ELEC-E3510 Basics of IC Design

Lecture 2:
MOS transistor models



Lecture outline:

- threshold voltage of MOS transistor
- drain current equation

- parasitic capacitors and resistors

- short channel effects (extra material)
- weak inversion

- SPICE parameters

- small signal model
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MOS transistor modes of operation
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MOS transistor modes of operation
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Source-bulk bias voltage dependence:

V; =V, +V(\/2‘¢F‘+VSB _\/z‘ch‘)
Vio = VT(VSB :O): Vs +2‘¢F‘+\/

Threshold voltage

qusiNSUBZ ‘ch‘

Vg
Vssa > Vegy > Vgpy >
Vps2 Vs =V

COX

SB2 VSB3

1/2) — V nginSUB

y =bulk thresholdparameter (volts -
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kT (N
¢, = stronginversionsurfacepotential(volts) = In[ SUBJ
qg Un
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Qox

V., = flatbandvoltage(volts) = ¢, —

Pz = O (substrate) — d.(gate)

ch(substrate):len i j[Nl\/IOSWithp-substrate]

q NSUB
KT, [ Neare L .

. (gate) =—In [INMOS withn™ polysilicon gate]
q n,

Q,, = oxidecharge =N.q



Back bias effects on MOS transistor
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* Increases threshold voltage * Decreases drain current



Derivation of drain current equation

The charge per unit area in the channel: Ve

Q, (y) = Cox [VGS - V(V)_ Vi ]

Resistance of the channel per unit of length:

dy ol 1 Q,(y)
dR: R:— = — — — 1
QL (Y)W y with ¢ g A=Wz , Nq 3
and
The voltage drop along the channel (y-direction): L, y |L
5 DV.(y)
l,dy
dvly)=I dR=—2 = I, dy = Wp,Q, (y)dvly
()=t =ty = Wi, ) |
\Y/

Integrate this from source to drain, i.e.y=0toy=1L

L _ [ vv) = Vos Culv)— y C W
IolDdV jo WUnQ1(V)d (y) Io Wuncox[ves (V) VT]d (V) — |D — M'n OX [2(VGS_VT)VDS_V[)Zs]

_ Mﬁ ( v(y) 2L

VGS _VT)V (y)_T

|D
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In pinch-off inversion layer at drain end is
lost due to higher V,, over V-V; and drain
current is saturated
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MOS Spice model (level 1)

—_— -

T~ O
=
e

,\‘

~
g~ —4—n
@

13



Planar conductor resistance

Direction of current flow Resistance of a conductor
S
L 1 L
/ R=LE(Q) ;= resistivity
W A qu,n

/ Insert area A = WT
Area, A

]
T L | R=2"(0)

COWT

fe— -

Current flow in conductive bar

L
R=— Ry (Q
i | W o (Q)
6 squares in series: 3 squares in parallel:

where resistance per square is

w wW W W W W

Ry ="
t

=
I

W 3L 1
3

L
W

L/W determines the number of squares
L=6W

=> /W = 6 squares L




Capacitance of pn-diodes

Planar diode:
Anode Cathode
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pn junction P~ Bulk
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A simplified model of a diode

Capacitance of a reverse-biased diode
(Abrupt Junction)

— i0 )
Ci= ; Vg = reverse bias voltage

V,
1+—+-
D,

, where C, is zero bias capacitance (Vi = 0)

K N,N
CJ-O _ q sEO DA CJO —
20, N, +Nj,

qKSEOND
20,

and @, is junction potential

D, =k—TIn —NATD
g N

, 1T N, >> Np



Drain and source junction capacitances CDB, CSB

M
Cax = CaxoPex |:1_(Vﬁ):| , Vex S (FC)(PB)

PB

A, = junctionareas

N
Con - CBX (when Vgy = 0)= (qgsF;—BSUB)

PB =bulk junctionpotential
FC =forward-biasnonideal junction- capacitance coefficient
(=0.5)

MJ =bulk - junctiongrading coefficient (2 for step junctions

1
andgfor graded junctions)

To ease numerical solution of the simulator

Cyy = (IC_BXFOCA)Eii _ {1 — (1 +MJ)FC+MJ ;LBX}, vy, > (FC)PB)

