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Resistors

® Material \V, metal V, metal
) . . Tog\itfl' SIO, "\i'/-‘l"
< Diffusion layers: e.g. n+, p+, well - = >,
¢ Conductors: e.g. polysilicon, ... p-substrate
® Resistance calculation
¢ R =pL/A = pLtW = R_L/W
p IS resistivity
R_= p/tis sheet resistance ) L , Cross-section
y : area, A
o-4---- Y i““““““o::-_- -0 = o—AAN\—o0
tI - pL
-Resistivity=p R :X
® Sheet resistance (R,)
Sheet resistance =  o—AAA—o
=Ro R, L
R=_O
W
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Resistors (Cont.)

® Graphical calculations from sheet resistance

—{__ R —
W W W W R1 = o—\\WN\—°
> > > > 7-5R|:|

W W W W/2
L]
1 1 R, = T—/\/\/\,—T
8.1R_
1 1
R2 550 1 |5] 1|55

® VC (voltage coefficient) and TC (temperature coefficient) of R (or C)
-> Nonlinearity - THD
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Capacitors

® Metal- or polysilicon- over-diffusion v, metal -V, metal
: . - ‘l/,"\\ T e
¢ Capacitance is voltage dependent A= n B,
10;
o
® Metal-Insulator-metal (MIM) °V,

¢ High linearity

metal n —
metal n-1 —

oV,
® Inter-metal and intra-metal o\
. 1
¢ Inter: Different layer ov,
¢ Intra: Same layer el = =
y metal n — = ——

Via— [==—0— W

metal n-1 —[_|

Via
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Resister Ratio-matching Considerations

Resistor Contact
Metal \
“ A
R1 é Of w| E’f

L >

] 3] |

3L >

EE

Equivalent length = 3L

R2§|:|
R3§

le
<
O
le
¢
A
R4 O] w
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O I:IHI:IV .
‘ \ T
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Capacitor Ratio-matching Considerations

s \/ C4
Jopoen 2X C3
O AA : :
L 23 7M7) >: i
< L >|ly — A
>iie |[@ A A [ L
X L .y
...... 12X
C2 : - t
-6 L > 5+\/ﬁL .
2
nnmngs )2)(6
O A
V3L O
< V3L »
| ¥ L. y... ——
> < |0 >ii€
X X =
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Acceptor ions

Diode

A Donor ions lf
|
3.0.0,0] ® 10 |0,0.0.0,

Hlest 0 O O O| @10 |@ @ ® @ [FElectrons .
0000 ® 0|06 e | :
OOO0O|®IO0|666® y Ly

O (0] (0] (0] 1 ° o ° ° > X * VT e}
p-type Xp 0 Xn ntype
Depletion Region Xp = [ZKSSO ((DO + VR) Np ]1/2
| _ | \\//T 1 q NA(NA+ND)
= ls(exp™ 1) Xn:[Zngo((Do"'VR) N, 12
where V. = KT g Np(NA+Np)
|, = saturation current K, : relative permittivity of silicon
gy . vacuum permittivity
@, : built-in potential
V, : reverse-bias voltage
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Junction Capacitance

For abrupt junction:

Qt = Q™ = [2qKsgo (P +V)&]“2
S<0 0 R NA+ND

+ .
c. — dQ™ qKsgg NaNp 5 — G ‘where C, [qKs N,N, 1/2

] dVR B [2((130 + VR) NA + ND] B 1+ V_ 2®, N,+Np
NT @

For graded junction

_ NaNp _._
Q" = Q™ =[2qKsgo(Po + VR) 1

(Na + Np)
dQ+ NaNp 1 C]-O
Ci=— = (1—-m;)[2qKcgqg ———]1"™j =
0

N,N 1
where Cjo = (1 — mj)[2qKseo 2 +NDD 1= mlq)m]-

0

m; depends on the doping profile
m; ~ 1/3 for a linearly graded junction
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Diode Model

® DC Model
¢ ForV <V, (off)

¢ ForV >V, (on)
VT

V; s

dl |
R; :(W) = SevD/vT

I

® Small Sighal Model

¢ For forward-biased diode
VT

D

Diffusion capacitance: C, ztr—T
d

Junction capacitance: C;

