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Chapter 1

Components of Analog CMOS Integrated Circuits
(MOS Transistor)
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MOS TRANSISTOR

Structure of an NMOS transistor
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Symbols for NMOS transistor:
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Parameters
of the most basic model of a MOS transistor

-the threshold voltage of the transistor, v, [V ]
-the mobility of electrons (or holes), u [cm2 / V.s}
-the gate capacitance per unit area, C . [F / cm’ ]

-the aspect ratio of the transistor, (W /L)

-the gate-length modulation coefficient, A [V‘l}
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- The threshold voltage, V. 1s the gate-source voltage

that 1s assumed the drain current starts to flow.

- A gate-source voltage equal to V. inverts the channel region

to a carrier density equal to the carrier density of the bulk.

- The gate voltages higher than V. correspond to

the strong inversion.

- The gate voltages smaller than V. correspond to

the weak inversion (or sub-threshold).

- The mechanisms governing the current flow
are completely different for strong inversion
and weak 1nversion.
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The threshold voltage

VT:CDMS_C” _C _2(DF_QC_]

o @, . : Gate-substrate work function difference [V]

° ¢

Depletion charge density [coulomb / cm” }

MS
e O : Total oxide charge density [coulomb/cmz]
@, : Fermi potential of the substrate |[V]

1:

Threshold adjustment implant dose [cm'z]

For analog CMOS: V. > 0 for NMOS
V. <0 for PMOS
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Voltage-current relations of a MOS transistor

(Based on realistic inversion channel profile)

S G D S G D
1,l+ 1,1+ - n+ 1 — 1,I+ =)
R e P — R e P —/
dy dy
v ]
X X
(a) (b)

Inversion channel profiles of an NMOS transistor:
(@) For V. =V, and V,, =0
(b) For V.o =V, and V,; >~ 0
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Vep(0) = (Vas-Vr)

N n Y Veﬁ()/) =Vgs-Ve) -Vr
L/‘/P Ver(L) = (Vgs-Vps) -Vr

Ve: 0 Vo) Vs

Inversion charge density : Q,(y) =-C, XV, (y) [coulomb/cmz}

(Note that C is in farad/cm’)

Inversion charge in a (W xdy) channel element:
dQ,(y) ==C, W(Ves =V;)=V.(»)]dy [coulomb]

d0.(y) _ d0,(»)

dt dy /v(y)

dv.(y)
dy
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The drain current: / D= (constant along the channel!)

v(y)=w,E(y)=—u,



av.(y)

Iy = p,C W Ves =Vr)=V.(y)]

dy
]D
C dy =[(Ves =Vr)=V.(»)]dV . (y)

After integration from 0 to y:

I,
V..—V )V ——V
L C. Wy ( GS ) (y) 7 (»)
V)=WV..—V)F [(Vee =V.) — 21p
[\ es ~Vr Gs ~Vr ll’lncony
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Variation of the effective channel voltage as a function of y :

21
V..—V.)=V V.. —V.) [1- D
eff(y) Vs = V)=V () =V )\/ OV T)zy
| : C W, -V, 2
O =Wy = Vy(L)=0; L'=baCalVes=Vo)
21,
Veff(Y) A\
in(y)A E
!
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Special cases:

a) L=L"; I/eﬁ(L):O’ V.lL) =V =(Ves = V7)

U

| /4
[D :[ :_ﬂncox I(VGS _VT)2

Dsat 2

(The drain current corresponding to the on —set of saturation )

©2012 11
Leblebici/Leblebici, Fundamentals of High-Frequency CMOS Analog Integrated Circuits, Cambridge University Press, 2009



At the on-set of the saturation, variations of the effective channel voltage,

inversion layer charge density and the velocity of electrons along the channel

Ver(y) 1
: >y
L
dQ;(»)
=y
v A
/& without velocity saturation
Vsat [-==-=----mmmmo- ,-,"/"'_-.-."
v(0) ___/ ] with velocity saturation

