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1 The Short-channel MOSFET Model

1.1 Introduction

In the previous Chapter, the channel was assumed to be long, allowing for a one-dimensional analysis
using the gradual channel approximation. This Chapter is devoted to the effects appearing when
reducing the length of the transistor to dimensions that get close to the depletion width. In such a
situation, the one-dimensional approach is no more valid and a two-dimensional analysis is required.
Furthermore, the terminal voltages are not scaled down proportionally to the device length reduction,
the longitudinal electric field increases beyond a certain critical field above which the velocity starts to
saturate. This velocity saturation (VS) effect is presented in Section 1.3 using different velocity-field
relations. Another short-channel effect that strongly limits the performance (particularly the voltage
gain) of analog circuits is the channel length modulation (CLM) described in Section 1.4. When the
device length gets small the surface potential in the channel region is no more defined uniquely by
the vertical field, but becomes influenced by the drain (or source) voltage. This effect is called the
drain induced barrier lowering (DIBL) and is presented in Section 1.5. Short-channel effects such as
VS and CLM not only impact the current, but also the thermal noise. A short-channel thermal noise
model including the effects of VS is presented in Section 1.6. Finally , the EKV model in saturation
and including VS is called the simplified EKV model or sEKV. It is presented in Section 1.7 where the
model is compared to measurements made on transistors from various technologies. It is shown that
the sEKV, although initially developed for bulk technologies, the SEKV model also works very well for
advanced FDSOI and FinFET technologies.

1.2 Mobility reduction mechanisms

ZT—’E

Figure 1.1: MOSFET cross-section showing vertical and longitudinal electric fields £, and &,.

X

The previous Chapter presented the ideal MOS transistor having a wide and long channel and a
constant mobility in the channel region. Of course in a more advanced model, the mobility can no more
be considered as constant and various scattering mechanisms need to be accounted for. As illustrated
in Figure 1.1, there are mainly two different mobility reduction mechanisms: the first is due to the
vertical electric field &,, while the second is due to the longitudinal electric field £, (along the channel
direction).

The mobility reduction due to the vertical field £, is caused by several scattering mechanisms, namely:

e Coulomb scattering: related to the interaction of mobile carrier with ionized impurity atoms
(occurs at low field).

o Phonon scattering: related to the interaction with the lattice vibrations (occurs at medium field).

o Surface roughness: interaction between the mobile carrier and the Si-SiOj interface (occurs at
high field).
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The mobility reduction due to the longitudinal field &, is caused by the saturation of the carrier drift
velocity. While the mobility due to the vertical field is not restricted to short-channel devices but also
affects long-channel devices in strong inversion where the vertical field is maximum. On the other
hand, as the channel length gets smaller, the longitudinal field increases and the mobility degrades.
The mobility reduction due to the longitudinal field &, is therefore an important (if not the most
important) short-channel effect.

Among all effects related to the reduction of the device geometry we can distinguish effects that are
related to the reduction of the channel length leading to short-channel effects (SCE) which include:

o Velocity saturation (VS),

o Channel length modulation (CLM),

e Charge sharing,

e Drain induced barrier lowering (DIBL) and
o Reverse short-channel effect.

The reduction of the transistor width also leads to narrow-channel effects, whereas the reduction of the
oxide thickness gives rise to the gate leakage current.

Among all the SCE listed above, we will consider the velocity saturation (VS), which is probably the
most important SCE, the channel length modulation (CLM) and the drain induced barrier lowering
(DIBL). They are discussed in the following sections.

1.3 Velocity saturation

1.3.1 Velocity versus electric field models
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Figure 1.2: The carrier drift velocity versus the longitudinal electric field.

Table 1.1: Typical values of the saturated drift velocity and the critical field for bulk silicon at room
temperature.

Type Saturated velocity vsq: Critical field &,

Electrons 10° m/s 1V/um
Holes 8 x 10 m/s 3V/um

An important effect that appears when the longitudinal electric field &, within the device starts to
become large is the saturation of the drift velocity. The drift velocity vg,; ¢ of electrons and holes in bulk
silicon is plotted versus &, in Figure 1.2. At low longitudinal electric field, the velocity is proportional
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to the electric field with a proportionality factor equal to the mobility u, at low longitudinal field.
When &, becomes larger than the critical field £, the velocity starts to saturate to a maximum value
vsat- 1he shape of the velocity-field relation in silicon is slightly different for electrons and holes.
Typical values for £, and vg; at room temperature for electrons and holes are given in Table 1.1. The
critical field &, is related to the saturated drift velocity and the mobility at low longitudinal field by

Vsat
g L A 1.1
ol (1)
Note that the mobility at low longitudinal field u, actually depends on the vertical field £,. The larger
the vertical field, the smaller p, and the larger the critical field, since vy is constant for a given type
of silicon and a given doping.
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Figure 1.3: Various velocity-field models.

As shown in Figure 1.3, different velocity-field models can be considered to analyze the effect of velocity
saturation on the drain current and on the transconductances.

The simplest model (Model 1) to describe the velocity-field dependence is to consider the velocity
proportional to the longitudinal field with a constant slope up to the critical field, above which it stays
constant and equal to the saturated velocity. This model is described by the piecewise linear model
defined by

V(e) 2 Varift _ ) e fore <1 (1.2)
Usat 1 fore>1,
where e is the longitudinal electric field &£, normalized to the critical field &,
s €]
= —. 1.3
e 2 (13)
The corresponding effective mobility sy is then simply given by
Vdrift ez for &, < &,
E)E = 1.4
pers (&) =g, {vsat/\e‘a for & > €., ¢4
or in a normalized form
1 f <1
u(e) 2 Hel! — ore (1.5)
Lz 1/e fore>1.

