig. 3.18(b) shows a fin-
type capacitor used in a 64-Mb DRAM.'®!7 The storage capacitance is 20 to
30NF. The fins have the additional advantage of reducing the bit capacitance
by shielding the bit lings. The fabrication of 3D-process structures such as
these is a constant reminder of the skill, perseverance, and ingenuity of the
process engineer.
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FIGURE 3.18 Dynamic
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3.3.2.3 Electrically Alterable BOM

Frequently, electrically alicrableforasable ROM (EARODM/EEROM) is
added to CMOS processes o yield permanent but reprogrammable storage
to a process. This 1s usually added by adding a polysilicon layer. Figure 3.19
shows a typical memory structure, which consists of a stacked-gate sicuc-
wre. "™ The normal gate is left floating. while o control gate is placed
aboveshe floating gate. A very thin oxide calicd the tunnel oxide separaies
the floating pate from the source, drain, apd substrate; This:is usually about
t0 nm thick. Another thin oxide separates the control gate from the floating
zate. By controliing the contral-gate, source, and drain voltages, the very
thin tunucl oxide between the floating pate and the drain of the device is used
to allow electrons to “tunnel” to or from the floating gate 1o twen the cell off
or on. respectively, using Fowler-Nordheim tunneling (Section 2.2.2.5).
: Alternatively. by seting the appropriate voltages on the terminals, “hot elec-
trons” can be induced 10 charge the floating gite, thereby programming the
transistor. {n non-electrically alterable versions of the technology, the pro-
cess can be reversed by ifluminating the gate with UV light. In these cases
the chips are usvally housed in glass-lidded packages, (See also Section
6.3.2).

3.3.24 Bipolar Transistors

The addition of the hipolar transistor 1o the device repertoire forms the basis
for BICMOS processes. Adding an npo-transistor can markedly aid in reduc~
ing the delay times of highly loaded signals, such as memory word lines and
microprocessor busses. Additienally, for analog applications bipolar transis:
tors may be used 1o provide betier performiance analog functions that MOS
alone.

To get merged bipelar/CMOS functionality, MOS transistors can be
added 1o a bipelar process or viee versa. In past days; MOS processes always
had to have excellent gate oxides while bipolar processes had 1o have pre-
cisely controlied diffusions. A BiCMOS process has w hive both.
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3.3 CMOS PROCESS ENHANCEMENTS 187

A mixed signal BICMOS process™ cross section is shown in Fig. 3.20.
This process features both npn- and pap-transistoss in addition o pMOS and
nMOS wansisiors. The major processing sieps are summarized in Fig. 3.21.
showing the particelar device 1o which they corvespond. The-base Jayers of
the process are similar (o the process shown in Fig. 3.7, The starting materiul
is a lightly-doped p-type substrate into which antimony or arsenic are dif-
fused 1o form an #* buried Jayer. Boron is diffused 1o form a buried p* layer.
Ann-type epitaxiuf laver 4.0 pm thick is then grown: N-wells and p-wells are then
diffused so that they join in the middie of the epitaxial layer This epitaxial
Tayer isolates the pnpstransistor in the horizontal direction, while the buried
a* Jayer isolates it vertically, The npn-trunsisior is junction-isplated. The
base for the pap is then ionsimplanied using phosphorous. A diffusion siep
follows this 1o get the right doping profile. The npr-coliccior is formed by
depositing phosphorus before LOCOS. Field oxidation is carried out and the
gate oxide is grown. Boron is then used to form the petype base of the npre
transistor. Fallowing the threshold adjustment of the pMOS transistors, the
polysiticon gotes.ore defingd. The emitters of the apn-transistors employ
polysilicon rather than a diffusion. These are formed by opening windows
and depositing polysiticon. The 4% and p* sourcefdrain implants are then
completed. This step also dopes the npreemitier and the exirinsic buses of
the npn= and papstransisions (extrinsic because this 15 the part of the base that
is not directly between coliector and emitier). Following the deposition of
PSG, the normal iwo-dayer metallization sieps are completed. (Nore,! Gener:
ating the diffusions may require two distinel steps, the first being to get the
impurities to the area where a dilTusion is required and the second to drive
the diffusion into the substrate to gain an acceplable impurity profile. These
profiles hive a major impact on the performance of the bipolar transistors.)

Representative of a high-density digital BICMOS process is that repre-
sented by the crosy section shown in Fig. 3.22.*! The buried-layer-epitaxial-
layer-well structare is very similur to the previons structure. However,

priransisior n-irangigion

Fyortical isolation

herizontal isolniion

P guilaiisy

FIGURE 3.20. Typleal
mixad signal BICMOS

process cross section;
& IEEE 1990,
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process steps for the cross
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becuuse this'is o 0.8um process, LDD structures must be construcied for the
petransistors and the netransistors, The npn is formed by a double-diffused
seguence in which both base.and emitter are formed by impurities that dif-
fuse out of a covering layer of polysilicon. This process, intended for logic
applications. has.only an npa«transistor. The collector of the npn is cons
nected to the n-well, which is-in twra connected to the Vg, supply. Thus all
npa-collectors are commoned. A typical npn-transistor with a 0.8pm-square
emitter has a current gain of 90 and an f; of 15 GHz.
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3.3 CMOS PROCESS ENHANCEMENTS 138

3.3.2.5 Thin-film Transislors

A thin-film transistor has source/drain and channel regions constructed from
deposited thin films of semiconductor material, Apart from SOl processes.
thin-film transistors are currently used in high-density memories and in flae
. K P Ty
pane! displays, although they have been uround since the early 19605~
Those vsed in memories are examples of TETs that are added 10 existing
CMOS processes. ™
Represeniative of those transistors used in memories isthe p-trunsistor,
which is shown in Fig. 3.23(a), which is used as o load fransistor in a static
memaory eell in a high-density SRAM.? 10 this device, third-level poly
forms the gate of the device, while fourth-level poly 40nm thick forms the
source, drain, and channel. The channel is separated from the zate by o 40nm

diffusion

substraia

gato of p thin tim
{ransistor and drain
of ndsansisior

FIGURE 3.23 Examples of
thin-film pMOS transistors as
used in memories; & |[EEE
1880,
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140 CHAPTER 3 CMOSPROCESSING TECHNOLOGY

oxide. In addition the drain is offsel from the gate by the distance L g, As
shown the transistor is called an “inveried stagpered” thin-film transistor,
The advantage of a pMOS load in memories is that the off current is of the
order of [{J0FA compared 1o abowt 3pA for a polysilicon resistor load, For a
4Mb SRAM this results in-a standby current of 0.2UA. In addition, the on
current is around 10pA, which is high enough to counter any leakage current
that would corrupt the data.

