Advanced VLSI Design  Details of the MOS Transistor 111 CMPE 640
\

@econdary Effects
Variations in the I-V characteristics:

The current-voltage relations deviate significantly from the ideal expres-

sions.
The ideal expressions are:
| . = OXD_““ (V V)2(1+AV (Saturation)
D~ _”n%_ GS™ VT DS
ox[]
V2
(¥ ox0W DS .
Ip = M, OXE_ (Ves—V1)Vps-— —- (Linear)

The most important reasons for this difference are:
* Velocity saturation effects
* Mobility degradation effects
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~\

@econdary Effects
Velocity Saturation:

We modeled carrier mobility, |, as a constant.

We stated carrier velocity is proportional to the electric field, inde-
pendent of its value.

This holds up to a critical value of electric field, E_, after which the veloc-
ity of the carriers tends to saturate:

A ; Electrons in p-type silicon:
- | Usat = 10 Eg = 1-5V/pm
§ | Constant velocity Ut = 10 Cm/sec
g | Therefore, only about 2 volts
e Consi;ant mobility (slope =)  are needed for NMOS devices
> | with a channel length of 0.25um.
|

> : e
E.=1.5 E(V/um) Holes in n-type silicon:
E.>10V/ um
Velocity saturation Doy = | O em/sec (same)
J
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@econdary Effects h
Velocity Saturation:

Revised linear equation:

2

H.C \

b= ——> EW (Ves=V1)Vps- 58
EVDSD

L+ G0

Kl O

C Y, Vv Vbs Vv
= (K, ox)DL (Ves=V1)Vps——5— [K(Vpg)
. 1
with K(V) = ————
1+DLD
g LU

For long-channel devices (L is large) or small values of Vg, K

approaches 1, and the equation simplifies to the traditional equation.

For short channel devices, K is less than 1 and current is reduced.
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@econdary Effects h
Velocity Saturation:

Revised saturation equation:

Ipsat = YsatCoxW(Ves—V1—Vpsat)

Further increases in Vhg does NOT yield more current and the transistor

current saturates at Ipgat-

For Vpgat < Vgg - V1 (for short channel devices), the device enters satu-
ration before Vg reaches Vg-Vr.

Saturation region is extended.
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(Secondary Effects: Velocity Saturation )
This yields a linear relationship between the saturation current and the gate-
source voltage.

Linear

—

I
40 5.0

| |
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Vps (V)

Long-channel devices

3I.0
Vps (V)
Short-channel devices

J
1.0 20

Linear relationship with Vg W = 4.6um
Extended saturation region (to be discussed). L = 1.2um

However, reducing the operating voltage does not have such a significant
effect in submicron devices as it would for long-channel devices.
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@econdary Effects h
Mobility Degradation:

Mobility degradation is a second effect of reducing channel-length.

This reduces transistor current even at "normal" electric field levels.

The reduction in the electron mobility is caused by the vertical component
of the electric field (which was ignored before).

A
~ l‘lno .
g 700 E, is the transversal
> electrical field.
o
=
NS
= 1) 0| NP~
|
—
E(V/um) 100
Mobility Degradation
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fSecondary Effects h
Subthreshold Conduction:
The transistor is partially conducting for voltages below the threshold
voltage.
The region is referred to as weak-inversion.
0.25 1072
Vpg is held constant V
-4 T :
at 5V. 107 - Linear -
— -6
<é: 107 - —
0 | Sub-threshold ‘ :5 108 _ |
— | operation
Subthreshold exponentia
10710 region —
: |
1
I
0 : | 10712 | | |
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
VGS (V) VGS (V)
Right logarithmic plot shows current decays in an exponential fashion.
J
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@econdary Effects h
Subthreshold Conduction:

In the absense of a conducting channel, the n™ (source) - p (bulk) - n*
(drain) terminals actually form a parasitic bipolar transistor.

The rate of decrease of current is described by:
Vv -V
- GS k_D where Ig and n are
| D = | Sen T/q%[ _e T/q%l + }\VDS) empirical parameters
[ [ (n ~1.5)

Ideally, I should fall to zero very quickly after Vg falls below V.

The inverse rate of decline of the current w.r.t. Vg below Vris a quality

measure of a device, and can be quantified by the slope factor S.

S = n%%_%ln(m) mV /decade

S measures by how much Vg has to be reduced for the drain current

to drop by a factor of 10.
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@econdary Effects h
Subthreshold Conduction:

For an ideal transistor, with the sharpest possible roll off, n =1 and (kT/
q)In(10) evaluates to 60 mV /decade at room temperature.

Therefore, subthreshold current drops by a factor of 10 for a reduction in
VGS of 60 mV.

Unfortunately, n is greater than 1 for actual devices and current falls at a
reduced rate (90 mV /decade for n = 1.5).

