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NMOS TRANSISTOR IN LINEAR REGION 24
V. >V = small

i channel e SIiO,

pinch-oft point

Kenneth R. Laker, University of Pennsylvania



NMOS TRANSISTOR IN SATURATION REGION

V >V >V

f channel; ‘
ot

DSAT

pinch-off point

Kenneth R. Laker, University of Pennsylvania
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MOSFET CURRENT - VOLTAGE CHARACTERISTICS =
V=V, =0 Ve> Vo,

Channel
width =W

side side

inversion layer (channel) dy

Kenneth R. Laker, University of Pennsylvania



MOSFET CURRENT - VOLTAGE CHARACTERISTICS 27

V.=V, =0 V>V, J_
= Vs
v v
Boundary conditions: | Ves(Y) ™ Assumptions:
Vcs(y =0)= Vs =0 VTO(y) = VTO
V_(y=L)=V_ | | Vas > Voo
Mobile charge in channel: V., =V, -V, >V_
Q(Y) =- Cou[Vas~ Ves(Y) - Vil
nQI(y ke ey
i (v J gyee 1 o )= electron mobility
_¢/s 1 dR = - : =cm?/Vsec

VOV W &m, Q, ()2 [m-> U0 in SPICE]

Kenneth R. Laker, University of Pennsylvania



MOSFET CURRENT - VOLTAGE CHARACTERISTICS 28

Boundary conditions: Q,(y) =- C_[Vas- Vee(Y) - Vo,
V. (y=0)=V.=0 e 1 6
V. (y=L)=V dR=- Y -
V=0 = Vo, W ém, Q ()2
I
dV..=1,dR=- 2 dy
s wm,Q,(y)
Integrating along the channel0<y<L and 0<V_<V_.
VDs
o| pdy =-Wm, R, (Y)dVes
L Vs
ie. [f]ID‘/ = Wi, Cox [J][VGS — Vs — Vo |d Vs

¥ Ves=V
IVE: = WitnCox| (Vias — Vro) Ves - Vés/ 2| V0™

E5=

=Wm, Cox[(VGs' VTO)VDS_ Vés/ 2]

_mC W
P 2

Kenneth R. Laker, University of Pennsylvania

[2(VGS VT O) VDS VSS]



MOSFET CURRENT - VOLTAGE CHARACTERISTICS

cC. W
ID = mz > L [Z(VGS' VTO)VDS_ Vés]

ow
= E_[Z(VGS_ V50) Vps- Vés]

L [k' -> KP in SPICE]

Kk
- E[Z(VGS_ VTO)VDS_ VSS]

Kenneth R. Laker, University of Pennsylvania
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MOSFET CURRENT - VOLTAGE CHARACTERISTICS 30

EXAMPLE 3.4
For an n-MQOS transistor with m = 600 cm?/Vsec, C_ =7X 108 F/cm?

W=20mm,L=2mm, V_ =10V, plot the relationship between I
and V., V..
W

k
;= E[Z(VGS_ V:0)Vps- Vés] where k= W}]COXT

W F= /Y 20mm
k=m,C,, T (600cm?/V sec)(7x10 ¥ F/em?) o 0.42mA/V?

DS’

|, =0.21MmA/NV?[2(Vs- 1.0) V- V]
LINEAR OR TRIODE REGION

| (MA)
A —
4.0 Y Vs = Vas ™ Vo
] Vs =9V Assumptions:
2.0 - VGS > VTO
_ VGD = VGS ) VDS > VTO
0 | | | | | —» VDS (V)

10 30 50 Kenneth R. Laker, University of Pennsylvania



MOSFET CURRENT - VOLTAGE CHARACTERISTICS =
V_3V_-V, =V SATURATION REGION

DSAT

C,W
o= Fl20Ves Vio)Vos Vil gy =y =y .y

DSAT GS 10

_mp W
2

[2(VGS VTO)(VGS VTO) (VGS' VTo)Z]

1, (sat) = T W

(VGS Vo )’

alo (MA) Vos = Yes = Vo A |_(sat)

4.0 1 <«—] INEAR <« SAT —»

! / V =5V

2.0~ e V_ =4V

N N sz =3
10 30 ' 50 os (V)

Kenneth R. Laker, University of Pennsylvania TO GS




MOSFET CURRENT - VOLTAGE CHARACTERISTICS
CHANNEL LENGTH MODULATION

Boundary conditions: Qi (Y) = - Cou[Vss- VeslY) - Vil
V. (y=0)=V,=0 —» Q(y=0)=- C,[Ves- Vr(l
Vesly =L) =V, —» Quy=L)=-CulVas- Vs~ Vil

