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From Bipolar to MOST transistors
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The SIA roadmap

Year Lmin Bits/chip Trans/chip Clock Wiring
um  Gb/chip millions/chip MHz
1995 0.35 0.064 4 300 4-5
1998 0.25 0.256 I 450 3)
2001 0.18 1 13 600 5-6
2004 0.13 4 25 800 6
2007 0.09 16 50 1000 6-7
2010 \0.065 64 90 1100 7-8
2003

Semiconductor Industry Association
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The law of Moore

10

L-Micron

N

\.\ Year
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ISSCC 2005 paper distribution

40 -

35

Analog/RF

Digital

350

250

180

130

290

65 nm Lmin
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Price MPW silicon for different L. (nm)

- 10000
Cost MPW L $/sq.mm
- 1000
f L L L L v v L L 100
1000 nm 100
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MOST layout

B S G D S G+ D+
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MOST layout Cox and Cp

€.
Cp = =l
1:si
e
C — ~OX
OoX tox
ED_ -1
COX
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MOST layout : Cyox and Cp values

. 2¢.:(dp -V
C, = Ssi t,, = \/ si(¢ - Vip)
1:si C|NB

Example : L =0.35 um; W/L =8
Vgp=-33V: t;=0.1pm

Cp = 10 -7 Ficm?
t., = Emin tox =7 nm

OoX
50
Cox =510 7 Flcm?

€gj =1 pFlcm
Eox = 0.34 pF/cm
$=0.6V
q=1.610"1C

Ng = 410" cm-3

ED—=n-1zo.2
C

oX
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N-well CMOS technology

L n-well

p—substr

I Gate oxyde
- Polysilicon gate
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MOST Ips versus Vgs and Vps

A

Ips Ips

linear

0 VT VGS 0 VDS
Saturation because high Vg
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MOST Ips versus Vps

Ips

saturation

Linear resistor Vges-Vr
Ron = n
1 .
Vae-Vo) & o ¢ "
P Ves V\TI) 0 Vgs-Vr Vps
B=KPI
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MOST parameters 3, KP, Cyx, ...

KP,, = 300 pA/V?2

W
B=KP T Cox =510 7 Flcm?
KP=nC,, Eox = 0.34 pF/cm
C = Eox ggi = 1 pFlem
OoX
tox t,, =7 nm
t = L min L in = 0.35 um
OoX
50 1, =250 cm?/Vs

u, = 600 cm?/Vs
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Example : Analog switch on CL

Vbp

L

VouT

We want to switch 0.6 V to a
load capacitance C, of 4 pF.
We want to do this fast,

with time constant 0.5 ns.
Supply voltage Vpp =2.5V
V=05V

Use standard 0.35 um CMOS.

Choose
minimum channel length and
find an average Vg !
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Example : Analog switch on RL

Vbp
VIN VouTt
R

Ron

We want to switch 0.6 V to a
load resistor R, of 5 kQ.
W/L=38

Supply voltage Vpp =2.5V
0.35 um CMOS: V;=0.5V
VouTt ? Ron ?

Choose
minimum channel length !
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Body effect - Parasitic JFET

Vi=Vio+y [ \/IZCDFl + Vgs - V[2D¢] ]

n

C
= v = 1+ C_D 20| = 0.6 V
V|2(DF| + Vpgs ox n=12..15

Y=0.5...0.8 V12
Reverse vgg increases |V;| and decreases |iyg | !!!

n =1/« subthreshold gate coupling coeff. Tsividis
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EX. : Analog switch with nonzero VBS

Vpp Switch 0.6 V to a
| load capacitance C, of 4 pF
VIN voyr ©r aload resistor R, of 5 kQ.

c, WL=8(Ryn=125Q @ Vgs=0)
Supply voltage Vpp =2.5V
0.35 um CMOS: V; =05V
Voo Vour ? fory=0.5 V-1

VIN VouT
R, Startwith Vgg =0.
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MOST Ips versus Vgs

A

IDS VS

Si

lps ~ (Vgs-V1)

—w W
lps =K, T (Vgs-V1)?

Slope :q/nkT

K= 2P n=??