Normally, Cd>>Cj (CdleOCj)

T+ : Diode transit time

Iy
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Bipolar Process

® Vertical and lateral transistor in a bipolar process

collector base emitter
| balse ermitter i collictor | )
T e L [l
i . LT Tp.-[-p
+ P p+ eeeeneenns .
n n ) \ D
n ) n
I
n* \ n* \
¢ Vertical PNP or NPN Venfgga' 'aggga'
» High transistor transistor
¢ Lateral PNP or NPN
» Low
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BJT Model: Ebers-Moll model (DC Model)

agly agl- NPN PNP
C
o
E l’ lc
o
I Vec | +
Vee Bo—— v
CE - + CE
Vee
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Small Sighal BJT Model

Aluminum contacts

Emitter

\\L

~{n"| |
P Base
P_{»
/ P+
Collect(f N <« |solation island

P substrate
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Small Signal BJT Model (Cont.)

Sub r
T AW—
Cas——
b Cec Re
B o—AM——— ¢ —1—AM—o ¢
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® MOS structure

MOS Transistors

NMOS CONDUCTOR sym bol
GATE INSULATOR
DRAIN / GATE
{ _I_
4 < / i~ SOURCE
, /A DRAIN SOURCE
P-DOPED | | [
SEMICONDUCTORY, ‘:./ SUBSTRATE
I
SUBSTRATE !
PMOS CONDUCTOR symbol
GATE INSULATOR
GATE
DRAIN /
< H
/ \  SOURCE
N - DOPED / \ DRAIN SOURCE
l’ p I I l’ ]
SUBSTRATE A
1
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MOS Transistors (Cont.)

Source  Gate Drain
Vo Ve v, [ Metal
-Enhancement NMOS (ARARRRERANNRERRRARRREN] \\\\\\\\\\ PolyS|||Con
Oxide
4 n-diffusion
Source  Gate Drain _Ai i
I l‘\“a“a“a“ag‘k‘h‘k"l p dlfoSIon
Depletion NMOS i p-substrate
7 n-depletion
X substrate
Implant
-Enhancement PMOS -Depletion PMOS
Source Gate Drain Source Gate Drain
I
oo \\\\‘**\\\ :ﬂ- — :: lxxxxx*\xxx =]
I Implant
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MOS Transistor Symbol (Cont.)

|
1 1 1E-
_I
1E iE iE
M B
iC iC iC
1 |
nMOS nMOS pPMOS

enhancement depletion enhancement
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MOS Transistor Operation
® Example : nMOS

® V>V, V4 =0 (linear region)

GND (0V) —, <Yos

——u Vg

T

m«— gate
AR

(inversion layer)
oV Channel
(inversion layer)
¢ Vgs > Vt’ Vds = Vgs'vt
GND (0 V) s "
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MOS Transistor Operation (Cont.)

® Example : nMOS
® V>V, Vg > V-V, (saturation region)

GND(OV) —
L *

Pinch off, Xd
® |-V characteristic of NMOS IV Vi| = [V
g t ds
RECION SATURATION
REGION
I Ve
I Ids I IVgs3|
IVgSZI
Ivgsll
e
IVdsl
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Large Signal Behavior of MOSFETS

® Threshold voltage

\/qusioz N (\/Z(I)f + Vg _\/Zd)f)

=WV,o + 'Y(\/Zd)f + Vg _'\/2(|)f )

V, =V, +

OoX

20eq0. N
w here Y = \/ qSCSIOZ A and COX — k(;x €o — i:ox
® |arge-Signal I-V > 0% ox
MCOXW 2 kW 2
los = oL (VGS_Vt) :I(VGS_Vt)
If depletion-layer width X is considered L« = L-X,
kW
= lps = oL, (VGS -V, )2
® Channel length modulation
% — _ k\é\/ (Vcss —V, )2 dL ¢ _ | 5sdX,
a\/DS 2Leff dVDS LefdeDS
let (dlps) 1V, 11 dx, kw .
(GVDSJ e e TV L, [dVDsj = los =5 (Ve =V (47 Veo)
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Small Signal Model of MOSFETSs in Saturation

® Equivalent circuit model

[
G O 9 ® | ® 2 9 ® O D
+
Vgs JE— <¢> gmvgs <¢ I mbVbs g Fs
gs
o ©
(o) S
+
H —
Cgb Cdb
0
B
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Small Sighal Model of MOSFETSs in Saturation (Cont.)

