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0. Introduction

What is a compact model ?

* Compact Model is the medium of information exchange
between foundry and designer.
* Provides detailed information about device operation &
characteristics
* However, needs to be:
e Simple enough to be incorporated in circuit simulators

e Accurate enough to predict behavior of circuits
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0. Introduction
Why the need for a design-oriented MOSFET model ?

* Provides a proper bridge between the electrical behavior of the MOSFET and
circuit performance though simple analytical equations

* Allows analytical sizing of the transistors

* Avoids excessive dependency of the IC designer in using parametric simulations

with complex models to define the operation point!

* High accuracy
in all regions

* tens of DC parameters
5

* Poor accuracy, only in
one region

» 2/3 DC parameters
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0. Introduction
Why the need for a design-oriented MOSFET model ?

* Provides a proper bridge between the electrical behavior of the MOSFET and circuit
performance though simple analytical equations

* Allows analytical sizing of the transistors

* Avoids excessive dependency of the IC designer in using parametric simulations

* Increase the designer intuition!

|IC designers bridge
Design-oriented model: ACM2

aAaAag

* Good enough accuracy
in all regions
* 5 DC parameters

* High accuracy
in all regions
* tens of DC parameters

Poor accuracy, only
in one region

* 2/3 DC parameters _
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0. Introduction
What is a Compact Model

Flow of Electronic Design

— @

Process Device Circuit

Analysis/Modelling
for individual devices Compact Model of Device
(“device simulation”) ¢ Simple enough to be
B ides dataied incorporated in circuit
simulators

information about device

operation & characteristics e Accurate enough to have
: . . predictive value for circuits
e Computationally intensive

o EM simulation, drift-diffusion
egns., numerical solution of
PDEs, etc.

T Wang and J. Roychowdhury, University of California at Berkeley Images from www.google. conyimages
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0. Introduction

Family of BSIM models: popular MOSFET models for circuit
simulators

BSIM DC models: equatliqons characterized by several tens of
. ar%?nrg ee}%t models with reduced number of DC parameters
P make easier the understanding of the MOSFET.

 Understanding of a compact DC model improves designers'
skills and abbreviates considerably time spent on
simulations.

 The simple 5-PM (5-parameter model) version of the ACM
model: successfully simulation of MOS circuits.

This presentation: the 5-PM of the (DC) ACM model, the
MOSFET small-signal model, noise and mismatch
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0. Introduction

Table 1 — Input parameters.

NAME DESCRIPTION UNIT
W channel width m
L channel length m
IS specific current A
VTO threshold voltage V
n slope factor -
Sigma DIBL coefficient -

Zeta  velocity saturation related parameter -

5 DC parameters of the ACM model

Lima - September 2024



0. Introduction

NAME DESCRIPTION UNIT
umob carrier mobility m?/Vs
Cox oxide capacitance per unit area F/m?
tox oxide thickness m
el Permittivity of vaccum F/m
eox Permittivity of silicon dioxide F/m
VP pinch-off voltage V
PhiT thermal voltage V
gm gate transconductance A/V
gms source transconductance A/V
gmd drain transconductance A/V
alpha channel linearity factor -
Ql total inversion charge C
QB total bulk charge C
QG total gate charge C
QD total drain charge C
QS total source charge C
QID drain charge density C
QIS source charge density (&

qD normalized drain charge density

qS normalized source charge density

Cgs gate-to-source capacitance F
Cgd gate-to-drain capacitance E
Csd source-to-drain capacitance F
Cds drain-to-source capacitance F
Cgb gate-to-bulk capacitance F
Chbd bulk-to-drain capacitance F
Cbs bulk-to-source capacitance F

10
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1. The MOS capacitor

\‘“ (GATE VOLTAGE)

Gate - \\
\
Oxide —*|\ A
(SiO,) \ Metal or
Polysilicon
Substrate
|
ox
Metal
plate

v Reference terminal
~ (substrate or bulk)

https://www.wisdomjobs.com/userfiles/structure_of mosfet.jpg
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o The “ideal” two-terminal
1. The MOS capacitor MOS structure

QG - gOX
\V V, - == C.,.=
G G ¢ COX 0X tox
Charge
conservation
Qs

Q+Q=0] M=t c

Tox I y \ ]

0 t., - oxide thickness Y
+ Q ity of oxid Potential balance
S Exx ~ PErmMIittivity or oxide equation
¢S X ¢s - surface potential (at x=0)

C., - Oxide capacitance/unit area
Qg (Qs) - gate (semiconductor)
charge/ unit area

N, — acceptor concentration

What's the electric field E_, inside the oxide?

. 12
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1. The MOS capacitor The potential balance equation

The MOS capacitor V., —V., =4 Qs
V, Cox
Flat band
Ve =Vrp
Inp, n 1 P
P ! N,
g |
toxI . metal | oxide | silicon
0 I
N T QS : n ni2 / NA
1
¢S X . >
“Tox 0 X
: Carrier concentration along x for ¢gs=Q<s=0
N, _
i p = NA
P-type silicon
J_L\ Reference potential (gnd) | = ni2 I'N,
_ - 13
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Example 1.1 : oxide capacitance

(a) Calculate the oxide capacitance per unit area for t,,= 5 and 20 nm.
The permittivity of silicon oxide is ¢, = 3.9&,. &= 8.85-10'* F/cm is
the permittivity of free space.

(b) Determine the area of a 1pF metal-oxide-metal capacitor for the two
oxide thicknesses given in (a).

(c) Determine the gate charge/unit area in C/cm? and the number of
elementary charges/ um? of the 1 pF capacitor for Vg -¢5 =1 V

Answer: (a) C,, = 690 nF/cm? = 6.9 fF/um? for t,,=5 nm and C_, = 172
nF/cm?= 1.7 fF/um? for t,,= 20 nm. (b)The capacitor areas are 145
and 580 um? for oxide thicknesses of 5 and 20 nm, respectively.

(c) 0.69-10°° C/cm? and 0.43-10% um? for capacitor area of 145 um?
and 0.17-10°% C/cm? and 0.11-10° /um? for capacitor area of 580 um?.

. 14
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Example 1.2: volumetric and areal charge densities
It
L

Assume that the electron concentration is n = 1016 cm=3 , L=W=1 um, t=0.1 um

W

A

v

(a) Calculate the volumetric charge density

(b) Calculate the total number of electrons and the corresponding charge
inside the volume

(c) Calculate the (areal) charge density seen from the x-direction (seen

from above)
Answer: (a) p=-1.6 102 C/cm? (b) Number of electrons = 103, charge = -1.6 x
1016 C (c) charge density Q,=-1.6 x 10® C/cm?.

