TFE4188 - Lecture 1

What | expect you to know

Source


https://github.com/wulffern/aic2022/blob/main/lectures/l1_need_to_know.md

Quantum Mechanics



Want to go deeper on the physics

Feynman lectures on physics
MIT 8.04 Quantum Mechanics |
MIT 8.05 Quantum Mechanics |l
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https://www.feynmanlectures.caltech.edu
https://ocw.mit.edu/courses/physics/8-04-quantum-physics-i-spring-2013/lecture-videos/
https://ocw.mit.edu/courses/physics/8-04-quantum-physics-i-spring-2013/lecture-videos/

Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
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Classical equations

Kinetic energy + potential energy = Total Energy

1
—p°+V=FE
2m

where p = mwo, m IS the mass, v Is the velocity and V' is the
potential

Carsten Wulff 2022



Quantum mechanical

State of a fermion is fully described by the probability amplitude
Y (z,t), also called the wave function of a particle.

The total energy of a particle is described by the Schrodinger
Equation

1 h 0O? h O

om 52 82x¢(w,t) + V(x)y(x,t) = Hre U(z, t)
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Quantum mechanics key concepts

To determine the moment or energy of multiple particles, you cannot consider them discrete entities.
For example, the probabilty of finding a free electron in a particular location is given by

o0

Pi(z) - [ " [41(z, 0)%, where P; = / 1 (2, 0)] = 1

— 00

However, if we have two electrons, described by 1 (z,0) and ¥, (x, 0), then Py (x) # P (x) + Pz (x),
but rather Py (z) = / 41 (2, 0) + 13 (, 0)|?

L1

It is the probability amplitudes that add, not the probabilities. And to make things more interesting, one
solution to the Schrodinger equation is 9 (z, t) = Ae’**~“!) where k is the wave number, and the w is

the angular frequency. This is a complex function of position and time!
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Silicon crystal

A pure silicon crystal can be visualized by a
smallest repetable unit cell.

The unit cell is a face-centered cubic crystal with
a lattice spacing of approx a = 5.43A

- 8 corner atoms

- 6 face atoms

- 4 additional atoms spaced at 1/4 lattice
spacing from 3 face atoms and 1 corner atom

Nearest neighbor d = %(aﬂ)
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Energy levels of electrons in solids (current)

Electrons can only exist in discrete energy levels, given by the solutions to the Schrodinger equation.
Since the probability amplitudes add for electrons in close proximity, then for crystals it's more complicated.

CRYSTALLINE SOLID - 1023 ATOMS
(only 24 atoms drawn here)

INDIVIDUAL ATOM

2
= DISCRETE S~ RANGES of
ENERGY ENERGY
‘2/ LEVELS or  a LEVELS or
7 ‘STATES’ ~— ‘BANDS’
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Movement of electrons in solids

Electrons in solids can move if there are allowed energy states they can
occupy.

In a semiconductor the valence band and first conduction band is separated
by a band-gap (in conductors the bands overlap)

There are two options in semiconductors

- The valence band is not filled (holes), so electrons can move

- The electrons are given sufficient energy to reach conduction band, and
are "free" to move

Carsten Wulff 2022 10



Silicon crystal facts

Although we know to an exterme precision exactly how electrons
behave (Schrodinger equation). It is insainly complicated to

compute the movement of electrons in a real silicon crystal with the
Shrodinger equation.

Most "facts" about silicon crystal, like bandgap, effective mass, and
mobility of electrons (or holes) are emprically determined.

In other words, we make assumptions, and grossly oversimplify, in
order to handle complexity.
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PN Junctions



g=1.6 x 107Y[C]
k=1.38 x 1072 [J/K]

20 h —6
po = 3 = 1.26 % 10°°[H/m
€ = —— = 8.854 x 102 [F/m)]
HoC? |

where q is unit charge, k is Boltzmann's constant, h is Plancks
constant, c is speed of light and alpha is the fine structure constant
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Computer models

http://bsim.berkeley.edu/models/bsim4/
http://bsim.berkeley.edu/BSIM4/BSIM480.zip
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http://bsim.berkeley.edu/models/bsim4/
http://bsim.berkeley.edu/BSIM4/BSIM480.zip

n; ~1x10'°[1/m?] =1 x 10'°[1/em?] at
300 K
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h2 10
https://github.com/wulffern/dic2021/blob/ 107 0 100 150

Temperature [Celcius]

main/2021-07-08_diodes/intrinsic.py
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Solid state physics:

BSIM 4.8, Intrinsic carrier concentration (page 122)

n; = 1.45e10
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Built in voltage

Comes from Fermi-Dirac statistics

Ny, e(Ep_H)/kT | a@)
—_— = ~ € kT
’n,p e(En_/J')/kT —1 ]_

where ¢q®, is the energy (E, — E,,)

required to climb the potential barrier,
KT is the thermal energy, u is the
total chemical potential and n,, and
n, are the electron concentrations in

the n-type and p-type.

Carsten Wulff 2022
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Sesame is a Python3 package for solving
the drift diffusion Poisson equations for
multi-dimensional systems using finite
differences.

Install instructions

Semiconductor current-flow equations (diffusion and degeneracy),
R.Stratton,

IEEE Transactions on Electron Devices
https://ieeexplore.ieee.org/document/1477063

Carsten Wulff 2022

Semiconductor Current-Flow Equations

(Diffusion and Degeneracy)

ROBERT STRATTON

The correct form for the current-flow equation in
semiconuuctors in the presence of density and temperature gradients,
as well as electric fields, is derived from a perturbation solution of
Boltzmann’s equation. The conditions under which the various widely
used approximate forms of the current-flow equation are valid are
clearly discussed. A new term that occurs if the relaxation time de-
pends on position is derived, and is shown to be comparable in magni-
tude to the other terms in the current-flow equation.