Olos _ o W Lo W AV <<1
= T0s Kk (Vo — V)= [2k— | DS
® Y V. L( Gs t) | DS
OIDS W oV a(v \/2 vV, _\/2 ) _
- —k V.. —V. t OV, _ OV + 7320 + Ve o) _ Y _
® Gm OV g (Vs t)avBS X OVes Vs 220, +Ves

1
) rds:[(%sj b (K i 1V

aVDS I DS dVDS }“IDS I DS
. Csb _ Csbo %
5
()
Cuno ..
® Co-— " ® Derivation of C
1+-58 .
( %J ¢ Total charge stored in the channel Q;
aQ 2 L V(;s—Vthc(Z)X
® Cgs = GVGTS ~ EWL%\)/X Qr = _Wcoxfo [Ves = V() —W]dy = —L I H(V(;s —V = Vp2dv
_ O _ 1 KT(VGS-Vt) :EWLCOX(VGS_Vt)
" SonC, 2n 2 3
g 2T S WLC,,

C = & — E WLC
gs [o)'¢

3u Ny 3

o, = 27nf, = PTES (Ves — V,)
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Example—Small Signal Model

® Derive the complete small-signal model for an NMOS transistor with
lps=100pA, V55=0.15V, Vs=0.6V. Device parameters are 2 ¢; = 0.65,
W=2.5 um, L=45nm, y=0.45VY2 y C, =280uA/V? 6 A=222V1 t =
1.2 nm, ¥Y,=0.69V, C,,=C,, = 1.125 fF. Overlap capacitance from
gate to source and gate to drain is 1.25 fF. Assume C, =5fF.

— W — -6 2.5 6A _ m
gm—\/ZunCOXTID—JZXZSOMO ><Ol045x100x10 4_1.76 %

MnCOXVIYID 280><10—6><020'25><100><10—6 A
= =0.45 : AL, =443H
Ime =MV 500, + V) 2%(0.65+0.15) w X

1 1

"as = Ips | 2.22 X 100 x 107
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Example—Small Signal Model (Cont.)

: : C 1.125
® With Vz=0.15V,we find Cg = = —fF =1fF

1/2
Ve I+ 0 15
1+ =
v, 069

® The voltage from drain to body is Vog = Vps + Vg =0.75V

Hence Cp=— 00— 1125 g

1/2
1 Vos (1 0. 75)
W, 0.69
® The oxide capacitance per unit area is
€ B0, 39x8854xu)”//m

C, = = ~287V
t 1.2x10°m um

(0):¢

® The intrinsic portion of the gate source capacitance is

C, = % x 2.5x0.045% 28.7fF = 2.15fF

ags
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Example—Small Signal Model (Cont.)

® The addition of overlap capacitance gives C, = 3.4 fF
® Gate-drain capacitance is overlap capacitance C,4= 1.25 fF

® The complete small-signal equivalent circuit is shown below
| | Py @ o, 4 O D

G O O e
T 1 25fF
Ve —— <¢> 1.76x107 x v, <¢> 443%107° x v, §22.2k9
3.4fF
) 4 . 4
g V,, = — 1fF
| | A | |
s 111 gsiF
©g
® The f; of the device can be calculated with C, = 5fF giving
1 1 1.76 x 1073
fr = Sm =~ 29 GHz

21 Cgs + Cgq + Cgp T 2m(34+ 125 +5) x 10715
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Subthreshold Conduction in MOSFETSs

Ips (ud)

{ rors ~Vos
05 IDS — kx eXp nvt 1 _ eXp nvt
04
0371
0" VDS = 5V where k, depends on process parameters

' W =20 pm ~
0.1 L = 20pm n=~15
L] v, )