15
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1. The MOS capacitor

V, What is the semiconductor Qg composed of?
p=qp_n-+, NA})
Mobile leed
charges charges

The semiconductor charge density Qg IS

0 ohmic ohmic
Q contact contact
l S Qs = pdx = q(p — Ny —n)dx
¢ 0 0 ohmic
S X

Qs =0+ 0 Qp = jocontaaQ(p — Ny)dx

ohmic
contact

Bulk(fixed) l

Q,=- qndx
NA charge Inversion (mobile)
charge
P= N A
Reference _potential (gnd) n=n%/N A
Ohmic contact ! 16
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1. The MOS capacitor

P

Regions of operation of the MOSCAP:

Accumulation

V.. <V
(p-substrate) GB 8
o, <0
| G |Qs >0

0 +++++++++
Vﬂ_ Qs

p-substrate
‘ B

Holes + accumulate in the
p-type semiconductor surface

Lima - September 2024
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L
P N
C A
o silicon
o T -=-====" ni
o
2
- n°/N
N i A
0 X
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1. The MOS capacitor X,
Depletion (p-substrate) 0
G —aN,
. oxﬁe E silicon
qg Ax,
Veg > Vip \
Vep - = Qs - ¢r > ¢s >0 5 >
— a 0 o a Qs <0 oxide silicon "
¢
p-substrate 0,
| B
Holes evacuate from the P a0 %
_ oxide | silicon
semiconductor surface and acceptor Inp,n -
. L N
lon charges — become uncovered D :
QS;QD Qp: depletion charge (ions) ‘ """" n,
2 a0 _ap(x) U 2
n= n_'e KT p — N e KT ﬁé
N 2 -tox 0 X

a
Lima - September 2024
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Regions of operation of the MOSCAP:

Inversion (p-substrate) |4, > &

Q. =0Q, +Q, When

Qy: electron charge (carriers)

Q. <O

G
$ cpproach the sur

¢ - Fermi potential

approach the surface!

p-substrate I

‘ B 'tox O

¢s:¢F — p(X:O)Zn(X:O):ni

Lima - September 2024
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Regions of operation of the MOSCAP -
Inversion (p-substrate). ¢ >@. @ is the Fermi potential

_94(x)
Inp, n inversion layer p — Nae kT
/ - n? eqﬁx)
V Na N
a
2 q¢e
n- = KT , N
N(f=dp)=m =€ >dp="In-
ni2 Na q ni
| . NL The semiconductor operates in
tox 0 | xdmax X inversion when ¢¢> g
At this point For ¢>g¢ the concentration of minority carriers (n) at
p=n=n. and ¢:¢F the semiconductor-oxide interface becomes higher
! than that of majority carriers (p); the semiconductor

operates in the inversion region
Lima - September 2024



Strong inversion : the concentration of minority carriers
(n) becomes higher than that of holes (majority carriers) deep

INn the bulk
_g6(x)

|/r3 D, N / inversion layer p N e T
2 qg(x)
n. ——
; Na n= —Ie kT
Na
2 q¢
n; kT N
| nN=N,=——-¢e 5>¢=2 =20,
1%@ N, q n,

The semiconductor operates in
strong inversion when ¢<>2 ¢,

. 21
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Operating regions of the MOSCAP: Summary (I)
N . - N,

log p, N
|
|
|
|
|
|
|
|
|
|

=

c
o
o |- N
o

Depletion |0<¢, <¢; Qs <0

Accumulation [¢, <0; Qg >0

NA C - - NA
silicon o silicon
——————————— n. = by
i °
nf I'N, ni2 I'N,
X 0 Strong ’
Weak . . : -
version [P <9 <2 Qs <0 inversion |20 <#i Qs <0

22
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Ve

Operating regions of the MOSCAP: Summary (ll)

p-substrate

+Q

Accumulation

B

Ves<Vis

+0Q
— e e e e e I OO
N |
X X
Flat band Depletion
Vea=Ves Ves<Ves
0<¢s <¢

+Q

— — — DNNNNNNNNNNN

Inversion
Ves<Ves

s > P

SN Positive charge (holes or deficiency of electrons) density

Carrier (electron) charge density

Depletion (ion) charge density

Lima - September 2024
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1. The MOS capacitor
Capacitive model of the MOSCAP

Lima - September 2024

Qp =

Qs
Ve — Vip = ¢ — C_
oxX
Vg A
L L]
N +
QT C T C
_G ) 0 QG 0X
_ ® ﬂs _ - & ﬂs 3
Qs == C; Q=m=C, C=/=0Q
+ + +
p-type p-type
substrate substrate
(a) (b)
ohmic ohmic
contact contact
q(p — Ny)dx Q,=- qndx
0 I 0
Holes & Electrons
uncovered ions (N-MOSFET carriers)
24



The threshold voltage

Qs (semiconductor charge density) =

Q, (carrier charge density )+

Q; (ion charge density )

mobile
® 00, 004 00
— _ - QS_— — fixed
“"ACO @ O N Threshold voltage
p-substrate Gate voltage for which _ Ny
n(X = O) = NA = ¢s = 2¢F d)F - d)tln(ni)
B
N From |V — Veg = _ 9
A G FB = Ps C
c o0xX
- n
= .
o | VT:VGB¢_2¢ = Vrp + 2¢p + v/ 2¢F
s— F
n’/N, —
> Term due to Q
0 X = D
5 =24, | y =420s,N, /C,_, e
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Example 1.3: threshold voltage

Estimate V- for an n-channel transistor with N,=101" atoms/cm? and

t.,=5 nm. The flat-band voltage is -0.58 V.

N 10" g 0.345x107"
=¢In—"2=26xIN——=419mV; C =-*=
P =4 n 10" "t 5x107

i 0X

=690x10~° F/cm?

The body-effect factor is

-19 -12 17
J2x1.6x10 L0400 e
690x 10

y =4J20¢,N, /C =

The threshold voltage is
Ve = Vg + 205 + y+/2¢r= — 0.58 + 0.838 + 0.264Vv0.838= 0.5V

NOTE: In some technologies there are transistors with V close to zero,
which are called native or zero-VT transistors

: 26
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1. The MOS capacitor

av. n(V.
V=7, =Vep + 2 + 2 o o _ (2990 _
T GB bo=20r FB br + v\ 20F ar = T( > @p)
560 T l |

Standard VT P e I——
180 nm CMOS T e
W= 5 um - == Fitting expression
L= 180 nm 540 V1o (T) = Vio(Trer ) Toymo(T —Tref)

Vg (mV)

500 |-

= —04mV/K \

480 1 : ' ' =
=25 0 25 50 75 100 125

Temperature (°C)
Temperature dependence of the threshold voltage (~ CTAT)
Lima - September 2024 27




1. The MOS capacitor

Since ACM is charge-based model, the threshold voltage is modified to

Vr = Veglo,=0;p=—nc, s = Veplos=2¢:= Vi + 2¢0F + v/ 2¢F

Ves=V7

Ps = 2¢F

Example 1.3

_ y _ _ 2 — — 2
n=1 +2¢27F =1.144, C,, = 690 nF/cm*, ¢,=25.9 mV - Q; =-20.4 pC/cm

: 28
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2. The three-terminal MOS structure

VG
# Carrier concentrations in Si

substrate follow Boltzmann’s law:

Ve

n, p ccexp(-Energy/kT)

V=0

The origin of potential ¢is taken deep in the bulk

_qQ q(p—V¢)

p = poe kT; n = npe kT

Electrons are no longer in equilibrium with holes due to the bias of
the source-bulk junction V.