>y
L
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The velocity saturation of charge carriers

V A

Vsat |------ R R L R L LN e — —

~ 0.8 Vsat

\J

E E

br

ENE, ; p=Dzlu
dE E,

Remark: The field strength must not exceed the break-down field strength £, = 3x 10° V/cm,

to maintain the integrity of the crystal.
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b) L<L"; Vc(L):VDS '<(VGS_VT)

!

w 1
I,=un,C, f|:(VGS VW ps _EVDZS:|

(The drain current in the resistive -or linear- region)

W
Vs U (Vs = V7) —> I, = 1,C,, I(VGS =V WV

(The drain current at the
beginning of the resistive region)
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In the resistive region, variations of the effective channel voltage,

inversion layer charge density and the velocity of electrons along the channel

Ver(y) ¢
-y
in(y )1
Vv A
Veat | ,7,1' __________
v0) —
s >y
L
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In the saturation region, variations of the effective channel voltage,

inversion layer charge density and the velocity of electrons along the channel
c) L>L"; V.L)=V,e =V, —=V)

Veft{ Y) 0

dQ,(») 1

VvV A

Vsat

v(0)
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ALz(L—E): (VGS _VT)_VDS
Esat
1 W
]Dsat — Eluncox I(VGS _VT)2

1
dl, _dl, dL :(_]Dlj N
av,, dL  dv,, L) | E

ID — IDsat + gds (VDS B VDS(sat)) — IDsat + gds[VDS o (VGS B VT )]

1

I, =1 =] 1+AlV, . —(V.. =V,
D Dsat l—A[VDS —(VGS —VT)] Dsat{ [ DS ( GS T)]}

(Drain current in the saturation region)
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Ip
—
-
Ipcsan = l
[
[
1/x VDs(sat) Vbs
1/A
7 14+ AV

=1
D Dsat 1+1(VGS —VT)

(The drain current in the saturation region in terms of the A parameter)

Vs Vs = V1) :> I, =1,,0+AV)
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Summary:

w
I,=uC 7 — Vs =V )Wps tor Vil (Vg =V)

n oxX

w |
I,=u,C, I:(VGS Vi)Vis _EVDZS:| for Vi <(Vgs —V7)

1 /4
]D :]Dsat :Eluncox T(I/GS_I/T)2 fOr VDS :(VGS_VT)
| /4 > 1+ AV
[,=—uC (V. -V DS for Vo=V —V,
D 2/1;1 ox L( GS T) 1+ AV V) ps = Ves = V)
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The output characteristics of a NMOS transistor

©2012

....... Resistive_ ! Saturation
....... region ,;' region — VGs6
A ]
aa R Vass
/ x T
/ / :’I; ..... VGS4
/ / II |
i~
VAV Vas3
..... ! e
/’/’ IR T S N S SO O S Vs
o :
- , Vasi
(VGSS'VT) VDS
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Voltage-current relations of a MOS transistor

operating 1n the velocity saturation region
V

Vsat

~ 0.8 Veat

v

E
Saturation velocities of carriers:
In the bulk silicon In the inversion layer
For electrons: v, =~ 10’ cm/s Ve = 6.5%10° cm/s
For holes: Vear = 8 x10° cm/s Vear = 5.8x10° cm/s
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More realistic: [, =kWC (V.o =V, )v

Assumptions:

- Velocity saturation along the channel,

- Inversion charge density is constant along the channel.