Another thin-film pMOS load wansistor is shown® in Fig. 3.23(b). It is
constructed from & thin film of amorphous (noncrystalling) silicon (o-sili-
con), 100am thick. This film regrows crysial grains when heated 10 about
S007C. The larger the crystals (1-2 pm), the better the on and off character-
istics of the transistor. The gate of the pMOS transistor in this instance is the
source diffusion of the nMOS memory trunsistor. A thin gate-oxide flm
40nm thick sepurates the “substrate” of the thin-film transistor from the gate,
The pMOS transistor is 0.6 wide and 1.4 long. This 3D structure reduces
the size of the memory cell quite considerably. As processes mature, it is
highly likely that more use will be made of three-dimensional structures sim-
ilar 1o these pMOS loads,

Thin-film CMOS transistors are also used in active-matrix LCD displays.ﬂ
These devices have thresholds in the 4-volt renge and mobilitics of arcund 120
e/ Vs for the pechannel and 140 cm’/Vs for the n-channe! iransistors.

3.3.3 3-DCMOS

The addition of thin-film transistors in memories effectively uses the third
{vertical) dimension availuble on a chip. More general 3-D logie structures
have been proposed and fabricated in CMOS.

One such example is shown in the process crossection in Fig. 3.24(a).
The substrate is an a7 substrate upon which a p epitaxial layer is grown,
Siandard n-transisiors are built on this epi layer with the exception of o
“sipker” layer, which allows the sources of n-transistors (o be down-con-
nected (o the 1™ substrate, which forms a ground plane and the Vg connee-
tion. This eliminates half of the metal power wiring because Vg is Ted via
the backside connection. A second gale oxide is grown aver the n-transistor.
A “seed” opening at the n-transistor drain, which allows high-quality silicon
to be grown vertically and laternily, is opened. This is planarized, and a third
oxide is grown on top of this epitaxially grown silicon. A polysilicon gate,
used to implant self-aligned pt source/drains, which extend to the bouom of
the epitaxially grown layer, is added on top of this structure. Planarization
and metallization then are completed.

The final structure has a p- and an a-transistor with 2 common gate,
while the p-transistor has an extra paralle! gate which controls it. This basic
structure allows an inverier and a 2-inpul multiplexer to be constructed
{Fig. 3.24b). Note that there are actually two p-transisiors in paralicl, created

28
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by poly i and poly2. They both act on a common o 501 channel. By connect

ing the two gates together the resulting p-transistor has almost the same p as
the n-transistor, thereby cgualizing signal delays. By adding another series
n-transisior, a 2-input NAND gale may be built (Fig. 3.24¢). In the case of
the inverter the p-source is connected to V. the poly gates are commoned,
and the p-source is “sinkered™ to the substrate. For the 2-input multiplexer
(or selector) the n- and p-sources are connecied to the mux inputs while the
gates are commaned to form the select line. For o NAND gate the poly gates
are separately driven, as shown in Fig: 3.24(c), The diodes shown in the cir-
cuits in Fig. 3.24¢(b) und 3.24(c) are due to the abuiting p* SOI drain of the
p-transistor and the o7 drain of the n-transistor, Using this novel technology.
the inventors were able to design circuits that were up to 33% smaller than
comparable 2-D structures.

3.3.4 Summary

This concludes the discussion of some relevant CMOS 1echnology: Pro-
cesses are constantly under development with new structures aad pew tech:
pigues being introduced to yield smaller. higher speed. less costly, and more
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142 CHAPTER3 CMOS PROCESSING TECHNOLOGY

reliable 1Cs, As a designer, you should keep abreast of CMOS technology
directions because they often make previowpsly impossible systems or ideas
possible. A good forum is the annual [EEE International Electron Devices
Meeting (IEBM).

3.4 Layout Design Rules

Layout rules, also referred 10 as design rufes, can be considered as a pre-
. scription for preparing the photomasks used in the fabrication of integrated
. circuits. The rules provide a necessary communication link between circuit
designer and process engineer during the manufacturing phase. The main
objective associated with fayout rules is to obiain a circuit with optimuem
yield (functional circuits versus nonfunctional cirenits) in s small an area as
possible without compromising reliability of the circuit,

In general, design rules represent the best possible compromise between
performance and yield, The more conservative the rules are, the more fikely
it is that the circuit will function. However, the more aggressive the rules are,
the greater the probability of improvements in circuit performance. This
improvement may be af the expense of yield,

Design rules specily to the designer certain geometric constraints on the
layout artwork so that the patierns on the processed wafer will preserve the
- topology and geometry of the designs. Tt is imporiant 1o sote that design
rules do not represent some hard boundary between correct and incorrect
{abrication. Rather, they ropresent a tolerance that ensures very high probu-
bility of correct fabrication and subsequent operation. For example, one may
find that a fayoul that violates design rules may still function correctly, and
vice versa. Nevertheless, any significant or {requent departure (design-rule
waiver) from design rules will seriously prejudice the success of a design.

Two seis of design-rule constraints in a process relate to line widths and
interlayer registration. If the line widths are made too small, it is possible for
the line to become discontinuous. thus fending to an open circuit wire, On the
other hand, if the wires are pluced wo close to one another, it is possible for
them to merge together; that is, shorts can occur between two independent
circuit nets. Furthcrmose, the spacing between twe independent fayers may
be aflfected by the vertical topology of a process.

The design rules primarily address two issues: (1) the geometrical repro-
duction of feawres that can be reproduced by the mask-making and litho-
graphical process and (2) the interactons between different layers,

There are several approaches that can be taken in describing the design
rules. These include "micron’ rules stated ot some micron resolution, and
lambda(A }-based rules. Micron design rules are usually given as a listof min-
imum feature sizes and spacings for all the masks required in a given process.
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3.4 LAYOUT DESIGN RULES 143

For example, the minimum active width might he specified as | pm. This is
the normal style for industry. The lambda-based design rules popularized by
Mead and Conway”? are based on a single parameter, A, which characterizes
the lincar feature—the resolution of the complete wafer implementation pro-
cess—and permits first-order scaling. As a rale, they can be expressed on a
single page. While these rules have been successfully used for 4~1.2 fim pro-
cesses, they will prohably not suffice for submicron processes.

Normally, there is some minimum grid dimension in terms of which the
desipn rules are expressed. This is a result of the cconomic reality that even-
twally the mask has to be built and the higher the lithographic tolerance, the
higher the cost of the mask. Also, historically, some musk making systems
had digital accuracy limitations (i.e., 16 bits of precision). Al the 1.25p-2p
Tevel, o minimum grid unit of .2-.251 was adequate. In submicron processes
a value of .05=.1 is more common, In this text, we will use the A rules o
illustrate principles, Normal industry practice is 1o deal with the micron
dimensions to ensure that the circuits built are as small as possible. Contem-
porary CAD 1ools now alfow designs to migraie between compatible CMOS
processes without having to resort 10 the finear scaling that & rules impose.

3.4.1 Layer Representations

The advances in the CMOS processes are generally complex and somewhat
inhibit the visualization of all the mask levels that are used in the actual fab-
rication process. Nevertheless the design process can be absiracted to a man-
ageable number of conceptual layout levels that represent the physical
featurcs observed in the final silicon waler. At a sufficiently high concepiual
level all CMOS processes use the following fentures:

» Two different subsirates.

» Doped regions of both p- and n-iransister-forming material.
« Transistor gate electrodes.

= Inlerconnection paths.

+ Inlerlayer contacts.

The layers for typical CMOS processes are represented in various figures in
crms of:

= a color scheme proposed by JPL bused on the Mead-Conway colors.