: 29
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2. The three-terminal MOS structure

Ve ‘ Ve C. +C, =nC,
n=n(Vs)
dQ, =nC,,d¢,

dg, _ C. ~—nCQI¢t<1WI Ci:—&
dVe GCi+Ci+Cy | ~1 . S ¢t
G
¢
COX — 1 ¢
C |1 dv, dQI“ dfs dVC — dQI ==
I 1 995 C=N"__ 1 nCox QI
C, c. == C, Co, =/ C,,
b
— e VS SVC SVD

Lima - September 2024
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2. The three-terminal MOS structure

Unified Charge Control Model (UCCM)

1 é, Y Integrating from an arbitrary channel
< nC, Q) potential V. to a reference potential Vp,
(pinch-off) yields UCCM

n=1+ c - n(Vs)
} Vo=V, =4 {Q'P —Q +In [Q'ﬂ
Q|p = Q| |Vc v, nCox¢t QIP
Choosing the thermal charge _nC :> v 5 —Vr
as the pinch-off charge i ox Pt P n
The normalized inversion (areal) charge & =q,
density is Q|p
Vp—V
Normalized UCCM thc =q;—1+Ingq

* This is an approximate value of V, which is
very useful for first order calculations

Lima - September 2024
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2. The three-terminal MOS structure
Unified Charge Control Model (UCCM)

|II

The “regiona

strong and weak inversion approximations

V, =V, Q{Qn“(’: ! In[

Q| j:| VP ~ VG o VT
QIP n

Q] > Qp

strong inversion

Ve —Vyp
_QI = nCox( n - VC)

Note: expressions above can be referred
to bulk potential = 0

Lima - September 2024

|Q;] < Qp

weak inversion

—Vr Q;
o)

or, equivalently

VG B

VG Vr

—Vct+oe
Q; = Qjpe b

Ve—Vep

Ve—>Vep 3



2. The three-terminal MOS structure

V=05 V

Lima - September 2024



3. The NMQOS Transistor

(a) NMOS transistor symbol (b) NMOS
transistor structure ( ¢ ) cross section

|~ =
% | < iG =
ic ” | B
isTl Ip = Is
Source (S)
y Drain (D)

Polysilicon

Body (B)

https://people.engr.tamu.edu/spalermo/ecen4 74/
lecture02_ee474_mos_models.pdf Lima - September 2024

Tecmaony 150 m c5

m|n (nm)

W, (nm) 220 120
tx (nm) 4 2.6
Metal width, min (nm) 230 90
X, (nm) 160 86

Vg vD
ig ig iy
Drain (D

Source (S

P-Type Substrate

Body (B)

(¢c)
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3. The NMOS Transistor

NMOS Transistor =
NMOSCAP +

source & drain terminals T
n

In general, bulk-to-source &

bulk-to-drain diodes are reverse

(or zero) biased. Thus

!G =0 \,// p-substrate

I5=0 ‘

Ip = Ig B

Qs (semiconductor charge density) = g
Qy (carrier charge density )+ “¥

. Q (ion charge density ) : A

mobile 1
o S o < P
fixed A D

Lima - September 2024
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3. The NMQOS Transistor

Vs VD
Vs — Vb Ve |— e
Vs _ov_ — 0V 2V p—
— + — - ov -
: . ) NT T N* |©)
9 Nt [PoPooo| N |o) © jons ' © 0000060 oI
o VY | A, =2 O] |
! o @ o/ NESIPRSISSISICISISIo}SYSYSIOH
Cooa. Qoo — electrons S-S T
P

(a) Ve=ov  Vg=Vo=0v (b) Ve=2V  Vs=Vo=0V

—_ + + +1v - ',' N' | =—— | N'
o) N S —— + Ton N
gegee?@@@eeé%@@@@@ zegg L )
RCE G P

P T

s L
Vg =2V Vs =0V Vp=1V

. d
(C) Ve =2V Vs=Vp=1V ( )
Lima - September 2024 36



4. The physical quantities of the long-channel DC model

Physical quantities NMOS Tran5|stJ(r)r — NMOSCAP

Terminal voltages source & drain terminals

Vs, Vp, Ve, Vi G
Charge densities
J S * D

Q, (carrier charge density )

Q; (ion charge density ) | Yo e e Tetle
Qs (carrier charge density at source) T @S e = Qi a®
Q,; (carrier charge density at drain) - e
p-substrate
Currents |
B

I, (drain current)
I (forward current)

I (reverse current)

: 37
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4. The physical quantities of the long-channel DC model

G
Input parameters *
S D

NAME DESCRIPTION UNIT
W channel width m '..'. 0 g 040
L channel length m Nood = _Q = —
IS specific current A B2 < ) A
VTO threshold voltage V B-C Oa -
n slope factor
p-substrate

Normalization parameters B

kT
by = — Thermal voltage

q + P channel

— +nC It
Q;p = £nC,,0; Thermal charge density ~ _ N channel
w
. o . pn 2

Is = Isn = Specific current Isy = uCoxn=-: Sheet specific current

: 38
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5. The Unified Charge Control Model (UCCM)

VS I YG VD Cox + Cb = r]Cox
| ] : ,—t n= n(\/G)
o ) n* dQ, =nC,_d¢.
dg, G ~‘an1¢ <1wl C =——t
dVe B Ci+Co +Cy | ~1 o S ¢t
2 4
Cox == ¢
dQ; i _ _
Ce “ ® dds dVq @ “ * i dVC dQI (n ox QI
Ci C. T Ci Co 7~ Cox
° T = V, <V, <V,

Lima - September 2024
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5. The Unified Charge Control Model (UCCM)

Vls I YG Vo
1
— Channel potential ==) Vs <V.<V,
n* I , n*
/,:I P n=1+ & = n(V,) — slightly non-linear
{} | = Cox function of V¢
Qip — Q1 d; _
Vp - VCB = Tox + Pt In Q_IP QIP QI|VC=VP
UCCM
. Ve = V7
Thermal charge | Q,p = —nC,,¢; Pinch-off voltage | Vp = —
The normalized inversion (areal) charge density is QQ—I = q
IP
- Vp =7V,
Normalized UCCM P CB _ g, —1+1Ing,
Pt
40
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5. The Unified Charge Control Model (UCCM)

nC,,

VP_VC =QIP_QI+(ptln<&

Qrp

UCCM

)

Vo — V,
%

=q;—1+Ing;
t
Normalized UCCM

The “Regional” Weak (WI) and Strong Inversion (SI) Approximations

WI

ql<<1 _)VP_VC<<_§0t

q = e

Vp—Vc+ot

Pt

Error <10% for g, < 0.22

SI

q>1 >V =V > @

q =

Vp — Ve + ¢

Pt

Error <10% for q; > 20

0.22 < q; <20 :> Moderate inversion

Lima - September 2024




5. The Unified Charge Control Model (UCCM)

Qip — Qrsp) +o.In (QIS(D))

Vs — V. =
i S(D)8 nCoy Qip

UCCM at source (drain)

Ve = Vsp)B

Pt
Normalized UCCM at source (drain)

= qsm) — 1 +Ingsp)

The pinch-off voltage V, Useful approximation:

2
2 T
Ve _[\/VG —Vro +( 2¢; +gj —% GB TO

—2¢, Vp =

n

Lima - September 2024



Use of UCCM applied to an NMOS transistor. Parameters:
n=1.25, C,=1uF/cm? ¢, =26 mV,V;:=0.5V, W=L=1 um.
Complete the table below.

