ip (mA) |

Uﬂs = [/ S V
Trigige : | Ups = Vs ~ V,
— —<— e Ton i Saturation region >
4 - / vgs = V, + 4
r /
3 /(— Ups = Ugs — V,
A /
2 k / Ugs = V.I" + 3
E /
/
] - / IIGS = V, + 2
/
~ vgs =V, + 1
0 1 2 3 4 5 6 7 8A9 Ups (V)

Ve = V, (Cllt fo)



Voltage-Current Relation: Linear Mode

For long-channel devices (L > 0.25 micron)

Ib =K'y WIL [(Vgs — V1)Vps — Vps/2]

where

K= UCox = MrEoxtox = IS the process
transconductance parameter (u, IS the carrier mobility
(m?/Vsec))

k, = k', W/L is the gain factor of the device

For small Vg, there is a linear dependence between V¢
and Iy, hence the name resistive or linear region



Voltage-Current Relation: Saturation Mode

For long channel devices

a When Vg > Vg — Vo, replacing Vg by Vgs-Vrin g
expression found previously:

I’ =K /2WI/L [(Vgs — V1) 4]

since the voltage difference over the induced channel
(from the pinch-off point to the source) remains fixed at
V55 — Vrand |l Is no longer a function of Vg

a However, the effective length of the conductive channel
IS modulated by the applied Vg, SO

b = 15" (1 + AVpg)

where A Is the channel-length modulation (varies with the
Inverse of the channel length)



 The transistor in saturation mode acts as a perfect current
source, since the current between drain and source Is
constant and independent of V5. However, this is not
entirely correct because the effective channel length is
actually modulated by V. (increasing V¢ reduces the
effective length of the conducting channel). The current
Increases as L is decreased (L is at the denaminator).

o A Is Inversly proportional to the channel length. In shorter
transistors, the drain-junction depletion region presents a
larger fraction of the channel and the channel-length
modulation effect is more pronounced.

o It Is therefore advisable to choose long-channel transistors
If a high empedance current source Is needed.



Current Determinates

aFor a fixed Vps and Vg (> V5), Ips IS @ function
of

» the distance between the source and drain — L
» the channel width — W
). the threshold voltage — V-
). the thickness of the SIO, —t,
). the dielectric of the gate insulator (SIO,) — ¢,
) the carrier mobility

- for nfets: p, =500 cm?/V-sec

- for pfets: p, = 180 cm?/V-sec



A model for manual analysis

Vg™ Vas— Vr

o

_ By 2
In= 3 TWasVp A +tAvL0)
Vog= Vs — Vr
Y ps®
oW D
Ip =#®, L((VGS_VT) D5~ 3 j

with

Ve = Vg +T(J‘_2¢F+ VB J“mﬂ)



Velocity Saturation

The behavior of transistor with very short channels deviates
considerably from the resistive and saturated models. We stated
previously that:

V, = 1,6(X)

Where the carrier mobility is constant. However at high
electric field strengths (horizontal) when the strength reaches
to a critical value &, the velocity of the carriers tend to
saturate due to collisions. This condition is easily met in short-
channel devices.



Short Channel Effects

» Behavior of short channel device mainly due to

o Vg =10°
Constant —, * v/e|ocity saturation
velocity .
— the velocity of the
@ carriers saturates due
E . . .
F Constant mobility to ;catterlng rS(:olllsmns
(slope = p1) Su (_ered by the
carriers)
0 i i i I
0 &c=15 3
&(V/pm)

» Foran NMOS device with L of .25um, only a couple of volts
difference between D and S are needed to reach velocity
saturation. Velocity saturation effects are less pronounced in
PMQOS transistors.



A rough approximation for the velocity curve:

Moo for£<E&
1+% C

v=v, foré>¢,
continuity requirement of the curve atv=v_, (£ =¢&,) point
dictates that: &, =2v,, /u,

V =

Reevaluating the |5 equation previously found, with the new
velocity formula:



Voltage-Current Relation: Velocity Saturation

For short channel devices
a Linear: When Vg < Vg — Vo
p = K(Vps) Ky WIL [(Vgs — V3)Vps — Vps?/2]
where k', = n C,, and

k(V) = /(1 + (V/IE.L)) Is a measure of the degree of
velocity saturation

a Saturation: When V¢ = Vpgar = Vs — V4
lbsat = K(Vpsar) Ky WIL [(Vgs — V1)Vpsar = Vosar/2]

In case of long-channel devices (large L) or small values

of Vs, ¥ approaches to 1. For short channel devices « is
less than 1, delivering less |, than normally expected.



