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Ideal Transistor |-V

Shockley first-order transistor models

0 Vgs <V cutoff
Iys =48 <Vgs -V - VSS) Vis Vas < Vigsar  linear
%(Vgs = Vt)2 Vs > Visat  saturation
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Ideal nMOS [-V Plot

180 nm TSMC process

lgs (MA)
400]
300 Vw218
o Ideal Models T
o f=155(W/L) pA/V? V=15
o V=04V S
o Vpp=18V Vgs=1.2
V,, =09
V_=06
& Vds
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Simulated nMOS I-V Plot

180 nm TSMC process
BSIM3 3V3 SPICE models

lgs (HA)
250
200
o What differs?
o Less ON current 150
o No square law

o Current increases in
saturation 50

100

0 0.3 0.6 0.9 1.2 1.5
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Velocity Saturation

@ We assumed carrier velocity o< E-field
o v=pE = PJVdS/L

v sat

o Carriers scatter off atoms
o Velocity reaches vgq; -

o Electrons: 6 — 10 x 10° o
cm/s
o Holes: 4 —8 x 105 cm/s v 12

o Better model /

sat

J slope = n

NElat /

= = U = E 0 ) '
1 + ‘Elat sat pitieas 0 Esat 2Esat SESB'

Esat

lat
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Velocity Saturation |-V Effect

o Ideal transistor ON current increases with VL%D

e W Ve =V _ B 2
Ly = o 2= = LV, — Vi)

@ Velocity-saturated ON current increases with Vpp
Igs = CoxW(‘/gs - %)Vmax

o Real transistors are partially velocity saturated
o Approximate with a-power law model

IdS X VSD

o 1 < a < 2 determined empirically
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a-Power Model

0 Vs <V cutoff
Lis =  Lasar V‘;dst Vis < Vigsar  linear
Lisat Vas > Vst saturation
s (RA) — Simulated
/B 400 a-law
«
Idsat = PC§(‘/95 — V}) Shockley
300
2 V. =18
Vdsat = PV(‘/gs - ‘/t)a/ ] gs
200
a, B, P. and P, are V=15
parameters determined 100 TV, =12
empirically from a curve-fit of 1V, =0.9
|-V characteristics 0 Vg =06

ECE Department, University of Texas at Austin Lecture 15. Nanoscale Design Issues Jacob Abraham, October 20, 2020



Channel Length Modulation

@ Reverse-biased p-n junctions form a depletion region
o Region between n and p with no carriers
o Width of depletion L, region grows with reverse bias
o Lepg=L—Lg

@ Shorter L.y = more current
o Iy increases with Vg
e Even in saturation

GND Voo Voo
Source Gate Drain

Depletion Region
Width: L,

n+ L “/ n+

Leff
P GND bulk Si
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Channel Length Modulation |-V

s = 5 (Vs = V(14 AV
A = channel length modulation coefficient
o Not feature size

o Empirically fit to |-V characteristics

I, (1A)
400
V=18
300
200 Vg =15
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Body Effect

o V}: gate voltage necessary to invert channel

@ Increases if source voltage increases because source is
connected to the channel

@ Increase in V; with Vj is called the body effect

Ve =Vio+7 (Vs + Voo — V41

¢ = surface potential at threshold
N
¢s = 2vrIn(T2)
o Depends on doping level N4
o As well as intrinsic carrier concentration n;

v = body effect coefficient

t v2q€esi N o
Y= eo—m\/ 2qesiNg = C—Z
ox ox
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OFF Transistor Behavior

@ What about current in cutoff?

@ Simulated results don't match measurements
o What differs?

o Current doesn't go to 0 in cutoff

Ids

1 mA Saturgtion Vv
Sub- Region
threshold

=18

100 pA
10 nA
1uA
100 nA
10 nA
1nA
100 pA Slope
10 pA
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Leakage Sources

@ Subthreshold conduction
o Transistors can't abruptly turn ON or OFF
@ Junction leakage
o Reverse-biased PN junction diode current
o Gate leakage
o Tunneling through ultrathin gate dielectric
@ Subthreshold leakage is the biggest source of leakage in
modern transistors

Subthreshold Leakage

@ Subthreshold leakage is exponential with Vi,

Vgs—=Vi —Vis 2 1.8
Ids = Ids()e T 1—evr ) IdsO = ﬁVTe '

@ n is process dependent, typically 1.4 — 1.5
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Other Leakage Sources

Drain-Induced Barrier Lowering (DIBL)
o Drain Voltage also affects V; (V/ = V; — nVys)

@ High drain voltage causes subthreshold leakage to increase

A

Junction Leakage

o Reverse-biased p-n junctions have some leakage

ID:IS (6

Vb
VT_l)

o I, depends on doping levels

o As well as area and perimeter of diffusion regions
o Typically < 1 fA/um?