« other eolor schemes designed to differentiale CMOS structures {e.g..
the colors as used on the front cover of this book)

< varying stipplc patterns.
s varying line styles.
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144 CHAPTER 3 CMOS PROCESSING TECHNOLOGY

TABLE 3.1 Layer Representations for the n-well
CMOS process
LAYER COLOR SYMBOLIC COMMENTS

N-well Brown Inside brown is n-well, out-
side is p-type substraie.

Thin-oxide Green n-transistor Thinox may not cross a well
boundary.

Poly Red Palysilicon Generally 1,

Fr Yeliow p-iransistor Inside is p*.

Mutatl Light blue Meiall

Mutal2 Ton Memi2

Contacticut, via Black Contact

Metald Grey Mesd3

Overglass

Some of these representations are shown in Table 3.1, Where dingrams are pre-
sented, a fegend will be used to indicate uny different fayer assignments from
these defaulis. Al the mask level, some layers may be omitted for clarity. At the
symbolic level only n- and piransistors will be shown (i.c., no wells or select
layers). The symbolic representations should be viewed as translating to the
appropriate set of masks Tor whatever process is being considered.

The pewell and twinstub bulk CMOS processes as well as the SOI pro-
cess can be represented in a similar manner. For example, inpwell bulk
CMOS the only difference in the resulting wafer structure is the reversal of
the role of the well and the original substrate. Different process lines may
use dilferent combinations of the #%, p*, n-well, or p-well masks o define
the process. It is very important to intimately understand what set of masks a
particular process Hne uses if you are responsible for generating interface
formats. For instance, an #* mask, which is the reverse of 4 p* mask, may be
uscd. Thus # active arca denotes n-transistors, and so on. Conceptually, the
mask levels in a silicon-on-insulator process are probably the simplest, The
levels and visible geometry in this process correspond directly o the features
that a designer has to deal with conceptually (ie., neregions and poregions).
Perhaps the most significant difference between SOI and bulk CMOS pro-
cesses, from the designer’s point of view, is the absence of wells.

3.4.2 CMOS n-well Rules

in this section we describe a version of n-well rules based on the MOSIS
CMOS Scalable Rules and compare those with the rules-for a-hypothetical
{but realistic) commercial g CMOS process (Table 3.2). The MOSIS rules
are expressed in terms oF L. These rules allow some degree of scaling
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3.4 LAYOUT DESIGN RULES 148

TABLE 3.2 CMOS Layout Rules

AMuRULE
L RULE 0,57 u RULE
& N-well layer
A.1 Minimum size 10A 54 2
A2 Mintimum spaviag
{wells at same potential) GA. 3 T
A.J Minmum spacing
{wells at different potentials) gA dp i1}
B, Active Ares
B.1 Minimuni size kFY E11 iy
B.2 Minimum spacing 3A L5p I
B.3 Newell overlap of p* 5A 23p 1
B.4 Bawell overlap of 57 3A L3u u
B.35 Nowell space won® 5k T Su
B.6 N-will space 1o p* 3R 150 I
C.Paly 1
C.1 Minimum size X i H
C.2 Minimum spacing 2A i iy
C:3 Spacing 0 Active LA 3.5 (.50
C.4.Gate Extension IR It i
B3, p-plusfu-plus (p", #” Tor shert)
D1 Minimumaveriap of Active 2FY i n
0.2 Minhmun size TA 35p Ip
0.3 Minimuwm overlap of Active in
abutting contact (see Fig 3.2 1A 050 2y
(1.4 Spacing of ptinT 10
wHpt gaie 3k 154 L5
E. Contact
E.! Minimum size A {1 (.75
£.2 Minimum spacing (Poly) 2A Iy I
E.7 Minimum spacing (Active) 24 i 0,754
EA Minimum averlap of Active A 1 0.5u
E.5 Minimum overfap of Poly 22, i 0.5p
E6 Mininwme awerlap of Metali 1A 0.3u HETT)
E.7 Minimumspacing 1o Gt 2X fu fu
F. Metall
E Minimum size EY S LA I
F.2 Minimum spacing 3A L3u T

(eontinied)
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146 CHAPTER 3 CMOS PROCESSING TECHNOLOGY

TABLE 3.2 (continued)

Mp RULE
» RULE (0.51) u RULE
G. Via
G.1 Minimum Xize 24 I 0.73u
.2 Minimum spacing 34 1.5u 1.5u
G.3 Minimum Metal! overlap 12 0.54 0.5
G.4 Minimum Metal2 overlap 1A 0.51 0.5u
H. Mletal2
H.1 Minimumisize 3R t.5u 1
H.2 Minimum spucing 44 2 i
I Via2
1.1 Minimum size 2R 11 it
1.2 Minimum spacing 3R 1.5u 1.5
J. Metald
1.1 Minimum size 84 4 44
_; 1.2 Minimum spacing 3A 251 254
1.3 Minimom MetalZ overlap X g fp
T4 Minimuom Metal3 overfap 2A u fu
1 K. Passivation
K. I Minimum opening 100p 100y
K.2 Minimum spacing 1501 150U
. between processes s, in principal, we only need o reduce the value of A and
the designs will be valid in the next process down in size, Unfortunately, his-
tory has shown that processes rarely shrink uniformiy. Thus industry usually
uses the actwal micron-design rules and codes designs in terms of these
dimensions, or uses symbolic layout systems to target the design roles
exactly. At this time. the amount of polygen pushing is usually constrained
10 & number of {requently used standard cells or memories, where the effort
expended s amortized over many designs. Alternatively, the designs are
done symbolically. thus relieving the designer of having 1o deal dircctly with
the pctual design rules.
The rules are defined in terms of:

s leature sizes,
= separations and overlaps:
In addition 1o the rules stated-above, there are various spacing cules forthe

periphery of the chip-which Trequently depend on the vendor {c.g., spacing
of ail layers to die boundary is 20-30u).
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3.4 LAYOUT DESIGN RULES

For cach mask required in a procesy onc needs to know whether it is
“light field” or “dark field,” whether light will pass through the mask to
expose a photolithographic pattern or whether fight will be blocked by the
mask. In addition, biases are added or subtracted from the drawn dimen-
sions of the mask (o allow for varying types of processing. For instance,
the sciive mask might be blosted to tuke into nccount the encroachment of
field oxide during LOCOS. Conlacts might be shrunk as etching tends wo
make them larger during processing. The rules in Table 3.2 are illustrated
in Fig. 3.25 (and in Plate 2). The comparison between the lambda rules and
micron rules reveal differences that arc sceentuated as process line-widihs
are reduced below the Tpm level In particulur, the metad widths and spac-
ings and contact overlaps yicld different pitches. For instance, the metall
comtacted pitch (contact to comtact) is 4.5 for & = 0.5y bul 2.75p for the
equivalent micron rules. Thus the micron rules resull in a 50% size reduc-
tion. The metal? rules differ by 54 1o 2.75u—almost a factor of 2. As
many circuity are dominated by routing, this can wransiate almost directly
10 the final density of the circuit, On the other hand, the transistor pitch is
generally determined by the contact-poly-contact pitch, which is 4t for the
A rules and 3.25p for the micron ruies, which cun also fead to significant
fayout density differences.

