CSCE 613 - Week 4
Sy Sreilasan Fall 2005
CMOS VLSI Design

CMOQOS Transistor
Models

(part 2 — resistance, capacitance)

Adapted/extended by James P. Davis, Ph.D.
Dept. of Computer Science & Engineering
University of South Carolina

Weste and Eshraghian, 1995.

Topics of Week 4

0 Discuss the CMOS transistor — a simpler “switch” model, but
considering static and dynamic effects of resistance and
capacitance.

Q0 This material is from Chapter 3 — Rabaey et al., g 3.3.2 (second
part), pp. 104-114. Slides for Chapter 3, #s 34.45. The abaey text
is pretty good in this material, but | still augment with narrative
from the Weste et al. text (© 1995 Addison Wesley, Inc.)

0 The continuing focus is on different aspects of device
that are relevant to our set-up of building hlgh-performance low-
power systems out of these devices. The analysis now
progresses to look at Capacitance as a function of V5 (moving
from cut-off to linear) and V5 (moving between linear and
saturation).

0 This material is important: (1) if you are gomg to be a VLSI deVIce
engineer, where you are gning th of
structures in a new technology library accompanylng anew
process, and (2) if you are going to be a VLSI systems engineer
and you are going to design high-speed, low-power circuits on
some aggressive CMOS technology platform.

Summary of MOS Transistor Operating Regions

a Strong Inversion Vgg > Vi
= Linear (Resistive) Vps < Vpgar
= Saturated (Constant Current) Vg > Vpgar

aWeak Inversion (Sub-Threshold) Vg < V¢
= Exponential in Vg with linear V5 dependence




The Transistor as a Switch

Vs 2Vr

This model is even simpler than
the Unified Model introduced in the
last lecture.

Transistor switches between having
an infinite “off” resistance, and
having a finite “on” resistance.

This resistance is affected by the
dynamic behavior of the switching
activity; we simplify it so that we
assume an average resistance

VD, value of the endpoint of the operating
region under consideration.

See example 3.8 Rabaey et al.,
E.\r_._] pp. 104 — 105.

The Transistor as a Switch

Lx10’ Points of the model:

Resistance is inversely proportional to W/L
ratio; thus, doubling the width cuts
resistance by %.

For Vpp >> Vi + Vpsar/2, resistance
becomes independent of supply
voltage.

R (Ohm)

Once supply voltage approaches VT, the

y

s 3 25 The simulation curve shows Req for 0.25
Voo V) micron CMOS process as f(VDD),
Vs = Vpp, Vps = from Vpp to Vpp/2.

Table 3.3 Equivalent resistance R, (WIL® 1) of NMOS and PMOS transistors in 025 um CMOS
process {with L = L.}, For larger devices, deide R, by WL

Faa (V) 1 13 2 21

NMOS (kD) 38 T 15 13

PMOS k) us a5 £ 3

Overview of MOS Model Components

0 Resistance Models

= Resistance calculations for conducting layers

— Sheet resistance Rs for metal.

— Sheet resistance for Polysilicon.

— Resistance for Diffusion.

— Resistance calculations for non-rectangular areas
= Resistance calculations Rc for Transistor-forming channel areas.
= Resistance calculations for Contacts and Vias.

o Capacitance Models
= MOS Capacitor calculation ‘Co’ (without Source and Drain).
= Load Capacitance
— Gate capacitance (of inputs connected to output of gate).
— Diffusion Capacitance (drain regions connected to outputs).
— Routing Capacitance (of connections between outputs and other inputs).
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Resistance Calculations

OO

Calculate R for Conducting Layers Calculate Rs for Metal

/ (om Use Cass Visw) (Sheet Resistance)

(from Use Case View)
Calculate R for Transistor Forming
rs

%
(rom Use Case View) \
Calculate/Lookup Re for Difsion

(from Uss Cass View)

Calculate R for Contacts & Vias

Calculate/Lookup R for Poly

(from Use Case View)

