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EECS251B : Advanced Digital Circuits
and Systems

Lecture 11 — Transistor Models
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Announcements

®* Lab 4b slightly delayed

®* Homework 2 due nextweek
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Delay Models
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Modeling Goals

®* Models that traverse design hierarchy
® Start with transistor models

®* Gate delay models

® Use models to time the design

®* Modeling variability

® Based on 251A, approach

® Start simple

® Increase accuracy, when needed




Device Models

® Transistor models

® |-V characteristics

® C-V characteristics

® Interconnect models
°R,C, L
® Covered in EE240A
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Transistor Modeling

® Different levels:
®* Hand analysis
* Computer-aided analysis (e.g. Matlab, Python, Excel,...)
* Switch-level simulation (some flavors of ‘fast Spice’)

® Circuit simulation (Hspice)

®* These levels have different requirements in complexity, accuracy and speed of
computation

® We are primarily interested in delay and energy modeling, rather than current
modeling

® But we have to start from the currents...




Transistor Modeling

*DC
® Accurate |-V equations

®* Well behaved conductance for convergence (not necessarily accurate)

®* Transient
® Accurate |-V and Q-V equations
® Accurate first derivatives for convergence

® Conductance, as in DC

simple, &&— \niversal

® Physical vs. empirical /

extendible
\ /. accurate

empirical ¥ | /ber of
parameters

physical

from BSIM
group
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Transistor |-V Modeling O/

®* BSIM [(
® Superthreshold and subthreshold models

®* Need smoothening between two regions

* EKV /PSP

® One continuous model based on channel surface potential

EECS251B L10 TECHNOLOGY 2 8
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MOS I-V (BSIM)
Start with the basics:
Ips=WC, (Vs V- V(X)) LE(X)

v: velocity at x

Q’(x): Charge density in channel at x

10




MOS I-V (BSIM)

Start with the basics:

Ips=WCo(Vis= Vi~ V(X)) RE(X)
Ips=WCo(Vis= Viy- V(X)) p(d V{(x)/dx)

® When integrated over the channel:

|1//4 Vps
Ips = T/icox Ves — Vrp — T Vbs

Transistor saturates when Vi, = I/, - the channel pinches off at drain’s side.

///4
Ips = Z.ucox(VGS - VTh)2
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MOS Currents (32nm CMQOS with L>>1 um) /

8.E-04 f

7604 — |
-
SO /
4E-04 / — >Quadratic
3E04 / /

2E.04 /

1.E-04

0.E+00 . : . . . . . . . :
0.2 0.4 0.6 0.8 1.0
VislV]
Currents according to the quadratic model
Correct for long channel devices (L ~ um)
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Simulated 32nm Transistor

6.0E-04

5.0E-04

|DS[A] 4.0E-04

3.0E-04

2.0E-04

>~ Linear

1.0E-04 -

0.0E+00

L =32nm

0.2

0.4
Vos[V]

0.6

0.8

1.0
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Simulation vs. Model

8.00E-04

—;

7.00E-04

6.00E-04

5.00E-04

4.00E-04

3.00E-04 -

2.00E-04 -

1.00E-04 -

0.00E+00

Major discrepancies:
 shape

» saturation points
 output resistances

Quadratic Model

Short-channel Device
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Velocity Saturation O/

Vsat g

Herf

A Ec=2

Vet = 10°m/s

v, (m/s)

i —
Constant velocity

Constant mobility (slope = u)

A

Ee=1.5 E(V/um)
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Modeling Velocity Saturation

® Fit the velocity-dependence curve

b HerrE

, (H(Eﬁc)")”"

v, (M/s)

NMOS: n=2
PMOS: n=1

E(V/pm)
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Modeling Velocity Saturation

®* A few approximations: (a) n > o, (b) n = 1, (c) piecewise

v, (M/s)

Piecewise

E /2= vp/pes

E(V/um)
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Approximation n — o O/

2

W V= Herls £<Ee Ins = ucox¥<(vas Vyn)Vps — 2 ) (

2

2) v=v E>E

sat

w Vosat”
Ipsar = UCoy T ((VGS — Vrn)Vpsatr — %)