=0@ Vs = Viear
v > VTO VD > VDSAT

Vo
C
- BE

=0
i
d.HFL

L'=L- DL effective channel length
V. (y=L)=V

. . . DSAT
Kenneth R. Laker, University of Pennsylvania
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MOSFET CURRENT - VOLTAGE CHARACTERISTICS
V=0 Vs>V V,>V

DSAT

C.W C W
ID(Sat) = m12 > L (VGS' VTO)2 = mz > DL (VGS' VTo)2
e
where DL Y /Vpg- Vpear
1

33

empencal rel ation: T =1+ VDS [l -> LAMBDA In SPICE]

1- ==
L

| = channel length modulation coefficent (V1)

Kenneth R. Laker, University of Pennsylvania



MOSFET CURRENT - VOLTAGE CHARACTERISTICS

Cox W 2 _ Cox W 2
ID(Sat) - mz L (VGS' VTO) - mz DL (VGS' VTO)
L(1- —)
1 L
—=r =1+ Vg
1- ==
L

C.W
|, (sat) = m12 > ] (Ves- VTO)2(1+I Vis)

40A|D (MA) VDs:VGs'VT(i
U 7 10 _
A VGS =5V
] | 10
20 _ I 1 O VGS — 4V
n \ VGS =3V
0 T | [ I I | >
10 ' 30 5.0 Vos (V)

Kenneth R. Laker, University of Pennsylvania
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MOSFET CURRENT - VOLTAGE CHARACTERISTICS
SUBSTRATE BIAS EFFECT

VT = V10 +7 (vﬂz‘bF = VSE-| - ‘!.I'I2¢F|)

Ip(lin) = M“CDK L[ (Vas — Vi(Vsg))Vbs — Vis|

ID(sat) Fn CDK [ (HGS — ‘JT (‘JSB))E (1 + MFDS)

| =f(V V)

GS’ DS’

Kenneth R. Laker, University of Pennsylvania
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MOSFET CURRENT - VOLTAGE CHARACTERISTICS 36

n-Mos D, v, PMOs s,
vl V.. Ve
G ?I- I< ? B G _clb_—ol —>—O_ B
VGS -o+t VSB ot_l V
S D

n-MOS I, =0 for Vg £ V;

. Cox W
Iy(lin) = ““2*3'“ - [Q(VGS _ (Ve Vs -V%S]VGS >V, V. <V -V,
Ip(sat) = HnCox T(VGS - VT(VSB))2(1+J\VD5) Vs>V Vs 2V -V,

p-MOS |y =0 for Vg ® V;

oy MpCox W
Ip(lin) = = L[Z(VGS_VT(VSB))vEE_v%ﬁ]VGS<VT,VDS>VGS_VT
UpCox W
In(sat) = p o= (VGS‘VT(VSB))z(l"'thS) Vgs<V VDS <V -V;

2 L

Kenneth R. Laker, University of Pennsylvania



MOSFET CURRENT - VOLTAGE CHARACTERISTICS 31
MEASUREMENT OF PARAMETERS (V.0 |,k kp)

W

kK. =m C_ —
nrrhoxL

I

G
V

Gamma

VT = V1o + 7 (1ﬂ2¢'F - Vp| - 1f|2¢'1:|)

I
GS

ik

QO

V1{Vsp) - Vo

Y =
J]20F - Vgp| - /205

Kenneth R. Laker, University of Pennsylvania

W

kp - n‘l)Coxr

| (sat) = %(VGS_ VTO)2
Jlp(sat) = \/g(ves' Vio)

VSB:O VSB>O

AT




MOSFET CURRENT - VOLTAGE CHARACTERISTICS 38

vio +V o> V- Vi

V
V., =0

VGS - VTO +1 ID(SaI) = kn(VGS_ VTO)2 (1+ I VDS)

D2 E——
® V.. =V_+1

GS TO
IDZ — 1+ I VDSZ
> \/ -

V DS o, 1+ Via

Kenneth R. Laker, University of Pennsylvania



EFFECTIVE CHANNEL LENGTH AND WIDTH %

SPICE Parameters

LD -> under diffusion
DL -> error in photolith and etch

Weff =W, - @
SPICE Parameters

DW -> error in photolith and etch

Kenneth R. Laker, University of Pennsylvania



MOSFET - SCALING 40
SCALING -> refers to ordered reduction in dimensions of the

MOSFET and other VLSI features
e Reduce Size of VLSI chips.

e Change operational charateristics of MOSFETs and parasitics.
e Phyiscal limits restrict degree of scaling that can be achieved.