[]

n+

_I'H‘?‘J
T
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n+

p substrate
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\
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Gate Leakage

Carriers may tunnel thorough very thin gate oxides

Predicted tunneling current (from Song, 2001)

o Negligible for older 10°4 L
processes 106  Voolrend 0.6 nm
0.8 nm
° Becommg critically N’éos, 1.0 nm
important for nanoscale § 1.2nm
transistors =100 1.5 nm
-g
@ However, use of metal 10 9 nm
gates and rare-earth
. . 10*6,
dielectrics (Hf) may
reduce this significantly 109
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Temperature Sensitivity

@ Increasing temperature
o Reduces mobility
o Reduces V;

o [pn decreases with temperature
@ Iprp increases with temperature

1,

A

7~ increasing

y temperature
p

i
V7

YA

~

7
,J,,, v,,
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@ So what if transistors are not ideal?
o They still behave like switches, and isn't that enough for
digital logic?
@ But these effects matter for ...
Supply voltage choice
Logical effort
Quiescent power consumption
Pass transistors
Temperature of operation
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Parameter Variations

@ Transistors have uncertainty in parameters

o Process: Leyry, Vi, tor of nMOS and pMOS
o Vary around typical (T) values

8 FF
S
e Fast (F) T/ /
° Leffi short 8 1:— /
o V;: low %_ / /
@ top: thin / /‘
»———  FS
@ Slow (S): opposite s %
slow nMOS fast

@ Not all parameters are independent for nMOS and pMOS
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Environmental Variation

o Vpp and Temperature also vary in time and space
o Fast:

(4] VDDZ hlgh

o Temperature: low

Corner | Voltage | Temperature
F 1.98 0°C

T 1.8 70°C

S 1.62 125°C
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Process Corners

@ Process corners describe worst case variations
o If a design works in all corners, it will probably work for any
variation
@ Describe corner with four letters (T, F, S)

o nMOS speed
o pMOS speed
o Voltage

o Temperature

Important Corners

@ Some critical simulation corners include

Purpose nMQOS | pMOS | Vpp | Temp
Cycle time S S S S
Power F F F F
Subthreshold leakage | F F F S
Pseudo-nMOS S F ? ?
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Variability

o Variability: Statistical relationship between design parameters
and process parameters
o Need the ability to accurately model the relationship and
incorporate the behavior into simulation tools
o Possible to compensate for the variability
o Example: Lcyy, Vi
o Conductor thickness as a function of interconnect density
@ Modeling deficiencies may make variability look like
uncertainty

o Example: circuit switching activity factor
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Sources of Variatio

Process Variations
* Dopant Fluctuation
* Oxide thickness
* Gate work function
* Line Edge Roughness
* Chemical-Mechanical Polish (CMP)
* Rapid-Thermal Anneal (RTA) Systematic
* Layout proximity effect

Random

Random Systematic

Temporal Variation
* Transistor Aging (e.g. BTI)
* RTN induced Vmin fluctuation

Source: J. Kulkarni
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Causes of Variations

Minimum Feature Size

Feature Size
{microns)

1009, Human hair, 100 ym
Amoeba, 15 pm
Red blood cell, 7 pm
=== Intel [update 5/20/02]

=== |TRS [2001 edition] AIDS virus, 0.1 pm

ha

'65 70 75 ‘80 '85 ‘90 ‘a5 '00 '05 10
e

Projected

Buckyball, 0.001 ym

1y b pints are K53

ata prowiced by SIA
Intamational Technalogy Roadmap for Ssmiconductors (RS}
* ['TRE DRAM HAT-Fiteh ¥s. Inta) *Litwsgragey”]
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Features Smaller than Wavelengths