(1)

(2)

0

(FC)(PB)

PB



Drain and source junction capacitances CDB, CSB

gate
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Drain bottom = ABCD

(CJ)(AX) (CJSW)(PX) —(CJ)(AX) Vax AX = area of the source (X =S) or drain (X =D)
" {1 (VBX HMJ ' {1 (VBX HMJSW Cox = (1-fFc)™ {1 ~(L+MFC MJE} PX = perimeter of the source (X = S) or drain (X = D)
PB PB

(CJSW)(PX) v CISW = zero-bias, bulk-source/drain sidewall capacitance
+ 1—(1+IMSW)FC+ - (MISW) MISW = bulk-source/drain sidewall grading coefficient
(1 _FC)l-H\/IJSW PB

Ve < (FC)PB)
Vg, = (FC)PB)



MOS transistor gate capacitance

Source-gate overlap Drain-gate overlap
capacitance C((C,) Polysilicon capacitance C,(C,)

Gate capacitance (linear region) \
C; = Wesr (L= 2LD) Cp, = Wegr (Ler)Coe \ / - Gate - \ /
/ Drain Drain \

Gate overlap capacitances — *‘ Lome 4 i* ~_
LD LD
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Oxide encroachment
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Actual y +/
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MOS transistor gate capacitance

Cut-off

CGB = CZ + 2C5 = Cox (Weffl‘eff )+ ZCGBO(Leff)

Ces =C, =C,,(LDW,;, )= CGSO(W,;)
CGD = C3 = Cox (LDWeff ) = CGDO(Weff )

Saturation
_ (CZ +2C5)C4 :C :O
GB — — Y4 —
C,+2C, +C,

Ces =C, +§Cz =C,,(LD+0,67L, N Wey)

= CGSO(Weff )+ 0,67C,, (Weffl‘eff )
CGD = C3 = Cox (LDWeff ) = CGDO(Weff)

Nonsaturated
— (C2+2C5)C4 :C :O
GB — 4 —
C,+2C. +C,

CGS = Cl + % CZ = Cox (I‘D + O’SLeff )(Weff)

ox —eff )Weff
Cep =C3+0,5C, =C,, (I-D +0,5L )(Weff)

(CGDO+0,5C, L, W,

ox —eff

=(CGSO+0,5C,_L

Capacitance
A
1 1)
= +_ =
C:2 + 2C5 CGB (CZ + 2C5 CAJ
CGS
(_:1 + —Cz ...............................
\ CGS’ C:GD
C,H2C, e X}
Vps = Constant
Vgs =0
C C CGS’ C:GD
1' Y3 CGB
0
Off l—— Saturated —l«—— Active of triods ——»
0 V; Vps + V;

GS



Charge conservation model
and short channel effects



Charge conservation model

Charge conservation model (level 2): Drain current equation:
| d W
dv. =1,dR = Wu:Qyn' 7] b =ty Coy {Cor'[Ve =Vis =20
| ' 1., 1
Channel change:  Q.'=—Co' (Vs = V%) %oV (Vo - Ve)
Threshold voltage: V; =f(V. 2 2 2
ge: Vr =f(v) —g,/ZssqN{(Z‘d)pHVD—VB)3 —(2\¢p\+v5—v8)3}}

V, =V, +V, +2[0, |+ cl 250N, 2], |+ Ve - V)
OX .
Pinch-off:
Channel change: Q. '=f(V,) Qn'(L)=0=—Cox'(VG —VFB—2\¢p\—VDsat)
Q'= —cox'(vG — Ve — 2, | —vc) +4J28,0N, (26, + Vo — Vs )
+\/2€sqNa(2<I>p\+Vc—VB) Saturation voltage:
Integrating: Vosar = Ve = Vig = 2[60,|
iar gy oC_»
dvc = |ddR = Wu:Qn'(y) - Ecijl\'lza |:\/1+—EC:;XN -(VG —VFB —VB) -1