Recalling the dg(x) expression derived for the resistive
operation earlier:

dq(x) = —C, Wdx [Vgs =V (x) -V, |
since, 1(x) = dg(x)/dt and v (x) = -dx/dt
1 (x) = C,Wv, (x)[Vgs =V (X) =V, |
using the expressions for saturation:
Losar = CoWVeg, (%) [Vis —Viopsar —V- ]

Equating this I5g, €xpression to the previous one and after
rearranging and cancelling, we find:

Vpsar = ®(Ver)Ver



For a short channel device and for large enough values of V4,
K(Vg7) Is substantially less than 1 and thus Vgar < V7. The
device enters saturation before V¢ reaches Vs-V-.

Velocity Saturation Effects

I Ves = Voo Long For short channel devices
channel and large enough Vg5 — V;
devices
Short ?h VSSAT ) VG;[Q-' — VS0
“hannel e device enters
devices saturation before VDS

| | reaches V55 — Vyand
0 ; § operates more often in
Vosar Ves-Vr Vs saturation

. lpsat has a linear dependence wrt Vg (in contrast
with the squared dependence of long-channel device)
so a reduced amount of current is delivered for a given
control voltage



x10=* x 10~

6 | | v-Lasv 2.5 | | | |
Vos=Vas—Vr \ —. - Vg =25V [
1F s T Velacily 11 #
i ) elac
4l Resistive Saturation| ;'_I; ! Saturatl-:sn =20 "H'_- -E:’
- VGS=2'GIV & ~ 15 =
] 3 - — >.% < },%
& 2 3 Ves=15V_I[ T
2 . ]p"ﬁ_q' =15V ™ "'% E
{ Crov— S 05 o Vpg=10V = H
Vas =10 ) - )
0 l 1 0 1 | |
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.3
Vps (V) Vs (V)
(a) Long-channel transistor (L; = 10 pm) {b) Short-channel transistor (L = 0.25 um)

Figure 3-19 |-V characieristics of long- and a shart-channel NMOS transistors in a 0.25 Lm
CMOS technology. The (W/L) ratio of both transistors is identical and equals 1.5. Observe the dif-
ference In the y-axis scale.

For Vs = Vg = 2.5V, the drain current of the short transistor is only 40% of the
long one. (220uA versus 540uA)



Short Channel |-V Plot (PMQS)

» All polarities of all voltages and currents are reversed

9 Vs (V) 1 0

Vgg = -2.5V

+ -1 x 10

PMOS transistor, 0.25um, Ly = 0.25um, W/L = 1.5, Vpp = 2.5V, V= -0.4V



MOS I5-Ves Characteristics

b (A)

X 10*

long-channel
quadratic

i
)
4
1]
2
|
0

U I 1 1) . L

(for Vs = 2.5V, W/L = 1.5)

» Linear (short-channel)
versus quadratic (long-
channel) dependence of
|5 on Vg IN saturation

» Velocity-saturation
causes the short-
channel device to
saturate at substantially
smaller values of V¢
resulting in a substantial
drop In current drive



Since the expressions found are complex and unsuitable for
first order manual analysis, a simpler model can be obtained by
making two assumptions:

1. The velocity saturates abruptly at &, and approximated by:
v=p,&  for&<g

V= Vsat :“nfc for f Z é:C

2. The Vpsat at which the critical electric field is reached and
velocity saturation comes into play is constant and
approximated by (reasonable for larger values of V;):

Lv,,
Vosar ® Lo, = t
K,




1 &L

Viosar = K(Vgr Vor =—— Vs = V
DSAT GT 77 GT 1+\ﬁ GT §CL +VG-|- GT
Sl
where & L +V,, can be replaced by V., for large V;
&L
~—=—V.. =& L
VGT GT §c

Under these assumptions, the current equations for the
resistive region remain unchanged from the long-channel
model. Once Vsa7 IS reached, the current abruptly saturates.
The value of 15,7 at that point can be derived by inserting
the saturation voltage into the current equation of the resistive

region:



IDSAT — ID(VDS :VDSAT)

W V 2
= Ky Cox T|:(VGS _VT )VDSAT _ ;SAT :| (1)
where V., = L& = Lst 5 #_ Vo
Hn L Visar

2
Inserting into (1) :VVsat CoW |:(VGS =V Wosar Y ;SAT }

DSAT

sat
2

This model is truly first-order and empirical. However it
causes deviations in the transition zone between linear and
velocity-saturated regions.