What is drawn is not what is printed on silicon

Above Wavelength

3.0 um

[ Lithography Wavelength
B Silicon Feature Size

Source: Raul Camposano, Synopsys
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Optical Proximity Correction (OPC)

What you see is NOT what you get

.
Before Corrected After
Correction Layout Correction
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Imperfect Process Control

@ Neighboring shapes interfere with the desired shape at some
location: results in pattern sensitivity

@ This is predominantly in the same plane

@ There will be some interference from buried features for
interconnect

Source: T. Brunner, ICP 2003
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Increasing Mask Complexity

Exacerbated by increasing use of resolution
enhancement techniques (RETSs)

Design

40 Model-based OPC
o —
X 390
= W altPSM
; ) (S
®» 20 O SRAFs -Postﬂ
$ E MBOPC
. B RBOPC
= 10 1
(72}
=

o Sub-resolution
250nm 180nm 130nm 90nm 65nm assist
features Wafer Image

Technology Node

altPSM — Alternating phase shift mask MBOPC - Model-based optical proximity correction

RBOPC - Rules-based optical proximity correction

Source: K. Nowka, IBM
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Line Edge Roughness

@ In the lithography process, dose of photons will fluctuate due
to finite quanta
e Shot noise
@ There will be fluctuations in the photon absorption positions
o Due to nanoscale impurities in the resist composition

@ Poly lines subject to increasing
line edge roughness (LER)
o Impact: circuit delay and
leakage power
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Random Dopant Fluctuations
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Dopant Atoms in Channel

TTTTTTYT T | . D, A

W:lgrr

10*
103

102 |

TR RV By L BN 73 Tl A UK

Number of Dopant Atoms

0.04 0.1 0.2 0.4 1
Effective Channel Length (um)

Source: D. Frank et al., VLSI Tech. 1999
D. Frank, H. Wong, IWCE, 2000

> 200 mV V; shift
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Normalized Leakage Current

Normalized Threshold Voltage

Source: K. Agarwal, VLSI 2006

> 200 mV V; shift translates to &~ 100X increase in leakage

2020
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Other Sources of Variability

N. Rohrer, ISSCC 2006

o Negative Bias Temperature Instability (NBTI)

o At high negative bias and elevated temperature, the p-MOS V;
gradually becomes more and more negative — reducing
p-channel current

o Mechanism thought to be the breakdown of H-Si bonds at the
Si/SiOs interface, creating surface traps and injecting positive
H-related species into the oxide

o Associated with the average NBTI shift, there are also random
shifts — even identical use conditions result in mismatch shifts,
due to random variations in the number and spatial
distribution of the charges/interface states formed

@ Charge trapping and hot-carrier defect generation mechanisms

o Result in long-term V; shifts in both n- and p-channel devices
o The long-term V; shifts are parameter variations which must
be accounted for during circuit design
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Fluctuation in Gate Oxide Thickness

o Gate oxide variations have an exponential effect on gate
tunneling currents

@ Impact on device threshold, but significantly less V; variation
than due to random dopant fluctuations

@ Recent advances in high-k gate dielectrics (Hafnium oxides)
with metal gates have alleviated this problem

Bin Count

5 S
o 1 7 7 0 5 6 7
Curont () ot

1.1 nm oxide: ~ 6 atomic layers Gate tunneling current

Source: K. Nowka, IBM
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Variability due to Back-End Processing

@ Chemical/Mechanical Polishing (CMP)

prescure Sluny @ Introduces large systematic intra-layer
SLURRY

fee . .
Carter / aoeve paries interconnect thickness
*Chemicals " . .
Wafer > o Additional inter-layer interconnect

Rotation thickness effects as well
Polishing Plate o Topography variations result in focus
POLISHING PAD variation for lines — leading to width
variations

PR e
e

i
|
N
[, Oxide
et i &
Copper J
Dishing Erosion

W T Mg
' Source: K. Nowka, IBM
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Dynamic Temperature Variations

Thermal Map — 1.5 GHz Itanium Chip

1
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Dynamic Voltage and Power Variations