Manuscript received March 15, 1972; revised July 20, 1972.
The author is with Texas Instruments, Inc., Dallas, Tex. 75222

I. INTRODUCTION

HE ANALYSIS of the electrical characteristics

of semiconductor devices invariably involves the
electron current-flow equation, i.e.,

J=Jjr+jp (1)

where jp is the conduction current due to the electric

field F and jp is the diffusion current, as one of a set of
simultaneous equations that must be solved for a given
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https://sesame.readthedocs.io/en/latest/pre/INSTALL_beginner.html
https://ieeexplore.ieee.org/document/1477063

File Console

Grid

Each axis of the grid is a concatenation of
sets of evenly spaced nodes. Edit the form
with (x1, x2, number of nodes), (x2, x3
number of nodes),...

Grid x-axis .,100),(3e-4,4e-4,10( cm

Grid y-axis (0,1e-5,5) cm

lHlumination

Wavelength [nm]

Power [W cm™]

Absorption

alpha [em™]

absorption file

Manual Generation rate

® Use manual generation

Provide a number for uniform illumation,or a
space-dependent function, or simply nothing
for dark conditions.

A single variable parameter is allowed and
will be looped over during the simulation.

Expression [cm™"] 0

Paramater name

Sesame

System  Simulation

Materials

Material1 ¢ New Save Remove

Save a material before adding a new one.
Location x < 2e-4

Tip: Define the region fory < 1.5 um or y > 2.5 um with (y <
1.5e-6) | (y > 2.5e-6).Use the bitwise operators | for “or’,and
& for ‘and’.

| Value | Unit |
N_D 0.0 cm™
N_A Te+15 cm™
Nc 3.2e+19 cm™
Nv 1.8e+19 cm™
Eg 1.1 eV
epsilon 11.8 NA
Planar Defects

C New Save Remove

Save a defect before adding a new one.

Location

Analysis

View system

le—-5

0.0 ““"““"N"

0.000000.000050.000100.000150.000200.000250.000300.000350.00040
x [em]




@ Sesame

File Console

System Simulation  Analysis

Basic settings Simulation log

Loop over '® Voltages Generation rates Run simulation Stop simulation

Loop values [0.3(0.0,-1]
INFO: step 25,error = 0.9999995808573537
Working directory same/wulff/pndiode/ Browse...
INFO: step 26,error = 0.9999988596577988

INFO: step 27,error = 0.999996898179034

Output file name pndiode gzip ¢
INFO: step 28,error = 0.999991564 2702679
INFO: step 29, error = 0.999977061282639
INFO: step 30,error = 0.9999376312764978
INFO: step 31,error = 0.9998304427570286
INFO: step 32,error = 0.9995391106703418
INFO: step 33,error = 0.9987476260090542
INFO: step 34,error = 0.9965997108182367
Boundary conditions Algorithm settings
Contact boundary conditions at x=0 ® Ohmic Schottky Neutral Generationramp 0 o AL B S LS
Electron recombination velocity in x=0 [cm/s] 1e5 Algorithm precision 1e-6 PR e SRR LS
Hole recombination velocity in x=0 [cm/s] 1e5 Maximum steps 100 o INEQ: step)37,eivor = 10934204104 3278747
Metal work function [eV] Mumps library Yes ® No INFO: step 38, error = 0.8325334222710672
Contact boundary conditions at x=L ® Ohmic Schottky Neutral Iterative solver ® Yes No INFO: step 39, error = 0.61496384 2698804
Electron recombination velocity in x=L [cm/s] 1e5 Iterative solver precision 1e-6 INFO: step 40,error = 0.28784490108657
Hole recombination velocity in x=L [cm/s] 1e5 Newton homotopy 1 INFO: step 41,error = 0.05031109907804321
Metal work function [eV] INFO: step 42, error = 0.001309360091800371
Transverse boundary conditions ® Periodic Hardwall INFO: step 43 ,error = 8.591859291703617e-07

INFO: ** Calculations completed successfully **




[ Sesame

File Console

System Simulation  Analysis

Import data Surface plot Linear plot

Upload files... Remove selected

pndiode_0.gzip
pndiode_1.gzip
pndiode_2.gzip

Surface plot
Hole density c
Plot
Linear plot
X data Loop values '® Position

(0,0),(3.8e-4,0)

2
Position [um]

<O

Y data Hole density

Clear Plot Export
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NMOS conduct for positive gate-to-source PMOS conduct for negative gate-to-source
voltage voltage

@) @)
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Drain Source Current (Ipg)

dicex/sim/spice/NCHIO



G D
{ (Vévs,\/os)

S

Large signal model

Ips = f(Vgs, Vps, - - - ) \/G‘S



Gate Source Voltage (Vgg)



Gate-source voltage

Param Voltage [V]
Vas Oto 1.8
Vbs 1.0
Vs 0
Vs 0

i(veur) = Ipg

Carsten Wulff 2022
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Inversion level

Define V,¢r = Vgs — Vi, Where V;, is the
"threshold voltage”

Vest Inversion level
<0 weak inversion or
subthreshold
0 moderate inversion
> 100 mV strong inversion

Carsten Wulff 2022
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Weak inversion

The drain current is low, but not zero,
when V sr << 0

%4
IDS ~ IDO Teveff/nVT if VDS > 3V

n=~1.5

Carsten Wulff 2022
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Moderate inversion

Very useful region in real designs. Hard
for hand-calculation. Trust the model.

Carsten Wulff 2022
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Strong inversion

(Vs Vs

/N

w
11)8 — F%zczmr'j;'

Carsten Wulff 2022

if Vpg << Vers

VertVDs — Vgs/z if Vps < Veyy

if Vps > Veyy

1073 5
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The threshold voltage (V;,,) Is
defined as Pp = Mch,



Drain-source voltage

Param Voltage [V]
Vas 0.5
Vbs Oto 1.8
Vs 0
Vs 0

i(veur) = Ipg

Carsten Wulff 2022

le-5

4 = j(vcur)
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Strong inversion

le—-5
(V;ffVDS if Vpg << Vegs 1.4 4 — i(veur)
%4 : 1.2 -
Ips = ,Ulncoazf< V:EffVDS o Vz%s/z if Vbs < Véff
1.0 -
1 .
\ EVZH if VDS > V.eff —~ 0.8 -
0.6 -
0.4 -
0.2
0.0 A

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
vdrain
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Dewn v N+

~ Eogrenon = i ‘.‘Gl"?
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Low frequency model