2n

K, =100 pA/V?2

’ o~ 2
K, = 40 pAIV v

GS
nkT/q
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MOST small-signal model : g, & rps

G
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The transconductance gy,

s g~ Vg



MOST small-signal model : rps

Ips

saturation

L

rDS - rO - I
DS

>

0 Vs-V1 = Vpssat VDs

, W
Ibs = Ky T (Vgs=V7) 2(1 + AVps)

1
A = —
VL
VEn =4 VipmL
L=1pum
Ipg =100 pA

ro = 40 kQ
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MOST single-transistor gain Ay

Ili Ay = Omlfps = \ZI;LE_\I;T
Vi, Vout
- A, =100
if VgL=10V

and VGS-VT =~0.2V
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Design for high gain :

High gain High speed
L High

Vgs-V1 sets the ratio g, /lpg !
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Example: single-transistor amplifier

We want to realize a three-stage amplifier

with a total gain of 10.000.

We use three single-transistor stages in series.
What minimum lengths do we have to use In
an advanced 65 nm CMOS technology

with Vg =4 V/ium ?

Choose
Vgs-V71=0.2V!
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pMOST small-signal model
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MOST small-signal model: g, & gmp

S ImVGs ImbVBS
dipg dipg
Im = dvgs Imb = dvgg
9mb _ Cp _ .

Willy Sansen 10-05 0129



Table of contents

e Models of MOST transistors

* MOST as a resistor

* MOST as an amplifier in strong inversion

* Transition weak inversion-strong inversion

* Transition strong inversion-velocity saturation

* Capacitances and f;
* Models of Bipolar transistors

* Comparison of MOSTs & Bipolar transistors

Willy Sansen 10-05 0130



Ips & gm versus Vgs : weak inversion

A

Ips VS wi : weak inversion
Sl : N Vs
i ' — A nkT/q
wi | Vc;s> Ioswi = Ipo L exp
} | |
L P : : VS Subthreshold slope :
l | nkT/q In(10)
' Si /,
Wi : : g .. = Ipswi
' : Vgs M nkT/qg
| | >
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Transconductance gy, versus Vgs

gm A

mS

6 — VT gmsa_t

4 -

2 - wi

; Ves-Vr
0 0.5 1 15 V Vgs

O
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Transition voltage V¢, between wi & si

Vas
Ipswi = IDOVT\_’ exp"'" Ihs =K, ‘LIY (Vgs-Vr) 2
G = 722 O
Gs VT
Imwi _ 1 Im 2
Ei_ nkTlq Es. ) Ves-Vr

kT
(VestV1)t = 2n —
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Transition Voltage V ¢, for different L

kT
(Vest-VT)t = 2n ?

’ W kT
lose = K, T_(ZIFI;)2

Is independent of channel length L

Is still true In ... years !

W

kT
(Vgst-Vr) = 2n q 70mV. lps; =2 pA for — =10

for nMOST
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Transition wi - si

log Ips | Si

lost ~ (Vgs-V7) 2
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Ratio g _ /I at the transition wi - si

Im

Ips

Ips

0.01

100 IDSt
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EKYV model for smooth wi-si transition

w KP
lps =K' — VGSth [In(1+eY) ]2 Vgst= VsVt K=—
L 2n
Vst KT
v = Vestt = (Vgs-Vr) ¢ = 2n —
VasTt q
= 70 mV
Smallv: In(1+eV)=eV
W w 2 Ves-Vr
lbs =K — Vggriie?V =K —V exp ( )
DS | | GSTt L GSth n kT/q
YI
Largev: In(1+eV)=v DSt
Enz, AICSP ‘95,
W w 83-114
IDS =K — VGSTt2 V2 =K - (VGS-VT) s Cunha, JSSC Oct.98
L L 1510-1519
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Transition current I, between wi & si

W _ _
Ipst= lps | =K 'I'_'Vc;STt2 Ipst= 2 pA for W/L =10
V=1
. |
=1 j= DS - [In (1+¢.;V)]2 inversion
Ipst coefficient
v=in(e'i-1)
VesVr =Vgsre In (e -1)
kT
VGSTt= 2n _— 70 mV
q
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Relation V¢-V1 and inversion coefficient i

VgV (MV)

800 > < > <

= e . VesVr =
700 | nv. nou e | Str |
600 e VgsTtt In(e Vi 1)
J [ 1] |
500 A
400 / KT
/ VesTt=2n —
300 7/ q
Of \ S/
200
0 ~
100 ~
0m\
0
-100 — —
— ll.‘-, .L ,G ||
-200 ] . IDS
0.01 0.1 1 10 100 | 1= -
Ipst
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Transconductance g _ between wi & si