=] dy =L = —uvvij:Qn'(vc )V,



Channel length modulation

IDS‘
Vg =5V
P Ve =4V
Basic model Early voltage ,f”’:..—” / VGS =3V
et " Olps
Linod = Lt (1 N )\VDS) L =L— Z(I—D) LpzEieTT Vs
] -V Vy
More accurate charge conservation model V.SV
GS TO
% ( 2 ;\ T VDS>VDSat
A = 1 |: Zesi :| ) Vs _VDS(Sat')_I_ 1+(VDS_VDS(Sat‘)j [ ]
LetVos | ANsus 4 4 — T
“ ’ N J/ L N
s 1\ : : :
2 2 2 1
Vee =V 1(ys 20\ (Ve —V H— Ly ALk
Vy(sat.)= -8B 4 = L D BN 4 2l |+ vy || ¢ ! " v
0 2\ 6 VS 0 | |
\ ) e L, —
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Charge carrier velocity saturation

Charge carrier velocity (NMOS):

A
v, = 107

G .
3 Constant velocity
S
2
>C

Constant mobility (slope = 1)

: >
E =15 E(V/Lm)

sat

Charge carrier mobility (NMOS):

R (cm?2/Vs)

700

250

0

E (V/um)

Electric field
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Charge carrier velocity saturation

Charge carrier velocity (NMOS):

A
Vsat = 107

’a .
ﬁ Constant velocity
&
L
>C

Constant mobility (slope = 1)

: >
E =15 E(V/Lm)

sat

Charge carrier mobility (NMQOS):

R (cm?2/Vs)

700

250

0

E (V/1m)

Electric field

100



Charge carrier velocity saturation

I: No velocity saturation |E| < E_; w4
Hs = Ho
. Ho
conditions

1) Vpgsmall

2)  strong inversion Vg > V;

3) |E|<E

crit

Il: With velocity saturation |E| > E | >

crit

crit

(UCRIT )E i :|UEXP
b, =H - when
’ { Cox [VGS - VT - (UTRA )VDS ]

U E
% <V —V;— (UTRA )VDS

(00

The parameters are defined as
Ucgir = critical field for mobility degradation and is the limit at which m starts decreasing.
Urra = transverse field coefficient effecting mobility.

Ugyp = critical field exponent for mobility degradation.



Ip(MA)

Charge carrier velocity saturation

I, as a function of V. lp as a function of V. (for Vo =5V)
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Linear Dependence on V in saturation



Short channel effects

n+

Cross section of a short
channel transistor showing
several depletion areas
which affect each other.

1V

with AV_-implant

”__ .......................

/ without AV -implant

. : : >
2 4 6
channel length (1m)

Short channel effect on the
threshold voltage V; of an
nMQOS transistor with and
without a DV; implantation.



Short channel effects

2€ .
Nss' 210+ v
SUB

| Polysilicon gate |

Oxide

2¢, XI+Wg N XI+W
W, = \/2‘¢F‘+VSB + Vps o e
SUB Substrate
VTD
. kG W Bv 2 [ 1,5]
b = L {|:VGS _VBIN ZDS :|VDS _EVS (Z‘d) ‘+ Vs + VSB) (Z‘d)F‘ +VBS)
“XJ n+ Xj n*
Vi = Vep + 2| |+ i W(Z\d: ‘+VSB) R - G
e e e
4C, W 4
L s ALy ==X+ /% +2x W,
Yo = V(l A O‘D 2 > >
“ oW Polysilicon
. = — > 1 A (- A X— Oxide
ST oL X) ) } = Qe=Qe-0Q W - J
: \’v WDm
o= L) ZWD 1 A Won
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Weak inversion behaviour

MOS transistor operates in the ‘weak inversion’ region when its gate-source voltage (V)

is just below its threshold voltage (V;).

VGB

W mU;
leub = T'ClDe
Ve Vo
C=e” —e " (Cisconstanthere)
kT
U, =—~=25mV atroomtemperature
q

I, = CcharacteristiccurrentatV,, =0V

m=slope =1,5

If V;is low (< 0,6V) then there is always
a sub-threshold current when V. = OV.
There is a considerable stand-by
current.