Im = 0Vas
1 dlps
Jds = 'ds B 6VDS

Carsten Wulff 2022 49



Ip

dm —

Transconductance (g,,)

befine £ = fin Cos % and Vess = Vas — Vin
— %K(V;ff)z and Ve = 2'21) and ¢ = ‘2/_6"22
SIS — Wigy = /D
I

Carsten Wulff 2022
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Define ¢ — M%% and V.s; = Vs — Vin

1
Ip = 56‘/;2]”]”[1 + AVps — )\Veff)]
1 Olp 1
— g = — A— 2
ras 0" OVps y Vers

Assume channel length modulation is not there, then

1 1
N Ve -
Ip = zzveff which means

= Jds ~ )\ID
Tds

Carsten Wulff 2022

51



Intrinsic gain

—_—\/(a)

Define intrinsic gain as
Vout dm 127
A= — mTds =
Uin 9ds
10 A
4 2 1 2 5
— X — =
Vess Mp AVegy 5-
vgaini = Gate Source Voltage = V¢ + V;,
6_
O.IOO 0.I25 O.I50 0.I75 1.I00 1.I25 1.I50 1.I75
vgaini

52
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High frequency model
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e e AL o

P o

N »).:}-5"
A - X

R
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WLC,,

2WLC,,

Cgs and ng

it Vpg =0

if Vps > Veyy

ng — Cox WL ov

57



Csb and Cdb

Both are depletion capacitances

(I)O — VTln ( 5

Carsten Wulff 2022
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Be careful with C 4 (blame Miller)

If Y(s) =1/sC then
Yi(s) =1/sC;, and Y5 (s) = 1/sC,,; Where CID

\
Cin = (14 A)C, G = (1+ 5)C 2 Vi
g o[, A=-3m

Cl — ng ImTds

I
C,q can appear to be 10 to 100 times larger! ‘ ; j
Y

if gain from input to output is large

Carsten Wulff 2022
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Weak Inversion

or subthreshold



If V.;# < 0 diffusion currents dominate.

Ip = IDOKB%ff/nVT, where

L
Vo = kT/q, n — (Co:z: -+ Cj())/Cow
IDO — (’I’L — ]-),Uffnc’ozcvvfzg

Ip

= vy
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dm /ID or "bang for the buck"

Subthreshold: . — v(gmid)
Im ! N256[S/A]@3OOK 20 -
ID B ’I’LVT - .

515_
Strong inversion: §
Im 2 10 -
Ip  Vess ;.

04

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
vgmid
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Velocity saturation



Electron speed limit in silicon
v~ 10"em/s

1A%

V= pn b= g

tn ~ 100 to 600 cm® /Vs in
nanoscale CMOS

Carsten Wulff 2022

10° |

108 |

107

Rough estimate!

-_ _ dv
V=p X

— speed limit in silicon |1

— speed of light

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0
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Square law model

L Vos
Q) = Con [Vags — V(@) I [ de=eL [ Wiy~ Vie)av
0 0
dV
’U:,UnE:,Und— I i 1 2' Vbs
L ID[ZB]O — KL ‘/;ffV — §V
! 1o
l = llfnCow% - 1 3
IpL =YL V;ffVDS — EVI%S
dV _ _
Ip =WQ(z)v=4L |Vesr — V(z)] .

1
@VDS _— Veff = Ip = §£V:e2ff
Ipdz = LL[Vesr — V()| dV
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Mobility Degredation
Multiple effects degrade mobility

- Velocity saturation

- Vertical fields reduce channel
depth => more charge-carrier
scattering

%4
l = nYoxr 4
pnCoz —

Carsten Wulff 2022

1
Ip = Z¢V?
2 ([1+ (OVesg)m Y/

From square law

oI
Vs Vess

9m

With mobility degredation

14
Im(mob—deg) = 2_0

66



What about holes (PMOQOS)



In PMOS holes are the charge-
carrier (electron movement in
valence band)

Hp < Hn

In intrinsic silicon:

iy, < 1400[cm? /V's] = 0.14[m? /Vs]

1, < 450[cm?/V's] = 0.045[m* /V s]

Pn = 3lhp

Carsten Wulff 2022

Vn. maz = 2.3 x 10°[m/s]

Vp maz = 1.6 x 10°[m/s]

Doping (N4orNp) reduces p

68
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As we make transistors smaller, we
find new effects that matter, and that
must be modelled.

which is an opportunity for engineers to come up with cool names



%ﬁ%%&éexplore.ieee.org/docu ment/5247174

Analog Circuit Design in
Nanoscale CMOS Technologies

Classic analog designs are being replaced by digital methods, using nanoscale
digital devices, for calibrating circuits, overcoming device mismatches,

and reducing bias and temperature dependence.

By LANNY L. LEWYN, Life Senior Member IEEE, TROND YTTERDAL, Senior Member IEEE,
CARSTEN WULFF, Member IEEE, AND KENNETH MARTIN, Fellow IEEE
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TENSILE STRESS Fz
(GOOD N - GOOD P) OXIDE TRAP DENSITY (Not)

COMPRESSIVE STRESS Fy INTERFACE TRAP DENSITY (Nit)

(GOOD N - OK P)
TRANSVERSE FIELD (Ey)

COMPRESSIVE STRESS Fx

(GOOD P - BAD N) LATERAL FIELD (Ex)

IMPLANT RANGE VARIABILITY Ay

POLY/METAL
GATE G
g Vg y Ge IMPLANT

RAISED D

““ CAP LAYER 'II,

Ge IMPLANT
RAISED S

SPACER ON or Hi-K PACER

Vs — Fx \CHANNEL Ex*+— vd
N+ S N LDD\ ! CHFz N+D,
AyI- HALO ad 1
STI Vsb Vdb STI

|

SA »le . SB
!
|

M 1
P-TUB (BULKB) | |

M—— R e— ——— (R D) —
11

I
| JUNCTION =—>| l&— GATE EDGE

Fig. 2. NMOS cross-section. In addition to stress from cap layers and Ge raised source-drain (S-D) implants, device dimensions such as distance

from source-channel boundary to nearby STI (SA and SB), proximity and regularity of overlying metal patterns, and short distances to other

device patterns within the local (< 2 ;um) stress field induce transverse (F,) and lateral (F, and F,) stress components, which affect threshold and

mobility. Increasing the distance to P ties increases local tub (bulk) resistance components R1 and R2, which isolate the device MOS model

substrate node from the device subcircuit symbol V, node and degrade HF performance. Hot carrier reliability stress is dependent on the sum of

transverse and lateral fields E, and E,. These fields are increased near the drain by increasing source to bulk (Vs,) and drain (V) to gate (V) or

CarstensWluide 202 oltages in various combinations. As hot carrier stress increases, damage to channel from interface trap density (N;;) affects threshold 72

and mobility, while gate oxynitirde (ON) or high-dielectric-constant (Hi-K) insulator trap density (N,;) affects threshold and gate leakage.