SCALINGFACTOR=a>1 -->S
First-order "constant field" MOS scaling theory:

The electric field E is kept constant, and the scaled device is obtained
by applying a dimensionless scale-factor a to (such that E is
unchanged):

a. All dimensions, including those vertical to the surface (1/a)

b. device voltages (1/a)

c. the concentration densities (a).
(Va)/l(Va) = 1 a(l/a) = 1

Eox = VGS / tox <= dE=- %Nfﬂ'&.d}(

Kenneth R. Laker, University of Pennsylvania



MOSFET - SCALING “

Alternative Scaling Rules:
Constant Voltage Scaling, 1.e. V__ Iskept constant, while the process is

scaled.
a. All dimensions, including those vertical to the surface (1/a)
b. device voltages (1)
c. the concentration densities (a?).

1/(/a) = a a’(l/a) = a
Eox = VGs / tox <= dE=- ﬂNﬂdX
£

Lateral Scaling: only the gate length isscaled L = 1/a (gate-shrink).

Y ear 1980 1983 1985 1987 1989 1991 1993 1995

Feature Size(rm) 50 35 25 175 125 1.0 08 0.6
Historical reduction in min feature size for typical CMOS Process

Kenneth R. Laker, University of Pennsylvania



Influence of Scaling on MOS Device Performance 42
PARAMETER SCALING MODEL
Constant Voltage L ateral

Length (L) 1/a 1/a
Width (W) 1/a 1
Supply Voltage (V) 1 1
Gate Oxide thickness (t_) 1/a 1
Junction depth (XJ.) 1/a 1
Substrate Doping (N ) a2 1
Current (I) - (W/L) (1/t_)V? a a
Power Dissipation (P) - IV a a
Electric Field Across Gate Oxide - V/t_ a 1

L oad Capacitance (C) - WL (1/t ) 1l/a 1l/a
Gate Delay (T) - VCJI 1/a? 1/a?

Kenneth R. Laker, University of Pennsylvania



MOSFET CAPACITANCES
G

Kenneth R. Laker, University of Pennsylvania
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MOSFET CAPACITANCES
C

gb

MOSFET
(DC MODEL)

Coar Coor Cyp > Oxide Capacitances
C,. C. ->Junction Capacitances

Kenneth R. Laker, University of Pennsylvania



MOSFET CAPACITANCES 45

OXIDE Capacitances  Cgy = fﬂ
OX
a. Overlap Caps

C..(overlap)=C_wL_ | ALLMOSFET
OPERATION

Coploverlap) =C WL, | REGIONS
b. Gate - Channel

MOSFET - Cut-off Region

Kenneth R. Laker, University of Pennsylvania



MOSFET CAPACITANCES 0

b. Gate - Channel
MOSFET - Linear Region

C,, =0
C,.=(1/2)C WL
C,=(1/2)C, WL

C,, =0
C,.=(2/3)C, WL
C,y=0

Kenneth R. Laker, University of Pennsylvania



a7

Capacitance Cut-off Linear Saturation
Cgb(total) C_WL 0 0
0+ 0.5C WL + 0+
C (total ox
g ) C_WL, C_ WL, C WL,
C_(total) 0 0.5C_WL + [ (2/3)C WL
9 +C_WL_ C_WL_ +C_ WL
L(C/C WL) Gate -to Channel/Bulk Cap Contribution
. Cut-off Saturation Linear
cC. C
2/3 » %
{ \
1/2
Cya
B & y
V V_+V > Vos

T

Kenneth R. Laker, University of Pennsylvania




JUNCTION Capacitances ->C

db’

Csb

n* Channel n* @
Source Drain

Kenneth R. Laker, University of Pennsylvania
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JUNCTION Capacitances ->C

db’ Csb ®
« >|
‘ @ %

® @

Channel O, v
" anne n [x > XJ in SPICE]

Source Drain
Junction Area Type
(D W x n*/p
P - Substrate -> N,

@ Y X n*/p* p* - Channel-stop -> 10N
@ W Xj n+/p+

@ Y X n*/p*

(5) WY n'/p

Kenneth R. Laker, University of Pennsylvania



JUNCTION Capacitances ->C_, C 50

n*, p junctions

X, = \/Ze gel _(f _ V)HV Ext bias -->V__, V
q €N, Npo k{f KT, @,N,0 built-in junction
9 g n’ g botential
_ _ [f ,->PBin SPICE]
Depletion-region charge _
aeN N, o &N,N_ 0 A = junction
Q =A %N N = A |2eg Clg —(f - V) area
D
[AS, AD ->
C.:‘@ —p |Ss qaeN Np O 1 ACJO — Source, Drain
oldv 2 %N +N ﬂ\/ @ XO Areas in

gl : SPICE]