0, =WLC, (Ve = V)

T

I, =WC (V.s—V,)v

sat

II2

sat 2

(Drain current under velocity saturation)
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On-set of the velocity saturation regime

I, =WC (Vo —V;)v

sat

— [D = WCox (VGS o VT )(/unEcrit(n))

v
. . DS (v—
At the on-set of the velocity saturation: E n= (vosat) _ _sat
g o
V _ L Vsat
DS (v—-sat) ~—
H,
Lv
t . , ,
1> Condition for velocity saturation: VDS (sat) - sal
H,
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Comparison of the normal saturation and velocity saturation voltages:

V w
For EU E_ .., V=AU, %S = I,=u,C, Z(VGS Vi Wps

(same as the drain current of a non-velocity saturated transistor in the resistive region)

o X o VDS(V—Sat) = VDS(sat) >
—Exp. (1.9-a) A
Ipsaty 1rm-mimbmim.m.m VDS (v—sat) = (VGS o VT)
Loy
4 L
/ 1%
t
B — = (VGS - VT)
K,
ID(v-sat) -71" U
Vis =V,
VSCZZ
Vbssay  VDS(san Vs (2. Condition for velocity saturation)
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Comparison of /,, = f (V) curves of non-velocity saturated,

and velocity saturated transistors

Ip (mA)
10
A
5 /|
/
// //B
S/
.
prd
0 0 0.5 1.0
VGS (V)

(A) 130um/1.3um transistor, (B) 13um/0.13um transistor
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Comparison of /,, = f (V) curves of non-velocity saturated,

and velocity saturated transistors

Ip (mA)

8.0

6.0

4.0

2.0

©2012

0 0.4 0.8

Vs (V)

13um/0.13um transistor

1.2

Ip (mA)

15

10

KOS
\\ N N

/

0 0.4 0.8 1.2
Vs (V)

130um/1.3um transistor
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The transconductance (g, ) in saturation region:

e For a non-velocity saturated transistor:

dl, /4 \/ 4
— =uC —V,..—-V)y=,12uC —I
gm dVGS lLl 0x L( GS T) lLl 0x L D

e For a velocity saturated transistor:

[
al, =kWC v__ (bias independent!)

g m V ox ~ sat
GS
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Model parameters and
secondary effects

TMobility

- Smaller in the inversion channel compared to the bulk silicon,

- Depends on the process techniques.

Examples:

AMS035: pu, =476 cm’/ Vs, u =137 cm’/ Vs
TMSC025: u,, =300 cm”/ V.s, p =78 cm’/ V.s
UMCO018: =267 cm’/ Vs, u =118cm’/ Vs

STO13:  u,=312cm / Vs, p =54cm’/ Vs
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BEX

: T
- Decreases with temperature: w(7) = u(T,,, ) P , BEX ~—1.5

nom

- Decreases with the transversal electric field strength:

luno ’UPO
lLln = . , ,L[ —_=
Vo +V, b P - Vg +1.5xV,

0.54xT,, 0.338xT,

(ﬂ Hy
o \Hpo )
0.9 | 0.6 F;

I \"'._‘ ‘
0.8 [, 0.55 [ %,

s
0.7 1 0.5 X ——
U 0.45 | ——
0.5 04 [
0.4 i ' 1 0.35
| "~.~..C \

0.3 | — S — i 0.3 | ]
02 ? | | | |

0 0.5 1 L5 2 25 Ves=1) 0 0.5 1 1.5 25 |Wus=Vy))

(AT, =75nm,(B)T_=4nm, (C) I, =2.3nm,
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Effects of the mobility degradationon /, and g

Ip (mA)
5
4 | / | 1, =500 cm®/ Vs
/ I, =5nm
; _
A/ V, =05V
/ / w/L=10
2 / B (A) degradation neglected
P / ' (B) degradation included
1 y
i
0 /
0.5 1.0 1.5 2 2.5
Vas(V)
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JOx1de capacitance

C =S (o =885x10™ Flem, &, =3.9)
T

ox

34.5 _
C = 7 o] x107 [F/cm2]

Breakdown voltage of S10,: =10 MV /cm

U
~ 1V /nm
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Oxide thickness vs. minimum feature size (nm)

Gate Dielectric lﬂlﬂaar Eqg.) Thickness, nm

300 250 200 60 100 50
CMOS Technology Genaration, nim
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Technology
AMS 035
IHP 025
AMS 018
Lfoundry 015
UMC 90 nm
SMIC