Ips

i=— = [In(1+e")]?
Ipst
Vi

Alternative approximation :

_ 1
V1+0.5Vi+i

GM

9m

~
~

Large i :

Small i :

Large |

Small i :

am=1.0
2

. GM = 1

Vi
om=1-0
4
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GM versus inversion coefficient i

GM
1.0 9m nkT
0.9 T \::\ sqrt IDS q
0.8
0.7 ..xp N GM -
' N
0.6 \\\ 1 -e 'VT
NN
0.5 -
Vi
0.4
1
0.3 N
NN
02 — Vi+0.5/7 +i
0.1 T |
8 DS
0.0 ‘ . I -_— ——
0.01 0.1 1 10 100 | IDSt
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Ips & gm Vs Vs : velocity saturation

A

Ios vs/ vs : velocity saturation
Sl | IDSvs = WCoszat (VGS'VT)
- |
~ 107
wi . | VGS; Veat = 107 cmlis
4 : :
On | ys
I [ _
L ; Imsat — WCoszat
| SI [
" : I u '
Wi ! | y is absolute max. !
| GS
| I >

Willy Sansen 10-05 0143



The saturation region and velocity saturation

saturation

Ibs linear
(Ves-VT)vs

Saturation region
Square-law region

(Ves-V1 )t
>

0 Vs-V1 = Vpssat VDS
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Transconductance gy, versus Vgs

=WC,,V

gm . gmsat sat

mS Ve, = 107 cmis

6 VT gmsat

4 -

2 - wi

. VesVr
0 0.5 1 15 V Vgs
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Velocity saturation : vg,¢ & O

large V ]

w [ GS

Kn T (Vgs-V7) 2 W

Ips = = — = (Ves-Vr)
1+ 0 (Vgs-V) 0

0
1+ (Ves-Vy)

, W K w
Imsat = 2K, I (Ves-V1) 2 -
[1+0(Vgs-V1)] 2 6 L
1 1 WCox sat
L
oL= — — | = . . e
2N Vg, E. E.is the vertical critical field !

OL=02pm/V : ForL=0.13pm 6=1.6 V-
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Velocity saturation: 0 & Rq & v,

W
K, T (Vgs-V7) 2

Ips =

1+6(Vgs-Vy) [large VGS]
K w g _ gm - 1
—_— mRs ~ ~
0 1 1
RS — ) RS I~ & ) ~
K, WIL 2n WK Ve W CoyVea
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Transition Voltage V ~q1,, between si and vs

<o W (Vs V)
= IDSsat = WCoszat (VGS'VT)

Ips

Ko W
Imsat = WCoxVsat = 0 L
1 v Is proportional to
VgsVilys = — = 2nL -2t [ 1S PIOP
VesVrhvs 0 L | channel length L !!!

o

SL = 0.62V ifL=0.13 um
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Transition Current I, between si and vs

2n v V.2
- W saty 2 _ sat
Ipsye = K WL 2 = 100ng, W
H H
!
DSvs . uC
= 10 A/lcm K" = —Q’z {
W n
€ L
C. =—"2 t.= —
ox t,, ox~ kg
W=26um&L=0.13 um: Veat = 107 cmis
lhsys = 2.6 mMA n=1.4
u= 500 cm?/Vs
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Transconductance g, between si and vs

gmsat =W COX Vgat gmsat =~ 17 10-5 W/L S/cm
y w ~ -9 2
ng! = 2K T(VGS-VT) ng, ~1.2 10 VGST WIL Slcm
——
VasT
1 _ 11 W 17 105
2 - g =
Om  9mk  YImsat ™ L 1+ 2810°L/VgsT | oo

If Vos7=0.2V, v, takes over forL< 65 nm (If 0.5V for L <0.15 um)
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Now In velocity saturation ?