VP_VSDB NVGB_VTO
GO qspy — 1 +1Inggp Vp=—

Pt

Vo,

| <

Lima - September 2024



5. The Unified Charge Control Model (UCCM)

Pinch-off voltage and slope factor vs. gate voltage

4.0

o
(=)

pinch-off voltage

o

—
o

)
(=)

—
o

2.0
T .§
/ 3
B 10 &
7 S
/,/ - VP measurements
7
o 1 0.5
e £ VP . VZVGB_VT
1 = n
|
- . . . . 0
o | 20 3.0 40 50 v, (V)
|
Vq
dVp  Cor 1
av, C,+C,, n

Lima - September 2024
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. The Unified Current Control Mode (UICM)

VIS x/ L Vb
|
n+ i : n+
@ p
Qip — 0 Q: —do; @ — _
nC. + ¢¢In (Q_IP> =Vp — V¢ nC, + P 0 dVc

UCCM Differential UCCM

_ U W Qip _ _
using | p=-——] QadV and differential UCCM

Qrs

Pao-Sah equation

_ ,Lan QIZS o QIZD

b === |~ $e(0is — Q)

| |

drift + diffusion
Lima - September 2024
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6. The Unified Current Control Mode (UICM)

With charge density normalization sy = Qis)/ (—=nCoxPr)
unW QIZS — QIZD : :
Ip = ’2 . ¢:(0;s — 0;p) is written as
Ip = Is[(q5 + 2q5) — (a5 + 2qp)] (A)
B Piw _w B I . specific (normalization) current
Is = tnCoxn =7 = 7 lsy = 5 Isy Iy sheet specific current

S : aspect ratio
(A) can also be written as

Ip = Ip — I = L|if — i]

Ip, Iy - forward and reverse currents

. _ 2 . . L.
iy = 45y 2450y | : forward (reverse) inversion coefficients

. 46
Lima - September 2024



6. The Unified Current Control Mode (UICM)
brr) = qé(D) + 2q5(p) |:> ds(p) = /1 +ipy — 1

Vp — V.
Normalized UCCM F__SDE _ qspy — 1 + Ingsp

Pt
Vp —V ! !
£ (pS(D)B= 1+if(r)—2+ln< 1+lf(1‘)_1>
t

Normalized current as a function | . Ip 2 5
of normalized carrier densities ‘D Is (QS +2qs) — (a5 + 29p)

Normalized UICM

: _ Ve — Vsio)s . :
Fora PMOS transistor: " =—| [1+ify—2+In| [1+iy—1
t

. 47
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Use of UICM applied to an NMOS transistor. Parameters:
n=1.25, C,=1uF/cm?, ¢, = 26 mV, V; = 0.5V, W=L= 1 um.
Complete the table below.

Vp—(ths(D)B=_L/Tifm_2+ln(\/m_1)] VPEVGB;vTo
W ) 0 ) 0 g e
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6. The Unified Current Control Model (UICM)

Long-channel dc model:
forward and reverse components of the current

Saturation: |Ir > g >Ip = I

VD —_ VS_)ID — O—)IF — IR

. 49
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6. The Unified Current Control Mode (UICM)

The specific (normalization) current

Typical values of I, of long/wide

dEW w

Is = uCoxn =7 =lsn—

channel MOSFETs

Technology | NMOSFET | PMOSFET 20l
350 nm /5 nA 25 nA

180 nm 100 nA 40 nA g:\ 20l
65 nm 150 nA 50 nA e

40

10 |

1 2

3
V.(V)

Lima - September 2024

Sheet specific current of PMOS transistor
0.35 um CMOS technology
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6. The Unified Current Control Mode (UICM)

di W w
Is = ploxn=-—7=Ispg
6.5 ‘ T T T i
— Extracted
- -= Fitting expression e
pocT ™% 6.0 LM =Tl + o T T )T ="

| | |

|
25 0 25 o0 165} 100 12<

Temperature (°C)
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6. The Unified Current Control Mode (UICM)

V. -V, =¢t[\/1+7if—2+|n(\/1+7if—1)]

103
I~ (A g
D( ) VD:VG .._,.-::::::::
\V/
i °
I»
10-6f I
L
VGC_ VSI
109
0 1 2 3 Ve (V)

Common-source characteristics 52
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6. The Unified Current Control Mode (UICM)
V. -V, :¢t[\/1+7if—2+|n(\/1+T—1)]

107 1 Vs (V)

Fig. 2.9 Common-gate characteristics of NMOS transistor (fx=280 A, W=L=25 um) in

saturation (Fg=08,12.16,20.24 30,36,42 48V) (—) simulated and (O)

measured data. 53
Lima - September 2024



6. The Unified Current Control Mode (UICM)
Long-channel dc model:Universal output characteristics

The application of (I) to
source and drain gives:

() i;= 4.5 102 (V5=0.7 V).

(€) ii= 9.5x102 (V5= 2.0 V).

(d) i=3.1x 103 (V5= 2.8 V).
(e) i=6.8x 102 (V5= 3.6 V).

(f) = 1.2x 104 (V= 4.4 V).

Veg — V.
()| =5 = Vs . [
(l)t = 1+lf(r)—2+ln 1+lf(T)_1
vV J1+i-—1
L5=q5—qD+ln£= 1+i—y1+i,+1In .f
b¢ TR 1+i.—1
12
c e f
058 | © 8 T
= & 5 (b) ii= 65 (Vo= 1.2 V)
04 I ¢ ’ 0‘ #‘ I_Dzls[lf_lr]zl l_r
¢ 4 B © IF ISlf lf
e (0): measured
. r[/ (—): model
0 20 40 60 80 100 120
Vos'4,

Lima - September 2024
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6. The Unified Current Control Mode (UICM)

Long-channel dc model: The saturation voltage

Vpssat = Vps such that [ <1) ( )]
Vpssat = ¢¢ |In| = | + (1 - /1 i —1
Ima/Ims= 12 = § < 1 pesat = e\ T AETO Y

qis
10°
I ;
[ P
_______ )_’ " S
g \IMd
2 10° |
-
\=..
>)—c
7 10" |
/ i £=0.01
{/
Jms V £=0.1 ST oo oo oo
1 1 1 1 1 4
V D 10° — , . ‘ ‘ ‘
S 10'3 10'3 10-1 101 103 103

(1 —¢&) s the saturation level

A practical approximation for the saturation voltage: Vpssat = ¢ ( /1 + i + 3)

. 29
Lima - September 2024




6. The Unified Current Control Mode (UICM)

Long-channel dc model: Weak inversion

Weak inversion v,
If(r)<1 — VS(D) = d)t[ ’1 + lf(T) -2+ ll’l< ’1 + lf(r) — 1)]

V-V
Ip = I T 7Vs)/9e[1 _ g=Vos/t] I, = yﬂEn gt =21
Vs, V5 = const. Vg, Vp = const. Vs » Vp = const.
I

Iy /1g log 2 A Ip
I log——_

1 ‘ v ‘ 0 g IO

5% ©
\ N

Vo-Y% AS® Vo '\Q’Q@ Vs
g . 3 <

0 —t : : A < > P¢t

01 23456

E. Vittoz, “MOS Transistor: Model and Modes
i of Operation,” Course on Advanced Analog 56



6. The Unified Current Control Mode (UICM)

Long-channel dc model: Strong inversion V’—
Io/1E \/_ Wox W (Vg = Vpo — nVs)
A A : 2n L
(1 R |
|
|
|
|
|
| :
Vpssat=Vp=(Vg-Vo)/n Vs
I 1 lID
Vs L |<__
- 1 -
Vo= |7~ Ve - Ve 1
4L 7 1 N Vs
- W 2 2
lp =g = lg = 1, Coy ﬁ[(ve ~Vro—nVs )" = (Vg —Vro—nVp) J =