0.1 0.2 03 04 0.5

I (MA)
A Square-l\?w region
104 |-
107 L VDS =5V
W =20 um
L = 20um
1010
Subthreshold exponential region
I =~
5 > Vos V) I : | I > Vs (V)
0.1 0.2 0.3 0.4
Extrapolated V, = 0.7V )
_ Plot on log-linear scales
Plot on linear scales as /Ips versus Vgg - Show exponential characteristic
- Show square-law characteristic in the subthreshold region
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Mobility Degradation

® Large lateral electric fields accelerate carriers up to a maximum velocity
® Larger vertical electric fields - effective channel depth | - collisions T
® These effects can be modeled by an effective carrier mobility

o
[1+(9 )T

1 1 1 W
|, == l,==p,C,, — Vs
2Mn 0X L eff([l (9 ff) ]1/m) |:> D Zun (0)'¢ |_ eff ,OL<2

where 6 and m are device parameters This effect can also expressed as
a-law model from curve-fitting

Hn,eff

Ip (A) A Without mobility degradation

Source Gate Drain

With mobility degradation

T

<
n* Lateral Electric Field n*
p-substrate >

Vs (V)
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Substrate Current Flow in MOSFETs

k2
(VDS _ VDS(sat))

Ipg = k1(VDS — VDS(sat))IDSeXp[_ |

where Kk, and Kk, are process-dependent parameters and Vossa is the
value of Vos where the drain characteristics enter the saturation region

g, = 0lpg _ K,Ipg
db — _ 2
aVDB (VDS — VDS(sat))
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Example (1/2)

® Calculatery, =1/9, for Vps = 2 V and 4 V, and compare with the
device ls.
Assume Ipg = 100pA, A = 0.45 V1, Vpggay = 0.3V, K1 =5 V4, and
K2 =30 V.

For Vps = 2V, we have

| o =5x 17x100x10°° xexp(— %) =18x10™" A

30x18x107H B A
Ogp = 17 =19x107*
and thus
1
[, =— =53x10° Q=53 GQ
Qb
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Example (2/2)

This result is negligibly large compared with

I, = 1 1 =22.2 kKQ

® "I 045x100x10°
However, for Vs = 4 V

|, =5x3.7x100x107° xexp(- 23) =56x10" A

The substrate leakage current is now about 0.5% of the drain current.
We find

30x5.6x10°’ + A
gdb = 372 :12X10 0 v
and thus
[ :i —8.33x10° Q=833 kQ
Jab

This parasitic resistor is now comparable to Iy and can have a
dominant effect on high-output-impedance MOS current mirrors.
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Summary of MOSFET Parameters

® L|arge-Signal Operation

Quantity Formula
Drain current (saturation region) | s =&2"X%(VQS - V)*(1 + AVgs)
Drain current (triode region) |4 =&2°X%[2(Vgs - V)V, - V']
Threshold voltage Vi = Voo + 11420 - V, - /20 ]
Threshold voltage parameter Y=C%XM
Oxide capacitance C, = ?‘”‘ =345 fF/um? fort,, =100 A

(0),4
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Summary of MOSFET Parameters

® L|arge-Signal Operation

Quantity

Top-gate transconductance

Transconductance-to-current ratio

Body-effect transconductance

Channel-length modulation parameter

Output resistance

Formula
W W
Om :ucox T(VGS - \/t) :\/ZIDSMCOXT
On _ 2
IDs VGS - Vt
Y
gmb: gm :Xgm
2\/2(Pf + Ve
1 1 dXd

VA Veff dVDS

S 1 Ly dx -
* j“[DS IDS dVDS
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Summary of MOSFET Parameters

Quantity

Effective channel length

Maximum gain

Formula
Leff - I—drwn - 2Ld - ><d
2 2V
gmrds - &

}\’VGS-\/t VGS'Vt

. _ Cst
Source-body depletion capacitance Co = v S
(1+ SB]
Vo
. . . C _ CdbO
Drain-body depletion capacitance db = 05
(1+ VDB)
Vo
: 2
Gate-source capacitance C, = §WLCOX
Transition frequenc _ I
G y " 2n(C, +Cyy+Cp)
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SPICE MOSFET Model Parameters of A Typical

NMOS Process (MOSIS)

Parameter

(Level 2 model) Enhancement Depletion Units

VTO 1.14 -3.79 Vv

KP 37.3 32.8 MA/V ?
GAMMA 0.629 0.372 V72

PHI 0.6 0.6 VvV
LAMBDA 3.1E-2 1.00E-6 \Vas
CGSO 1.60E-4 1.60E-4 fF/1 width
CGDO 1.60E-4 1.60E-4 fF/1 width
CGBO 1.70E-4 1.70E-4 fF/u width
RSH 25.4 25.4 Q/O

CJ 1.1E-4 1.1E-4 pF/?