In === (0.5 V)
W NS
mS/um . \\ ~ Im _ 28 (Ves-Vr)
10 \\\ W L
= w L2 j
in um
1 \\ — i
K, \\ \\\\\ g_m — C v
\ N T, ox "sat
10 nm 0.1 um L 1 Im . 017
W L
in um
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Range of Vgs-Vr values for si vs time

10 3 e o
vad1Tvs
- .. o
VGSi FGSTvs/3
] ——— 2\ [ (3Q T
JIJ L vvil
I

)
N
—

01 =
1988 1990 1992 1994 1996 1998 2000 2002 {2004 j2006 2008
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MOST operating region in si

On ,
mS | Vgs-V71=0.2V

6 -

4 -

Ves-V7 = 0.5V

gmsat

Ves-Vr
>

1.5 V VGS
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om VS VGs for different L (same tyy)

Exercise :

9m

A

I-min =50 1:ox

I->>Lmin

9m

I->>Lmin

> >

Willy Sansen 10-05 0154



om VS Vs for different tox (= Lnin/50)

Exercise :

9m

A

L

min

L..in large

9m

L small

min

L..in large

> >
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Table : MOST Ips, gm & gw/Ips

Summary :
TABLE 1-4 EXPRESSIONS OF Ips, gm AND gm/lps FOR MOST
Ips Im Om _ f(ves-V7) Im _ t(Ips)
Ips Ips
. w VGs Ipo GS 1 1
wi- Ipo-exp (nkT/q) nkT/q L P (nkT/q) nkT/q nkT/q
(1-25a) (1-25b) (1-26b) (1-26b)
kT KP W KT\ 2
ws (Vas — VT)ws =2n— Ipsws = 5= (20—*)
q q
| KP W ) KP W 2 KP W 1
e il — - —V = o [T
s gy Wes V1) 255 T Vas = V1) Vas — V1 2n L Ips
(1-18¢) (1-22a) (1-26a) (1-26a)
. V ) . 2nchx Vsat _ 2WL002X VS28T
sv (vas Nsv = —pp DSsv = “KPi2n
1 WCox V.
Vs WCox Vsat(Vas — V7) WCox Vsat " "'795_3"?}"
GS — VT DS
(1-38b) (1-39)

Ref.: Laker, Sansen : Design of analog ..., MacGrawHill 1994; Table 1-4
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Gate current

LI B T 7 1

4
10 AVSIO_/Si

_I
1

1.0 nm For 0.1 um CMOS :

tox =2 nm
10° : 1.5 ny 2 5
-' Jg =410 Alcm
N—-—h 10‘0 symm———e=p == 'I- ----------------------
S I2nm :
< 10° : For 10 x 0.5 ym
= :
Ic =2 nA
' G
10 i
Snm |
s : Jg (Alcm?)
10 : 5 L
i ~4.510° exp(- —)
10-3”.1114L | T PP PR R Lin nm 6.5
0 0.5 1 1.5 2 2.5 3
Vo) Ref. Koh, Tr ED 2001, 259-

Annema, JSSC Jan.05, 135.
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MOST capacitances
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MOST capacitances Cgs & Cgp

Cgs = 3 WLC,, =2W fF/um for L ;,

€
— =50¢,, =2 fF/lum

OX

minCox ~ I-min
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MOST ft;where ips =iGs

igs= Vgs Cgs S

l Ipso

ips = 9m VGs
2 _ AW , nC
Caos = §WLCOX Om = 2K L (Ves-Vr) K= 2n°x
Im 1 3 p Vsat
fr= = — — — (Vgs-V7) or |=
! 27'5 CGS 27[ 2" L2 GS T 275 L
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Design for high speed :

High gain High speed
Vges-Vr Low (0.2 V) High (0.5 V)
L High Low

Vgs-V1 sets the ratio g, /lpg !
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Maximum f; values versus channel length L

i S
LA

100 1 A
f(GHz) |\ \
N\ AN

10

1
A

Processors

L (micron) 10

\ f gqat f i L V -V
N— T Zm2 NesV
E\\\\ . 02...1V
sat
\3\ \ . \ fTsat= 27'CL
N \\ \\
N \ f = fy
Ves-V- 0.2\; N 0.5\ 1V m
| NN\ N\ T+ogp
R NN . Cep
AN L] %BdT ¢
0) ¢
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f+ model in si and velocity saturation

¢ = _9m Cos=kW k=2 fF/um=210-1" Ficm
-

21 Ces W 17 105

L 1+ 2810L/Vggr  Lincm

9m

1 13.5
L 1+ 2.8L/Vggr

*
—
1|

GHz

L in um

If Vos7=0.2V, v, takes over for L < 65 nm
If Vgs1=0.5V for L <0.15 pm
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fT model in si and weak inversion