VLS| Engineer

(from Use Casa View)

(rom Use Case View)

Channel Resistance (Ro): Sheet Resistance (Rs):
Re = k (LW) Rs = rholt

(LW) (1/ (mu Cox (Vgs -V1))) | [R=Rs (W) ohms
mu = mobility of majority carriers

electrons: n-channel
holes : p-channel ©2002 Dr. James P. Davis
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Device Parasitic Resistance

Source-drain resistances: One type of parasitic of the device is resistance,
which is becoming more of a factor as we scale to ever smaller geometries
(with shallower junctions and smaller contact openings).

This resistance is a function of resistance in the contact, transistor width W, and
length L of the source or drain region (depending which we are looking at), and
sheet resistance of the drain-source diffusion (this is constant for the square,
independent of its size).

It’s a problem because it reduces I, for a given Vs, so we want to minimize it
By covering D-S regions with titanium or tungsten (silicidation) to reduce R,
We can also make the transistor wider.

sheet*

Polysilicon gate
Drain
contact

Dynamic Behavior of MOS Transistor

o Context:

+ Given that we switch our transistors
from high to low, and vise-versa, there
are dynamic capacitance effects on
the materials.

e Model:

< We can examine each of the
components that make up the
capacitance associated with the
transistor materials and substrate,then

@ F—_|_Can combme_lhem together_to getan
overall picture of capacitance.
s [_ D There are different forms of
] J I i that are relevant to our

analysis. We need to consider each in

C ¢

Con b o Some capacitance analysis must be
done-relative to the operating mode of
the transistor (static) and in what

5 direction it may be switching

(dynamic).

Each component of the overall

capacitance is labeled; some of these

Again, we use the term “Bulk” for the silicon material substrate components have sub-components

in which the transistor is situated. (see the Use Case diagrams).

| —|




Capacitance Calculations

We first model the capacitance
across the Gate to the substrate
Bulk, independent of S ource and
Drain.

Given the Vgb woltage (Vgb < 0,
Vgb ~ 0, Vgb > 0), we have the Gate
regionin one of 3 states.

Evaluate Co in Accumulation Mode

Calculate Co for MOS Capacitor Evaluate Cdep in Depletion Mode

Evaluate C in Inversion Mode
VLS| Engineer

from Use Cose View)

<<PartOp>

Calculate Gate Capacitance

Calculate MOS Transistor

rasitics <<Paror>

Calculate Difusion Capacitance
©2002 Dr. James P. Davis

<<PartOp>

10 Calculate Routing Capacitance.

MOS Capacitance

Weste et al., 1995.
o Definition:
N . - yed
-~ We consider the capacitance - -
effects of the Gate to substrate |
(Bulk), without accounting for the &, =
Source or Drain. |
This will establish a baseline Co
from which we add results from ’
other capacitance calculations as
we evolve the model. -

e Behavior: w -

< The capacitance-voltage
characteristic depends on the

“state” of the substrate surface: - '?- i ]

< Accumulation: the MOS structure | =
acts like a parallel plate & | E—— .‘,
capacitor. I Lo !

+ Depletion: additional capacitance s _ o
is created as a result of voltage | e \L
creating a depleted region under | I l____
surface of substrate. L4 <

Inversion: the presence of higher
voltage creates region of high
conductivity in the channel.

Gate Capacitance - The Geometry

Polysilicon gate

L T,
IGate-bqu Cogre = WL
overlap o

Top view

Gate oxide

Cross section
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Gate Capacitance

o Definition: Weste et al., 1995.

< We define a set of individual
“lumped” capacitances
associated with the Gate region
and the substrate.

Now we consider the effect of
capacitance associated with
Source and Drain regions as
well.

o Behavior:

.~ Total Gate capacitance is the é
sum of individual ones as shown
in the circuit diagram.