©2012

Examples

Tox (nm)

7.6
5.8
4.5
3.3
2.2
2.3
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e The threshold voltage, V.

e The threshold voltage for a certain technology is given for a transistor
- having L and W considerably larger than the minimum dimensions,
- for no substrate bias (V, =0)
- denoted as VTO.

e For a certain technology varies with the length and width of the gate.
- Decreases for smaller gate lengths,

- Increases for smaller gate widths.

e Technology dependent; magnitude usually in the range of 0.2 to 0.5 V.

e Magnitude increases with the substrate bias.
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1 Effects of the substrate bias (V, # 0)

Ve, (M1)=0 Ve, (M1) =0
Vg (M2) =0 Vg (M2) =0

Vs (M2) = Vs (MTI)
VSB (M3) = VDS (M4)
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The value of the threshold voltage

under substrate bias:

V= Vo +7 (20, + V5| = 2] 0.

2gN ,
C

ox

7/:
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Determination of the threshold voltage under substrate bias

(by SPICE simulation)
Ip (mA)
12
/
/
A
0.8 /
[/
/1B
/ /
0.4 // //
404
404
. // //
0 0.5 1.0 1.5 Vs (V)

L=0.35um, W =10 gm NMOS transistor
(A) Ve, =0,B) Vy, =1V

©2012
Leblebici/Leblebici, Fundamentals of High-Frequency CMOS Analog Integrated Circuits, Cambridge University Press, 2009



] Channel length modulation

Ip (mA)
2
—
o
L
I L sl
T
/ RN
[
T T | | | T T T T T F
11 10 9 8 7 -6 5 4 3 2 1 0 1 2 3
~— ~— — 7ps (V)
(-1/2) 22
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Parasitic components of MOS transistors

D
Cdg RD
|
Rq ———Cu
G Cgs“—) =
4
|
Cgb pr— RS |:| = Cy
Se

(and unavoidable parasitic bipolar transistors!)
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a) Total gate capacitance:

C, = Gate electrode-channel cap. (C, )

+ gate-source overlap cap. (C, )

C — dQl
o dV

d0,(y) ==C, W [(Ves =Vr)=V.(»)]dy

dQ' () ==-C W (Vs — VT)\/I -
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At the on-set of saturation

d0,(y)=~C,. W (Ve —Vy) 1—% dy

- 2
Qi = gcoxWL(VGS - VT)

c =99 20y
AV 3

For a transistor in velocity saturation;
C,=C, WL
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Gate-source overlap capacitance:
C,, =(CGSOxW)

(CGSO usually given in F/m)

Total gate-source capacitance:

for a non-velocity saturated transistor

C, = W(g C L+ CGsoj _c | 24 L5509
: 3 3 C L

for a velocity saturated transistor

C,, =W(C,.L+CGSO)
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Example:

Technology : UMCO18, W = 20 ym, L = 0.18 um
TOX = 4E-9 [m], CGSO = 9.07E-10 [F/m]
_345

C

ox

x107 =8.625x107" [F/cm?]
=8.625x10" [F/m’]

Co = 20107 @8’625“03 x0.18x107 +9.O7x1010j

=20x107°(1.035x10™ +0.907x10™°)
=38.84x107"° F=38.84 {F

Leblebici/Leblebici, Fundamentals of High-Frequency CMOS Analog Integrated Circuits, Cambridge University Press, 2009
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Drain-gate capacitance:
C,, =(CDGO)xW[m] [farad]

Gate-substrate capacitance:
C,, =(CDBO)xL[m] [farad]
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Source - substrate (or well) and drain - substrate (or well)
junction capacitances:
[]Junction capacitances depend on the material, structure

and the applied polarisation voltage:

s

[ They have two components, different in nature:
- The bottom capacitance, C, = CJ [F /m” ] X (W xX)
- The side-wall capacitances, C,, = CJISW [F / m] x2(W+ X)

e
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Bottom junction capacitance per unit area:

V -MlJ
CI(V) = CJ(I‘EJ

Side-wall junction capacitance per unit length:

V - MJSW
CISW(V)= CISW (1 ——j
PB

(both in terms of BSIM3 parameters)
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Example:

Technology: AMS035
NMOS transistor: W =20 ym, L =0.35 ym, X =0.85 um
V=0,V,,=1V

<— w —>
. CJ 94e4
4 C-
! D X CJSW 2.5 e-10
I f MJ  3.de-1
1 S MJISW 2.3 e-1
PB  69e-1

S (or D) bottom junction area:
A=XxW = (0.85x10°)x(20x107°) = 17x107" [mz}

S (or D) side-wall junction length:
Ly, =2(X +W)= 2x(0.85x10° +20x10™°) = 41.7x10™° [m]
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The bottom junction zero bias capacitance :

J

The total side — wall capacitance :

C,,,(0)= (CISW)xLg, = (2.5x107")x(41.7x10°) = 10.425 [{F]

Jsw

The total zero bias junction capacitance :
C,(0) = C,(0) + C,.(0) = 264 [fF]

(that 1s equal to C, since V', = 0)

©2012
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The bias dependent factor for the bottom capacitance for 1V reverse bias :

—-0.34

The bottom junction capacitance for 1V reverse bias :
C. (—1) =15.98x0.737 = 11.78 [fF]

J

The bias dependent factor for the side — wall capacitance for 1V reverse bias :

023
(1—%) =0.814

The side — wall junction capacitance for 1V reverse bias :
C.. (1) = 10.425x0.814 = 8.48 [{F]

Jsw

The total junction capacitance for 1V reverse bias :
C. (—1) =11.78 + 8.48 = 20.26 [fF]

J
©2012 49
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HF figure of merit (/)

(where the magnitude of the current gain drops to 1)

=y sC., = 4=l 8y
L=V, sCy s I, =8V, = i_i,. _Cgs_
For a non-velocity saturated transistor;
£, = I uVes =V7)
T
2
e 2 N CGSO
3 LC,
1 1/ 2
or fT=—A‘/—D where A:\/ 5 H -
27 w ko l Cox L (dependson /)
For a velocity saturated transistor;
1 kVS(lt
/; T (does not depend on /)
27 CGSO
L1+
LC
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Parasitic resistors:

a) Source (drain) series resistance:

metal (S terminal)

\ Q
. \ poly-Si

(=
— ]

Z

source i P
. . ] ] ]
diffusion ' R, 'R,

Ry=Ry, + Ry +R

contact
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R

_ 1 (RDSW)

¥ 2 wlum]

(Total res. per 1 micron gate width)

R, = %(RSH) «(NRS), (NRS)=X/W

©2012
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b) Gate series resistance:

poly-Si gate

\’-Cbr:br:br:br:b/
' L L L L L -

. T T T T T T:
)\lllll

]
I } ]

channel

W

Transfer function of a R-C line:

1
A ju— 0 ju—
v, cosh(/\/src)
f. , The frequency where |A| drops 3 dB:
cosh (I\[s. rc)=~2 — (I\[s.rc)=0.882 or (s,/*rc)=0.78

R=rxi=R,Y  cocw - 5 =—278 2
L R,C W

078 0.124
i 27[ X Rsh CoxW2 RshcoxW2
©2012

Leblebici/Leblebici, Fundamentals of High-Frequency CMOS Analog Integrated Circuits, Cambridge University Press, 2009

53



Finger structure:

X |L
Xl XXX |x]|® =
S D S D S
| (¥ |X¥| x| x| |x] =
X M| |IK| XX X
w/4
| x| |x||x X| (K
SR R IR (M) (2] x| (=
well = = = TN T
contacts PE X X X well
gate contacts
contacts

- /. increases with the square of the number of fingers.

- Source and drain parasitic capacitances decrease.
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