Moderate inversion

—> Both sqgrt(.) and In(.) terms of UICM are important
1<i¢yy <100 ) ©) g

. 57
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6. The Unified Current Control Mode (UICM)
Long-channel dc model: V; (V) & n(Vg)

4.0 2.0
Pinch-off voltage and slope _
30 ;;\factor VS. gate voltage - _
7 1.5
()
S / 2
=207 — o
g //g Cw Jis -‘%
%= e 1.0 o
P e Q
o 1.0 g o
£ o e
7 +
Y. Vs —— 109
0 ===z P a
| —
I =
|
-1.0 i 0
0 1.0 2.0 30 40 5.0 Vs (V)
V1o (equilibrium threshold voltage) Ve — Voo
ID=IF_IREIF=315 lf=3 VP: "
Vp = Vs . . Vo — V. =0 V.=V
Y /1+lf—2+ln< 1+lf—1> |:> P S|if=3 = Ve = Vro Voo

Lima - September 2024
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6. The Unified Current Control Mode (UICM)
The |-V relationship (NMOS & PMOS)

Vp — V. ; _ 2
- ¢S(D)B = qis(p) — 1+1In 41s(D) & ) = dis@) ZqIS(D)
t
Normalized UCCM Normalized i-q relationship
sy = / I+t —1
Ve — Vro

- VS(D)B ,7 '7
n ¢ = 1+lf(7‘) —2+11’1< 1+lf(1‘) —1> NMOS
t

Normalized UICM UICM = Unified Current Control Model
Ve — Vro — V.
_( n 5 S(D)B>=\/Tif(r)—2+ln<\/Tif(r)_1> PMOS
t

: 59
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6. The Unified Current Control Mode (UICM)
Circuit #1: PTAT voltage generator using an MOS voltage divider

Bias current | is proportional to  **'[ = chip A
the transistor specific o.3sf | ¢ Emgg
(normalization) current . 035k | & chipD
o — theory

0.34F

Sat. T so3

Ly K ley 3022}
52 _”: !
031}
F.E‘.'

i, =1 03k &

S, 2/58

[ =7 nA

S lj_lr 0.20}
Triode

= 300 310 320

| = ISZifZ — ISl(ifl_ifz)

| S Applying
i, =|1+22 |=|1+=2 |i,, =i
Iia ( | j ( Slj f2 2 UICM to M1

S1

In weak inversion,

330 340 350 360 370

T(K)

S, 2/(2axs8)

t

\i—\/lﬂzif2 - JL+ig, +In[ “1+O_lif2 !
‘h+h2—1

J

C. Rossi, C. Galup-Montoro and M.C. Schneider, "PTAT voltage
generator based on an MOS voltage divider", Proceedings of

\Y
ir1 <1l |=—>lIna

) Lima - September 2024

Nanotech 2007, pp. 626- 629, May 2007.
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https://lci.ufsc.br/pdf/0625-628.pdf

6. The Unified Current Control Mode (UICM)

Circuit #2: MOS-only voltage reference
VDD

N
T Vo = Verar + z Vprari
i=1
N e
(um/um)
M5 1/1 3 <<3

M1A 20/1 19/100 1/25

Vo M1B 25/1 1/25 <<1/25
M2A 20/1 4.7/37 1/37
Msa Vprar
Iy M2B  37/1 1/37  <<1/37
— M3A  20/1  47/74 174
M3B 74/1 1/74 <<1/74
Example: |5= |gs B 5= 3EEE) Vernr= Vo
dv \%
Let —F = —O.4%,N = 3 and equal Vprari
dVo _ 03 AVprar _ _ dVerar Vo _ 0 - AVprar _ 133 pv/K
dT dT dT dT dT
E. Vittoz and O. Neyroud, “A low-voltage CMOS 61

bandgap reference,” Solid-State Circuits, IEEH-ima - September 2024
Journal of, vol. 14, no. 3, pp. 573-579, 1979.



6. The Unified Current Control Mode (UICM)

Circuit #3: Resistorless sub-bandgap voltage reference

Ve 1 I |
I~ |
JEN
I
Current PTAT
reference Voltage voltage
- 1M Ve
Vv divider > 1MV
circuit BE generator REF
f'if’
GND ! . | l
Bias circuit
Voo

tH |:3x1 213 ﬁ E3x12!3 ’-{ Eam 2/3 3x4fsj_|—r—{ E 3x12/3

-H:3x4f3 E3x16f3 3x40/3 3x16/3 3x40/3 }—‘ axzfajl—r—[ 3x6/3
Vee L \_ 1
4{ Eaaqsfa 413] 3x4/3 [3x44f3 3x4/3 | VRer2
]

’—stws KEfaqsis 3"8"3;?1_{ 3x8/3 ‘{ESXWS
I | |

Voltage divider PTAT voltage generator

3x4/3 3x4/3

1

3x8/3 3x8/3
GND

O5AKI efal.: 1.2-V SUPPLY. 100-NW, 1.09-V BANDGAP AND 0.7-V SUPPLY. 52.5-NW, 0.55-V SUB-BGR CIRCUITS FOR NANOWATT CMOS LsIs
IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 48, NO. 6, JUNE 2013

: 62
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6. The Unified Current Control Mode (UICM)
Circuit #4. Self-Biased Current Source (SBCS)

scMm1-2 ! 7 I
V. i4 T

s S B
lgk,,,,; ,,,,, R - _ 2 = _ H BT L e
: E;:;|f1— 1+—= Lo =0l | SR
Lo Sl RN BN oot
16 F ;

S, ). i
3 = (1—!— S—;‘jlm = 0634|f4 ----- _

............................

|
|

|

|

I SRS N
I SEEE

| P
|

|

aF----- P I f .................. _.. ...... , Ie

: 63
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6. The Unified Current Control Mode (UICM
Circuit #4. Self-Biased Current Source (SBCS)

Vdd

T lna34=\/1+a12if2_\/1+if2+1n<

)

JT+ agzip; — 1)

J1+im—1
_ S Sa vy
Ll 1:1 |[| a12_1+5_1 1+S_3 ¢T—>lna34
| ! ‘
| | Weak inversion
| B2 B2 operation of M3 & M4
+ . . . . .
_I M2 va |- I, (inversion level of M, ) Is constant (it
'E/ depends only on geometrical ratios a;,
£ and as,)
| m1 M3 |-
r The reference current lg, = Il IS
proportional to the specific current of M,
» useful to bias transistors at constant
sS iInversion levels

« if mobility ~ T3, then |~ g, is PTAT

Lima - September 2024
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/. Drain-Induced Barrier Lowering (DIBL)

Increase in the drain/source voltage

Inclusion of the DIBL effect

Vi =2 Vg —0Vspg + Vpp)

30

=)

> generally through the threshold voltage.

reduction in the potential barrier seen
by the carriers at the source/drain.