The main advantage of this model is obviously its simplicity, allowing to get a first understanding of
the physical phenomenon. But on the other hand, it has discontinuous derivatives at e = 1 that may
induce a bad behavior of the model.
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A continuous model (Model 2) also accounting for the difference between the velocity-field characteristics
of electrons and holes as illustrated in Figure 1.3 is defined in normalized form as

ple) 2 I~ © (1.6)
Vsat (1+606)E

where o = 2 for electrons and o = 1 for holes. Note that this continuous model has been used in many
compact models with the approximation that « is equal to unity for both holes and electrons. The
corresponding effective mobility is then given by

vdrift Ly
e gx = — 5 1.7
wess (&) = e I = T EIE (L.7)
which can also be written in normalized form as
e 1
u(e) & Heff _ 2 (1.8)

Lz 1+e

Although the continuous velocity-field model 2 insures the continuity of the current and the output
conductance versus the drain voltage, it requires the electric field to become infinity at the drain for
the velocity and hence the current to saturate, which is not physical.

The two velocity-field models presented above are plotted in Figure 1.3. Note also that the shape of
the velocity-field curve will strongly affect the current and output conductance versus drain voltage.
We will now evaluate the impact of velocity saturation on the drain current and the transconductances.
For simplicity we will be using Model 1.

1.3.2 Effect of velocity saturation on the drain current
1.3.2.1 Analysis in strong inversion

We will start evaluating the impact of velocity saturation in strong inversion considering that the
current in weak inversion is carried mostly by diffusion and the surface potential gradient along the
channel is close to zero and hence the longitudinal electric field is smaller than the critical field. We
also will ignore the effect of the vertical field on the mobility and consider u, = uo as constant. The
drift component of the drain current is proportional to the velocity and can be written as [1]

d¥,
Ip =W - (=Qi) - varift = W - (=Qu) - trefr - |E| =W - (—=Q4) - preys - T (1.9)
or using the normalized variables defined above [1]
) v u-e dis
=2 =2 =gy 1.10
0= 20i 3 =20 = =it (1.10)

where the normalized variables 74, ¢;, ¥s and £ have their usual meaning. The velocity saturation
parameter A\, accounts for the velocity saturation effect and depends on the transistor length L according
to [1]

L
&éft (1.11)
where [1]
2up - U 2Ur
J—— = 1.12
sat Vsat gc ( )
The velocity saturation parameter . corresponds to the parameter ¢ defined in [2] [3] as
A U U ;
(=Zlce_Ho YT YT _ Vafr (1.13)
2 L - vt L-& Usat

© C. Enz under CC BY-NC June 24, 2026



The Short-channel MOSFET Model 8

where vg; ¢ is the diffusion velocity defined as [2] [3]

Ur D
“OL T_ - (1.14)

Vdiff =

with D,, = uo - Ur the diffusivity coefficient for electron in silicon [4]. Parameter ¢ can therefore be
interpreted as the ratio of the diffusion velocity to the saturated velocity. A. and ( are key parameters
for short-channel devices that scale like 1/L and hence tend to zero for very long channel devices.
Setting them to zero therefore corresponds to ignoring the effect of velocity saturation. Typical values
of A, for different channel lengths are given in Table 1.2.

Table 1.2: Typical values of the velocity saturation parameter A..

L 1pm 05pum 017 pm 0.1 um
Ae  0.05 0.1 0.3 0.5

Using the inversion charge linearization with respect to ¥, gives a relation between the surface potential
gradient and the inversion charge gradient [1]

v, 1 dQ

- . 1.15
dx n-Cy dz’ ( )
or in normalized form [1]
di)s dg;
=—-2.—. 1.1
Replacing (1.16) into (1.10) results in [1]
dg;
iq = —Zu-qi-d—%. (1.17)

Compared to the constant mobility expression in strong inversion, the above expression includes now a
field-dependent mobility term w which depends on the chosen velocity-field model.

The inversion charge density at the drain —Q;p (or its normalized form g4) plays a particular role
in the presence of velocity saturation. When the longitudinal field £, becomes equal to the critical
field &, right at the drain, the drift velocity saturates right at the drain, vgyifs = vset at * = L (or in
normalized form v =1 at £ = 1). The drain current cannot increase anymore and is then limited to
the saturation value iq4,,, given by (1.10) evaluated at £ = 1 with v = 1 and ¢; = qq_,, [1]

a2
stat - A quat - C ’
C

(1.18)
where qq,,, is the value of the inversion charge density at the drain which is required to sustain the
drain current when the carrier velocity is saturated right at the drain. The main difference compared
to the long-channel situation is that the charge density at the drain —Q;p (or its normalized form ¢ )
does not vanish to zero as it does at the onset of saturation for long-channel devices when vq = vp,
but it has to be finite in order for the current to flow despite the saturated velocity. To account for
this saturation of the drain charge, the normalized drain charge in strong inversion has to be modified
according to

Up — Vg
f <
= { 2 O ¥d = Vdsar (1.19)

Qds; for vg > vy,

at?

where the drain saturation voltage vq,,, is the value of the drain voltage at which &, = &, and hence
the current and the drain charge saturate. It is obtained by replacing g4 and vg in gq = (v, — vq)/2 by
4dd.., and vgq,_,, respectively, resulting in [1]

Udsat = vp - 2quat' (120)
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As illustrated in Figure 1.6, due to velocity saturation, vg,,, is always smaller than the pinch-off voltage

vy, corresponding to the saturation voltage when velocity saturation is not present.

We now will evaluate the impact of velocity saturation in strong inversion using the simplest velocity-
field model, namely Model 1. The normalized drain current is obtained as before by integrating (1.10)
from source to drain. For vg < vgq,,,, the longitudinal field remains smaller than the critical field and
according to the velocity-field Model 1 relation, there is no saturation of the carrier velocity. The
effective mobility is then equal to p, = po (or in normalized form u = 1). The drain current for
vg < vq,,, and gq > qq,,, is identical to what was obtained earlier for the long-channel transistor in
strong inversion

ig =1 — ir, (1.21)

with
i =q2, (1.22)
ir = q3, (1.23)

where ¢s and g4 are the inversion charge densities at the source and drain, respectively. In strong
inversion and assuming there is no velocity saturation at the source, they are related to the voltages
according to

s = qi(§=0) = 2, (1.24)

Il
o
Sh
—
Ay

I

—_
~—

I

qa = (1.25)