MJ 0.5 0.5

CJSW 5.0E-4 5.0E-4 pF/u? perimeter
MJISW 0.33 0.33 ]

TOX 544 544 A
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SPICE MOSFET Model Parameters of A Typical

NMOS Process (MOSIS) (Cont.)

(Level 2 model) Enhancement Depletion Units
NSUB 2.09E15 1.0E16 1/cmy?
NSS 0 0 1/cm’
NFS 1.90E12 4.3E12 1/cm?
TPG 1 1

XJ 1.31 0.6

LD 0.826 1.016 H
Uo 300 900 i
UCRIT 1.0E6 0.805E6 cm?/(v -s)
UEXP 1.001E-3 1.001E-3 V/icm
VMAX 1.0E5 6.75E5 m/s
NEFF 1.001E-2 1.001E-2

DELTA 1.16 2.80

® The SPICE parameters: Empirical parameters
¢ Fitting measured device characteristics to the mathematical equations
¢ Using a numerical optimization algorithm
® This approach gives good fit to the model but causes a deviation from the typical

parameters.

® Parameter relationships may not be self-consistent with some of the fundamental

relationships.

*Please refer to the chapters about SPICE model in the HSPICE document suggested in assignment 1
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Appendix

® Resistance Estimation

® Capacitance Estimation

® Inductance Estimation
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Resistance Estimation

® Sheet Resistance
¢ R=pL/A=pL/tW= R L/W

¢ R =pl/t

p:resistivity l

t: thicknes i

L :conductorlength T K/ L
W : conductorwidth Current

R, :sheet resistancgohm/squarg /0 )
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Resistance Estimation (cont.)

® Typical sheet resistance for conductors

Material Min. Typical Max.
Intermatal
(metall-metal2) 0.05 0.07 0.1
Top-metal(metal3) 0.03 0.04 0.05
Polysilicon 15 20 30
Silicide 2 3 6
Diffusion(n*, p*) 10 25 100
Silicided diffusion 2 4 10
N-well 1K 2K 5K
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Resistance Estimation of Nonrectangular Shapes

® Direct estimation

Shape Ratio Resistance
Curient ) W .
- -————— - _ A 1 1
[ ]TL Z____/il‘ R = /W A - -
%l R=LW W, W, B 5 5
Current _4—|_— A %:—_i I'— B 1 2.5
ARy oot B 2 2.55
< W, g W, B 3 2.66
® Table-assisted estimation C 1.5 2.1
C 2 2.25
- _ =y C 3 2.5
I w, | Ws oy C 4 2.65
W l‘ svzéwrwg _\ivl_ W D 1 2.2
A L B W, C_ W, D 15 23
RATIO = m RATIO = Wl RATIO = Wl D 5 53
D 3 2.6
We W, E 1.5 1.45
M > ,:Wﬁl/qwz E 2 1.8
W1II RATIO= —= Vi Nparo= 22 £ 3 5 3
D 1 .
E 4 2.65
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Contact and Via Resistance

® Proportional to the area of the contact
¢ e.g. feature size| =>Rcontact?

® (0.25Q0 ~ a few tens of Qs

® Multiple contacts to obtain low-resistance interlayer connections
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MQOS-Capacitor Characteristics

® C-V plot

accumulation depletion inversion

“

+0 N\ / Three regions in the plot
low frequency

(DAccumulation region
(i)Depletion region

<

high frequency

min

(i) Inversion region

0 V,
Vs

® Accumulation region

€cn €
C0= Sio, OAZCOX.A

0oX

C, : gate capacitance

€0, - dielectric constantof SiO, (= 3.9) R

g, . permittivity of freespace * *

A :gatearea + p-substrate
€cn. € _

C,, =—22°:gate capacitanc per unit area 4 \V4

[0),4
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MOS-Capacitor Characteristics (cont.)