Lima - September 2024

Vo o~ Veg — [Vro—0(Vspg + Vpg)]
P —
n
— Extracted
-== Fitting expression
5 () 25 H0) 7H 125
Temperature (°C')

65



8. The 4-PM of the ACM model

0.18 um CMOS technology

Table 1. Extracted parameters for medium-Vy NMOS/PMOS transistors with ¥ = %—%

gt Slow Nominal Fast
NMOS PMOS NMOS PMOS NMOS PMOS
Vro [mV] 316 —239 291 —211 266 —183
Is [nA] 99 35 111 40 124 45
n 1.19 1.18 1.20 1.18 1.22 1.17
o[BY] 5.9 18 5.9 18 5.9 19
Table 2. Extracted parameters for medium-V7r NMOS/PMOS transistors with %i = 0_13":?“.
Tranisistor Slow Nominal Fast
NMOS PMOS NMOS PMOS NMOS PMOS
Vro ImV] 338 —272 311 —239 283 —206
Is [nA] 313 81 420 106 543 137
n 1.24 1.17 1.23 1.18 1.22 L7
o[=Y] 14 19 14 20 14 20

Lima - September 2024



8. The 4-PM of the ACM model

(a) Long channel NMOS

107
s
<
a “’7 Model
1078 - = =ACM
107 ‘ e . =
0 03 06 09 12 15 18
Y Y
as Y]
5 (c) Short channel NMOS
107 : ' T
107
—_— i
.S. 1()6
) 10 Model
= BSIM
1078 - - =ACM
10 : . '
0 0.3 06 09 1.2 1.8
VY - [V]

1 1Al

L, Al

; (b) Long channel PMOS

107
107
-6
A Model
10 BSIM | |
1078 - - =ACM |1
10”7 : : . - =
0 03 06 09 12 15 18
VGS [V]

gy (d) Short channel PMOS

10

6
101 Model
10~ BSIM | |
107 - - = ACM |1
107

0 03

0.9 1.5

[V]

0.6
7
v GS

1.2

1.8

Figure 8. Ip x Vgs @ Vpg = 200 mV for (a) medium (nominal) V1 long-channel NMOS and (b) PMOS
transistors and for (c¢) medium (nominal) V7 short-channel NMOS and (d) PMOS transistors.
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8. The 4-PM of the ACM model

- (a) Long channel NMOS i (b) Long channel PMOS
., - 2
L
a
Model —
BSIM | .
- o= = ACM
0 03 06 09 12 15 18 0 03 06 09 12 15 18
r 4
VDS V] y e [V]

(d) Short channel PMOS

(c) Short channel NMOS

ID InAj

0

1.5 18

0 03 06 09 12 15 18 0 03 06 09 12
7 7 7 4

Figure 9. Ip x Vps @ Vzs = 200 mV for (a) medium (nominal) V7 long-channel NMOS and (b) PMOS
transistors and for (¢) medium (nominal) V7 short-channel NMOS and (d) PMOS transistors.
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8. The 4-PM of the ACM model

100 300 = T
‘u‘ 2 .\‘
. A .
H ! ‘.
.
75 225 |- - . — -
s o v ' .
~ . : 0 '
= = ; . '
= = psi| TTY SP
— b . .
e, Of e, 10 ~ ‘ : : -
o~ N - » :
-} . _-\. : : -
I‘ " i :
25 2 . 75 |- ! - " o } 2
‘\ . : L .u
‘ N .
TV O —_— M | B |
-== BSIM | *% s === BSIM X 3 2
0 — = 0
o 25 50 ) 100 0 75

150 225 300

Vin [mV] Viy [mV]

(a) (b)

Figure 12. Voltage-transfer characteristics of the CMOS inverter using BSIM and the 4PM across the
corners of process variation. (a) Vpp = 100 mV. (b) Vpp =300 mV.
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8. The 4-PM of the ACM model

Circuit #5: Common-source amplifier — Sizing and biasing
Input specs: gain-bandwidth product (GB), load capacitance (C,), fixed channel length (L)

Assumptions: ideal input voltage source, Cy,=0

VDD

+ o—’ C, _

W T L

@, =27GB=g_/C,

|Avlds

A

gmro T

-20 dB/dec

o N o(l0g)

IS - ISH(WﬁL)

How would you choose Ig and I (W)?

Lima - September 2024




8. The 4-PM of the ACM model

Circuit #5: Common-source amplifier — Sizing and biasing

2 I Ip -
gm—n—q)t(/l E_1> wi_ ,S<<1—>gm—wt ) b = 940¢; = 272GBC ng,

Let us ChO0SE (W /Lyyey = (W/L)yymg = (W/L)g BT g = S0 (VT - 1)

W/L). =W /L) . =3u"% __ Gu Power-area tradeoff
8 =8 41, B 2uC. & =1, (1+ (\(\/\/il//ll__);]
t(W/L)
QO
©
O
5
ol
)
S
e
@
N
'©
=
S
Z|0.01 | | ;
0.1 1.0 10 100 Up — Iwp) /I

Current excess factor
Lima - September 2024



9. Velocity saturation

vV

sat

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

-

Carrier velocity vs. electric field

Approximation
F
v=uF = 0
1+ 4
Fc

allows analytical

Integration for b Lima - September 2024

~ Hs Vsat
H=""TF —=F

1+F_C M

F: critical longitudinal field

Us - low-field mobility

72



9. Velocity saturation

. I
lp = ﬁ = (qs* qp*2)(qs — qp) | for

.-"

_ (g5t qp+2).(.615. ,,,,, qp)

\

low electric field F<<F.

or, equivalently
Clgs — apl<<1

Mobility degradation due to
longitudinal electric field

¢ = Wsde/L) | - ratio of diffusion-related velocity

Usat to saturation velocity

Lima - September 2024
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9. Velocity saturation

Saturation current due to velocity saturation of the carriers | Ipsat = =W QipsatVsat

The minimum amount of (electron) charge flowing atthe | o ~ = 1 /wy, .
saturation velocity, required to sustain the current:
- - - 2
Normalized variables E==) | ipsat = ¢ dasat
S ' D ol
S— I i
vV

(@s) —Qis

—Cip | (9p)

—Qipsat  (Gpsat)

74

Lima - September 2024



9. Velocity saturation

(CIS + qpsat + 2)

L —
bsat = 1 ¢ £(qs — qpsat)

(qs — qpsat)

2
lpsat = ECIdsat

1

1 1\* 2q
sat=qs+1+=-— [[1+=]) +—
=t tre b (1) 2
QDsat/QS
1— .......................................................
Short
channel P
¢=0. 7
/
0.1 ,
Long channel ,
¢=0.01 ¢
0.0 == =717 | |
10-2 109 102
ds

Lima - September 2024
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10. The 5-PM of the ACM model
5 DC parameters of the ACM model

0 I specific current A
Yro | VTO threshold voltage V
n n slope factor -

c |Sigma DIBL coefficient - (MVIV)
Zeta velocity saturation related parameter -
Modified UCCM for inclusion of
saturation velocity
Vp — VSB @ — . ds—-AdDsat

P ds —1+Ings oo dsTdp T ln[CID—CIDsat]

76
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10. The 5-PM of the ACM model

102 . ‘ [ T 8 10-2¢ : ; 1.6
10-3; —isi ’_.;-,".‘;'I'-':' """ ‘ 10_3; et | | culbosseed
E]--- sPM : g 2l [ Y (PO

107 6 104} 412
105k — _sf -
= w0} . E; = 15-0- 0.8 E
Q i 8 .5
R £~ 107 S

10~%k 2 10-5 ¢ 0.4

1079 ; 10-9 _

1053 06 09 12 15 1d et L0

von (V) Vop (V)
Ip X Vep at Vg = Vpp of the SVT n-channel Ip X Vag with Vpg = 500 mV of the LVT
MOAREL n-channel MOSFET

W/L =35 pm/0.18 pm from a 0.18 gm CMOS process. WL = T uiiVe0 oni ot 4 284k ED-SOT

77
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10. The 5-PM of the ACM model