-l

Kenneth R. Laker, University of Pennsylvania



c :‘@ _ A €5 € N,N, 9 1 AC,, (F) ot
boldv 2 gNA+Nwa/fO- V &i \/cﬂ)
g f, \
_ lesg®N,N, 01 :gradlng coefficent
CjO‘\/SZ &N iND 5f (F/cm®)  m = 1/2 for abrubt junction
A D 0
[m = MJin SPICE]
C =C, whenV =0 [C,, -> CJ in SPICE]

[f,-> PB in SPICE]

EQUIVALENT LARGE SIGNAL CAPACTIANCE
AQj Qj(V2)-Qj(vi) 1 V2

Ceq =2y T V, -V =V2-VH{ICJ'(VHV
d-m
ACjoffo(- 1)688 l? a% ﬂ? ﬂ m=1/2
Q/ V, X1 - m)§ f6 & f,8 §
X
4

Ceg =AC; Ky 0<K_ <1-->Voltage Equiv Factor

Kenneth R. Laker, University of Pennsylvania



52

n*, p* junctions (sjdewalls)

Coew= eﬁqaeNA(SN)NDE 1 (F/cm?)
PN 2 BN, (sw)+ N, o

Osw

Since all sidewalls have depth = x; [X;->XJ in SPICE]
cC.=C. X (F/cm)

Jsw josw

[C,., -> CISW in SPICE]

EQUIVALENT LARGE SIGNAL CAPACTIANCE
C, (sw) =PC_ K, (sw) P = sidewall perimeter

jsw

[PS, PD -> Source, Drain Perimeters in SPICE]

12 1/2

f . & v O & vl ~
K. (sw)=- Osw _87- 2. - 1-—2. C m(sw)=1/2
a (V.- V)) foswd & foswd E
[m(sw) -> MISW in SPICE]

Kenneth R. Laker, University of Pennsylvania



EXAMPLE 3-8 53
Determine the total junction capacitance at the drain, i.e. C_ , for

the n-channel enhancement MOSFET in Fig. 1. The process
parameters are

Substrate doping N, =2x10"cm?
Source/drain (n+) doping N_=10°cm?
Sidewall (p+) doping N, (sw) =4 x 10* cm?
Gate oxide thickness t =45nm
Junction depth X =1.0 mm

10mm G

|
S
n+

Figurel  |le—>| 21mm

Source, Drain are surrounded by p* channel-stop. The substrate
Is biased at OV. Assume the drain voltage range is0.5V to 5.0 V.

Kenneth R. Laker, University of Pennsylvania



where

irf}’k]:J'::j[]Keq

Cdb = Ceq ¥ Ceq(E'W)

= ApCjoKeq + PDC0swXiKeq(sw)

_ lesg®&N,N, 01
Cjo_JSI A'ND

2

&N, + ND;S_fO

2¢(

Keq =

(VB2 - VeD1)

PDCj[]sw ijEq(sw)

C

€5 4EN,(SW)N, 0 1

jOsw

J

Keg(sw)

2 &N, (sw) + N, gf

-

_ 205w
(VBD2 - VBDL1)

Osw

1/2
VBDE] _ (1_
‘I’[]sw

Posw

a7
VBDI]




NA =2x10¢cm? 55
N_.=10°cm?3

D

N, (sw) =4 x 10" cm?
t, = 45 nm
X = 1.0 mMm

|
5mnT D

Figurel  |le—>| 21mm

f,f

0' ° Osw

_ kT, aN,N, %2x10")10*0

f —0026VI
8 n’ & 2110 &

f E N (SW)N ) 0,026y InZAXL0T)10T0 _ ooy
OSqun?z "€ o 1P B

CJO’ CJOSW >
c :\/es.qaeNAND 61
]0

=0.896V

2 &N, +N_Bf,

(1.04x10"* F/cm)(1.6x10 ® C)eg2x10*)10° 6 1
2 &2x10" +10%°50.896V

— -8 2
— 135 XlO Flcm Kenneth R. Laker, University of Pennsylvania



e; q®&N,(sw)N, 0 1
CjOsw
2 8NA(3N)+N gf

2 &4x10™ + 10°50.975V
=5.83x10° F/cm?