Drain induced barrier lowering (DIBL)






Well Proximity Effect (WPE)
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Stress effects



Stress PMOS NMOS

Stretch Fz Good Good

Compress OK Good
Fy

Compress Good Bad
FX

What can change stress?

Carsten Wulff 2022 78



(zate current



| Sove

MJ




Hot carrier Iinjection



Carsten Wulff 2022
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Channel initiated secondary-electron (CHISEL)



Carsten Wulff 2022
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Provide I, = 1uA

Let's use off-chip resistor R, and pick R
suchthat I; = 1uA

Wi W
Use — = —
LA Lo

What makes I, £~ 1uA?

Carsten Wulff 2022
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Voltage variation
Systematic variations
Process variations
Temperature variation
Random variations

Noise

Carsten Wulff 2022
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Voltage variation P -
I, — Vbp ;2 Vasi MT_—I |D_ ACi IE/IZ

If Vpp changes, then current changes.

Fix: Keep Vpp constant

Carsten Wulff 2022
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Systematic variations

It Vps1 # Vpsa — I # I

If layout direction of My # My — I; # I
If current direction of My # My — I # I
tVe1 #Vse = I # I

It Vg1 # Vo — It # I

If WPE, # WPE, — I, # I,

If Stress; # Stressy — I # I

Carsten Wulff 2022

Mi |4 2
¢
11y a5
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Process variations

Assume strong inversion and active

2
Voee = I, Vgg = Vore + V4
fr \/ ,u'pcozc% 1, VGS ff tp

y
I — Vop —Vas _ Voo - \/upCox% L=V

R R

Ly, Coz, Vi Will all vary from die to die,
and wafer lot to wafer lot.

Carsten Wulff 2022
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Process corners

Common to use 5 corners, or Monte-Carlo process

simulation
Corner NMOS PMOS
Mtt Typical Typical
Mss Slow Slow
Mff Fast Fast
Msf Slowish Fastish
Mfs Fastish Slowish

Carsten Wulff 2022

Mi |4 2
.
Iy \ 2D
o
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https://en.wikipedia.org/wiki/Monte_Carlo_method

Fix process variation

Use calibration: measure error, tune
circuit to fix error

For every single chip, measure voltage
across known resistor R; and tune R,,,
such thatwe getI; = 1A

Be careful with multimeters, they have
finite input resistance (approximately 1 M
)

Carsten Wulff 2022

Mi |b—[ W2
.
Iy 0
o
"
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Temperature variation

Mobility decreases with temperature

Threshold voltage decreases with
temperature.

1
ID — 5,“%001: (VGS' — V;fn)z

High Ip = fast digital circuits
Low Ip = slow digital circuits

What is fast? High temperature or low
temperature?

Carsten Wulff 2022

o [ e
|
Iy \ a0
|
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It depends on Vpp
Mi |b—[ W2
Fast corner ¢
- Mff (high mobility, low threshold voltage)
- ngh VDD Il Y VIQ
- High or low temperature
O
Slow corner
- Mss (low mobility, high threshold T9
voltage)
- Low Vpp % R1

- High or low temperature

Carsten Wulff 2022 —
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How do we fix
temperature variation?

Accept it, or don't use this circuit.

If you need stability over temperature, use
7.3.2 and 7.3.4 in CJM

(SUN_BIAS_GF130N)

Carsten Wulff 2022

Mi |b—[ W2
.
Iy 0
o
"
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Random Variation




Mean

- 1 +T'/2
o(t) = Jim /_ , o

Mean Square

: 1 +T'/2 )
z”(t) :111_1&?/_11/2 x”(t)dt

Variance
; 2
o’ =z (t) — z(t)

where o is the standard deviation.
If mean is removed, or is zero, then

o’ = z°(t)

Carsten Wulff 2022

Assume two random processes, z; (t)
and z (t) with mean of zero (or removed).
Lot (t) = x1(t) + x2 (1)

Tpot (1) = 71 () + 23 (t) + 221 () 22 (¢)

Variance (assuming mean of zero)

1 +7T/2
Jtzot = lim — / w?ot (t)dt

1 +T/2
=0l tol+ lm / |, 200

Assuming uncorrelated processes

(covariance is zero), then

2 9 2
Oit = 071 T 05

97


https://en.wikipedia.org/wiki/Mean
https://en.wikipedia.org/wiki/Variance

|94

l = or
,Ll,pC L
1
Ip = §K(VG5 — Vip)®

Due to doping , length, width, C,., V;,, ... random varation
b1 # £
V;fpl 7& V;fp2

As a result I; # I, but we can make them close.

Carsten Wulff 2022
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Pelgrom's’ law

Given a random gaussian process parameter AP with zero mean, the variance is given by

Ap
WL

o’ (AP) = - S% D?

where Ap and Sp are measured, and D is the distance between devices

Ap

Assume closely spaced devices (D =~ 0) = ¢*(AP) = ﬂ

M. J. M. Pelgrom, C. J. Duinmaijer, and A. P. G. Welbers, “Matching properties of MOS transistors,” IEEE J. Solid-
State Cir- cuits, vol. 24, no. 5, pp. 1433-1440, Oct. 19809.

Carsten Wulff 2022 99



Transistors with same V¢?

o0, _ 1 [(gm)\® , 9
12 WL|\ Ip |

Valid in weak, moderate and strong inversion

*Peter Kinget, see CJM

Carsten Wulff 2022 100



I3 WL|\Ip/) % ¢
I o1
Ip VWL

Assume (;i — 10%, We want 5%, how
D

much do we need to change WL?