180

150

120

90

I[) (ll*\)

GO

Ve = 400 mV

0.3 0.6 0.4

Vbs (V)

Ip (nA)

1.5

DIBL model:

60
S00
240
180 Vg = 800 mV ;;_;
=
120
0 |
1] . ‘
0 03 06 09 12 15 18
Vps (V)
[—3PM-+- 5PM |
Vi = Vro —0(Vsg + Vpp)

0.3

0.6 0.9

Vs (V)

1.2

(um/pm)

0.025

NMOS2V

5/0.18

Lima - September 2024

1.37

0.056
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10. The 5-PM of the ACM model

P~ (2) CMOS inverter
350 ~ Models | Vpp
300 _ | -1
= 250 |
'E": 200 ‘K'W 1 _l l,[.V_ = %%%
> 150 | 400 | | E
100 - ::::i V I V
= o IN—1 sc oUT
= 60
0 . w _ 600 nm
0 S0 100 150 200 250 300 350 400 _| I._ - mﬁ nm
\ IN |mV) g
07| % N4
_ : ACM 4-parameter model
g Transistor NMOS PMOS
V1o [mV] 309 —269
| I5 [nA] 280 89
0 II.Nl :(-Nl ‘\l.Nl 400 w . (‘l I(-i(l JI.DH ‘(-Nl 400 n 1'24 1'25
v,y mV] Vx ImV] a[va] 15 23

CMOS inverter: (a) Voltage transfer characteristic (VTC), (b) small-
signal gain and (c) short-circuit current for BSIM and ACM models

79
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AV,

11. Small-signal ®
transconductances AV AV
S l;AVB —©
Alg
oIy alp oIy alp

Alp=9imgAVs — GmsAVs + GmalAVp + gmplAVp  Gmg = (')_I/G"gms = _a_VSr.gmd = a_VDrgmb = vy

Al =0 if AV = AVg= AV, = AV :> Img — Ims + Gmd + Gmp = 0

. a(lp—Ip)  dl ai w
Calculation of g, (long-channel) — __~F R __"F_ g L _
ms ng aVS aVS SaVS ” L QIS
{} Symmetry

Calculation of g,,4 (long-channel) _ d(Ip — Ip) __ Ol _ —MKQ

4 aif _ aif g =g, = Ims — 9md
0 —iy) Ve  naVg mg. - am n
Ing =15~y —  EEE) <
di di — ms - -
r__ U Im = n —» In saturation

kaI/G naVD

Since Img —9Ims T Imd T Gmp = 0:> Imb = (n - 1) Im
Lima - September 2024
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11. Small-signal transconductances

2l ([T w [
gms(d) = ¢Tt 1+ lf(r) -1 = T,UCOxngbt 1+ lf(r) -1
Jm = gms ; gma Imb = (TL - 1)gm
Im _ 2
Ip ne(J1+ir+/1+10,)

For Vpo/#<<1l we have .=,

9m _

1

ID B n(l)t,/l + lf

Lima - September 2024

In saturation i>>,

9m _

2
I~ ng(JT+i +1)

81



11. Small-signal transconductances

The low-frequency small-signal model

AV
AV AVp

Lima - September 2024

G

gmdvd

#

gmbvb

%

g msVs

%

gmgvg

%
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11. Small-signal transconductances
Low-frequency small-signal model in weak inversion

G
()
i I ~ N
I9md = 09m +— = — Imd = 09m ImdVa
ot Pt
) . gmp=Mm—1) g
Triode Saturation () - —
N i
ImbVp —
S D
ngvS gms ¢t
G = Ims — 9Imd ID
m n ne; O
o/
ImVy

Lima - September 2024



11. Small-signal transconductances

Low-frequency small-signal model in saturation

Imp = (n—1) gm

D

~~

me =22 (J/TTG — 1)
%wm-l)

G
4-PM ACM | gma = 0gm @
9maVd
C Iy
Imb Vb «—
S
ngvS
_ Yms — Imd ~ Ims O
Im = n ~n _/

Q
3
&

B

Lima - September 2024
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10. Small-signal transconductances

-3

10
_ F
L V=0
8 _ o oVDD
S 107F : I l
46 [
3
ie) | .
5 f |
% 7 [ -
107 F —
g : Vs Vs
S
i —
O 3
© ; . =
O 10_9 1 1 1 1
0 1.0 2.0 3.0 4.0 50

Gate voltage, (V)

Gate transconductance versus Vg for V= 0, 0.5, 1.0,1.5, WL gm~exp(Ve/nde)

20,2.5,and 30V. W=L=25um, tox=280 A, Voo=5 V. EEUEDR

Lima - September 2024 85



11. Small-signal transconductances

Jd./lF (iIn saturation)

=1 —— WI(i <)

Transconductance g"}S"bt: SIS 7 , f

-to-current ratio F P+l Jltia+1 I = l. — Sl (i;>>1)
Vi@

Saturation: Ip=1Ip

102
Onms! I
W=25 um

10| o t,, =28 nm (Il =26nA) L=25 um, t, =280 A
>t =55nm (I = 111 nA) L=20 um, t,=55A
— model

100

104 102 10° 102 i 10
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Long-channel MOSFET model at a glance

ID — IS[if_ ir]

| C —%— IToy—
= n =
s = Ul,x 2 1 SHL

, ] , ] Vo=V
VP — VS(D) = ¢t [ 1 <4 lf(r) —2 <4 lﬂ( 1 <+ lf(r) — 1)] VP = G ro
n

21 : W :
Imsd) = b, \/1 +iy—1)= T”ncox¢t \/1 +iry—1

Ims —

Imd

Im —

n

Lima - September 2024

9m

Ip

2
ng(JTHi+/1+10,)
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11. Small-signal transconductances

Output conductance in saturation

Saturation
VDS > VDSsat = th(\/ 1+ if + 3) _____________ :
——————————————————————— L
------------------------------ T
J| ___________________________ \\l Jas b T ! >
< 1 > VDS
VA VDSsat
21 )
Gate transconductance |gm = e /1 +ip—1
t
Output conductance dds = 9md = 09m

Relationship between Early voltage and DIBL parameter

I
9as = 09m = Ip/(Vat+ Vps) |:> Vit Vps = D

0dm

The Early voltage: independent of the current in WI and increases in S

Lima - September 2024
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11. Small-signal transconductances

Gate transconductance in saturation

d, (log)

W CO.'X' vsat

9,/ & 1/{/G

exp linear Sat velocity VG

Lima - September 2024
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12. Quasi-static AC model

Quasi-static approximation: The charge stored in the transistor depends only on the
instantaneous terminal voltages

The current entering each terminal of the transistor is split into a transport
component (I;) and a capacitive charging term.