| 5oar = Vot C, W {V -V, _VDSATj|



Subthreshold Conductance

When V<, the transition from ON to OFF condition is not
abrupt, but gradual. The current (I, does not drop to zero
Immediately, but actually decays in an exponential fashion,
similar to the operation of a bipolar transistor. In the absence of a
conducting channel, the source, bulk and drain actually form a

parasitic npn bipolar transistor. The current in this condition can
be approximated by:

Where |5 and n are empirical parameters, with n typically
ranging around 1.5 (>1)



Subthreshold I vs Vg

ID = IS e (QVgg/nKkT) (1 - e _(qVDs/kT))(l + KVDS)

ate/Time zun: 01731702 00:33:54 Temperature: 27.0




Subthreshold Conductance

1072

b (A)

10-12

Linear region
Quadratic region

Sybthreshold
exponenﬂal
region

& 1 1 2 5
Ves (V)

Iy ~ | € @™ where n>1

» Transition from ON to
OFF is gradual (decays
exponentially)

»  Current roll-off (slope
factor) is also affected by
Increase in temperature

S =n (kT/qg) In (10)
(typical values 60 (n=1) to 100
mV/decade)

» Creates problems in
dynamic circuits and for
power consumption



IN SUMMARY

I, =0 Vg £V, (Cut-off)

V.2 :
I, =k {(VGS —V; )Viss —DZS} Vo >V, Voo <V =V, (Triode)

I =%kn (Vs V5 ) (14 Vs ) Vs >V, Vg 2Vigs -V, (Saturation)

2

V, :
ID = kn |:(VGS _VT )VDSAT - DSZAT } VGS >VT ’ VDS 2VDSAT ’ VDS <VGS _VT (VeIOC|ty Sat)

sat

Which can be approximated by: I, =v_,C W (V -V, VD;AT j

Where:

W &,
k =k'—, ki =uC, =
n n L ll'ln t

VGS _VT :VGT



The MOS Current-Source Model - Unified for
manual analysis

G |, =0for Vg — V<0

ID ID =k’ WIL [(VGS - VT)Vmin_VminZ/Z](1+}\‘VDS)
S._@_.D for Vgs—V:20

o with V., = min(Vgs — V1, Vps: Vpsat)
B and Vg:= Vgs - Vy

V=V + y(\/|-2(|),: + Vgl - \/|'2<|>F|)

»  Determined by the voltages at the four terminals and
a set of five device parameters (0.25um CMOS below)

Vio(V) | v(V°) | Vosar(V) | K(AV?) MV
NMOS | 0.43 0.4 0.63 115x 10° | 0.06
PMOS -0.4 -0.4 -1 -30x10° | -0.1




This model employs 5 parameters which are determined by
device physics and process technology:

Vio s 7s Vosar » K A4

In PMOS devices all of these parameters are negative, while
they have positive values for NMOS.

“min” function turns into “max” for PMOS.

Vs and Vs comes from the operating conditions. However,
In digital circuits, this is mostly the region of high I, that is
Vss=Vps=Vpp (a good match with the model in these regions
IS therefore essential)



Simple Model versus SPICE
Simple: Solid line
SPICE: Dotted line

-4
x 10

2.5

Vbs=Vbsar ‘

)1 %AM
° Velocity

° Saturated , . o v

1.5r 'y

v v v v -

< . o °
Line
0
1 =
- ram a2 A A
(|
> Vipsar=Ver
0.5F
° ° 000000000000 ’

5 6T Saturated
0 e




Resistance of Drain-to-Source Channel of NMOS
Transistor Operating in Linear Mode

Ignoring the effects of channel-length modulation
and velocity saturation:

VZ
I “n 0X |:(VGS T) DS 2DS:|

Ros :{GVDS} = [ I, j :|:kn ((VGS _VT)_VDS ):l_l

ol V..

1
Ros = As VgsVi = Vps, Rpg—
k. (Ves -V _VDS) GS™VT DS DS




Repeating the same calculation for the saturation region
(taking into consideration the channel length modulation but

Ignoring velocity saturation):

b = (Ky/2) [(Vgs — V7) 4] (1 +AVpy)

DS

oV,
ol

VGS

|

ol
oV,

)1

VGS

Rps = [an /2((\/68 _VT)Z)]_l

Which can be approximated by (ignoring 1 + AV In |p):

-1
Ry = [M D] For a fixed Vg



The Transistor Modeled as a Switch

X 10°

Ves2 Vr

Modeled as a switch with
Infinite off resistance and a
finite on resistance, R,

SQ_M_QD

» Resistance inversely
proportional to W/L (doubling
W halves R,,,)

» For Vpp>>V1+Vpsat/2, Ry,
independent of Vp

» Once Vppapproaches Vi,
R, increases dramatically

0,5 15 2
(for Vos= Vpp, Voo (V)
Vps = Vpp =Vpp/2)
Vpp(V) 1 1.5 2 2.5
NMOS(kQY) 35 19 15 13
PMOS (kQ) 115 55 38 31

R, (for W/L = 1)
For larger devices
divide R, by WL



R, 1S time varying, nonlinear and dependent on the operation
point of the transistor. An average value of the resistance (R,,)
at the end points of the transition (switching between logical
states) can be a suitable constant, linear approximation.