In the case of a long-channel transistor, the drain current saturates when vq = v, and the drain charge
becomes g4 = 0. For a short-channel transistor, when the drain voltage reaches the saturation voltage
U4 = Vq,,,, the drain charge does not vanish to zero but saturates to ¢q,,,. The reverse current 7, then
also saturates to i,,,, = qﬁm. The source and drain charges for vy = v4. ., are then given by

sat

s = 2, (1.26)

Up — Vd,,
stat = L 2 t? (127)

whereas the forward and reverse currents are given by

ir = (1.25)
iroa = Gy (1.29)

The drain current in saturation then becomes
Z‘dsat = Zf - iTsat = qg - qgsat' <130)

In order to express qd,,,, troa;s bde, and v4,,, in terms of g5, we can solve (1.30), (1.18), (1.27), (1.28)
and (1.29) for qq,,,, ¢, ir, id,,, and vq,,,, resulting in [1]

quat = i : l: 1 + (>\c QS)2 - 1:| == Ac qz 5 (131)
Ac L+ 1+ (Aegs)?
ir=d, (1.32)
. 1 2
Urgar = qglsat = ﬁ ’ [ 1+ ()\c QS)2 - 1] = q {m ] (1.33)
C
. 2 . . 2 2¢>
stat = )\70 ’ quat = Zf - Z"‘sat = )\2 |: 1 + C qS 1:| s()\c qs) ) (134)
2\
vdsat = vp - 2quat = Up - CqS (135)

1+ 1+()\CQS>2'
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ve=10
V= 50
A.= 0.05
quat: 12
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Figure 1.4: Effect of velocity saturation on the charges in strong inversion for Model 1.

The normalized charges ¢s; and ¢4 are plotted versus vy in Figure 1.4 ilustrating the saturation of gy to
dd..; for vqg > vg,,,. While the source charge remains constant because it does not depend on vg, the
drain charge decreases linearly with v4. For a long-channel transistor its decreases until it reaches zero
at vg = vp. For a short-channel transistor it stops decreasing when v, reaches vq,,,, point at which the
longitudinal field &, gets equal to the critical field &£, and the drift velocity starts to saturate

800
700 iy=625 (long channel)
600 T
e H P v,=0 - o |
500 o ! Igsat =481 v, =50 i, (long-channel)
=~ X/ ! ! A =005 ---- iy (long-channel)
- 1 1 c R i
.~ 400F 4 1 Qoo =12 —
& 1 ! i=1 .
<~ I 1 rsat —
300F i i igsat =481 ;
E E Vdsal=26 d
200¢ : : irsat= 144
___________ - i
100 N '
1 AN 1
1 ~o 1
0 Ll T L |
0 20 . 40 V,=50 60 80 100
Vdsar_26 Vd

Figure 1.5: Effect of velocity saturation on the currents in strong inversion for Model 1.

Figure 1.5 shows the impact of velocity saturation on the currents. While the forward current ¢y remains
unchanged, because of velocity saturation, for vq > v4,,,, the reverse current saturates to ¢, = qisat
instead of zero as it would for a long-channel transistor. The drain current in saturation is therefore
iry,; lower than the long-channel current in saturation ¢y. Note that, as expected, i, ,, tends to zero
when there is no velocity saturation (i.e. A. = 0). Notice the discontinuity of the 1%*-order derivative of
iq wrt vg (which is simply the output conductance gqs) at vg = vg4,,, due to the discontinuous derivative
of the drain charge.

The drain saturation voltage (1.35) is plotted versus the pinch-off voltage in Figure 1.6, which shows
that vg,,, can be substantially smaller than wv,,.

Figure 1.7 shows the forward, reverse and drain currents in saturation versus the pinch-off voltage. The
blue curve corresponds to the normalized drain current i4 in saturation for a long-channel device for
which velocity saturation can be ignored. In such a case the drain charge and the reverse current are
both zero and the drain current ig is simply equal to the forward current iy. When velocity saturation
is present, the drain charge g4 in saturation is no more zero but equal to g4,,, making the reverse
current larger than zero as shown by the green curve in Figure 1.7. The drain current accounting for
velocity saturation is then reduced by i, resulting in the red curve in Figure 1.7. Notice also that
the drain current being the difference between two quadratic functions of ¢s and hence of v, — v,, it
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Figure 1.6: Effect of velocity saturation on the saturation voltage in strong inversion for Model 1.

2500
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Figure 1.7: Drain current versus pinch-off voltage for a long- and short-channel transistor illustrating
the effect of velocity saturation making the drain current a linear fnction of v,,.
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becomes a linear function of v,. Indeed, in very strong inversion under strong velocity saturation
(Aegs > 1), from (1.34) we get

stat = q57 (136)
. 2qs Vp — Vs

>~ 2 = . 1.37
ldsat )\c Ac ( )

From (1.36) we observe that the inversion charge is constant along the channel and equal to ¢5 and
from (1.37) that the current is no more proportional to g2 but to ¢s and hence to v, — vs.

3 2
=) 102 | n-channel 1 @ 101 C\—Ic_hagr(])el > —
L 10 [ w=40 um 12 = 10 _L-_40nmum 40 O
— 1L L=2pm L] -
L 10 Fyg=1ay 110 L’ p VoY n
g 10°r s = g ok 130 @
5 oLk S o 102 =
- H6 = ~ 0%+ &
o 10 f s o 10_3 120
N1+ 4 n 10 r VeIOCity 410 o
4| -2 -4 . =
O 10 O 10 saturation | 3
10-5 | | | 0 10_5 | | 0
-04 -0.2 0.0 0.2 0.4 0.6 0.8 -06 -04 -02 0.0 0.2 0.4 0.6
V=V [V] VG_VTO [V]
(a) Long-channel. (b) Short-channel.

Figure 1.8: IC versus Vg — Vg measured on a long and short transistor from a 40 nm bulk CMOS
process.