Im O9m nkT _ 1-e Vi
fr = GM= = —
A
lps 1-e-"
Om = but Ipg =i lpgt
nkT/q Vi
I .
g = DSt VT(1-e'vr)
nkT/q
f . | K’ Vgsrie WIL
1 = \/I_ (1-e -\/l_) fTH - DSt — GSTt
frh 21 Cgg NKkT/q 2n WL C_, nkT/q

— 4 K’ nkT/q — 2 u kT/q
21 C L2 27 L2

~ | forsmalli !
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f+ versus inversion coefficient i
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Exercise: MOST {1 or not fp ? ‘ allL=L, \

VKips Ips

=12 = (VgsVy) = TCoWis  aWL C. (VaaVa)
t g a Ibs 1 Vost! 4 £ W=ct TVGST
/ W1 Vggr=ct
wel o 28 Wi Vegrl
Vest= Vas-Vr W Ibs
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MOST capacitances Csg & Cpp
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RF MOST model

Cc./5

Cs=Cgs* Cqp

Ref. Sansen, etal, ACD, XDSL,
Ref. Tin, Tr. CAD, April 1998, 372 RFMOS models, Kluwer 1999
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Single-page MOST model

-k W 2 Vee Vo202V K, =100 pA/V2
Ips = K ¥ (Vos-Vr) s VTTORY e e
’ W ’ W 2 IDS
Im _2Kn |__ (VGS'VT) = 2 Kn |__ IDS -
VGS'VT
L
'ps = I = |_ VEn =5 VipmL VEpz 8 V/umL
DS Veat = 107 cmis
3 u \';
— t
fT T A A~ 19 (VGs'VT) or Nnow = 2

21 2n L2 2n L
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Growing number of parameters !

200 LIRS I LI I 11 ] L [ | L I 1T T 1T IDl | L a: BSIJ.\/-[I
128 B 8 | b:BSIM2
é” | ¢:BSIM3 version 2.0

140 1= € - d:BSIM3 version 3.0
120 1~ d — | e:BSIMS version 3.1
1(8]8 : o / : f: BSIM3 version 3.2.2

0L . g_____,,a/ | &'BSIM4.0.0

40 oG- _

20 Ca b byt b e by by by

1986 1988 1990 1992 1994 1996 1998 2000 2002

BSIM4 : http://www-device.eecs.berkeley.edu/bsim/bsim ent.html
Model 11 : http://www.semiconductors.philips.com/Philips Models/mos models
EKV : http://leqwww.epfl.ch/ekv/imodel.html /model11/index.html
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Benchmark tests

o o O b=

Weak inversion transition for lIpg and g, /lIpg ratio

Velocity saturation transition for I,g and g,,,/Ipg ratio
Output conductance around Vpgg ¢

Continuity of currents and caps around zero Vpg
Thermal and 1/f noise
High frequency input impedance (s,4) and

transimpedance (s54)
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_IBipolar transistors

*s | ateral PNP transistor

NPN transistor ikt
s . m J *
Ap ) :
|3
B be Ih: 3 B I
— 1 IhEE AE
Ac * 4 ’
p " ic kg
. ] ll L _ . !
) A
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Bipolar transistor Icg versus VBg

A

icE

1 0.7V : not more
: not less
|
- > VBE
0 0.5 1V
VBE I lcE
_ kT/q BE —
15 is leakage current
Ig=10 "' A KkT/q=26 mV at 300 K
B= 10 ... 1000
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Bipolar transistor small-signal model : g, & 1

O _ 1
- T T =40V
e KT/q
VE
ro —J— VEn =20V
lcg  VEp=10V
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Bipolar transistor capacitance C;

CigEo

C.=Cige +Cp CjBE=\/1+V 5
BE/9jE

C, is the diffusion capacitance
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Diffusion capacitance Cp

c. = _ dicg _ _ o dee
" Ve Fdvge  Fom T Ty
BE VBE q
Wg?2 W
Base transit time tg= Or NOW =
2D Vsat

=10 ... 200 ps n
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Bipolar transistor capacitances C,, & Ccs
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Bipolar transistor ft

For a current drive ! fnax = \/ fr/8n rgCy,
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Bipolar transistor frtversus Icg
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Single-page Bipolar transistor model