In(Ip)(A)

102

10+ |

106

10

10-10

Linear region

10-12
0.0

V, 10 2.0 3.0



Matching of weak and strong inversion models

|n(le) log(lp)a General model
Weak inversion /
equation \ ,
Vps fixed / ,—— Strong inversion
V¢ fixed : ' : equation
I ! I
1 ' I
/ 1 ’ 1
1 1 1
1 1 ' 1
[ [ , [
1 1 . 1
1 1 1
log(l;) : G |
1 1 ' 1
1 1 ] 1
> [ [ N [ | >
Vi Ven Vs | Vu [Vr Ve Vas

Weak Moderate Strong



Spice transistor parameters

Drawn Length

Effective width W W

m -
Source Area AREA AS m?2 0
Drain Area AREA AD m?2 0
Source Perimeter PERIM PS m 0
Drain Perimeter PERIM PD m 0
Squares of Source Diffusion NRS _ 1
Squares of Drain Diffusion NRD _ 1



Spice parameters for parasitics

Source resistance

Drain resistance

Sheet resistance (Source/Drain)
Zero Bias Bulk Junction Cap

Bulk Junction Grading Coeff.

Zero Bias Side Wall Junction Cap
Side Wall Grading Coeff.
Gate-Bulk Overlap Capacitance
Gate-Source Overlap Capacitance
Gate-Drain Overlap Capacitance
Bulk Junction Leakage Current
Bulk Junction Leakage Current Density

Bulk Junction Potential

RD
RSH
CJ
MJ
CISW
MISW
CGBO
CGSO
CGDO
IS
JS
PB

Q
Q/0
F/m?2

F/m
F/m
F/m
F/m
A
A/m?2
Vv

o O O

0.5

o

0.3

o O O

1E-8
0.8

32



Main MOS Spice parameters

SPICE Model Index

Zero-Bias Threshold Voltage
Process Transconductance
Body-Bias Parameter

Channel Modulation

Oxide thickness

Lateral Diffusion

Metallurgical Junction Depth
Surface Inversion Potential
Substrate Doping

Surface State Density

Fast Surface State Density

Total Channel Charge Coefficient
Type of Gate Material

Surface Mobility

Maximum Drift Velocity
Mobility Critical Field

Critical Field Exponent in Mobility Degradation

Transverse Field Exponent (mobility)

VTO
K
g
I
tox
xd
X]
2| fF|
NA, ND
Q-ss/q

mO
umax

xcrit

LEVEL
VTO
KP
GAMMA
LAMBDA
TOX
LD
XJ
PHI
NSUB
NSS
NFS
NEFF
TPG
uo
VMAX
UCRIT
UEXP
UTRA

Vv 0
A/V? 2.E-5
V0.5 0
1/V 0

m 0

m 0

m 0

Vv 0.6
cm3 0
cm3 0
cm3 0

- 1

- 1

cm?/Vs 600
m/s 0
V/cm 1.0E-4
= 0
- 0 33



Matching manual and Spice models

Region of
Matching

Short Channel
|-V Curve

Long Channel
Approximation




Variation of the drain current with model parameter VTO, for the LEVEL1 model.
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MOS transistor model characteristics

Ves=5V
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KP=3460
/

\

—_—

R
—
-
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Variation of the drain current with model parameter KP, for the LEVEL1 model.
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Variation
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0 1 2 3 4

Variation of the drain current with model parameter LAMBDA, for the LEVEL1 model.

A

of the drain current with model parameter TOX, for the LEVEL1 model.
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MOS transistor characteristics

<]

=]

T = 173 3

NMOS transfer characteristic of a typical wafer,
W/L=30/6,VGS=1.5,2,3,4,5V. 0o measured,
solid line = MOS2 model, dashed line = AMS
model.

PMOS transfer characteristic of a typical wafer,
W/L=30/6,-VGS=1.5,2,3,4,5V. 0o measured,
solid line = MOS2 model, dashed line = AMS

model.
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12 um CMOS Process Parameters

x10°

NMOS transfer characteristic of a typical wafer,
W/L=2/30,VGS=1.5,2,3,4,5V. 0o measured,
solid line = MOS2 model, dashed line = AMS
model.