Vp(t)

dQp .
ID(t) = IT(t) +W IT(t) Un I Ls(t) QI(Vc)d VC

Neglecting leakage currents

L
_ ! . dQG
Q¢ = Wof Qgdy I.(t) = ?
Q WfQ’d W d
= y
S Ip(0) = =

Q; Gate charge density

Qp Bulk charge density R
0 LY
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12. Quasi-static AC model

Ward-Dutton partition of the channel charge (based on charge conservation):

0s=w [ -Daudy 0o =W [ .y
0 0
() = I () — S8 G aQ
’ ! dt 1 Ip(t) = Ip(6) + ——
L dt
I8 S D b
== IfIB —=_
—
| B L
0 Ly

-—-—~

dQp dQs _ d[Wf Qldy‘]

Ip(t) = Is() = — 2 +—

——

dt

e == e =
’—

-~ _—
N - ———
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12. Quasi-static AC model

Once the four terminal charges Qp, Qs, Qg, Qp are
calculated, the device capacitances can be determined

The charge variation at each terminal is

de _ an dVg +an dVg N 5Qj dVp +5Qj dVg
dt oVg dt oV dt oV, dt oVg dt

O0.
Cyp =——2L j£k ij:%

1o

(dQ./dt) [ Cgg —Cgs —Cga —Cgp )(dV /dt)
dQs/dt | | -Csy Css —Csg —Cs || dVs /dt
dQy/dt | | —Cyy —Cas Cuag —Cap || dVp/dt
 dQg/dt ) \—Cbg —Cbs —Chd Cbb/\dVB/dt/

Defining

Only nine out of the sixteen capacitive coefficients are linearly independent
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12. Quasi-static AC model

For Vs (£) = Vs(6) = V(&) = V5 (®) = V(&) =) dG (Coq - c{}c _c, )‘jj\t’ 0

Cgg = Cgs + Cga + Cyp

Similarly, for the source, drain, and bulk :> gss = ng ++Céd ++Cgb
dd — Ldg ds db
Chp = Cpg + Cps + Cpg

dQs o dVe dQs_ . dVg

For _O0Vp _dVg _ | dt % dt ' odt Y dt

dt  dt dt dQ, dv, dQ, dV

=—Cyg ! =—Cog — =

dt dt dt dt
The sum of charging currents > 4Q6 n dQs n dQp dQB Cy, ~Cyg —C Ve

a T e o) gy
Charge conservation 4(% + Qi;rQD +08) _ =) Cgg = Csg T Cag + Cpg
t
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12. Quasi-static AC model

Only nine out of the sixteen capacitive coefficients

are linearly independent

ng — CgS + ng + Cgb — ng + Cd,q + Cb‘q

Css = ng + Csq + Csp = Lgs| T C s

+ Cps

Cdd — Cdg + CdS + Cdb — qu + qu + de

Cpp = Cpg + Cps + Cpg =Ly + Csp + Cap

dQG/dt\ ng _Cgs —ng _Cgb\

dQs/dt —ng Css | —Csa [=Cab

dQ,/dt —Cdg —Cds | Cuad |+Cab

\dQg/dt )] | —Chy —Cbs —Cbda | Cip
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12. Quasi-statiGc AC model

dvpg
g md VDB + Csd

%7

Cag

_ng =Cp =(Cgq —Cqgs) /1

g5 —— dv —— “d
] gmgVGB_Cm d?B
= @ D _Cgb
CbS :: :: de
$dv
gmsVSB+Cds d;B
B
Simplified 5-capacitance | G
small-signal equivalent v®
circuit 1l 9maVpa 1
Co —— ——Cy
9Imd > wcsd
S (D SR
gmg > ow gmvaB
Cbs :: :: de
Gms > OCq; —<D9_
ImsVsB
B
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12. Quasi-static AC model

The intrinsic transition frequency: The frequency at which [iy/ig|=1 in the
common-source amplifier

Sl
ig ld
G
ImdVpB
--------- HQ
| )
; Cps —— ~227 Cos
gs -
gmvaB
S {\ 4I—d' D Cgb
|/ -
_____ __1._-C
Cps --r- , PoTTree -
------------ Ty
gmlsvSB
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12. Quasi-static AC model

The intrinsic transition frequency

MOSFET in saturation: intrinsic Cy4=0

o
m
ig Iq _  |CgstCgp Iq
. Img . 9ms _ m .
fr = 211(Cys + Cgp) ~ 2mn(Cys + Cyp) Gms = HLoxNPe (xl 1+ 1)

ox

Cgs + Cgp = — Rough approximation

_ HD¢ , ]
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12. Quasi-static AC model

0.8

x 0.6

o

CIC

0.4

0.2

-02 0 _6 4 6

n—1 1+qp

— channel linearity factor
(WLcox - Cgso — ngo) “ Y

Cgbo —

n

az + 2a dp — 4psat
ox (1+a)?1+qp— 4Dsat

=EWLC 1+ 2a 4s — 4psat C

C
9503 ox (1+a)?1+ ds — 4psat 7

2
do — EWLC
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12. Quasi-static AC model

Capacitances of extrinsic transistor

overlap overlap g
: I Intrinsic part | :
I l | .
—— Cgde
e e e s e oy
| Sma;l—sl n?l |
| equivalent |
i Icg:;cu;tforti Od
[ ety 1 | Cove
Csde m— dee
|
| 1/ r
A

(b)

Y. Tsividis, Operation and Modeling of the MOS Transistor,
Second edition, Oxford University Press, 1999.
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13. Extraction of parameters
V+0, Is @and n extraction: The g,,,/Ip method

T

2

9m 1

I ng(JT+i +T+1i,) I

Vps—0 ngbt,/ 1+ lf

At threshold (i = 3) g,/lpIs at % of its maximum value

o

ﬂk

21 _
gms=a /].-l-lf—l

20
IS ______ ) ng if=3 - ¢t
i In(iy = 3,Vos = $¢/2) = Gmse/2
' 21
. |o.88I _2s o
ngi (Pt (Pt/ S
be Vs
2
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11. Extraction of parameters
V:o, Is and n extraction: The g, /Ip method

I _ 0.531 / |
- = 30 10~
Iply =tti=s TPt - .. | Ip=088xIs |
25 : 1107
gm> 1 : --= 4PM
I ~ ne, Y — BSIM
(ID o Pt 0 &
I e =
Dl ~— 15 » ~—
I " GRS 10 '\Q‘
—” M 5, 10 0531
/ Vbs =7 ng, |10°!
7 .......... . 1()—13

I Y3 0 03706 09 12 15 18
Ves (V)

Ve = Vro
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13. Extraction of parameters

Pinch-off voltage and slope factor vs. gate voltage

2.0 2.0
1.5} B e | .
A ils o> o) //
= // ho &
& g
S0.5¢ // S
‘a
| V
~ X 0.5
v | b 0 F===r
.".E ‘0.5 ] O
. 0 G5 10 15 20  25y_ (V)
V1o (threshold
3 voltage)
= — Vg =¢ [ /1 241 ( 1 )] avp _1
SB — + lf + In +ir — s =
Ip = Ip — I = Iy = 3 t \ AV n
[ Vp—V. Vp =V,
lf=—F=3 (Vp— SB)| P = VsB Ve Vro
s =
n
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13. Extraction of parameters
Extraction of oin WI ( MI) & saturation ¢ommon-Source

Vp,Bias

. Va Im _ ID,sat _

Intrinsic Gain Method

Im

11y 2
(%) T+ +1 1

el
O

é:
gma ~ Ima 1
7 " Ip sat R

¢ —_ig = (.01
—95 wee g =1

BSIM model

5 |
503 04 05 06 07 08 09 1
Vb Bras (V)
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13. Extraction of parameters

Extraction of £ (velocity saturation parameter)

e Extraction of &
” — Vyqr = 6x10* m/s ' Simulation — OK
.- Usat —> OO 1
Experiment — to
be developed
g
[
= 1D 1 y
DEJS ld — 317
{ = —=0.056
10" - ~ =

10 ’1() ‘1() ‘1() 2 1() r 1()“ 1()' 102 10% 104
L
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