® Depletion region

: ate v,>Vv,>0
Ceep = 85680 A=C, gate | e
d : depletion layer depth tl
gg . dielectric constantof Si(=12) chgp; depletion layer q
Cc,C
o = _—97% - gate capacitance per unit area o, .t
C, +Cep 4 .
WhereC, is low frequencycapacitance +_p-substrate
betweengate and surface \V4 \V4
® Inversion region
C, :static (i.e. low frequency, < 100Hz)
_ CC gate gate Vv,> Vv,
Cop = oo _ C.... :dynamic (i.e. high frequency)
Co +Chep | l
Cmin CO T
. . _~__ channel_-_~-_

—Cy, dependson thedepth of thedepletoin region, Caep depletion layer

I.e. depends on substratedoping density. . €|!

0 + p-substrate *

—For t, =100~ 200A,C,,,./C, variesfrom0.02~ 0.3 \V4

for substratedoping density varies from1x10™cm™ to5x10™cm’ \%
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MOS Device Capacitance

® Cross section of MOS device

SUBSTRATE

® Equivalent circuit
d
CuxX” | N Cu

DRA&N
SUBSTRAT

-
L SOURjE ke
g&/ CS

S

Cab
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MOS Device Capacitance (cont.)

® Approximation of gate capacitance

—Self-aligned process is assumed (i.e. overlap caps. are negligible)

Parameter off Non-saturated Saturated

Cgb eA O O

- fox oA 2¢A

gs 0 2t0X 3tox
Cya eA O(finite for short channel devices)
2t
Cq=Cgp+CystCyq eA eA 2eA R 0.98A (short channel)
Lox ox 3tox Lox
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Cgs,Cgd and Cox

® Example 1: W=49.2um, L=4.5um (long channel)
¢ C, and C

1.0

large L

large C, & small Cq
(in saturation region)
Coa ~0
Cq
(Cqq is due to channel side
fringing fields between gate

and drain.)

V. (volts)
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Cgs,Cgd and Cox (cont.)

® Example 2: L=0.75um (short channel)
¢ C, and C

small L
/ 08 I~
«small Cy & small C,
(in saturation region) 0.6
Cga Cgs» Cgu
Cg ~ 02 CoxWL0_4
(CqqIs due to channel side
fringing fields between gate
and drain.)

0.2

0.0 ' |

3
Vs (volts)
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Cox, gate capacitance per unit area

Eg; 280 . ~
® C_ = Sto A;wheregg, =3.9ande, =8.854x10™"

0X

e.g.t =350A=>C, ~1x10°pF/uF 2 = LfFfuf ’

® Unit transistor
¢ It is the same width
as a metal-diffusion
contact

® Minimum-size transistor

— )
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Diffusion Capacitance

® Area and periphery

Cd=Cja*(ab)+Cjp*(2a+2b) T -
Cja: junction capacitance per pm? Cir 7 Cia
Cjp: periphery capacitance per um
a: width of diffusion region T oiftusion
b: length of diffusion region S Area
® Typical value (1um n-well process) b~
Cja: 2*10“pf/um? (n+ diffusion)
5*10-4pf/um? (p+ diffusion)
Cjp: 4*10“pf/um? (n+ diffusion)
4*104pf/lum? (p+ diffusion)
® \/oltage dependent V, is junctionvoltage
. V, is built-in junctionpotential~ 0.6V
C-(V-): c [1_ﬁ) C, is zerobias capacitance
A i0 V, m = 0.3(graded junction) ~

0.5(abrupt junction)
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SPICE Modeling of MOS Capacitances

® SPICE example

M14350NFET W =4UL=1UAS=15PAD=15PPS=11.5UPD=11.5U

.MODEL NFET NMOS
+ TOX=100E-8

+CGBO=200PCGSO=600PCGDO=600P
+CJ=200UCJISW =400PMJ=0.5MISW =0.3PB=0.7

node4-drain
node3-gate
node5-source
nodeO0- substrate
channelwidth =4 um
channellength=21um

TOX = 100,& Copo occoursdue to the polysilicon extesion
sourceareaAS =15um? beyondthe chan nel(200><10'12 F/M)
drainarea AD = 15um’ C,soandC 4, representthe gate-to-source/dran

sourceperipheryPS=11.5um  capacitance due to overlapin the physical
drainperipheryPD =11.5xm structureof the transistor(600x 10 F/M)
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SPICE Modeling of MOS Capacitances (cont.)