Vo

sat ~

Can be reduced to Rabaey DIC model by making V.. = const

Dsat

s this physically justified?
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MOS Model from DIC, 2" ed.

y - body effect parameter

=S G fCll‘ VGTgﬂ g

Ip
— rW min
Iy, =k I(VGTVHH';: ) )(1 + AV ) for Vi 20
with V,,, = min(Vip, Vg, Vipgar)s
Ver=Ves— Vi

and Vy = Vpy+ 'Y(./l— 205+ V.?Bl - 4|—2¢p|)

From Rabaey, 2" ed.
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®* Model presented is compact and suitable for hand analysis.

Unified MOS Model O/
(

* Still have to keep in mind the main approximation: that V., is constant . ©

When is it going to cause largest errors?

® When does E scale? — Transistor stacks.

® But the model still works fairly well.

® Except for stacks



Approximation n = 1, piecewise

*n =1 is solvable, piecewise closely approximates

( E 2v
Herf E< EC _ sat
Velocity, v: v=<1+E/E, Heff
\ Usat, E > EC

Sodini, Ko, Moll, TED’84
Toh, Ko, Meyer, JSSC’88
BSIM model
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Drain Current O/

®* We can find the drain current by integrating /¢ (
Ips=WC, (Vos— V- VAX)) v

2

. .ucox w VDS
Linear: Ine = Vee — Ve Whe —
In saturation:
Ipsar = CoxWvsqt (VGS — Vi — VDsat)
,ucox w VDsat2
I = Ve — V)V, —

24



Drain Current in Velocity Saturation

® Solving for V,

sat

v _ (Vs — Vrn)EcL
bsat (Ves — Vrn) + EcL

> And saturation current

L W tterrCoxEcL  (Vgs — Vrp)?
DSat =] 2 (Ves — Voy) + EcL

25




Velocity Saturation

lDS[A]

6.0E-04 -

5.0E-04 -

4.0E-04 -

3.0E-04 -

2.0E-04 -

1.0E-04 -

0.0E+00

VpslV]
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Velocity Saturation

E Lis V,-dependent
Can calculate V.., (V, ~ 0.4V in 28nm)

VesVI | 05| 06 | 0.7 | 0.8 | 09 | 1.0
Vbs[V1| 0 |0.05| 0.11 | 0.18 | 0.25 | 0.33

For large V,.q V)., bends upwards toward £,.L

Therefore, £,.L can be sometimes approximated with a constant term

But also need to understand the limitation of the approximation
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Application of Models: NAND Gate O/

® 2-input NAND gate Voo
T
Voo —[_ B

In Out

O
Out

=
_|

o>

Sizing for equal transistions:
* P/N ratio (B-ratio): 1 for L< 20nm, 1.6 for 20nm <L< ~65nm, 2 for L > 90nm
* Upsizing stacks by a factor proportional to the stack height

29




Transistor Stacks O/

® With transistor stacks, V¢, Ve reduce. y

® Unified model assumes V¢, = const.

® For a stack of two, appears that both
have exactly double R, of an inverter —
with the same width

®* Therefore, doubling the size of each,
should make the pull-down R equivalent
to an inverter

o>

N




Velocity Saturation

® As (Vzs-V7)/EcL changes, the depth of saturation changes

[ W nesCorEcL (VGS Vi, )2
L 2 (VGS - VTh)+ EcL
For Vg, Vs = 1.0V, E.L is ~0.75V B
With double length, E-L is 1.5V (in this model in 28nm)

Stacked transistors are less saturated
VsV, = 0.6V, Iye, ~ 2/3 of inverter I, (64%) A

o

S
:

C

DD

1.6

—o| 1.6

1.5

Out

Therefore NAND2 should have pull-down sized 1.5X
Check any library NAND2’s

Current halved in a stack of 3

PMOS less impacted by velocity saturation since lower mobility

1.5



Note about FinFETs

®* Widths are quantized

£

L 4

£

H[T L
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Example: Logical Effort O/

e Older CMOS (130nm) Planar CMOS (~28nm, * FinFET (7nm)

bulk, FDSOI)
Vo Vb Voo
Ino ’ Out Ginv = 1 In Out ginv =1 In Out Ginv = 1

|

] INAND2 = ] INAND = ] INAND2 =
A ] A A
° L O :|| o :'l

1 1 1

Vb Vb Voo
B | ]M

4 B I My B My
dNoRr2 =

Out

:] 9INoR2 = ] InoR2 =
T "

M3 M3
Out A Out
O
M1 2 M7 _I M2

|

IS
1l 3

L
<
u»‘
M§ [e}
"Ei
<
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Example: Logical Effort O/

* Older CMOS (130nm) ELOI'L“”FV[;’(")CI;S (~28nm, * FinFET (7nm) ((

2
_ 1.6 1 -
In Out ginv B 1 In Out ginv = 1 In Out ginv - 1
E 1 : 1 1

<
<

>

o

’,q 2 2 1.6 d[°1.6 T 1
5 ] . B ( 8 ‘
L_| 2 1.5 1.5
Onanpz = 4/3 = =3.1/2.6 Inanpz = 2.9/2 =
1.33 ] Inanpz ] 1.25
L — - A =12 A '
— o 15
1_2 ],—1'5 — 1_1.:)
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Example: Logical Effort

®* Older CMOS (130nm)

2
] Inanpz = 4/3 =
A J 1.33
— 12
Voo
B ]M 4
O——q 4
:] dnore = 9/3 =
mé 1.66

® Planar CMOS (~28nm,
bulk, FDSOI)

VDD

1.6
In Out inv = 1
E 1

VDD

® FinFET (7nm)

1 ginv =1
In Out
1

1.6 d[71.6 1 g1
B ]7 . j
1.5 ]1_5 ) )
] ananD2 3.1/2.6 ] ?NéAgDz =2.5/2=
"(\3 ] =1.2 A | .
R 15 =15
1 1
Voo VD-D
B =]M41-6X1.8=2.9 5 __]I e
:] Inorz = 2.5/2 =
116 x 1.8 15 1.25

1l 3

—d
M -_ — .
3 ou Onore = 3.9/2.6=15
|
U | NP g Y, 1
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Other Models: Alpha Power Law Model O/

‘

® Simple model, sometimes useful for hand analysis Q

gifective restmance
In penlode regHan

W , Vo = 5V Re
. . o T T T T !
Ips = o nCo, (VGS VTh) T
¥iu
Parameter a is between 1 and = —L
2 (=
E lul'IIIZ:
E b ¥
o
= Vas
£ A e F
. iime
o
— EAELIEE
—— - T=phwer law
mgde|

Sakurai, Newton, JSSC 4/90

Vog 7 drain - source vollage { V)



Alpha Power Law Model O/
® This is not a physical model (

* Simply empirical: .

® Can fit (in minimum mean squares sense) to variety of d’s, V

®* Need to find one with minimum square error — fitted V, can be

different from physical
®* Can also fitto o = 1

®* What is V52



K(Vgs =Vinz) Model (o0 = T) c/

Drain current vs. gate-source voltage g

8.0E-04

6.0E-04 -

4.0E-04 -

Ips [A]

2.0E-04 -

0.0E+00 ‘ et ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 1.2

Vs [V]
VTHZ
39



Saturation Current Models

W
l,s = KT(VGS —VTHZ) Delay estimates with V, >> V,
W uC 2
IDS = T:uzox (VGS _VTH) Long channel devices (rare in digital)
W uC
Ips = T%(VGS —Vry )a Delay estimates in a wider range of Vs

W Easy to remember, does not handle stacks

V 2
IDS = T,UCOX [(VGS _VTH )VDsat o Dszat ] correctly

Wl EcL(Vas —Vin)’
BTl 2 (Vo= Vi) +EcL

Handles stacks correctly, sizing

EECS251B L10 MODELS
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Next Lecture

* (Gate models
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