TABLE 3.3 Submicron CMOS Process Dimensions

LAYER NEC™ HITACHI'!  TosHIBA™  HiTACHP?  BMM
Gate {5nm [3.3nm Hinm Tom
Ontide
Poly! Widih 55p {650 U S 3p An
forp)
Space 33y 6U 6
Poly? Width 351 64 Su
Space 550 B Rl
Poly3 Widih 550 Rl A
Space B3l GH Tu
Polyd Width O
Spake JOH
Contact Size O K
hetall Width oy p 1A A
Spate A3 Ol Ty Ap
Via Size 6u 1.2
Metal2  Widih o 7 LAy A5p
Spuce it} byt 1.2 B3
Metald Width 55u
Spuace J3u

147
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3.4 LAYOUT DESIGN RULES 1499
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A7 A O e drpoeniingd

FIGURE 3.25 (coniinued)

Represcntative of processes in the 0.23-0.60 range, the previous tuble
{Table 3.3) summarizes the basic dimensions from published papers describ-
ing 4Mb static CMOS SRAMs and high-speed microprocessors. The RAM
processes tend to have more poly lavers (between 2 and 4) to enuble small,
dense memory cells o be constructed and the logic processes tend 10 have
more metal layers (2 (o 4) 1o improve routability.

_\ These can be wsed as a guide to estimate sub b technology rules. In par:
s ticutar the paper deseribing the IBM 0,23 process in Table 3.3 provides u
good overview of the considerations that go into & . 23pm process;
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158  CHAFTERA CMOS PROCESSING TECHNOLOGY

3.4.3 Design Rule Backgrounder

In this section we witl examine some of the reasons for the design rules listed
above,

Well Rules:  The n-well is usually a deeper implant compared with the
transistor source/drain implants, therefore it is necessary for the cuside
dimension to provide sufficient clearance between the n-well edges and the
adjacent n™ diffusions. The inside clearance is determined by the transition
of the field oxide across the well boundary. Some processes may permil zero
inside clearance, but problems such as the “birds-heaks’ effect usually pre-
vent this, A further point to be noted is that to avoid a shorted condition,
active is not permiticd to cross a well boundary. Since the n-well sheet resis-
tance can be several KOs per square, it is necessary to thoroughly ground the
well. This will prevent excessive voltage drops due to substrate currents.
Thus the rule to follow in grounding the n-well would be to put 2 subsirate
contact wherever space is available consistent with the rules outlined in Sec+
tion 3.5.

Transisior rules:  Where poly crosses active, the source and drain diffusion
is masked by the poly region. The source, drain, and channel are thereby sclf-
aligned 1o the gate. It is essential for the poly 1o completely cross active, oth-
crwise the transistor that has been created will be shorted by o diffused path
between source and drain, To ensure this condition is satisfied, poly is required
o exiend beyond the edges of the diffusion region. This is often termed the
“gale extension.” This effect is shown in Fig. 3.26(n) where the diffusion has
increased in size and the poly has been overetched, resulting in a short, The
thin oxide must extend beyond the poly gate so that diffused regions exist o
carry charge into and out of the channel (Fig. 3.26b). Poly and active regions
that do not meet intentionally to form a transistor should be kept separated.
Both types of transistors have an active region (diffusion or implant) and a poly- ™
silicon region. A p-device has an n-well region surrounding it, whergas an
n-device has an #* (n-plus) region surrounding it Thin oxide areas that are not
covered by nare p* and hence are p-devices or wires (within the n-well),
Therefore a transistor is n-channel if it is inside an #¥ region; otherwise itis a
p-channel device. From the above discussion it can be noted that there are two
types of implant/diffusion used to form the p- and n-transisiors. What is impor-
tant to note is thal # diffusion is obtained by “logical anding” of active and »n*
(n-plus) masks, whercas p* diffusion is derived by “logical anding™ of active
and (NOT 5™} masks. Frequently, in order to simplify design the n-plus andfor
peplus masks are ignored during design and inserted sutomatically. A problem
can oceur if the orthogonal distance of 1 (n-plus) 10 p (p-plus) is used (Rule
B.3 + B.5 for instance or B.4 + B.6). While the select layers may be added
without problems for orthogonally spaced structures, diagonally positioned
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diffusions may violate the n-plus~p-plus spacing rules, In symbolic layout sys-
tems this frequently leads to a second set of spacings that describe diagonal
constraints.

Contact Rules:  There are several penerally available contucis;

= Metal 1o p-active (p-diffusion),
s Metal 1o peactive (n-diffusion).
o Mol to polysilivon;

o Vi and Vg substrate confacts,
» Split (substrate contacts).
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152 CHAPTER 3 CMOS PAOCESSING TECHNOLOGY

FIGURE 3.27 Stuciureofa
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Depending on the process, other contacts such as “buried™ polysilicon-active
contacts may be allowed. This contact allows direct conncetion between
polysilicon and the active trassistor region. Sometimes this type of contact is
allowed 1w only one type of active area.

Because the substrate is divided into “well” regions, each isolated well
must be “ticd” to the appropriate supply voltage: that is. the n-well must be
tied to Vi and the subsirate (what amounts (o a p-well) musi be tied to Vyy.
This i5 achieved by the use of well or substrate contacts. One needs (o note
that every p-device must be surrounded by an pewell and that the n-well
must be connected 1o Vypy via a Vip contact. Furthermere. every n-device
must have access 1o a Vg contact, The split or merged contact is equivalent
1o 1wo scparate metal-diffusion contacts that are strapped together with
metal (Fig. 3.27). This structure is used to tie transistor sources to either the
substrate or the n-well. A version is also shown at the source of the
n-transistor in the inverter in Fig, 3.23. Separate conlacts are shown; this is
consistent with modern processes, which usually require uniform contact
sizes 1o achieve well-defined ciching characteristics, Merged contact strucs
tures in older processes may have used an elongated contact reclangle
{Fig. 3.27). The Vgoor Vpp merged contacts may be inset inlo the source of
the corresponding n-transisior where wide transistors are employed. An
allernative separated contact structure is shown {or the Vi, contact for the
petransistor in Fig. 3.25. Here the w* well comtact is separated from the p*
sourceddrain diffusion.

Guard Rings:  Guard rings that are p* diffusiens in the p-substraie and #*
diffusions in the mawell are used 1o collect injected minority curriers, If they
are implemented in a structure, then o™ guard rings must be ticd to Vyp.
while p* guard rings must be ticd to Vg A p¥ diffusion with o guard ring is
shown in Fig. 328, while an v diffusion with p* guard ring:is shown in
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A-welt coliseior

p-plug

Fig. 3.28(b). Different well-enclosure rules may apply for guard-ring struc-
tuges. The reason for guard rings will become more clear in Section 3.3. Inci-
dentally, the structure shown in Fig. 3.28(n) is also that for a pop transistor if
onc was required. The transistor teeminals have been marked. The area of the
center p* region is the area of the emitter. The base is the nowell and is con-
nected via the #7 ring. The collector is the subsirate.