O'ID
n o1 _ 1

2 2v WL 4W L

We must quadruple the area to half the
standard deviation

1% would require 100 times the area

Carsten Wulff 2022

Mi |b—[ W2
.
Iy 0
o
"
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What else can we do?

2 2 2
7 - L (@) o2+ %L
(Y

1129 WL _ Ip 14 _
Strong inversion = I L [
— = = low
° Ip  2Veyy
. . am q
Weak inversion = —— = —— ~ 2§
ID nklT

Current mirrors achieve best matching
in strong inversion

Carsten Wulff 2022

Mi |b—[ W2
.
Iy v/
o
"
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IZ  WL|\I v
1 o2
O'%D = T [gm oi, + I?, ;]

Offset voltage for a differential pair

lo = lot — Yo = gmVi = Om (vi—l— - vi—)
07 1 12 o2
0.12) — ID — 0.2 } D 14
“ogm?  WL| " gm? {

High ‘(_]r—m IS better (best in weak inversion)
D

Carsten Wulff 2022
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Transistor Noise

Thermal noise
Random scattering of carriers, generation-recombination in

channel?
PSDrg(f) = Constant

Popcorn noise

Carriers get "stuck" in oxide traps (dangling bonds) for a while.
Can cause a short-lived (seconds to minutes) shift in threshold
voltage

PSDgr(f) x Lorentzian shape =

Flicker noise
Assume there are many sources of popcorn noise at different
energy levels and time constants, then the sum of the spectral

densities approaches flicker noise.

1
PS-Dflicker(f) X —

f

Carsten Wulff 2022

las [nA]

s ‘BAaaEs
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Analog designer = Someone who knows how to deal with variation

Carsten Wulff 2022 105



Current Mirrors




(2

Yi,

N K

a) “normal” b) Self Cascode c) Cascode d) Lazy Cascode

Carsten Wulff 2022 107






"High speed, high gain OTA in a digital 90nm CMQOS technology" Berntsen, Wulff, Ytterdal, Norchip 2005

Vdda _,l |,_ Vdda M11 85
< Vcm >
—] —
— — : - o
T A o M3 M4
\ / T\ .
r An \/ 1 - —
Cc=— ——=Cc 1'4 B3 |-|:
——— = |l—
“ > Vout
— j M5 M6 P
Voutp [
Voutn ¢
o M1 M2 Voutn
M7 M8
vie | w|  Vin . > : = — .
— — i PR Vip [ > Vin | —
— — > B4 I
——Cc Cc ——
' A - :
VAN ¢
Mo M9 M10
o} 9 |—
B1 — —
(| | B1 |
B1 - — — > <
||-< >—|| B1 |l-< — [
. — *_ Vssa
Vssa
Fig. 2. OTA circuit with fully differential gain enhancement. Fig. 3. Fully differential supplemental OTA .

Carsten Wulff 2022 109


https://ieeexplore.ieee.org/document/1597006

Large signal vs

small signal



o OA
O

Jgs <v> Y1, Vs § o

O_

oVs
Ve

l.arge signal Small signal



I #1
V £






o i Current Mirror

1 V=41
I: A M, is diode connected (Vg = Vp)

1 [ Zz 'io

Carsten Wulff 2022
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Amplifiers



Source follower



Carsten Wulff 2022

Source follower

Input resistance ~ oo

Gain A = Yo

U;

Output resistance r,,;

117
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Assume 100 electrons

AV=Q/C=-16x10"" x100/(1 x 107*) = —16 mV AV=Q/C=-16x10"" x100/(1 x 1071?) = —16 uV

3

||

||
%_'

-—T‘\

Carsten Wulff 2022 119



e

Carsten Wulff 2022

Common gate

Ry,

. 1
Input resistance r;,, ~ — (1 |
dm

Gain 22 — 1+ gnrds
)

Output resistance r,,; = 745

T'ds

)

120



Common source

Input resistance r;, ~ oo

Output resistance r,,; = r4,, it's same
circuit as the output of a current mirror

. ()]
Gain —= = —A9mTds
U;

Carsten Wulff 2022 121



Carsten Wulff 2022

Diff pairs are cool

Can choose between
Vo = mTdsVU;

and

Vo = —3mTdsV;

by flipping input (or output) connections

122



Operational transconductance
amplifiers



+
v Y
Il Aoyl (e

| /M 1\ ) ¢
CVD ’ _| 30 ?F\_“_
Joole
1 | Hg 2 "o * O
H | Y
AT T LY wir | T Vo
1 H& i
AUl tansishes awe . ] B
W/= 01570“ l | I L/
) | |
L 0'11‘“‘1 Mu,{é‘l‘,utfj H
Mu % Cptp 9 Mio

Carsten Wulff 2022 124



Digital

Carsten Wulff 2022 125



Rules for inverting static
CMOS logic

Pull-up
OR = PMOS in series = POS
AND = PMQOS in paralell = PAP

Postraumatic Papaya

Pull-down
OR = NMOS in paralell = NOP
AND = NMOS in series = NAS

Carsten Wulff 2022
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Y = AB = NOT ( A AND B) “_‘ g—‘

AND
PU = PMOS in paralell
PD = NMQOS in series

Postraumatic Papaya A —‘

A

B NOT(A AND B)
0 0 1
0 1 1
1 0 1
: : 0 24 —‘

Carsten Wulff 2022 127



ssh://aurora/hnome/wulff/repos/sun_tr_gf130n.git

SUN_TR_GF130N

Cell Description
ANX1_CV AND
BFX1_CV Buffer

DFRNQNX1_CV

D Flip-flop with inverted output and inverted reset

IVTRIX1_CV Tristate inverter, enable
IVX1_CV Inverter

NDTRIX1_CV Tristate NAND
NDX1_CV NAND

NRX1_CV NOR

ORX1_CV OR

SCX1_CV Schmitt-trigger

TAPCELLB_CV

Bulk connection

TIEH_CV

Tie high

TIEL_CV

Carsten Wulff 2022

Tie low
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A o—




S R-Latch

Use boolean expressions to figure out
how gates work.