Figure 1.8 shows the normalized current i; = IC' versus the overdrive voltage Vi — Vg measured
on a long-channel and a minimum-length nMOS transistors from a 40 nm bulk CMOS process. The
blue curve in Figure 1.8a corresponds to v/ IC which, as expected, is proportional to the overdrive
voltage Vg — Vg which validates the quadratic dependence for long-channel devices. The blue curve in
Figure 1.8b corresponds to IC and shows to be proportional to the overdrive voltage Vo — Vpg. This
is a clear sign of velocity saturation. Indeed, in strong inversion and for a minimum channel length,

Aeqs > 1 and (1.34) simplifies to

. 2q8 ,Up US
N_ N— — 1 -38
stat )\C )\c ) ( )

which, after denormalization, simplifies to
Ip,,, =n-W-Cop vsart - (Vp —v5) EW - Cop - Vsar - (Vg — Vipg — m - vs). (1.39)

Equation (1.39) shows that when the channel is under strong velocity saturation conditions, the drain
current in saturation does not depend on the channel length anymore and varies linearly instead of
quadratically with respect to the overdrive voltage. This can be explained by the fact that in such
condition on one hand the inversion charge becomes almost uniform along the channel from source to
drain and equal to the value taken at the source and on the other hand that the carriers are moving at
their maximum velocity which is constant along the channel. The charge moving from source to drain
per unit time corresponding to the drain current is therefore constant and independent of the channel
length L for a given W and Vp — v,.

1.3.2.2 Analysis valid in all regions of inversion

The above analysis can be extended to also include the moderate and weak inversion regions [5] [6] [7]
[8]. In order to do this we start with the drain current expression

dQ;
dzx

Ip = pefy - Qi-Ex + prefs - Ur - (1.40)
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which can be written in normalized form as

. u-e dg;
ld=2¢ —— —u-—-

~ g (1.41)

The inversion charge linearization equation (??) gives a relation between the longitudinal field and the
inversion charge gradient

dv, 1 dQ;

= = . 1.42
€l dr nCor dx ( )

which can be written in normalized form as

da
6= di? (1.43)
Substituting (1.43) in (1.41) results in
da

ig=—u- (2 +1) 2L (1.44)

¢’

To derive the model that is valid in all modes of inversion but includes the effect of velocity saturation,
we use the simplest velocity-field model, namely Model 1. Integrating (1.44) from source to drain
assuming first that there is no velocity saturation at the drain (i.e. vg < vq,,, Or ¢4 > qa,,, and hence
u=11n (1.44)), we get the earlier long-channel result

i4=q: —qi + qs — qa- (1.45)

where ¢2 — qﬁ corresponds to the drift current, whereas g5 — g4 corresponds to the diffusion current.
For a long-channel device in saturation we have ¢y < ¢s; and the drain current in saturation is then
simply given by

ldyq = Q§ + gs- (1.46)

For a short-channel device, velocity saturation needs to be accounted for in the drift part of the drain
current in saturation by replacing g4 by ¢q4.,,- In weak inversion, the longitudinal electric field &,
usually stays smaller than the critical filed £ and the current should therefore not be affected by
velocity saturation. Hence, the g4 term in the diffusion part of the current (1.45) should not be replaced
by q4.,, and can simply be neglected in saturation. Therefore, as soon as velocity saturation starts to
happen right at the drain, the current in saturation becomes

idws = G5 — Qo0 + Us- (1.47)

1 Note

In the original model proposed in [5] [6] [7] [8], the drain current in saturation ig,,, was actually
affected by velocity saturation in weak inversion, because the ¢4 term of the diffusion current
was also replaced by g¢q,,,.However, the difference between this model and the original model
presented in [5] [6] [7] [8] remains very small particularly for small values of A..

Solving (1.47) and (1.18) for q4,,, and i4,,, results in

Ae(q2 + qs)

1
o = 5+ [V @01 = .
z'f :qzﬁLQSa (1.49)
. 2 1 279 2 2 2 2 (42
ryar = stat = ﬁ : \/]- + )‘c (QS + QS) -1 = (s + ds — F : \/1 + >‘c (qs + QS) -1 ) (150)
c c
. 2 . . 2 2((]2 + qs)
ey, = — =if — ey, = 5 |V 1+ A2 (g2 + —1]: E ) 1.51
dsat >\c quat f Tsat )\g |:\/ c (qs qS) 1 _|_ \/1 + )\g (qg + qs) ( )
2
vdsat = UP - 2qd5at = 'Up - 7 ’ |:\/1 + A(% (q? + qs) - ]‘:| * (152)
c
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From (1.48) and (1.51), we see that for A\, = 0 (no velocity saturation), we fall back to the long-channel
equations with ¢4, = 0, i,.,, = 0 (saturation) and i4,,, = ¢ + ¢s. In strong inversion (gs > 1) we
get the earlier result (1.31) and (1.34) found for Model 1. In very strong inversion under velocity
saturation (A.gs > 1), we get the strong inversion asymptotes (1.37). As expected and contrary to the
original model presented in [5] [6] [7] [8], in weak inversion we do not observe any impact of velocity
saturation. Indeed, for ¢s < 1, (1.48) and (1.51) reduce to

A
Qdy,, = 5 cqs < 1, (1.53)
idy = s (1.54)

1.3.3 Effect of velocity saturation on the transconductances
1.3.3.1 Analysis in strong inversion

The impact of velocity saturation on the transconductances in saturation can be derived from the
above analysis by rewriting the normalized source transconductance in saturation as

A 8/I:dsat _ 8idsat aqs

e = s 1.55
g sat avs 8q3 avs ( )

We first will derive gs,,, in strong inversion in which case

dgs 1

=——. 1.56
Ovg 2 ( )
For Model 1, the derivative dig4,,,/0qs is simply obtained by differentiating (1.34) resulting in
0i 2
Mot I (1.57)
8(]5 V 1+ ()‘c QS)2
The normalized source transconductance in strong inversion and saturation is then given by
ds
= 1.58
gmssat 1 + ()\c qs)2 ( )

For circuit design it is more useful to have g,,s expressed in term of the inversion coefficient /1C' = iq4,,,.
This can be done by solving (1.34) for g5 which results in