< Gate-to-channel: has 3 regions

of operation. fi;»
. Off region g L

~ Non-saturated region
< Saturation L wowle
Charge-based model: use
approximation. O &_‘)\ o
Unit transistor: assume general
sizing for ease of calculation soue
during layout. S

Gate Capacitance-2

o Cut-Off region: Weste et al., 1995.

L. Off region, where V,, < V. When the MOS device is “OFF,” there is no
channel, and hence Cp, = Cyy = 0. Cyy, can be modeled as the series com-
bination of the two capacitors (C, and Cm,). as shown in Fig. 4.3(d).

o Non-saturated region:
2. Non-saturated region, where Vg, — V; > Vy,. As a result of the forma-
tion of the channel, the gate-to-channel i Cys and Cyy,

now become significant. These capacitances are dependent on gate
voltage. Their values can be conservatively estimated as

I [[En‘sm,)‘l
wd T Ny |

o Saturated region:
3. Saturated region, where Vo = V¥, < V. In this mode the channel is
heavily inverted. The drain region of the channel is pinched off,

causing Cgy to be zero. Cy, increases to approximatel

Gate Capacitance

Ey | we Ey—ees =Y W

Operation Region Con e Coa
Cutelr CoxWlyy 0 0
Triode [] CotWiog'2 | CogWlegl2

Saturation [ (20)C WV T

Most important regions in digital design: saturation and cut-off
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Gate Capacitance — Dynamic Behavior

Once the transistor is turned on,

Large fluctuation in Capacitance the distribution of the gate

around Vs = capacitance depends on the
oo degree of saturation.

Note that total capacitance gets
smaller the further into
saturation region we go.

wic,, | WL,

WLC,, WLC o
Z = ]

Ghannel boing

for gate-body

goes (o zero. Ves Vs VsV 1
Capacitance as a function of V¢ o ot e e
(with Vg = 0) as the bias on the ) )
gate changes. Note, the depletion Capacitance as a ~functmn of the
region under gate looks like a degree of saturation (Vpg > Vg - Vy)
thickening of the gate dielectric,
thus reducing Capacitance.

16
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Gate Capacitance-3

o Approximations:
« We can use a set of empirically determined Gate capacitances for the MOS transistor, based
on the following set of parameters: Cgb (gate to substrate bulk), Cgs (gate to source), Cgd
(gate to drain), and summing these to generate values for total Cg.
« Each intrinsic approximation must be based on the region of operation for the given transistor
being analyzed in the circuit.

TABLE4.3 Approximation of intrinsic MOS gate capacitance
CAPACITANCE
Parameter off MNes-saturased Satumated
Cp u 0 o
fax
(e 0 2ed
Cot (1] A 0 (finite for shor chansed devices)
I,

€ = CutC+Cy e A Sed
Ul i e, 5 = I, T Ve chaane)

Weste et al., 1995.

Diffusion Capacitance

Contributed by reverse-biased
source-body and drain-body pn-
Channel-stop implant Jjunctions.

Itis called Junction capacitance
in Rabaey, but Diffusion in Weste.

They use slightly different subscripts,
but are basically the same.

Bottom-plate junction: between the
source (or drain) and substrate (i.e.
“bulk’). “A” subscript is for “acceptors”
and “D” subscript is for “donors”.

Side-wall junction: differences in

- Channel doping levels in the insulation
Substrate N 4 between transistors (“stopper’).
C ive channel: no
C o AREA = € = PERIMETER component.

LW+ €, (2L + W)

Junction depth figures in to provide a
capacitance per unit perimeter (or
“square”).




Diffusion Capacitance

o Definition

~ Shallow n+, p+ diffusions form

source and drain terminals.

- Diffusion regions are used as wires.
Diffusion regions have C to substrate
or well, dependent on the V between
diffusion and bulk (or well), and area
of depletion region separating
diffusion and bulk/well.

o Behavior

< Cd s a function of diffusion to
junction Area. Also a function of base -
area and sidewall area periphery. €= Cjo % (ab) + Cjy % (20 + 26
Sidewall capacitance assumes et
constant depth diffusion, and is i
periphery capacitance per unit
length. Finite depth Xc.