Remember De-Morgan

Carsten Wulff 2022

Pl
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S R-Latch

Q=R+Q.Q=5+0Q e @
S R Q ~Q
0 0) X X

Carsten Wulff 2022 131
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Digital can be synthesized In
conductive peanut butter ...



What about’ Y = ABandY = A + B?

Y =AB=AB

Y = AAND B = NOT(NOT(AANDB))

D

Y = A+B = A1B

Y=AORB=NOT(NOT(AORB))

e DD D) e




AQOI22: and or invert

Y = NOT( A AND B OR C AND D)

Y =AB+ CD

Postraumatic Papaya







Tristate inverter [/(

- = lO0o0Om
— o= |O|p

O |—=|N|N |=<
i)
1
K

Carsten Wulff 2022 137



Mux

-

NOT(P1)

NOT(PO)




D-Latch

Carsten Wulff 2022

N

@

°Q
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D-Flip Flop

Carsten Wulff 2022 140



YEOJ .@fOJ Xfo’l

Nol—D Q@ . ﬁ D QF
YE) —} R[~J — 43

ol
|
ol
|

ANI—D  a

carsten wurit2022d lways ff always comb always ff 141



SystemVerilog

module counter(
output Llogic [WIDTH-1:0] out,

input logic clk,
input logic reset
);

parameter WIDTH = §;

Logic [WIDTH-1:0] count;
always _comb begin

count = out + 1;
end

always ff @(posedge clk or posedge reset) begin

if (reset)
out <= 0;
else

out <= count;
end

endmodule // counter

Carsten Wulff 2022

Aal—{o Q=
al—
AN
|
A—D e
ak—
AN
I
always ff always comb always ff
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There are other types of logic

- True single phase clock Consider other types of logic
(TSPC) logic "rule breaking", so you should
_ _ know why you need it.
- Pass transistor logic
- Transmission gate logic
- Differential logic

- Dynamic logic

Carsten Wulff 2022 143



CK D8 CK D7 CK D6 CK D5 CK D4 CK D3 CK CK D1 CK DO
? ? ? 9 9 ? ? ? ? 9 9 ? ? 9 ? ? ?
Dpi P N Dpi P N Dpi P N Dpi P N Dpi P N Dpp P N Dpp P N Dpi P N Dpi P N
I”— CI CcoO CcI cO CI cO CI CcO CcI cO CI coO CcI CO CI CI CcoO
LOGICTS] LOGIC]T] LOGICT6] LOGIC]5) LOGICH] LOGIC[3| LOGIC2] LOGICT1] LOGIC0)]
K EI EO EI EO EI EO EI EO EI EO EI EO EI EO EI EI EO
Dpo Dp1 Dno Dt Dpo Dp1 Dno Dy Dpo Dp1 Dno Dy Dpo Dp1 Dno Dy Dpy Dp1 Dno D Dp1 Dno Dp1 Dno Dp1 Dyo
et L1111 1111 L1110 L1111 L1 11 11
GOy PR O S A A I A O i
" N‘;;’S‘SS‘ST;‘;P;E’;‘; 2. Cunrr 2. Cynrr 2. Cynrr 2. Cynrr 2'. Cynrr 2. Cynrr 22. Cynrr 2! Cynrr 2. Cynrr
(a)
Voo Voo Voo Voo
< VREF VREF Vbp Vbp
CKO_‘HZWPO 4‘4%}33 C—K°—<4 Mpy C’—K°—4 Mps
Ly
o Dpo Do Dy ﬂ—:% -
N o[ Mps B[ Mye BIo| Mg
A
EI°—| ﬂ]\/o P0—<4 ﬁpl HENS HENB

P°—| My N°—| Mo

e
L
=

=

CK°—| Mn1o

(c)

Dynamic logic => A Compiled 9-bit 20-MS/s 3.5-fJ/conv.step SAR ADC in 28-nm FDSOI for Bluetooth Low Energy Receivers

Carsten Wulff 2022

(d)
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https://ieeexplore.ieee.org/document/7906479

Elmore Delay

tpd ~ § Rnodes—to—source Cz

nodes
= R1C; 4+ (R1 + R3)C2+...+(R1 + Re+...+RN)Cx R1 R2 R3 RN
— AN AN — ANNA
Good enough for hand calculation
9 — C1 — C2 — C;OO — CN
"% "% "% "%

Carsten Wulff 2022 145



Best number of stages



Which has shortest delay?



Term Stage Expression Path Expression

number of stages 1 N

logical effort g G =11(g)

electrical effort h = %";; H = %

branching effort b= C"”p‘g’::p(jt p— B=1]b

effort f=gh F=GBH

effort delay f Dp =3 f;

parsitic delay P P=>pi

delay d=f+p D=>%d,=Dr+P
Carsten Wulff 2022

H = Ccout/Cin = 64

G=]]a=]]1=1
B=1
F = GBH = 64

One stage
f=64=D=64+1=065

Three stage with f = 4
D =12,p=3=D=12+3 =15

148



For close to optimal delay, use f =4 ..o.,..

Carsten Wulff 2022 149



Power

PicKk two

Speed Area (cost)

Carsten Wulff 2022 150



Power

Carsten Wulff 2022 151



What is power?

Instantanious power: P(t) = I(t)V (t)

T
Energy : / P(t)dt [J]
0

1 T
Average power: = / P(t)dt [W or J/s]
0

Carsten Wulff 2022 152



Power dissipated in a resistor
Ohm's Law Vp = Ix R

Vi

Pp=Vilp = IR =2

Carsten Wulff 2022 153



Charging a capacitor to Vpp

Capacitor differential equation I, = CC;—‘;
00 00 dV Vo - V2 1 Vbp
Eo = / IoVodt = / C—Veodt = / CVdV =C|—
0 0 dt 0 L2 ]y

1
EC — ECVI%D

Carsten Wulff 2022 154



Energy to charge a capacitor to a voltage Vpp

1

E(j — §CV1%D
dV
I = Io =C—
VDD C dt
o0 oo dV VDD )
Evpp = IvppVppdt = CEVDDdt = CVpp dV = CVDD
0 0 0

Only half the energy is stored on the capacitor, the rest is dissipated in the PMOS