0= VIC\ 1+ (¥) 1 (159

VAT AT
_ Jio. VAT AIC (1.60)

gmssat 2+ X210

Oms.q; 1S then given by

In very strong inversion (gs > 1 or IC' > 1), (1.58) and (1.60) reduce to

1 L

~Y

gmssat - )\C = L

(1.61)

sat

Instead of increasing as v/IC, as it does for long-channel devices, for short-channel transistors with heavy
velocity saturation, the normalized source transconductance gs,,, saturates to 1/\.. Parameter A,
therefore sets the maximum normalized source transconductance that can be achieved by a short-channel
device for a given technology.
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From (1.61) it seems that the transconductance scales like L, however this is not correct. Indeed, if we
write the transconductance in denormalized form, we get

G
Gmssat = ;\pec =nW Coz Vsat (1.62)
C
and hence C
Gmsat = nzsat =W Coz Vsat- (1.63)

From (1.62) and (1.63), we see that in strong inversion with heavy velocity saturation, the source and
gate transconductances become actually independent of the transistor length L and independent of
the current! They only depend on the transistor width W and the saturated drift velocity vsq:. This
means that increasing the bias current does not help increasing the transconductance and the only way
to increase Gps,,, and Gp,,,, is to increase the transistor width.

1.3.3.2 Analysis valid in all regions of inversion

10 =
= W
A.=0.25 /-—:;af-’——- «1A,=4

1
)
10° F A
/, 1
- 2
[ /’ 1 1
1) -1 | 1
g10 .
() P
o
10°F .

l=——=: NoVs

, i— With VS (Model 1)

10 = I_ /| 1

10° 1072 10" 10° 10" 10° 10°
Inversion Coefficient IC

Figure 1.9: Effect of VS on the transconductance in saturation.

We now will derive an expression of the normalized source transconductance in saturation that is valid
in all modes of inversion using the simplest velocity-field model, namely Model 1. To do this we first
rewrite the source transconductance as

g A _aidsat _ 8id5az ) (81)8)—1
st v 9gs g5 '

(1.64)

Recalling the relation between the saturation voltage and the source charge which allows to write the
source voltage in terms of the source charge at a given gate and pinch-off voltage as

vs = vp — 2¢s — In(gs). (1.65)
Differentiating (1.65) we get
vy 2qs + 1
— = 1.66
Igs ds ( )

For Model 1, the derivative dig4,,,/0qs is simply obtained by differentiating (1.51) resulting in

aidsat o 2qs +1

= 1.67
9 VITNE@ T o

The normalized source transconductance in saturation for Model 1 is then given by
0s (1.68)

Imsont = :
T T+ A2 (@2 + gs)

© C. Enz under CC BY-NC June 24, 2026



The Short-channel MOSFET Model 16
which has the following asymptotes in weak and strong inversion
(1.69)

qs in weak inversion (gs < 1)
Imssat =
1+

ﬁ = )\i in strong inversion (gs > 1).
cds ¢

Without velocity saturation (A, = 0), (1.68) reduces to the long-channel expression gms.,, = ¢s. In
strong inversion (gs > 1) we get the earlier result (1.58) found in the strong inversion model. In very
strong inversion under velocity saturation (A.qs > 1), we get the strong inversion asymptote (1.61).
In weak inversion, as expected velocity saturation has no impact as shown by (1.69) contrary to the
original model presented in [5] [6] [7] [8]} which shows some dependence on ..

As above, we can also express gms,,, in terms of the inversion coefficient i4,,, = IC by solving (1.51)
for ¢, resulting in

g =} (\/4IC’+1+(/\CIC)2—1). (1.70)

Replacing (1.70) in (1.68) results in

A )2
 VAICH T+ (IO -1 210 [” (%) IC]

Jmssar = 2+ N IC B (1+%10) (1+VAC+T+ (A ICP) 7)
Again without velocity saturation (A. = 0), (1.71) reduces to the long-channel expressions
VAIC +1 -1 2IC
Imsear = 5 =TT (1.72)
The asymptotes in weak and strong inversion are given by
_1c in weak inversion (IC < 1)
Jmssar {\/ﬁ 7"2?:;2?}20 =~ /\% in strong inversion (IC > 1). (1.73)

We see that the source transconductance in weak inversion and in saturation for short-channel devices
is not affected by velocity saturation and remains proportional to the inversion coefficient and hence to
the drain current.

1.3.4 Effect of velocity saturation on the G,,/I ratio

G, Uslly=G, nUjll,
3

——- NoVs
—— With VS (Model 1)

R ittty Ak ]

-3 1 1
10° 1072 10" 10° 10" 10° 10°
Inversion Coefficient IC

10

Figure 1.10: Effect of VS on the G,,/Ip ratio.
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We can now easily derive an expression for the G,,/Ip FoM that accounts for velocity saturation and
is valid from weak to strong inversion. The normalized G,,/Ip FoM is obtained by dividing (1.71) by
1C resulting in

(1.74)

gms__GmsUT__(LnnUT__V%IC%—1+(AOH32—1<_{1 in W1 and sat.

IC Ip Ip IC(2+X210) /\TTC in Sl and sat.

Equation (1.74) is plotted versus IC' in red in Figure 1.10 and compared to the long-channel behavior
corresponding to the dashed red curve. We clearly see that for a given current budget, the impact of
velocity saturation in strong inversion is dramatic for low-power design since it reduces the current
efficiency by a factor A.v/IC. For example, for A, = 0.5 and IC = 100, the current efficiency is reduced
by a factor 5, which is considerable. This means that the transistor needs to be five times larger to
recover the same transconductance for a given current budget. On the other hand, the normalized
Gy, /Ip ratio remains invariant (i.e. gns/IC = 1) in weak inversion, irrespective of the channel length.
This is simply due to the fact that in weak inversion the source transconductance remains proportional
to the current and additionally velocity saturation has no effect on g.,,s. As shown in Figure 1.10, the
inversion coefficient for which the strong inversion asymptote of a short-channel device crosses the
horizontal unity line is equal to 1/A.. This is actually how the parameter A, can be extracted from
measurements of a short-channel device.

We actually don’t need to go to very deep-submicron CMOS technologies to see the effect of velocity
saturation. Figure 1.11 shows the current efficiency measured on a minimum length nMOS transistor
from a 130 nm bulk CMOS process and which already shows a loss of efficiency in strong inversion. It
also illustrates how the A. parameter can be extracted from the intersection of the 1/IC asymptote
with the horizontal unity line giving 1/A. = 3 and hence A\, = 1/3. Figure 1.11 also highlights the very
good match between the simple expression (1.74) and the measured data.