Vee
lcg = Ig exp KT
_ lee _ Ve
I9n = —— o = |
kT/q CE
1 1
fT - —
27 Cle+cic
TF +
9m

I5=10 15 A KkTiq=26 mV at 300 K

VEn=20V Vg =10V

Vsat

T 2nWg

or
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Comparison MOST - Bipolar

TABLE 2-8 COMPARISON OF MOSTS AND BIPOLAR TRANSISTORS

Specification MOST Bipolar transistor
1. hN 0 lc/B B?
Rin 00 e + I
Ips
2. Vpssat Vs — Vr = KW/L few kT/q
gm i ! 1 n=1+ ‘o
> r W nkT/q KT/q Cox
. 2 1
Si Vas — V7 KT/q 4...6x
1 1
VS — —
Ves — V1 kT/q

Ref. Laker Sansen Table 2-8
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Comparison MOST - Bipolar : minimum V¢

Ips
VDSsat ~ VGS'VT

\ Ibs
Ves-Vr= W
L

Kn

>

' ' o~ b

0V v y Veeeat = KT/Q’s
CEsat Y DSsat DS

Ref. Laker - Sansen Table 2-8
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Comparison MOST - Bipolar : g_/Ig ratio

. IpsIce
0.01 0.1 1 10 100 |
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Design plan for g :

—w W
lps =K, T (Vgs-V1) 2

, W 21
(Vgs-V1) = 2 \/Kn T los = 22
Vas-Vr1

, W
gm=2Kn|—_

4 variables with 2 equations >> 2 free variables

Choose V. s-V; and L !

O
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Comparison MOST - Bipolar

4. Design planning

S. I-range

6. Max fT

7 Noise OVIZ
Offset

low /
high /

Therm.

1/f

L,Vgs — V1 kT/q

1 decade 7 decades

Cas.Cap Giet,Cy

Vsat/ Lett Vsat/ Whg

4kT(g/—3 +Hg) 4kT (E +Ff3)
9m am

10x

10x

~ 107
Vet = 107 cm/s

Ref. Laker Sansen Table 2-8

Willy Sansen 10-05 0188



Table of contents

* Models of MOST transistors
* Models of Bipolar transistors

* Comparison of MOSTs and Bipolars

Ref.: W. Sansen : Analog Design Essentials, Springer 2006

Willy Sansen 10-05 0189



Reference books on Transistor models

T. Fjeldly, T. Ytterdal, M. Shur, “Introduction to Device Modeling and
Circuit Simulation”, Wiley 1998.
D. Foty, “MOSFET Modeling with SPICE, Prentice Hall
K. Laker, W.Sansen, "Design of Analog Integrated Circuits
andSystems", MacGrawHill. NY., Febr.1994.
A. Sedra, K.Smith, "Microelectronic Circuits", CBS College
Publishing, 2004.
Y. Taur, T. Ning, “Fundamentals of Modern VLSI Devices”
Cambridge Univ. Press, 1998.
Y. Tsividis, “Operation and modeling of the MOS transistor”,
McGraw-Hill, 2004.
A. Vladimirescu “The SPICE book”, Wiley, 1994

Willy Sansen 10-05 0190



References on Analog Design

P.Allen, D.Holberg, "CMOS Analog Circuit Design", Holt, Rinehart and Winston. 1987,
Oxford Press 2002
P.Gray, P.Hurst, S. Lewis, R.Meyer, "Analysis and Design of Analog Integrated
Circuits", Wiley, 1977/84/93/01
R.Gregorian, G.Temes, "Analog MOS Int. Circuits for Signal Processing", Wiley, 1986.
Huijsing, Van de Plassche, Sansen, "Analog Circuit Design", Kluwer Ac.Publ.
1993/4/5....
D.Johns, K.Martin, "Analog integrated circuit design", Wiley 1997.
K.Laker, W.Sansen, "Design of Analog Integrated Circuits and Systems",

McGraw Hill. NY., Febr.1994.
H.W.Ott, "Noise reduction techniques in Electronic Systems", Wiley, 1988.
B. Razavi, “Design of analog CMOS integrated circuits”, McGraw Hill. NY., 2000.
A.Sedra, K.Smith, "Microelectronic Circuits", CBS College Publishing, 1987.

Willy Sansen 10-05 0191