Carsten Wulff 2022 155



Discharging a capacitor to 0

1
EC — §CV1%D

Voltage is pulled to ground, and the power is dissipated in the
NMOS

Carsten Wulff 2022 156



Power consumption of digital circuits

EVDD — Cvgp

In a clock distribution network (chain of inverters), every output is
charged once per clock cycle

PVDD — CVz%Df

Carsten Wulff 2022 157



Sources of power dissipation in CMOS logic

IDtotal = P, dynamic + P, static

Dynamic power dissipation Static power dissipation
Charging and discharging load capacitances Subthreshold leakage in OFF transistors
short-circut current, when PMOS and NMOS Gate leakage (tunneling current) through gate
conduct at the same time dielectric

Piynamic = Pswitching + Pshorteircuit Source/drain reverse bias PN junction leakage

P static — (Isub + Igate + Ipn) VDD

Carsten Wulff 2022 158



Pswitching 1N lOgic gates

Only output node transitions from low to high consume power from Vpp

Define P; to be the probability that a node is 1

Define P, = 1 — P, to be the probability that a node is 0
Define activity factor («;) as the probability of switching a node from 0 to 1

If the probabilty is uncorrelated from cycle to cycle

a; = PP

Carsten Wulff 2022 159



Gate Py

AND?2 P4 Pp

OR2 1 — PsPp
NAND?2 1 — PsPp
NOR2 P4 Pg

XOR2 PaPp + P4 Pg

Carsten Wulff 2022

Switching probability

Random data P = 0.5, o = 0.25

Clocksa =1

160



Strategies to reduce
dynamic power

1. Stop clock

2. Stop activity

3. Reduce clock frequency
4. Turn off Vpp

5. Reduce Vpp

Carsten Wulff 2022

o
Aol — o=t
al—
A — e
al—
always ff always comb always ff
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Stop clock®

_,| Enable FD a Cik out

Clk in '$
O

Ql—

° Often called clock gating

Carsten Wulff 2022 162



Stop activity

N N

Na—o AR T 2 XT3
Q— al—
JAN JAN
T -
Arl—o e A D et
A I A I

Clk out Clk out

Carsten Wulff 2022 163



Reduce frequency

3 3 a— a—
T T T T
ClkA ClkB ClkB ClkA

ClkB<CIkA

Carsten Wulff 2022 164



Turn off power supply *

\ﬂpd\’.S

Grahed
Nogic

\;

J e
i IrJ PP

&£

i

}

Ok ats

-

*Often called power gating

Carsten Wulff 2022
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Reduce power supply (Vpp)

VDDH

VDDL

. - Level
— Fast logic +| >o+l oA Slow logic A A
d d shifter

Carsten Wulff 2022 166



|C Process



(Diagram not to scale!)

Metal stack

|

w glass cut (

5.2523
11.8834 ¢ 0.54 TOPOX K=3.9 l
6.1346 I 0.09
Often 5 - 10 layers of metal PI1K=2.94
— 0.4223
¢ i A metal5 1.26
03777  TOPNITK=75
Metal Material Thickness Purpose T } 0505 viad :
4 : Cap2m viad
5.3711
_ _ _ NILD6 K=4.0
Metal 1 - 2 Copper Thin in gate routing EE ] 0.845
_ T # 0.39 % capm via3
Metal 3-4 Copper Thicker Between gates 40211
' ' NILD5 K=4.1
routlng metal3 ] 0.845
Metal Z Copper Very thick Cross chip routing. + # 0.42 via2 NILD4_CK=3.5
2.7861 NILD4 K=4.2
Local Power/ tal2 000 — ] < ¢ 036
Ground routing
+ # 0.27 vial NILD3_C K=3.5
2.0061 NILD3 K=4.5
: : tal1 > 0.36
Metal Y Copper Ultra thick Cross chip power Y me 0.030 ~ ¢
routing. Often used 1*3761 wo2Keacs o.2f5 007*5 - 005 > E_ |
for RF inductors. ' (INT RS 3 Y I - = 01
10111 0.4299 | licon | ! IOX K=3.9 i I
. _ _ 0.9361 PSGK=3.9 + — 0.6099 | SPNIT K=7.5 0.121 +
RDL Aluminium Ultra tick Can tolerate high ' \ pevy licon polysilicon I\ 018
forces during wire 00 Y 03262  FOXK=39 gete + ¢
bonding. T nwell K diffusion J 012
p-substrate T
— 0.0431
—» ~<—— 0.006

Carsten Wulff 2022

168



Metal routing rules on IC

Odd numbers metals = Horizontal routing (as far as possible)

Even numbers metals = Vertical routing (as far as possible)



Lumped model

Use 1-segment w-model for EImore delay

N segments
R R/N R/N R/N R/N
—NW— € ANV —ANN— o000 —ANNVN—NNV—
C C/N C/N C/N C/N
\V4 \V4 AV \V4 \V4
R R/2 R/2
B N A
C C/2 |C/2 Ic
\V4 \V4 \V4
L -model n-model T-model

Carsten Wulff 2022
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Wire resistance

resistivity = p [{2m]

R = sheet resistance [2/[]]

To find resistance, count the number of squares

R = R X # of squares

Carsten Wulff 2022 171



Most wires: Copper

_ L7ufdem

Rs eet—ml1 ~ ~ (.12
heet—ml 200mm /
1.7u)

Rohect-mo A —a——" ~ 00068/
Ium

Carsten Wulff 2022

Pitfalls

Cu atoms diffuse into silicon and
can cause damage

Must be surrounded by a
diffusion barrier

Difficult high current densities
(mA/um)
and high temperature (125 C)
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Contacts

Contacts and vias can have 2-20 (2

Must use many contacts/vias for high current wires

Carsten Wulff 2022 173



Wire capacitance
Ctotal — Ctop - Cbot - 2G’aalj

Dense wires has about 0.2 fF/ym

Carsten Wulff 2022 174



Estimate delay of inverter driving a 1
mm long, 0.1 um wide metal 1 wire
with inverter load at the end

W
Rsheet = 0.102/U1, Riny = 1A£Y, ~I>¢ )\0% - D&

Cp = 0.2fF/um, Ciny = 1fF

Use Elmore 0.
f N\
sz're sz're :
tpd = Ripy—— + (R'wz're + Rznv) —— + Cino Q- :ZC“’"" — (:“E. — (v
2 2 (Q 48V -T 2

