~—MOS Transistor

FORWARD CHARACTERISTICS IN WEAK INVERSION TR-1T8
Ve Vs W
Ip=Ipge NUr (e Ur-e Ur)
V710 .
- where Ipp = Ise"nU, (saturation current for Vz=Vg=0)

* output (Vg Vg =const.) < transfer from gate  transfer from source

(Vp-VerUr) (Vp-VarU7)
Inll : log -2 Ip
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Dx1-e Uy Ip < e nUt Ip < € Uy

« Barrier-controlled device; diffusion of "majority" carriers:
« channel may be much longer than diffusion length in the substrate.
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~———MOS Transistor

TR-17

DRAIN CURRENT IN WEAK INVERSION

Vp-V
® -Q;/COX = 2”UTB UT « 2nUT thUS. IF,R - 2nﬁUTe UT

* Definition: specific current of the transistor: | Ig=2n BU—?—

* By using the approx. Vp= (Vg -Vyp)n, this yieIdS'
Ve-Vo, _Vs
Ip=lse nUr (e Ur-e UT) for Iz and I« Ig

/
- exponentially dependenton Vo,  F 'r
« therefore, the transistor must be biased by imposing /,

* Slope factor n results from capacitive divider C,,/C4 (depletion capacitance)
* it can therefore be found from the C(V) curve:
* it can be evaluated at W =2®+Vg

Tp Tp
n=1+ =[1+Cy/Cpox= 1+
2w aiox= 1T o200 +Vg

weak inversion only
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TR-16 |

FORWARD CHARACTERISTICS IN STRONG INVERSION

o _ bn - Bny, 2  _
Saturation: |Ip=B1(Vp-Ve)2 = BVpgea = B(Va-Viy-nvs? |-,
for Vp=Vp
. n
Linear: Ip=B(Vp-Vo)[Ve-Vn-5 (Vpo+Vs)l | =lE-Ig
for VpsVp

s Ip _ Linear Saturation

% (7o) G S—

Vm"‘fﬁ?‘; Vm"'nVD VS VDSSEII VP

Transfer characteristics |for Vg=const.| Output characteristics
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* By using the approx. Vp =

Saturation:

Linear:

Blocked:

where

TR-15

DRAIN CURRENT IN STRONG INVERSION |

VF" V) thus ’FR = B—(VP VS D)2 for VS,D < VP

VG;?VTO this yields, for the forward mode(Vp2Vy):

"D=0

Bn
Ip=lg=Z5(Vp-Vgf* =

VD Ssat

5
2_n ( VG -VTO -N Vs)2 for VDZ VF"

n
Ip=1Ig-Ig=P(Vp-Vs)lVG-V10-5 (Vp*Vs)] |for Vp=Vp

for Vg2Vp

B =uCpoxWL

E Vittoz, 2018 S




CONTINUOUS MODEL WEAK-STRONG INVERSION

, f _Er _ fo e
FR= B Coxdv —> g, = I q;dVU+ where | q; =2nU;C,,
Vs p Vs,o
x|
e Now: -dV = * UT(quf + dqf/qf) hence: l'fr j (2q; +1)dQ; |Q,r +q; |0
(see TR-11) 0 (where . 4 g;at S,D)
. |j.= ER - (g2 “ . .
Thus: | ig,= Ts (Qsg*9s.q) | parametric equations of
| Vp-V IeR (VP-Vs.p)
with:| Vg 4= PUTS P =205 4+ g
[1+4i,,.-1
* Solving the first equation for ¢ yyields: | Qg 4= 2”
 which, introduced in the second equation, provides (VP-V& p) ot lER
) ly 3 parameters:
| [A+ai, -1 on
Vi Vs g =/ 1+4ig, -1 +In ——5L n, Vypand B (or Ig)

* This equation cannot be inverted to provide /¢ p (Vp-Vg,p)

E.Vittoz, 2018




(—MOS Transistor

TR-20

ALTERNATIVE CONTINUOUS MODEL WEAK-STRONG INVERSION

* Interpolation formula: |/z p=1IsIn?2 (1 +e 2Ur

Vp-Vsp

*for Vg p«Vp orlgp»ls Ipp= ﬁzﬂ(VP‘VS,D)Z strong inversion

VP-Ysp

*for Vgp»Vp orlgp«ls Igp=lge Ur weak inversion

- ID:IF-IR

* Only 3 parameters: |n, Vypand  (or /g)

includes all field-effect modes of operation

(but not the bipolar mode).

E.Vittoz, 2018




* Definitions: | Vp-Vg ¢ = UT‘

. _lER
o =g

» Charge-based model (non-invertible):

V-

v=M+4i +in(1+4i -1)+K

cuvea (v=Vggfori=ig)

v,-v=2In(e 7-1) |curve b

e for K=-1.365:
« a and b coincide at / =1
- very similar elsewhere

* can be inverted, which yields:

- constant K depends on the exact definition of Vi
» K=-(1+In2) = -1.693 with definition in strong inversion approx.

e Simple interpolation i =In2(1+e(Vp~¥)/2) (alternative continuous model)

b —T1
1021t }(f
1 / a (with K=-1.365)
10-2 /
o1
-20 0 20 40 60 V,V—>

E.Vittoz, 2018




INVERSION COEFFICIENT

TR-22

* Inversion coefficient /C characterizes the mode of operation.