FIGURE 3.28
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Guard rings
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184  CHAPTER3 CMOS PROCESSING TECHNOLOGY

Metal Rules:  Metal spucings may vary with the width of the metal line
{so-called far-metal rules). That is, at some width, the metal spacing may be
increased. This is due o ech characteristics of small versus large metal
wires, There may also be maximum-metal-widih rules. Additionally, there
miy be rules that are applied 1o long clesely spaced parallel metal lines.
Some processes require a certain proportion of the chip area 10 be covered
with metal, and in such cascs metal might have to be added to chip “white
space” (assuming there is some!). These rules usually relate to consiraints
imposed by manufacturability requirements.

Via Rules;  Processcs may vary in whether they atlow vias to be placed
over pelysilicon and diffusion regions. Some pracesses allow vias 10 be
placed within these arcas but do not allow the vius to siraddle the boundary
of polysilicon or diffusion. This results from the sudden vertical topology
variations that occur at sublayer boundaries.

Metai? Rules:  The possible invrease in widith and scparation of second-
level metal are conservative rules to ensure against broken conductors or
shorts between adjoining wires due to the vertical topology. Modern pro-
cesses frequently have the metal! and metal? pitches identical.

Vin2 Rules:  Similurly 1o first vius, the rules for placement of via2 may
vary with process,

Metald Rules:  Thesc rules usually but not always increase in width and
separstion over metal2, Metald is generally used primarily for powerssupply
connections and clock distribution,

Some additional rules that might be present in some processes are as ol
lows:

= Extension of polysilicon in the direction that metal wires cxit a von-
tact,

o [iffering p- and n-transisior gate lengths.

« Differing gate poly extensions, depending on the device length or the
device construction,

Whereas earlier processes tended to be process driven and frequently
have long and involved design rules, increasingly more processes have
become “designer fricndly” or more specifically computer friendly because
miost of the mask geometries for designs are algorithmically produced. Also.
system compunies have created "generic” rules that span a number of differ
ent CMOS foundries that they might use. Some processes have design guides
lines that feature structures 1o be avoided to cnsure good yields. In general
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3.4 LAYOUT DESIGN RULES

though, at this time, process technology is so well developed, features so
small, and time to market so short that the traditional yield improvement
cycle is only done for the highest volume pants. Frequently, the technology
changes so fast that it is better (0 reimplement the circuit in the new smaller
technology than worry about improving the yield on the older larger process.
OFf course i some time, a limil will come 10 how small technologics can be
made and then a return to classical yield optimization will probably resurface.

Passivation or Overglass:  This is a protective glass fayer thal covers the
final chip. Openings are required at pads and any internal test poinis.

3.44 Scribe Line

The scribe line is a specifically designed structure that surrounds the com-
pleted chip and is the point at which the chip is cut with a diamond saw. The
construction of the scribe line varies from manufactueer 10 manufaciurer,

3.4.5 Layer Assignments

Table 3.4 lists the MOSIS Scalable CMOS Design-rule layer assipnments for
the Caltech Intermediate Form (CIF) language and Calma stream {ormat,

TABLE 3.4 MOSIS Scalable CMOS Design-rule

Laver Assignments
LAYER CIFLAYER NAME CALMA NUMBER
Well CWG 14
N-well CWN |
Powell CWPp 2
Active CAA 3
Select C8G i5
Puselect CSk #
M-select CSN 7
Poly CPG 4
Poly Contact CCr 45
Poly 2 {Electrode) CEL 5
Eleetrode Contact CCE 55
Active Contact CCA 35
Metall CMF 10
Yia CVA |
hetal2 CMS 12
Vg2 cvB 65
Metal3” CMT 04
Overglasy COG i3

FAwthur's s ignee
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3.4.86 SOl Rules

Usually SOI rules closely follow bulk CMOS rules cxcept that #* and p*
regions can abut. This allows some interesting multiplexer and latch circuits.
A spacing rule between island edge and uarelated poly is used to ensure
against shorts between the poly and island edges. This can be caused by thin
or faulty oxide covering over the islunds,

3.4.7 Design Rules—Summary

In commercial designs, A rules are rarely sufficient 1o describe high-density,
high-performance circuits. While all of these rules can be worsi-cased, very
inefficient designs result. A better approach is 1o implement sysiems that
synthesize the correct geometry from an intermediate form. Therefore, sym-
bolic styles of design provide a solution for creating generic CMOS circuits
that can be implemented with a wide range of {abrication processes,

3.5 Latchup

If every silver lining has a cloud, then the cloud that has plagued CMOS is g
parasitic circuit effect called “latchup.” The result of this effect is the shori-
ing of the Vpp and Ve lines, usually resulting in chip self-destruction or at
least system {athure with the requirement to power down. This effect was a
critical factor in the fuck of acceptance of early CMOS processes, but in cur-
rent processes it is controlled by process innovations and well-understood
circuit techaigues.

3.5.1 The Physical Origin of Latchup

The source of the latchup effect™ 1637 muy be explained by cxamining the

process cross seclion of a CMOS inverter, shown in Fig. 3.2%(a), on which is
overlaid an equivalent circuit. The schematic depicts, in addition 1o the
expected nMGS and pMOS transistors, a circuit composed of an npn-transis-
tor, a pap-transistor, and two resistors connected beiween the power and
ground rails (Fig. 3.29b). Under the right conditions, this parasitic circuit has
the VI characteristic shown in Fig. 3.29(c), which indicates that nbove some
critical voltage (known as the trigger point) the circeit “snaps™ and draws a
farge current while maintaining a low voltuge across the terminals (known as
the holding voltage). This is, in effect, o short circuit. As mentioned, the
bipolar devices and resistors shown in Fig. 3.29¢b} are parasitic, that is, an
unwanted byproduct of producing pMGS and nMOS transistors. Further
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examination of Fig: 3.29{4) reveals how these devices are construcied. The
figure shows a cross-sectional view of a typical (n-well} CMGS5 precess. The
(vertical) pap:transistor has its emitter formed by the p* sourcefdrain
implant used in the pMOS trapsistors. Note that either the drain or source
may act us the emitier although the source is the only terminal that can main-
tain the latchup condition. The buse is formed by the n=wel, while the col-
lector is the p-substrate. The emitter of the (lkueral) npn-transistor is the at
sourcefdrain implant, while the base is the p-substrate and the collector is the
n=well. In addition, subsicile resistunce B ond well resistance £,
are due to the resistivity of the semiconduciors invalved.

Consider the circuit shown inFig. 3.29(b). 1f a current is drawn from the
npn-emitter, the emitter voltage becomes negative with respect o the basc
until the base emitter voltage is approximately 0.7 volis. AL this point the
npn-transistor wras on and a current flows in the well resistor due 1o com-
mon emiiter current amplification of the npn-transisior. This raiscs the base

3.5 LATCHUP - 157

FIGURE 3.28 The origin,
model, and VI characteristics
of CMOS Latchup
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emitier voltage of the pnp-transistor, which turns on when the pap Vy, =-0.7
volts, This in turn raises the npn base voltage causing a positive feedback
condition, which has the characteristic shown in Fig. 3.2%c). At a certain
npn-base-emitter voltage, called the trigger poine, the emitter voliage sud-
denly “snaps back™ and enters a stable state called the ON state. This state
will persist as long as the voliage across the two transistors is greater than
the holding voltage shown in the figure. As the emitter of the npn is the
source/drains of the n-transistor, these terminals are now at roughly 4 volis.
Thus there is sbout 1 volt across the CMOS inverter, which will most likely
cause it 10 cease operating correctly. The current drawn is usually destructive
to metal lines supplying the latched up circuitry.