= 1k x 100f + (1k + 0.1 x 1k/0.1) x 101f = 0.3 ns - -

Carsten Wulff 2022 175



Crosstalk

A wire with high capacitance to a neighbor

An aggressor (0-1, 1-0) injects charge into
neighbor wire ,j— ‘I><k

Increases delay

Noise on nonswitching wires O ADO

\[@:} &ths W e~

Carsten Wulff 2022 176
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Mealy machine

An FSM where outputs depend on current
state and inputs

Carsten Wulff 2022

l» Stotes l
CoM % 74P Q CoM
—p
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Moore machine

An FSM where outputs depend on current
state

Carsten Wulff 2022

CoM

Stohes

CoM
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Mealy versus Moore

Parameter Mealy Moore
Outputs depend on input and current state output depend on current state
States Same, or fewer states than Moore
Inputs React faster to inputs Next clock cycle
Outputs Can be asynchronous Synchronous
States Generally requires fewer states for More states than Mealy
synthesis
Counter A counter is not a mealy machine A counter is a Moore machine
Design Can be tricky to design Easy

Carsten Wulff 2022 180



dicex/sim/counter sv/counter.v

module counter(
output Llogic [WIDTH-1:0] out,

input logic clk,
input Llogic reset
);
parameter WIDTH = 8;
Logic [WIDTH-1:0] count;

always_comb begin
count = out + 1;
end

always ff @(posedge clk or posedge reset) begin

if (reset)
out <= 0;
else

out <= count;
end

endmodule // counter

Carsten Wulff 2022
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Carsten Wulff 2022

Battery charger FSM

La Va
»| VTERM
»{ VTRICKLE_FAST
I <
CHGLIM
ITRICKLE
ITERM — t
< >
Trickle Fastcharge  Constant voltage charge Charging complete
charge

182



Li-lon batteries

Most Li-lon batteries can tolerate 1 C during fast
charge

For Biltema 18650 cells:
1 C =2950 mA
0.1 C =295 mA

Most Li-lon need to be charged to a termination
voltage of 4.2 V

Too high termination voltage, or too high
charging current can cause growth of
lithium dendrites, that short + and -. Will end
in flames. Always check manufacturer
datasheet for charging curves and voltages
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Battery charger - Inputs

Voltage above Vrgprorxie
Voltage close to Vrgrus

If voltage close to Vrggrar @and current is
close to Itgryr, then charging complete

If charging complete, and voltage has
dropped (VrecHARGE), then start again
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Battery charger - States

Trickle charge (0.1 C)
Fast charge (1 C)
Constant voltage

Charging complete
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iterm =0
vterm =0

vtrkl =0

vterm = 1

Fast charge Const. Voltage vrchrg =0

virkl = 1 iterm = 1

vrchrg = 1

Trickle charge Complete
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One way to draw FSMs - Graphviz

digraph finite_state_machine {

rankdir=LR;

size="8,5"

node [shape = doublecircle,
node

node

node

trkl -> trkl [label="vtrkl =
trkl -> fast [label="vtrkl =
fast -> fast [label="vterm =
fast -> vconst [label="vterm

label="Trickle charger", fontsize=12] trkl;
[shape = circle, label="Fast charge", fontsize=12] fast;

[shape = circle, label="Const. Voltage", fontsize=12] vconst;
[shape = circle, label="Done", fontsize=12] done;

vconst-> vconst [label="iterm
vconst-> done [label="iterm =
done-> done [label="vrchrg =
done-> trkl [label="vrchrg =

dot -Tpdf bcharger.dot -o bcharger.pdf
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//- Control output signals
always_ff @(posedge clk or posedge reset) begin
if(reset) begin

iterm =0 state <= TRLK:
trkl <= 1;
fast <= 0;
virkl =0 vconst <= 0;
Fast charge vierm = 1 Const. Voltage vrchrg =0 done <= 0;
vtrkl = 1 end

else begin
state <= next_state;
case (state)

Trickle charge Complete

TRLK: begin
trkl <= 1;
fast <= 0;
vconst <= 0;
done <= 0;
end
FAST: begin
trkl <= 0;
module bcharger( output logic trkl, fast <= 1;
output logic fast, vconst <= 0;
output logic vconst, done <= 0;
output logic done,
end

input logic vtrkl,

input logic vterm, VCONST: begin

input logic iterm, trkl <= 0;
input logic vrchrg, fast <= 0;
input logic clk, vconst <= 1;
input logic reset done <= 0;
);
end
parameter TRLK = @, FAST = 1, VCONST = 2, DONE=3; DONE: begin
logic [1:0] state; trkl <= 0;
logic [1:0] next_state; fast <= 0;
vconst <= 0;
//- Figure out the next state done <= 1;
always_comb begin end
case (state) endcase // case (state)

TRLK: next_state vtrkl ? FAST : TRLK; end // else: lif(reset)
FAST: next_state = vterm ? VCONST : FAST; end
VCONST: next_state = iterm ? DONE : VCONST; endmodule
DONE: next_state = vrchrg ? TRLK :DONE;
default: next_state = TRLK;
endcase // case (state)
end
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Synthesize FSM with yosys

dicex/sim/verilog/bcharger_sv/bcharger.ys

# read design
read_verilog -sv bcharger.sv;
hierarchy -top bcharger;

# the high-level stuff
fsm; opt; memory; opt;

# mapping to internal cell Llibrary
techmap; opt;

synth;

opt_clean;

# mapping flip-flops
dfflibmap -liberty ../../../lib/SUN_TR_GF130N.lib

# mapping logic
abc -liberty ../../../lib/SUN_TR_GF130ON.l1ib

# write synth netlist

write_verilog bcharger_netlist.v

read_verilog ../../../lib/SUN_TR_GF130ON_empty.v

write_spice -big_endian -neg AVSS -pos AVDD -top bcharger bcharger netlist.sp

# write dot so we can make image

show -format dot -prefix bcharger_synth -colors 1 -width -stretch
clean
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clk

<>
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>
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1T hanks!
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