+ Cja: junction capacitance per Sq.

(microns **2). <‘—"—J o = %
+ Cjp: periphery capacitance per depth - f://
*T
-4

(microns).
+ a: width of diffusion (microns).

+ bt length of diffusion (microns). ™ Weste et al., 1995.
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Simplifying the Diffusion Capacitance

Replace non-linear capacitance by
large-signal equivalent linear capacitance
which displaces equal charge
over voltage swing of interest

E OV ) = Q0100

C., - - 5 K, Cq
"A, Viigh = Viow o
-5
. W e Nem_ra -
K, 7 _m![f% Piagn ' ™" = (8 — Vi 3 771

20

Capacitances in 0.25 um CMOS process

3 1216
o T T T JD: This is a simulation
Ves c or 7 plot of capacitance for
38 o minimum sized nMOS
! §7 - 0.25 micron technology.
3 |
= 3 s - The gate capacitance is
27 _|  measured in 10-6 Farads
© A | (the axis label is messed
Question: what do thése R up in the figure).
points correspond to
(roughly)? 32215212050 05 1 15 2
Ves (V)
" W) "y, L
(1] (v
NMOS 6 0.31 2 0.5 0.9 0.28 044 0.9
PMOS 6 0.27 19 048 0.9 0.22 032 0.9

21




Routing Capacitance-1

©2002 Dr. James P. Davis

JD: Rabey et al. don't cover this form of
capacitance until they cover the “wire” models in
Chapter 4. | want to show this to you now SingleWireCapacitance

(because we hope to be using the Mentor tools
soon, which require you know about it now).
<<PartOf>>

VLS! Enginesr Calculate Raumg Capacitance

rom Use Case View) v\

MultieConductorCapacitance  <<parop>

Since there are multiple routing layers, the[™ O

capacitance between layers can become CrossoverCapacitance
complex

LineToGroundCapacitance

LineToLineCapacitance

Routing Capacitance-2

o Definition — Single Wire o Approximations

+ Routing capacitance between metal + Fringing Fields: sub-divide the
and poly layers and the substrate can regions into the rectangular and the
be approximated using parallel plate cylindrical (for the “fringed” end caps)
model. with width: w — /2, cylindrical radius:

+ Effect of “fringing fields” is to } /2.
increase the area of the capacitor < Modeling with these effects yield
plates. higher values for capacitance than

~ Capacitance between adjacent predicted with parallel plate model.
conduct_ors also affect this + cf: equations 4.14, 4.15 (pg. 192),
calculation. Weste et al., 1995.

Routing Capacitance-3

o Definition — Multi-Wire e Approximations
+ Modern CMOS processes have + Line to ground capacitance:
multiple routing layers, and
interactions can be complex. . Line to line capacitance:

Simulations (3-D) are too complex,
therefore we seek approximations
that are reasonably accurate.

Routing structure model: (1) top
ground plane, (2) conductor being
modeled, (3) bottom ground plane. €3 = Cyy + C3 4 €

] top e u hws

T I:HH% condisctor o ntacest :H\_%,ﬂ.: layor2

] batiom ground plane | Iayer 1

~ The equations for A, B

~ Crossover capacitance:

€22 = ACLing-t0-tin, 2 gromnd pianes) n—ﬂl‘r.‘w,\_, _,,H_,,T weighting factors, and their
a i components, are given in
woigheed pon of thaet v 4.18a,b, pg. 194, Weste et al.
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Week 4 Summary

a Circuit effects with CMOS transistors
= Resistance.
= Capacitance.
a We can assess the performance of the
devices we design
= Based on topology and geometry of our
devices in the material substrate.
= We attempt to design in such as way as to
minimize these effects.

25
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