3.5.2 Latchup Triggering

For latchup 1o occuwr, the parasitic npr=pap circuit has 10 be triggered and the
holding state has to be maintained. Latchup can be triggered by transient cur
rents or voltages that may occur internally to a chip during power-up or
externally due to voltages or currents beyond normal operating ranges. Radi-
ation pulses can also cause lutchup. Two distinct methods of triggering are
passible, lateral triggering and vertical triggering.

Lateral triggering occurs when a current flows in the emitter of the lat-
eral npn-transistor. The static trigger point is set by™

. Vpn[ﬁan 11
wrigger= & TR . 3.0
npa - weld
where
Vonp-on — 0.7 volis—the turn-on voltage of the vertical pnp-transistor
C,,pn = common base gain of the tateral npn-transistor

R,y = well resistance.

Vertica! triggering occurs when a sufficient current 3s injected into the emit
ter of the vertical-pap transistor. Simifar to the lateral case, this current is
multiplied by the common-base-current gain, which causes a vollage drop
across the cmitier base junction of the npn transisior due to the resistance,
R ibairare When the holding or sustaining point is entered, it represents a sta-
ble opcrating point provided the current required to stay in the state can be
maintained.

Current has to be injected into either the npn- or pap-cmitier (o iniliale
Iatchup. During normal circuil operation in internal circuitry this may occur
due to supply voltage transients, but this is unlikely. However, these condi-

LG Display Co., Ltd.
Exhibit 1012 -
Page 139 |


jharris
Sticky Note
None set by jharris

jharris
Sticky Note
MigrationNone set by jharris

jharris
Sticky Note
Unmarked set by jharris


tions may occur at the VO circuits employed on a CMOS chip, where the
internal circuit voltages meet the external world and large currents.can flow.
Therefore extra precautions need to be taken with peripheral CMOS circuits.
Figure 3.30(a) illusirates an example where the source of an nMOS output
traasistor experiences undershoot with respect to Vg due 1o some external
circuitry. When the cotput dips below Vg by more than 0.7V, the drain of the
nMOS outgut driver is forward biased, which initiates latchup. The comple-
mentary case is shown in Fig. 3.30(b) where the pMOS output transistor
expericnces an overshoot more than 9.7V beyond Vpp. Whether or not in
these cases latchug occurs depends on the pulse widths and speed of the par-
asitic transistors.

Chip boundary

Z

:
E
i

Chep boundary

i
4
H

Ibi
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FIGURE 3.30 Externally
inducad latchup
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3.5.3 Latchup Prevention

For latchup o occur an analysis of the circuit in Fig. 3.20(b) finds the follow.
ing inequality has to be true*:

[gnpn +1) ”Rmb:lmrc + IRH'(*”ﬁpnp] ! {3.2)

B B »i=
324 s
e IDIJ IRsm'ss‘!re;t:f

where

[R.wb,trraw TR
sabsirate

f n Vbe pip
Ruell ™

RH'L’”
{pp = total supply current.

This equation yiclds the keys 1o reducing latchup (o the point where it should
never oecur under normal circuit conditions: Thus, reducing the resistor val-
ues and reducing the gain of the parasitic transisiors are the basis for glimix
nating Iaichup,

Latchup may be prevented in two basic ways:

+ Latchup resistant CMOS processes, )
« Layout techniques,

A popular process option that reduces the gain of the parasiiic ransis-
toes ks the use of silicon slarting-material with a thin epitaxial layer on wop of
a highly doped substrate. This decreases the value of the subsirate resistor
and also provides a sink for collector current of the vertical pap-transistor,
As the epi layer is thinned, the latchup performance improves until o point
where the up-diffusion of the substrate and the down-diffusion of any diffu-
sions in subsequent high-temperature procession steps thwart reguired
device doping profiles. The so-called retrograde well stroeture is also used.
This well has a highly doped arca ot the bottom of the well, whereas the 1op
of the well is more lightly doped. This preserves good characteristics for the
pMOS (or nMOS in p-well) transistors but reduces the well resistance deep
in the well, A technigue linked to these two approaches is 1o increase the
hofding voltage above the Vpp supply. This guarantees that latchup will not
OCCUT.

It is hard 1o reduce the betas of the bipolor transistors to meet the condi-
tion set above. Nominally, for a 1y n-well process, the vertical pnp bas a
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beta of 10-100, depending on the technology. The lateral npn-current-gain,
which is w Tunction of #% drain 1o n-well spacing, is beiween 2 and 5H
{These values are Hlustrative=-they should be checked for the particular pro-
cess being used.)

Apan from the inherent resistance to latchup of a particular process,
there are a8 number of well-proven technigues to design CMOS layouis tha
are latchup resistant.

3.5.4 Internal Latchup Prevention Techniques

From Fig. 3.29(b) it may be scen thal the emitier of the npn-transistor has to
an nMOS transistor source returned to Vg The substrate resistor occurs
between this emitier and the supply represented by a substrale contact.
Clearly, if the n-transisior source is shoried to the p* substrate contact, much
has been done to reduce Bypoe0e- Conversely, the well resistor oceurs
between the p* source nominally to Vyp and the #* well contact. Thus a key
technigue 1o reduce laichup is to make good use of substrate and well con-
tacts.

In most curtent processes the possibility of lutchup cecurring in internal
circuitry has been reduced to the point where a designer need not worry
aboul the effect as long as Hberal subsirate contacts are used. The definition
of “liberal” is usually acquired from designers who have completed success-
ful designs through a given process. Modeling the parasitics is possible,*?
but the actual switching transients existent in the circuit have a great effect
on any possible larchup condition. A few rules may be followed that reduce
the possibility of interaal latchup to a very small likelihood:

Every well must have a substrate contact of the appropriate type.

Every subsirate contact shoeld be connected 1o metal directly to a sup-
pty pad {i.e., no diffusion or polysilicon underpasses in the supply
rails).

Place substrate contacts as close as possible 1 the source connection
of transistors connected to the supply rails (i.e., Vg n-devices, Vpp
p-devices). This reduces the value of R b re 808 R A very con-
servative rule would place one substrate contact for every supply (Vg
or Vpp) connection.

Otherwise a less conservative rule is place a substrate contact for
every 510 transistors or every 251004,

Lay out - and petransistors with packing of n-devices toward Vigand
pucking of p-devices toward Vi (see layout styles in Chapter 5),
Avoid “convoluted” structures-that intertwine n- and p-devices in
checkerboard styles (unless you are designing in SOI which is latchup
free).