Voltage variations

Power variations

Static IR Drop

Average

Watts

Source: D. Hathaway, SLIP 2005

58 . 1
_J € Time > ¢

Source: Naffziger et al, JSSC 2006

0 20 40 60 W0 100 100 1400
Tome (%)
Source: Naffziger et al, JSSC 2006
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Effect of Variations on Circuit Performance

PSROs relative to reticle mean 05131SEA005.008

i'%nu'% n'@un'%ﬂ'%*;

”%::n Ei-“%ﬁz%-

m (-0.105-00661] @ (-0.027,0.0121] O (0.0512,0.0908]
m (-0.0661,-0027] m (0012100512] . (009030129]

Source: Anne Gattiker, IBM

@ Ring oscillators used for performance monitoring

@ Variations of 11% slower to 13% faster than mean on the
same die




Variation Effects in Real Chips

Source: Kevin Nowka, IBM

@ Multicore chip from IBM
o Core-0 was found to be =~ 15% slower than other parts

@ Models predicted that all parts of the design are identical
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iation in Other Circuit Elements

Normalized capacitance distribution on a single layer
250

200

150
100
: 4 ‘
. ..||||‘ “Iuln..

3

1.0
1.053
1.158
1.211
1.265
1.318
1.371
1.423
1.476
1.529
1.582
1.635 F
1.688
More

Source: C. Visweswariah

@ This enormous variation has a significant impact on
analog/RF design
@ Industry “sweet spots” for analog design are 0.25u — 0/18u

o High frequency RF designs forced to use much smaller
dimensions
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Delay Impact of Variations

Parameter Delay Impact
BEOL metal -10% — +25%
(Metal mistrack, thin/thick wires))

Environmental + 15%

(Voltage islands, IR drop, temperature)
Device fatigue (NBTI, hot electron effects) + 10%

V; and T,, device family tracking + 5%
(Can have multiple V; and T,, device families)
Model/hardware uncertainty + 5%
(Per cell type)

N/P mistrack + 10%
(Fast rise/slow fall, fast fall/slow rise)

PLL/Clock Tree + 10%

(Jitter, duty cycle, phase error)
Requires 220 timing runs or [-65%, +80%] guard band

Source: K. Kalafala, C. Visweswariah
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- 10.00 Source: [EDM, 2002
~ “Source: IEDM, 2004
Source: IEDM, 2006
g ™=, e €00t 011
s 100f g,;---.,.~
= &Snm?
- 4snm’ " g
fg 0.10F 32,...."~-..._ 0.05@ 14nm,
2 Zom™~~o_ _ ISSCC 2015
[ ~~
~~—
2003 2005 2007 2009 2011 2013 2015 2017
Year
45nm 32nm 22nm
Tri-Gate Transistor
Circuit Assist Technique
Thin Cell Layout m:“"‘i'" ":‘;" Gate High-K Metal Gate
Leakage Reduction . l:: ": .d“ c:In“'T.hm Patterning Enhancement
Technique ALl AR I Leakage Reduction Tech.

Source: Class notes from J. Kulkarni
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6-T SRAM Bitcell Scaling
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Study of Variations in SRAMs

1o0% 75% of the die area occupied

mSRAM Area O Logic Area

by SRAMSs

75%

Key enabler for logic
technology scaling

% of Chip Area
a
2

Intel EX Xeon server processor
o 18 Cores, 22nm
@ 5.6 Billion transistors
@ 45 MBytes of L3 cache

@ 2.26 B transistors for 6T
SRAM bitcells

o ~ 40% total transistors in
just L3 bit cells

Source: Class notes from J. Kulkarni

ECE Department, University of Texas at Austin Lecture 15. Nanoscale Design Issues Jacob Abraham, October 20, 2020 40 / 41




Statistical Static Timing Analysis (SSTA)

@ Determine the circuit timing from the delays of components
o Path-based SSTA
o Select representative set of critical paths from normal (static)
timing analysis
o Model the delay of each path as a function of random variables
(the underlying sources of variation)
o Predict the parametric yield curve, as well as generate
diagnostics

o Generate set of path delay tests for manufacturing screen
a,+a,AX, +a,AX,+---+a

AR,
Constant -

o Giowat | Random

part) variations uncertainty

n+l
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