0.1F

gms/id

0.01

0.1 1 10N
1/, 1/22

Inversion Coefficient, IC

Figure 1.11: Effect of velocity saturation on the current efficiency measured on a 130 nm process.

The impact of velocity saturation is also illustrated in Figure 1.14 which shows the current efficiency
measured on a long-channel (Figure 1.12a) and short-channel device (Figure 1.12b) from a 40 nm bulk
CMOS process. It actually corresponds to the derivatives of the large-signal IC versus Vg — V¢ char-
acteristics shown in Figure 1.8. We clearly see the strong degradation introduced by velocity saturation
on the current efficient of the short-channel transistor in Figure 1.12b. We also see a reasonable fit
between the simple analytical expression of the normalized G,,/Ip and the measurements.

Figure 1.13 shows the current efficiency measured on different devices having the same width but
three different lengths for the same 40 nm bulk CMOS technology. The blue curve corresponds to
the long-channel asymptote (L = 2 um), the green curve corresponds to a medium channel length
(L = 120nm) but already affected by velocity saturation and finally the red curve corresponds to the
minimum channel length (L = 40 nm) which is strongly affected by velocity saturation. We observe
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Figure 1.12: Effect of velocity saturation on the current efficiency measured on a 40 nm process.

Figure 1.13:

© C. Enz under CC BY-NC

1/A, < L
1
=
1F AV Rt
8r ANERNAY ]
6 n-channel N ]
L W = 40um E -
L Vp=1.1V ; . ]
2t .
01 | & 3
6f — L=2um : ]
4 —— L=120nm i NN N
- — L=40nm : A
D EETTTT BT TITTY SRTTITY EArSETTTY EATA R R
0.001 0.01 041 1 10 100

IC = ID / Ispec [']

1000

Scaling of the current efficiency characteristic with the transistor length L.

June 24, 2026



The Short-channel MOSFET Model 19

that the cross-point between the 1/IC asymptote which should scale like L indeed decreases and hence
moves to the left. Additional measurements performed on more advanced bulk, FDSOI and FinFET
technologies are presented in .

The model used in this Section, assumed that velocity saturation occurs when vy = vg4,_,, and that the
drain charge and current in saturation (for vq > v4,,,) remain constant. In reality this is not the case
because of the effects of channel length modulation (CLM) and drain induced barrier lowering (DIBL)
which are discussed in the next Sections.

1.4 Channel length modulation (CLM)

1.4.1 Channel length reduction

E.=E,
V=Vsat
EOX
oxide A} JJd44iD  Tlox |
X <] fe— ]
VSR g ] — Drain
channel region |\ ECE VSR E J extension
Leff x AL XJ B ~ > X’
L 0 AL
v (b) Velocity saturation region (VSR).

y
(a) MOSFET cross-section.

Figure 1.14: Channel length modulation.

In the previous Section, velocity saturation starts when the longitudinal field &£, becomes equal to
the critical field &, right at the drain limit of the channel. At this point, the drain voltage becomes
equal to the saturation voltage Vp_,,. As the drain voltage gets larger than the saturation voltage
VD..:» the saturation point moves away from the drain into the channel. As illustrated in Figure 1.14a,
this is creating a velocity saturated region (VSR) in which the carriers are traveling at their maximum
saturated velocity vse¢. Using a quasi-2D analysis applied to the VSR shown in Figure 1.14b, it can be
shown that the channel length reduction AL is given by [9] [10] [11] [12] [13]

ALEL—Lepp=£-In(ut Va2 +1), (1.75)

where wu is defined as
é VDS - VDSsat — Vg — VDsat
E gsat E gsat

VDS.u: = VD, — Vs 1s the drain-to-source saturation voltage accounting for velocity saturation. If we
use Model 1 the normalized value of Vp_,, is given by (1.35)

Vdgaqr = Up — 2)\C'q§
sat p 1+ 1+()\Cqs)2

Parameter ¢ (which has length unit) is defined as [11] [12] [13]

u

(1.76)

€sq xj
OOZ'
where z; is the junction depth and C,; the oxide capacitance per unit area. Parameter &4 is defined

as the longitudinal electric field at the pinch-off point which is actually equal to the critical field &,
defined in the velocity saturation model

= (1.77)

Vsat 2UT
Esat = Ec = = ) 1.78
! Mo Lsat ( )
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We can then rewrite (1.76) in terms of the normalized drain and saturation voltages according to

_ Lsat
2/

(Vd — Vdyay)- (1.79)

In the above model, Lyq; appears in the VS parameter \. = Lgq /L that is used for the computation of
the drain current in saturation, but also in u to scale the voltage that is used for the calculation of AL.
For u < 1, the channel length reduction simplifies to

ALgf-ln(l—ku):E-ln(l—i—M), (1.80)
Vdclm

where vgem = 20/ Lgqt is considered an additional fitting parameter. This simpler model was initially
proposed by Arora [12] [13] and used in the EKV v2.6 compact model [14]. We will use this model
below to investigate the impact of CLM on the drain current in saturation.

1.4.2 Impact of CLM on the drain current in saturation
1.4.2.1 Analysis in strong inversion

CLM has obviously an impact on the drain current in saturation which can no more be considered as
constant. Since the impact of VS is dominant in strong inversion, we first analyze the impact of CLM
in strong inversion.