1
R, =average_, , (R, (t)) = ﬁ R, (t)dt
1t

1 tIZVDS ® 4t ~ —(Ron (t)+ Ry, (1))

L, -4 4 D (t)
Vps (Vop—Vpp/2)

By virtue of the definition of the propagation
delay, lets take the discharging of a capacitor ~ —1 1’” —
from Vp to 1/2V, through an NMOS
transistor. (assuming it stays in velocity sat.) =




Vip /2
-V /2 Vo | jopr L+AV) 4 | jopr 9
. W A
with, lpsar =K T((VDD —V: Wosar — DSAT j

A similar result can be obtained by just averaging the values of
the resistance at the end points of the transition region and
simplifying the result using a Taylor expansion:

S R YO
2\ Npsar A+ 2AVpp)  psar A+ AV, 12) 4 Togar 6




The Transistor as a Switch

b A
Ves 2Vr Vos ZVoo o

Sp_o)g_/\i.;\,_uD

Vpp/2 VoD

Voo n Vop /2

R = oy e T uﬂm Vo)




The Gate Capacitance

Polysilicon gate

COX:80X/tOX

) 8

Gate-bulk JSE:E - WL

overlap o

Lateral diffusion Top view

Gate oxide

Cross section
Overlap Capacitance: Cgso= Copo = CoXgqW = C W
O



Gate Capacitance

mr wE s

Cec

Cut-off Resistive Saturation
Operation |  Cecs Cocs Cecp Coc Co
Region
Cutoff CoxWL 0 0 CoxWL CoWL+2C,W

Resistive 0 CoWL2 | C,WL?2 CoWL CoWL+2C,W

Saturation 0 (2/3)Co WL 0 (2/3)CoxWL | (2/3)CoWL+2C, W

Most important regions in digital design: saturation and cut-off



Gate Capacitance

C
WLC Ge
ox WLC,, | Coc
2WLC,,
CGCS
WLC,, C Cocs = Gaep WLC,, ’
- GCB -
2 2 Ceco
| 0 1
Y
G VDS /(VGS _VT)
Capacitance as a function of VGS Capacitance as a function of the
(with VDS = 0) degree of saturation




Diffusion Capacitance

Channel-stop implant
Na1

Side wall

Source
Np

Bottom

C - . Channel
C, = 10 - Ls Substrate N,
(1_VD /‘h)) . .
['u'ijf' = Cyovom TCow = Cj X AREA + ij X PERIMETER

Co =CoX; (W +2L)
stw = CsIWXj

= CLgW+Cy (2Lg+ W)

JEw




MOSFET Capacitance Model

Ces =Cacs +Caso
Cep =Cacn +Cono
Cee =Cacs
Css = Couit
Cos = Couir

Cos

(6




Capacitances in 0.25 gm CMOS

Process

Con Co 5 ; b Cire it Oi

(fFpm?) | (Fpm) | (Fpm’ (¥ (fF/pum) (¥

NMOS { 03] 2 05 0.0 028 0.44 0,5
PFMOS 1 027 1.9 048 0.Q 02X 035k 0,




Parasitic Resistances

Polysilicon gate

Drain
contact
G I—D . /
Vs, eff / l
B »
Rs Rp A




HOT-CARRIER EFFECTS
A tendency to drift over time in short-channel devices

Device dimensions have been scaled down continuously, but
power supply and the operating voltages not.

Resulting an increase in the electrical field, causing increase in
the electron velocity.

High energy electrons penetrate into gate oxide and get trapped
there.

Which cause an increase in treshold voltage (decrease for
PMOS device) That is a long term reliability problem.

Solution: Specially engineered drain and source regions to
limit the peaks of electric field and lowered supply voltages.



Threshold Variations

V7 Vi

Long-channel threshold Low Vg threshold

e T

. -
VDS
L
Threshold as a function of Drain-induced barrier lowering
the length (for low Vpg) (for low L)

Data dependent noise: Subtreshold leakage current becomes a
function on the bit line and depends upon the data patterns.



Latch-up
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