® Capacitance
gate capacitance

Cy(inrinsiy = W oL @ C =4x1x35x10*PF =0.014PF
Cg(extrinsic) = (W ® Cgso)+ (W * ngO )+ (2L * CgbO)
= 4x6x107* +4x6x10* +2x(1x2x10™* PF
=0.0052PF
Cg(tota]) = Cg(intrinsic) + Cg(extrinsic) ~ OOZPF

sourceanddraincapacitance

-MJ -MJISW
C = Areaono(lJrﬂj + peripheryoCJSWo(lJrﬂj
PB PB

where

C, =the zero-bias capacitance per junctionarea

CJSW =the zero-biascapacitana per junctionperiphery
MJ = the gradingcoefficient of the junctionbottom

MJISW = the gradingcoefficient of the junctionsidewall

VJ =the junctionpotential

PB =the built-in voltage (~ 0.4-0.8volts)

Area= AS or AD, the areaof the souceor drain
Periphery=PS or PD, the peripheryof the sourceor drain
Cjram = 0-0043PAVJ = 2.5V is assumed)

Csource) =0.0043PHVJ = 2.5V is assumed)
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Routing Capacitance

® Single wire capacitance
¢ Parallel-plate effect and fringing effect

Fringing field
/ 1 | | _1_ T

£ 1

1 1 1
TT T T TT _l_ I—Insulator(Omde)I
Substrate

¢ Accurate capacitance evaluation : use computer

¢ Hand calculation : use simple model (less than 10% error)
Half cylinders

(

ngmjm-?hl.oe(m +106G”
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Routing Capacitance (cont.)

® Multiple conductor capacitances
¢ Three-layer example

layer3
Cas=  C,
— —t | layer2
Co1—
layerl

Capacitance calculation is very complex—refer to textbook
¢ Typical dielectric and conductor thicknesses

Thin—oxide  200A Metall 6000A
Field—oxide ~ 6000A M,—M, oxide 6000A
Polysilicon ~ 3000A Metal2 12000A

M, —poly—oxide 6000,& Passivation 20000A
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Distributed RC Effects

® Transmission line

conductor layer

[« E e >
<— Isolation
layer
Substrate

O MAT T © o ~AMTMTAM-1—O

vy R

® Delay time from one end to the other end

E|2

2
r . resistanceper unit length

C . capacitance per unit length
| . length of the wire

t

112
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Distributed RC Effects (cont.)

® Disadvantages of long wire:
¢ Long delay
¢ Reduction in sensitivity to noise

O * + W] S0

Yy v Y ‘*

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan APP2-19 30 i‘r %, Analog IC Design, 2025



Distributed RC Effects (cont.)

® Method to improve disadvantages mentioned previously

v 2* ZT Yg F 7
3

rcl
v ——+T,

rcl .
If| — | <z,,delay timeis reduced
4

2
If % >>7,, more buffersshould be used

Inactualdesign, if possible,

rcl 27,
—<<1, = V<<, | —=
2 rc
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Distributed RC Effects (cont.)

® Transmission line effect is particularly severe in poly wire because of
the relatively high resistance of this layer. Gate poly layer is the worst
one because of its high capacitance to substrate.

® Strategies
¢ Use metal line : small r
¢ Use wider metal for signal distribution line
> (e.g. clock distribution line) : small r, a tiny bit large C
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Inductance

On-chip inductance are normally small.
Bond-wire inductance is larger.

® Inductance of bonding wires and the pins on packages

L= iIn(é%hj H/cm

2r
u - the magnetic permeability of the wire
(typicallyl.257x10°H/cm)
h:the heightabovethe groundplane
d:the diameter of the wire

® Inductance of on-chip wires

(Sh + w ) H/cm
w 4h

L= H In
27

w :conductorwidth
h:the heightabove the substrate
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