\/(1 .04x10" F/cm)(1.6x10 *° C) & 4x10™°)10°6 1

Jsw

C.ow = Cioow X, = (5.83x10° F/lem?)(10™* cm) = 5.83pF/ci

Jsw JOsw

Ko K (5W) Vgpy = Vg - Vp, =0-0.5V =-05V
V. =V, -V_=0-5V=-5V

' 1/2 1/2]
Koo 240 (1 _ VEDZ] _ (1 _ VBDl]
U (Vo2 -VeD1) [\ 90 b0

[1 -5V)1f’2 (1 OBV
0.896V 0.896V

2(0.896V)
(=5V = (=0.5V))

Kenneth R. Laker, University of Pennsylvania
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= 0.02



e 5 10 e 0
Keq(s) = 2(0975v) [1 5) _[1_ 0.5) _

(=5V = (=0.5V)) 0.975V
Area, Perlmeter P Y
<

»%WW'

n* Channel 10mm G
Source Drain |

A_: n*/p junctions: 5 MM T Dn+
A, = (5x1) nm? + (10 x 5) "m? o

= 55 nm* Figure 1
P_: n*/p*+ junctions:

PD:2Y+W:20mn+5mﬂ:25rrm
Cyp = ADCjOKeq+ PDCJ.OSVKeq(sw) =11.6fF

Kenneth R. Laker, University of Pennsylvania




Mobility Degradation due to Longitudinal Electric Field: ™

VELOSITY SATURATION
(very small channel lengths + high supply voltages)

A Velosity(v,)
=v _[E_
‘\Sl pe:rra rr(].) Sat crit
= » E

crit

[SPICE Parameters: U0 ->m, UCRIT -> E_, VMAX ->Vv_]
ID(ﬂ) - W VDSAT |Q||
= W VDSAT C:ox VDSAT

=W Vpaar Cox Vs - Vo)
Note: | (sat) = linear f(V - V), independent of L

Kenneth R. Laker, University of Pennsylvania



Mobility Degradation due to Tranverse Electric Field:
(due to gate voltage across very thin oxide-depletion layer)
m, (eff) = Tho » Mho

Reweev [l

Short Channel Eff‘ect - V_ (short (Thannel) =V_ -DV__
L  -->X B L >
eff j ? DLS DL

DV —1\/2qu [2f |X"gge1+ ]
TO = A~ s 'Na Flam— = .
Cox 2@@9\/ Xi o e

Kenneth R. Laker, University of Pennsylvania



60

Narrow Channel Effect - V__ (narrow channel) =V_ + DV_

W-->xd
m

Drain
Poly Gate

Thick Ox
Q

k xOlm

DV, C \/2qe N, |2f |

10),4

Kenneth R. Laker, University of Pennsylvania
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SPICE MODELING OF MOS CAPACITANCES

M1 4 3 5 O NFE AS=15P AD=15P PS=115U PD=11.5U
. N N
\ m?

: — 106
.MODEL NFET NMOS =10
R Cm |:/ m P=10%2

+CJ=2\OOU CJS\N54OOP MJ=0.5 MISW=0.3 PB=0.2__\,
F/m? F/m
M1 4 3 5 0O NFETW=4U L=1U AS=15P AD=15P PS=115U PD=11.5U
D G S B

C. =W L C =4"1" 17 10*pF = 0.0068 pF
gb fo)¢

Kenneth R. Laker, University of Pennsylvania



M1 4 3 5 O0NFETW=4U L=1U AS=15P AD=15P PS=11.5U PD=11.5U 62

.MODEL NFET NMOS

+ TOX=200E-8

+ CGBO=200P CGSO=300P CGDO=300P
+CJ200U CISW=400P MJ=0.5 MJISW=0.3 PB=0.7

-MJ -MJISW

Vi
PB

+ Periphery © CISW (1 =

C =Area” CJ’ (1 - %
CJ = zero-bias junction capacitance per junction area
(200" 10°F/m2=2" 10* pF/nm?)
CJSW = zero-hias junction capacitance per junction periphery
(400" 102 F/m=4" 10 pF/mm)
MJ = grading coefficient of junction bottom (0.5)
MJISW = grading coefficient of junction side-wall (0.3)
VJ = thejunction potential (V_, V  for n-channel, V _,V  for p-channel)
PB = the built-in voltage (+0.7 V)
Area= ASor AD, theareaof sourceor drain (15~ 102 m? = 15 mm?)
Periphery = PS or PD, the periphery of source or drain

(11.5 "~ 10°m=115 rrm) Kenneth R. Laker, University of Pennsylvania



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