- Ips [A]

- Vs [V]

PMOS transfer characteristic of a typical wafer,
W/L=2/30,-VGS=1.5,2,3,4,5V. 0o measured,
solid line = MOS2 model, dashed line = AMS
model.
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1.2 um CMOS Process Parameters

x1073
r—"—"T™"1T "™ 1 "« /v A7
s i
o o o dg
35 -
l ——
o o o d
251 -
2 + -
15 B -5"0'"b"d'"b"o"'d""b"b"o'"b"0"6"0"'6"0'"'o"'(-)-_al
1 -
PP P Y. W o S - Yy . W « S - Q=0 -0 -0 -0-=20-2-Q-0--90 Q
05 — / _
@/o’i -~y P PN~ S - Y . W S . M. Q o - o @ oo

0 1 1 1 1 1 1 1 1 1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Vps [V]

NMQOS transfer characteristic of a typical wafer,
W/L=30/1.2,VGS=1.5,2,3,4,5V. 0o measured,
solid line = MOS2 model, dashed line

= AMS model.

-lps [A

0 0.5 1 15 2 2.5 3 3.5 4 4.5 5

Vps [V]

PMOS transfer characteristic of a typical wafer,
W/L=30/1.2,-VGS=15,2,3,4,5V.0
measured, solid line = MOS2 model, dashed line
= AMS model.
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1.2 um CMOS Process Parameters

x10-3

Vis [V]

NMOQOS transfer characteristic of a typical wafer,
W/L=30/1.2,VGS=1.5,2,3,4,5V. 0 measured,
solid line = MOS2 model, dashed line

= AMS model.

2 25 3 35 4 45 5
Vps [V]

PMOS transfer characteristic of a typical wafer,
W/L=30/1.2,-VGS=15,2,3,4,5V.0
measured, solid line = MOS2 model, dashed line

= AMS model.
39



Small-sighal model




Transconductance:

Bulk modulation:

Small signal model

Small-signal model is a linearised model at the operating point

O

B =

OV

, i,
Drain-source conductance: g4, =——
OV e

g = Ol
mbs 6VBS

Drain and source diode conductances:

Oigp
s = %
bd aVBD
Oi
gbs = >

Vg

(at the quiescent point) = O

(at the quiescent point) = O

(at the quiescent point)

(at the quiescent point)

(at the quiescent point)

Gate
O

o [l
] —
| gy S—
Obd
ImVgs OmbsVbs Jds I:] InD@
g
] | bs Btilk
| 1|
|
Cas [
A [l
R Y=
| A A
[ I
Source



Modes of operation

CUt-Off VGS VT S O iD — O

. p,C W v
i, =—" [(vGS —VT)—LSj|VDS(1+)\VDS)

Linear region 0<Vy < (Vg —Vy) \L/v . 2
B=(K)==(1Cor) = (amps/volt’)
: Cc W
Saturation 0 < (Vs — V) S vy, i = “OZ‘LX (Vs = Vo (14 M)

Pinch-off Vye(sat.) =ve =V,



Saturation region

Drain-source conductance:

o = 50 (g~ (L) R
gds — .
v =V + vy 2, +ve| — 200 Oy
LA 1
8y =8, = ~ I A A oc —
Transconductance: : 1+ }\VDS ’ L
k Bulk modulation:
.r—%
g = alD _ HoCox W Z(VGS — V. )(1+)\VDS) o _ 8iD _ 5iD aVT 5iD _ —aiD
Vs 2L ™ vy, OV | dvg, oV, | dvg,
g, = /K W/L)| (1 + AV, ) = /K WL . g v o
mbs = Om _ m
K'=p#*C,, 2(2]aby |+ Vig )



MOS transistor small signal model

Cop
o | o
Cec=— 9V ol W ) ,
o5 = Imves Jps g =—2 = \/ZuOCOXID — V¢ is the normalised Early
S ——Cpg Vs L voltage relative to L
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J— CSB DS avDS L*VE' D ,I_ ~ 3_10 “.
2 3
6 CGSZEWL*COX ;Cox:tﬂ
Veg = OV: B .
Cop Cep = WAL*C,, :AL = lateral diffusion 0,1-
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