When accounting for VS, the transistor enters into saturation when the longitudinal field £, becomes
equal to the critical field & which happens when vy = Vp,,, (or in normalized form vy = vq,,,). At
this point the channel length is still equal to L and the drain current is given by

I = Lopec - iduury (1.81)
with
Ispee = Lspect - % (1.82)
and 02
i = ds (1.83)

14+ 1+ (Aeogs)?

where the VS parameter A\ is defined as

Lsat
dep & 20
<0 L

(1.84)
The 0 in the subscript indicates that the operating point corresponds to the onset of saturation for
which vy = vg,,, and the length is still equal to L (or Avg = vg — vg4,,, = 0 and AL = 0).

sat sat

When the drain voltage is increased above Vp_,, (or vg > Vp,_,,), the pinch-off point (defined as the
point along the channel at which &, = &. or V;, = Vp_,,) moves in the direction of the source reducing
the channel length by AL. The drain current in saturation for vq > Vp,,, is then given by

w

Cdm (1.85)
Leyy

IDsat = Ispec[l '

where L has been replaced by the effective length Ly £L-ALinI spec- The term 4.y, accounts for

the dependency of Ao on L in ig,,,, where L also needs to replaced by Leys. icim is defined as

2¢?
I+v1+ (/\c QS)2

lelm =

(1.86)
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where the VS parameter ). is now defined as

Lsat

A 2 . 1.87
© Legy 57
We actually can keep the original definition of I given by (1.82) by rewriting Ip,,, as
. w L
IDmt = IspecD : T “lelm = Ispec[’ : f : T *lelm
eff eff (1.88)
L ) .
= Ispec ’ . — AL “lelm = Ispec * fetm * teim
where f.,, is defined as
L L 1
2 = = . 1.89
Jeim Loy L—AL 1-ALJL (1.89)
The VS saturation parameter A, can then also be written in terms of f.,, as
L L L L L 1
A A sat _ sat _ sat . _ sat . — M\ - ) 1.90
‘T Lg; L-AL L L-AL L 1-AL/L "¢ Jetm (1.90)
The normalized drain current in saturation i4,,, is then simply given by
. Ip,, .
Ydgas £ 7 t = Jetm " Tcim.- (1.91)
spec

where I, is constant and given by (1.82).

CLM is impacting the drain current in saturation 74,,, in two ways. First, i4_,, increases due to the
increase of f.,,. Second, the latter increase of f.,, also increases A, which reduces the drain current.
This current decrease is captured by 4.,,. There are therefore two antagonist effects induced by CLM
that need to be carefully accounted for, particularly when deriving the output conductance.

sat

In strong inversion (gs > 1), and for strong VS (\;gs > 1), the drain current at saturation is given
by

. o 2
statO = )\7 qS‘ (192)
c0
Similarly, the i.,, term becomes
2 2
Telm = — @s = ——— (s- 1.93
am )\c B >\cO fclm B ( )
The normalized drain current in saturation then becomes
. o 2 )
Ydsar = Jetm * teim = fem - )\70 3 ds = Ydgai0- (194)
C! clm

In this case, CLM has no impact on the drain current because i, fully compensates f.,,, and the

drain current stays constant and equal to ig4,,,,-

This behavior is specific to short-channel devices. However, as it will be established below, for short-
channel transistors, DIBL actually dominates CLM. We therefore need to focus on the impact of CLM
on long-channel devices.

1.4.2.2 Long-channel expression in strong inversion

For long-channel transistors, we can ignore the impact of CLM on the ., term because A9 becomes
very small and A, also remains small because f.,, does not increase much for long-channel devices.
Therefore, for long-channel transistors, 4., can be considered to be equal to the long-channel current
ieim = q2. The drain current in strong inversion and in saturation for a long-channel transistor is then
only impacted by fu,, according to

ldyar = feim - €5- (1.95)
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1.4.2.3 Linear dependence and empirical model

In the measurements presented below, we see that the output characteristic in saturation can be
approximated by a linear function. Such a linear dependence of i4,,, on vy can be obtained from the
model of AL versus vy described in (1.80) if parameter vgq,, and the maximum drain voltage are such
that Avg = vg — vg,,, < Vdgeim- Then AL/L becomes

gzéln <1+1)d_vdm> ~ e Ud_vdsat LClm

~ L _ (v — 1.96
L L Vdclm L Vdclm L (Ud Vilsar ) ( )

with Loy, £ ¢ /Vdeim- If we additionally can consider that ¢ < L, then AL/L < 1 and fg,,, simplifies
to

1 AL 0
= e 1 S
fa 1—ALJL L L.

Vd = Vst _ Lem

. (Ud — Udsat)' (1.97)

Under the assumption that AL/L < 1, the impact of f.,, on A. can be neglected and A, can be

replaced by A, which is independent of vy. The drain current in saturation iy, then writes

sat

. ~ AL . -~ ¢ vg— g, . L, .
ldgyy = <1 + L) “ldgaro = <1 Tt Udclmt> Udggro = {1 + Zm (V4 = Vdg) | Tduaro,  (1.98)

which has now the desired linear behavior with respect to vg.

The drain current in saturation can therefore be expressed using an empirical model with a linear
function having a slope equal to the output conductance Gg4s and an Early voltage Vg (which is
negative)

Ip,,, = Gys - (vg — Vi) (1.99)

or in normalized form
idyar = Gds * (V4 — Ve). (1.100)

gas and v, are related to the parameters in (1.98) by

Leym .
9ds = ch CAdyr0s (1.101)
e = Heato (1.102)
9ds

1.4.3 Output conductance in saturation due to CLM

The output conductance in saturation is defined as

6IDsat

Ggs = . 1.103
’ aVDS Va,vs,vq ( )
or in normalized form o 5i
A ds ldsat
ds = = — Ysat 1.104
Jds Gspec aUds ( )
with 7
Gpec = Up (1.105)
T
In this derivation we will consider that vy is constant, therefore
id,,, 0id,,,
= sal — a 1.106
Gds 8Ud3 c%d ( )

It can be shown that g4s is actually proportional to the saturation current ¢4,,, and can be written as

_ stat

9ds = (1107)

Velm
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where v, is the CLM voltage given by

1 _ 9ds
= - =41 - 92,
Velm Ldgar

(1.108)

where g7 accounts for the dependence of f.,, to v4, whereas go is due to the change of A, with respect
to vg

ne g o - dam e (1.109)
L Vgeim + Vg — Vsat L1+ Stear ;
21-% e (1.110)

g2 S —
2 /14 (Aegs)?
For a long-channel transistor, we can neglect the change of the drain current due to a change of A, and

hence g» = 1, which leads to

1 fclm Lclm fclm

14
=n=1- = : o 1111
Velm L Vdelm + Vd — Vdgat L 1+ Udvdqﬁldsat ( )
In the case of the linear model we can assume that vg — vq,,, <K Vgcim for which
1 L
~ dm (1.112)
Vclm L

which scales as 1/L but is now bias independent. This means that for long-channel transistors, most of
the bias dependence of g45 due to CLM for a long-channel transistor is actually captured by i4,,, and
Ve can be considered as approximately bias independent and proportionnal to L.