35 LATCHUP
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FIGURE 3.31 The useof
dummy collectors 10 reduce
lalchup

3.5.5 VO Latchup Prevention

Reducing the gain of the parasitic transistors is achieved through the use of
guard rings (first encountered in Fig. 3.78), A p¥ guard ring is shown in Fig.
3.31a) for an #* source/drain, while Fig. 3.31(b) shows an n* guard ring for
a p* sourceldrain, As shown in the figures, these guard bands act as “dummy-
collectors” and spoil the gain of the parasitic transistors by collecting miner-
ity carriers and preventing them from being injected into the respective
bases; Carriers can still Jow underncath these structures which leads some-
times 1o double guard banding which is illusirated in Fig. 3.31(c). While
these techniques can be used on internal structures, the area penalty is usu-
ally oo high except for applications such as space-borne electronics where
radiation induced lutchup must be avoided ot all costs.

Luckily enough, as has been observed, the most likely place for [aichup
to oceur is in IO structures where large currents flow, large parasitics may be
present, and abnormal circuit voliages may be encountered. Here the area
penaliy of guard rings is not at all significant. In these structures two options
can be taken. The first is 1o use proven YO structures designed by experts
who undersiand the process at a detailed level. Second, rules may be applied
1o the design of these siructures that minimize the possibility of latchup.
Typical rules (n-well process) include:

= Physicully separate the n- and p-driver transistors (i.c., with the bond-
ing pad).

p* collecis hole curtant
iharaby shialding n* sourco/drain

fay i

elecron cunent

1

Vex Wi

I S A
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36 TECHNOLOGY-RELATED CAD ISSUES 163

» Include p* guard rings connected 1o Vyg around n-transistors,
e Include n* guard rings-connected © Vpp around paransisiorns,

Sonrce diffusion regions of the n-transistors should be placed <o that
they e along equipotential lines when current flows between Vypand
the pewells; that is: source fingers should be perpendicularto the dom-
inani direction of current flow rather than paralicl to it, This reduces
the possibility of fatchup through the n-transistor source, due to an
effect called “field aiding.""

 Shorling s-transistor source regions to the substrate and the p-transis-
tor source regions to the w-well with metallization along their entire
lengths will aid in preventing either of these diodes from becoming
forward-biased. and hence reduces the contribution to Iaichup from
these components.

o The n~well should be hard-wired (via n*) 1o power 5o that any
injected charge is diverted 10 Vypy via a low-resistance path. The
n-well has.a relatively high sheet-resistance and is susceptible to
charge injection.

The spacing between the n-well ¥ and the p-transistor source contact
should be Kept to a minimum. This allows minority carriers near the
parasitic pap-transisior emitter-base junction to be collected, and
reduces £, The rules for the 1§ process suggest one contact for
every 1{u~3504.

= The separation belween the subsirite p* and the n-tronsistor source
contact should be minimized. This results in reduced minority carrier
concentration néer the npi-emitter-base junction. Similar spacings to
those suggested above apply for processcs in the [ range.

More details on layout and design techimigues for VO circuitry may be found
in Chapter 5,

3.6 Technology-related CAD Issues

The mask databese is the interface between the semiconducior manufacturer
and the chip designer. Two basic checks have to be completed to ensure that
this description can be twurned into a working chip. First, the specified peo-
moetric design rules must be obeyed, Second, the interrelationship of the
masks must. on passing through the manufacturing process: produce the cor-
rect interconnected set of circuit elements. To check these two requirements,
two basic CAD tools are required, nagely a Design Rule Check (DRC) pros
gram and o mask circuit-cxtraction program. The most common approach to
implementing these 1ools is lo provide a ser of subprograms that perform
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general geomelry operations. A particular set of DRC rules or extraction
rules for a given CMOS process {or any semiconductor process) is then spees
ified by a specification of the operations that must be performed on cach
mask and the intermask checks that must be completed. Accompanied by a
writlen specification, these rivr-sets are usually the defining specification for
a process, [

In this section we will examine a hypothetical DRC und extroction sys-
tem to illustraie the nature of these run-sets.

3.6.1 DRC—Spacing and Bimension Checks

Although we might design the physical layout of a certain sct of mask layers;
the aclual masks used in faubrication are derived from the original specifica-
tion. Similarly. when we want a program to determine what we have
designed by cxamining the interreliutionship of the various mask layers, it
may be necessary o determine various logical combinations between masks:

To examine these concepts, let us posit the existence of the following
functions (loosely based on the CADENCE DRACULA DRC program™),
which we will apply 10 a geomelric database (i.e.. rectangles, polygons,
paths):

= AND layerl layer2 => layer3]
ANDs layerl and layer? together to produce laver3 (ic., the
intersection of the two input mask descriptions)

= OR layerl layer2 -»> layerl
ORs layeri and laver2 together (o produce laverd (ie, the
union of the two input mask descriptions)

e NOT laverl laver?Z -> layerd
Subtracls leyer? from layerl o produce layer (ic., the dif-
ference of the two inpul mask descriptions)

* WIDTH laver » dimension ->» laver3d
Checks that all geomelry on Layer is lurger than dimension. Any
that is not is placed in layer?

* SPACE layer = dimension -» laverd
Checks that all geomelry on layer is spaced further than dimen-
sion. Any that is not is placed in layver3

The following Tayers will be assumed as input
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3.6 TECHNOLOGY-RELATED CAD ISSUES

rptal

Typically, useful sublayers are first generated. First, the lour kinds of
active area are isolated. The set of rules to accomplish thiv'is as {ollows:

WO all mwell =» substrat

N nwell anvive =» nwelle-gctive
MO sctive nwell -» pwsll-pchive
AND nwell-active pplus -» pdiff
AMD nwell-active nplus -5 wvddn
AND pwell-active nplus -» pdiff
AND pwell-active pplus

In the above specification a number of new layers have been specified. For
instance, the first rule stales that wherever nwell is absenl, a fayer called
substrace exists. The second rule siates that all active areas within the
nwell are nwell-active, A combinglion of nwell-activa and
pplus or nplus yields pdi ££ (p diffusion) or vddn (well tie).

To find the transistors, the following set of rules is used:
AN poly ndiff =» ngdtas

AND poly pdiff -» pgates

The first rule stales that the combination of polysiticon and n diffusion yiclds
the noates region—all of the n-transistor gaes.
Typical design rule checks (DRC) might include the following :

» 1.2% -» metal-width-at

SLDTH 1
> 1.0 =» pelal-space-ery

SPACE

-t

For instance the first rule deteemines if any metal is narrower than 1,254 and
places the errors in the metal -widtheerraor layer. This layer might then
later be used with the original and an intecractive mask editor to identify the
LITOrs.

A bloat command changes the dimensions of a layer.

* BLOAT laverl dimension -> laverd
Expand or comtract 1ayverl by dimens ion to produce 1a

For instance

5 ; al 9.5

) ehal «axp

would create u luyer metal-exp in which all metsd geomeiries. were
increased in sive peripherally by 0.5u. Bloats and shrinks may be used 1o
derive other required layers. For instance, if the gates of all p-transistors had
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188 ~CHAPTER3 CMOS PROCESSING TECHNOLOGY

1o be increased in length by 0.5y, the following sequence might be used:

BLOAT pgates 0.25 -pgatesibiiat
The following sequence produces the nplus layer from an original specifi-
cation conaining only ndi f £ (n-transistors) and vddn (Vpp subsirate ties),

AND ndiff vddn all-ndaEf
proa? all-ndiff 2 npius

3.6.2 Circuit Extraction

New imagine that we wish to determine the electrical connectivity of 2 mask
database. The following commands are required:

*« CONNECT layerl layer?Z
Electrically connect Layerl and layer?2

= MOS name drain-laver gate-layer source-.ayer
substrateslayer
Define sn MOS wransistor in terms of the component terminal layers.
{This is admittedly, a fitle bit of magic.)