* Definition: /IC = the larger of Ig/Isorlg/lg

* hence I /lgin forward mode and I //gin reverse mode

+ with /g = 2nBU#F (1001000 nA for W= L)

weak inversion: IC « 1

moderate inversion: IC around 1

VDSsat )2
U » 1

strong inversion: IC = (

E. Vittoz, “Micropower Techniques”, in Design of VLSI Circuits for Telecommunication
and Signal Processing, Editors J.Franca and Y.Tsividis, Prentice Hall, 1994, page 62.
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MQOS Transistor

SMALL-SIGNAL MODEL TR-27
ngVSTD* A
& Q (Vg constant )
ImdVd| Iy Cox Ip_le-IR
So > =D 3= B
| 9mYg| | g_!f?é
Vo g flvg e,
19s S gyt e v
¥ igyup9t LY Vs Vb P
weak strong inversion
* General: Irr FR
* SDtranscond. |Gms g -7 | B (Vp-Vsp) = Vo Ve n =\2pn /I 5
- Gate transcond. g, (Ims~ Img)'n

* In saturation I « I hence Ip = Iz and gmd= 0

. g Ip
- thus: ms | D
4 =ng,, | Uy |P"VDssat™ VDSsat 2pnip
* residual SD g 17V
conductance: ds D'YM
-+ intrinsic 9m| Ym 2Vy _ Vm

- | Ap==11 = T~ I
voltage gain: 94s|nUs| nVpssat nUTJIC weak ' strong

. E.Vittoz, 2018




CONTINUOUS MODEL FOR TRANSCONDUCTANCE

! 'Qf' / Cox
-Qisp

- 9ms,d

Cox
-\/

Vsp

B

(see TR-17)
fS D

v [1+ai, -1

* Now: Qg 4= 2”UTCox

* thus:

gms d_

2

& I RUT  1+/1 +4ig,

2

curve a

e Alternative continuous model:
(math. interpolation, see TR-18)

Vp-V
ig,=In2(1+e zu“s‘D)T

« yields, by differentiation:

y= Imsd _1-eVlfr
lerUr T,

curve b

where i, = I pllg=

thus: gms g= - Qjs ph/Cox

IER

2!’?[3 UT

TR-28

4

1 .0‘____“_'}’_‘?\51‘ inv.asymptote
0.8 \[\Xa \ strong inv.

| b \\iasymptote
0.6
0.4 \\

. N
0.2 \
0 1 weak| moderate stronginv.

E.Vittoz, 2018

Inversion coefficient /C 'tr




CONTINUOUS MODEL OF TRANSCONDUCTANCE TR-28b

(summary)

Ims= E . 2 curve a
Ur 1+ /1 +4IC i
[F 1-e- IC

alternative model of TR-20: | Oms= O Tic

curve b

10 weak inv.asymptote

\
o_gjx\xa \  strong inv.

h Y’fasym btote

0.6
9ms
J-1U 04
0.2 \

0 1 weak | moderate strong inv—_

0.01 0.1 1 10 —>
Inversion coefficient /IC = /¢ /IS

* Transistor sizing by the gm/ID methodology [P.Jespers et al]

E.Vittoz, 2018




CHANNEL LENGTH MODULATION TR-23

Forward-saturated transistor electrons (channel)
) ] 1 V. Ve V .
;9 j P yD /deEIetlon charge

* Voltage drop Vp-Vprequires a depletion zone of length AL= f(Vp-Vp)

* Current Ip in saturation therefore increases slightly with Vp

* This effect can be approximated by a conductance in saturation:

9as = IF 1V (for Vyp Vp)

* Channel-length modulation voltage Vj, proportional to L and approximately
independent of current (increases slowly with /C)

E.Vittoz, 2018




ﬁm‘mm—r
TR-35

SILICON - OXIDE INTERFACE NOISE

* Due to trapping of carriers and mobility fluctuations

» Simplest possible modelling by an input noise voltage of spectral density:

_ Pt [ ]process -dependent

1/f flicker noise / ~ gate area

* Process-dependent parameter p:

- practical range: 0.001 to 1 VAH;

 often smaller for P-channel transistor
» slightly dependent on /C. min. around /C=1 (neglected here)

- proportional to Cgx, with a = 1 to 2
thus reduced with scaled down process

\ E Vittoz, 2018 J




~————MOS Transistor N

MODEL OF THE NOISY TRANSISTOR TR-36
S;/(AKTg,s) S; (kTG ps)

S,[A2/Hz]

y 1 strong inv. 1 weak inv.
G e I > 2/3 [ ; Y72
S ['V2 /HZ] ______ VDS /VDSFSEII , , VDS / {{T
4 : 0 1 0 1 2 3
S noiseless | | |
transistor Sy= 4ka_WL (flicker noise, approximately

bias-independent)

* Total equivalent noise voltage density referred to the gate input:

S,
Sv+ =L =4kt Ry, ; defines equivalent input noise resistance Ry,
gm

* In saturation: g,,, = g,,,J/n, thus:

n
~_ (weak
. 0 zgm (W )
N=FwL ] 2n
39, (strong)

Ry 9m=7v (noise excess factor)

i E Vittoz, 2018 S




~———MOS Transistor

MISMATCH OF TRANSISTORS TR-37

* Mismatch of of pair of similar transistors T4, T, characterized by:
6VT = VTOT-VTO2 with or~= o(d VT) (typical range: 1 to 10 mV)

op _ B1=P2
B B
*orand op depend on: - process
- gate dimensions W,L (OC‘HJWL )

- layout
- reduced with scale-down for same W and L.

with Op=0 (%3) (typical range 0.2 to 20%)

* Resulting mismatch of:

* drain currents (same V() - gate voltages (same /p)
sl 2 (0 > (no correlation 5 71 >
0‘(% =\/Ul3 + (,—mc’?) assumed) o (0Vg) = jUT +(£ 0[3)
D D A gm
) example [mV]

op = 2%
or=o5mV

nUT=40IT|V 5 —————r—m

0 . -------- .. ----- i .l- ,'C 0 t 1 1 t
0.01[0.1 1 10 [100 001 0.1 1 10 100

Temp.dependent  Not temp.dependent
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