The current roll-off is further decreased by a rise in operating temperature
(most chips operate at a temperature considerably above room temp).

Minimizing these leakages is particularly important in dynamic circuits,
which store logic values as charge on a capacitor.

The value of n is affected by different process technologies, e.g., SOL
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(SPICE Models A
The complexity of the behavior of the short-channel MOS transistor has

resulted in a variety of models of different accuracy and computing effi-
ciency.

The LEVEL parameter in the model statement selects the model:
e LEVEL 1:
Implements the Shichman-Hodges model, which is based on the square
law long-channel expressions.
Best used to verify a manual analysis.

e LEVEL 2:
Geometry-based model, which uses detailed device physics to define its
equations.
It handles effects such as velocity saturation, mobility degradation and DIBL
but is too complex and inaccurate to handle all 3D effects.
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(SPICE Models A
* LEVEL 3:
A semi-empirical model (depends on measured device data to define its
parameters).
e LEVEL 4:

Berkeley Short-Channel IGFET Model (BSIM).

Provides an analytically simple model that is based on a small number of
parameters extracted from experimental data.

It is accurate as well as simple and is the most popular model.

e LEVEL5-n:
There are many other models supplied by SPICE vendors and semicon-
ductor manufacturers.

Some of the parameters on the following slides are redundant.
For example, PHI can be computed from process model parameters.
User-defined values always override those that can be computed.

J

% UMBC ! 10204




3

Advanced VLSI Design  Details of the MOS Transistor 111 CMPE 640
(SPICE Parameters LEVELS 1-3 )
Parameter Name Symbol | SPICE name | Units |Default Value
SPICE Model Index LEVEL - 1
Zero-Bias Threshold Voltage V1o VTO \Y 0
Process Transconductance k’ KP A/V2 1.0E-5
Body-Bias Parameter y GAMMA V05 0
Channel Modulation A LAMBDA /v 0
Oxide Thickness tox TOX m 1.0E-7
Lateral Diffusion X4 LD m 0
Metallurgical Junction Depth X; XJ m 0
Surface Inversion Potential 21 gl PHI \Y 0.6
Substrate Doping Na, Np NSUB cm3 0
Surface-State Density Qss/q NSS em3 0
Fast Surface-State Density NFES cm3 0
Total Channel Charge Coef NEFF - 1
Type of Gate Material TPG - 1
Surface Mobility Ho uo cm2/V-sec 600
Maximum Drift Velocity Umax VMAX m/s 0
Mobility Critical Field Erit UCRIT V/em 1.0E4
Critical Field Exponent in MD UEXP - 0
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Advanced VLSI Design  Details of the MOS Transistor III

CMPE 640

(SPICE Parameters LEVELS 1-3 )
Parameter Name Symbol |[SPICE name| Units |Default Value
Transverse Field Exponent UTRA - 0
(mobility)

Source Resistance Rg RS Q 0

Drain Resistance Rp RD Q 0

Sheet Resistance (Source/Drain) R/sq RSH Q/sq 0
Zero-Bias Bulk Junction Cap Cjo CJ F/m?2 0
Bulk Junction Grading Coeft. m MIJ - 0.5
Zero-Bias Side-Wall Junction Cap. Ciswo CISW F/m 0
Side-Wall Grading Coeff. Mg, MIJSW - 0.3
Gate-Bulk Overlap Cap. Copo CGBO F/m 0
Gate-Source Overlap Cap. Cos0 CGSO F/m 0
Gate-Drain Overlap Cap. Cedo CGDO F/m 0

Bulk Junction Leakage Current Ig IS A 0
Bulk Junction Leakage Current Js JS A/m?2 1E-8

Density
Bulk Junction Potential @ PB \Y 0.8
\—— J
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CMPE 640

(SPICE Individual Transistor Parameters
The following parameters are specified on the device line, not within the

\

transistor.

Parameter Name Symbol [SPICE name| Units |Default Value
Drawn Length L L m -
Effective Width W W m -

Source Area AREA AS m?2 0

Drain Area AREA AD m?2 0

Source Perimeter PERIM PS m 0
Drain Perimeter PERIM PD m 0
Squares of Source Diffusion NRS - 1
Squares of Drain Diffusion NRD - 1

Note that zero is assumed for many of these if left unspecified !
NRS and NRD multiply the sheet resistance RSH specified in the model to
give the series source and drain resistance.

ML 2 1 O O NMOS W1, 8U L=1. 2U NRS=0. 333 NRD=0. 333
+ AD=6. 5P PD=9. OU AS=6. 5P PS=9. 0U

M 2 155 PMOS W=S. 4U L=1. 2U NRS=0. 111 NRD=0. 111
+ AD=16. 2P PD=11. 4U AS=16. 2P PS=11. 4U

J

(10/12/04)