The connections between layers may be specified as follows:

CONMNECT aptive-contact pdiff
CONNECT dogive-centact ndiff
CONNECT active-contact vidn
CONNECT active-contac
CONNECT artive-coniad
CONNECT vasp substrat
CONNECT vddn nwell

CONNECT poly-contact poly
CONNECT poly-contact metal

VESED
meral

¢
:

[
€

The connections between the diffusions and the metal are specified by the
first seven statements. The last two slatements specifly how the metal is con-
nected to the poly.

Finally, the active devices are specified in terms of the layers that we
have derived.

HOS nmos nd fL ngaves odiff substrate
MOS pmes pdiff pgates pdiff nwell

An ocutput stalement might then be used to output the extracted ironsis-
fors in some netlist format (i.e., SPICE format). This is then used us an inter-
fuce o a program ihit compares the connectivity that we have denved from
the mask with that of, say, a circuit diagram.
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It is important to realize that the shove run set i manually generated.
The data extracted from such a program is only as good as the input. For
instance, if parasitic routing capacitances are required, then each and cvery
layer interaction must be coded. If parasitic resistance is important in deter-
mining circuit pesformance, it too must be specifically included in the
extraclien run sel. Many different coding styles exist that define the abstracl
fayers in which the designer conceives the layout. For instance, if there are
different rules that specify 2 well overlap for a guard structure compared
with an internal structure, then a special guard layer might have to be coded
in the mask database. Similar decisions have 1o be made concerning struc-
tures, such as resistors, that are constructed from diffusion or polysilicon.

3.7 Summary

This chapter has covered some of the more common CMOS iechnologies
that are in current use. A representalive set of n-well design rules have been
introduced. These form the interface between the designer and the manufac-
turer. A range of process options were discussed 1o enbance the basic CMOS
pracess. The important condition known as lstchup has been introduced
along with necessary design rules to avoid this condition in CMO35 chips.
Finally, some of the CAD/process interfuce issues were surveyed.

3.8 Exercises

1. A p-well process has the following layers:

p-well
active
n-plus
p-plus
poly
contact
metal

Draw the mask combinations Tor the folfowing:
i p-transisior
an n-transisior
1 Vg contact

3.8 EXERCISES
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x

3.9

a Vpp contact
a contact (o an n-transistor sowrcefdrain
a single puard-ringed n-transistor
a double guard-ringed p-transistor
Use the design rules from Table 3.2 as appropriate.

Write a program that can gencrate a single metal CMOS inverter in
an n=well technology that parametizes the widths of the p/n transis-
tors. Use the design rules in Table 3.2,

Explain how the parasitic channel, which couples unrelated nMOS
transistors in an n-well process, is reduced.

How might you use a ficld transistor to prevent overvoltage in a
CMOS chip?

Explain why substrate and well contacts arc important in CMOS.
How does a "dummy collector” prevent latchup?

& pad requires a pull-up resistor, which is implemented as o
p-transistor that has the source connecied 10 Vg, Does this structure
require any latchup protection? What about an n pull-down (£ = jupert,
G=Vpp §=Veg)?

A CMOS process has uncqual a- and p-transisior lengths (Ly = 0.8,
Lp=1.0u). However, a design is desired that uses the sume length for
each device (1.0u}). Construct a DRC run-set using the commandy
outlined in Section 3.6.1 that will correctly shrink all the n-trunsistor
gates (1.0u~> G.8p), and output daia for the final polysilicon mask,
assuming that the overall mask has to be bloated by 0,14,

Maost BRC systems deal with merged “canonical” dutabases, where
the sectangles, polygons, etc., in the geometric database are merged
before geometric operations are commenced. What could happen to
abutting geometric shapes if the source geometry were sized then
canonicalized?

Appendix—An n-well CMOS
Technology Process Flow

This section covers in gory detail the processing steps in a now old but rep-
resentative n-well process developed at the University of California at
Berkeley. It is described in terms-of a Process Input Description Language
(PIDLY, ™ which can be used by a software process emulator 1o predict the

L
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3.9 APPENDIX—AN N-WELL CMOS TECHNOLOGY PROCESS FLOW

topologies of the finul structures. The steps are representative of those taken
in processes today, albeit somewhat less complicated. The overall process
flow gives an idea of the many steps required to produce even a simple
CMOS chip.

The commands in the PIDL language are as [ollows:

SUBSTRATE «MNAME-> (*TYPE=[P,N] IMPURITY={ | ]

Specifies the subsirate name, type. and impurity level,

OXIDE «<NAME: THICKNESS = [ |

Specifies onide layer and thickness.

DEPOSITION =<NAME> (*} THICKNESS=|

Specifies a layer and thickness of & deposited layer. The (%) is {ollowed

by TYPE=L | IMPURITY=1 ] if the deposited layer is silicon.

ETCH «<NAME> DEPTH=[ |
Specifies a material and an cich depth.

= DOPE TYPEx P, N} PEAKs] ] DEPTH=[ | DELTA=] |
BLOCK |
Specifies parmeters necessury o define a diffusion siep.

o MASK «RESIST NAMEs «HYPOSED NAME> <MASK NAMES

<POLARITY OF MASE:

Specifies a resist layer and associated information.

The complete process input file is as follows (with abbreviations) (© [EEE
1983y

e TP lollr nhe substrate Lype and

Initial oxidation:

. OXIDE QXU THICK=O.1p

suriave

orn the gilicon

Mewell delinition:
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176 CHAPTER'S CMOS PROCESSING TECHNOLOGY

184 DOBE Ty

13, ETCH OX TH=0
14 GAIDE OX3 THIC

All active area definition:

LS. DEPO MTRD THICK
L6 DEPO BET THICKs

DRET M

6.8

Field dope for n-channel:

HNWL

28, DOPE TYPE:F PE DEPTHR0 LU

DERG

31
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3.9 APPENDIX—AN N-WELL CMOS TECHNOLOGY PROCESS FLOW 171

LPCVD oxide (Liquid Phase Chemical Yapor Deposition Oxide):

4%, DEFG QX6 THICK=0.5; deposit oxide

Contact defipition:

1 oopntact wask

RET TH
RET DRET

5

¢Aluwminuml
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CHAFTER2 CMOS PROCESSING TECHNOLOGY

Using the abbreviations and language definitions, the sequence in pro-

cessing may be truced. For instance, steps 3136 deposit and etch the poly-
silicon layer, Step 31 deposits 3 of pelysilicon. Step 32 deposits .5y of
resisl called R5T. Step 33 masks this resist with a positive polysilicon mask
and calls the exposed resist DRST. Siep 34 etches BRST o a depth of 6.
The exposcd polysilicon Is then etched 1o & depth of .6y in step 35, Finally,
resist RST is ciched away, leaving the final polysilicon pattern, Cross sece
tions may be generated nutomatically from this process file using the
SIMPL-1 program.*’
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