1.4.4 Experimental validation

As will be discussed below, the output characteristic and output conductance for short-channel
transistors are dominated by DIBL. For this reason we will focus on a long-channel transistor in
order to validate the model derived above. Figure 1.15 shows the output characteristic and output
conductance measured in strong inversion on a very wide and long nMOS transistor (W = 3 um,
L =1pm) from a 28 nm bulk CMOS technology. Despite the long channel, we see that the output
conductance does not vanish to zero in saturation. The finite output conductance shown in Figure 1.15
is then clearly due to CLM.

300
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< |
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.001020304050.60.7080.9 1.0 1.

Vp V]

10°
, — b(Vs=07V)
10°S 1, (Ve=09V)
-
I — hh(Ve=11V)
=
=== Gy (V=0.7V)
10" o Gy (V5=0.9V)
—— Gy (Vg=11V)
10°

1

Figure 1.15: Output characteristic and output conductance measured on a long-channel nMOS transistor
from a 28 nm bulk CMOS technology in strong inversion.
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In order to perform the normalization and validation, the sEKV parameters have first been extracted
from the Ip-Vg characteristics, resulting in the values presented in Table 1.3. We see that parameter
Ac is very small, justifying the long-channel approximation used above.

Table 1.3: sEKV parameters extracted for the long-channel nMOS transistor.

w L VTO n Ispec )\c
dum 1pum 0427V 1.176 2.43 uA 0.03

1.020 -
nMOS _
1.018 F| W3 ym
1.016 | L=1pm
1.014F Vs=0 ® Meas. (V5= 0.7V Vp, = 0.50V Iy 0= 43.5 pA)
1012k —— Mod. (V= 18.6, £= 23.3 nm)
IS 1'010 i Meas. (Vg = 0.9V V= 059V I 0= 129.0 pA)
S Mod. (V= 16.9, £= 22.0 nm)
1.008 F , Normalized parameters: o Meas. (Vo= 1.1V Vpo,= 0.71V Iy = 252.7 pA)
1.006 | 2 Vo = 17586 —— Mod. (V= 17.3, £= 22.0 nm)
’clm -
1.004 F ' Denormalized parameters:
£= 22.418 nm
1.002 | Vipom = 0.458 V
1.000 L L . ;
0 5 10 15 20 25

AVy =V~ Visat
Figure 1.16: Fit of fu,, using (1.80).

Figure 1.16 shows the fit of the normalized measured output characteristic of this long-channel transistor
for three different gate bias voltages. For long-channel the normalized current is about equal to fe,
which is calculated in Figure 1.16 using the channel length reduction expression given in (1.80). We
see that a very good fit is obtained for values of the parameters vgie, = 17.7 (Vpory = 0.46 V) and
£ =17.6 um. We can also observe from Figure 1.16 that the output characteristic for a long-channel
transistor is close to a linear dependence on Avg. We can therefore extract the parameters Gy, and Vg
for each gate voltage resulting in the linear approximation shown in Figure 1.17. The parameters have
been extracted using a linear regression using a saturation voltage slightly higher than the long-channel
value Vp in order to have a better approximation of the output conductance in the saturation region.

300 nMOS
W= 3 um
250 L=1pm
Vg=0
200
<
= 150
Q

—— V=07V, Vy, =050V
Vg= 0.9V, Vp, = 059V
—— V=11V, V= 071V

%.0 0.102030405060.708091.011
Vo V]

Figure 1.17: Fit of the output characteristic using the linear empiricial model (1.99).
The empirical linear model can also be used in weak and moderate inversion as shown in Figure 1.18.
From Figure 1.18, we observe that the parameter Vs used in the output conductance expression does

not vary too much. Figure 1.19 shows the fit to the output conductance in saturation over all bias
obtained using a single value of V3; = 30 V. We can conclude that the simple model given by (1.107)
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Figure 1.18: Output characteristic and output conductance in saturation due to CLM in all regions of
inversion.
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Figure 1.19: Output conductance in saturation due to CLM in all regions of inversion using the same
value of parameter V).
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provides a reasonable estimation of the output conductance in saturation due to CLM for long-channel

transistors.

1.5 Drain induced barrier lowering (DIBL)

1.5.1 Physical description
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Figure 1.20: Drain induced barrier lowering (DIBL).

The drain current was derived assuming the gradual channel approximation which states that the
change in the electric field along the channel direction is much smaller than the change along the vertical
direction. This assumption allows to reduce the Poisson equation to a one dimensional differential
equation depending only on the vertical direction. As a consequence, the charge density in silicon
Qsi only depended on the vertical electric field at the surface of the silicon (just below the oxide).
This approximation is no more valid for short-channel transistors, and a more thorough analysis
accounting for the variation of the longitudinal field £, must be included in the calculation of Qg;.
This analysis allows to model the influence of the source and drain voltages on the channel surface
potential which tends to be larger than what would be obtained from the long-channel model using the
gradual channel approximation. This effect is called drain induced barrier lowering (DIBL) because it
basically corresponds to the drain (source) voltage(s) lowering the potential barrier or increasing the
surface potential in the channel, resulting in a drain current that is larger than what is obtained from
the long-channel approximation.

The DIBL effect is illustrated in Figure 1.20 which plots the surface potential along the channel
versus the normalized distance ¢ = x/L for different transistor lengths and for V¢ =0, Vp =2V
with a junction built-in voltage Vj; = 1 V. The corresponding surface potential obtained from the
long-channel approximation is then W,y = 0.283 V. The green curve corresponds to a long-channel
device (L = 10 pum). It starts at the built-in voltage Vj; of about 1 V at the source and then immediately
drops to the long-channel value W . It then stays constant along the channel up to the drain where it
jumps to V4; + Vp = 3 V. For a shorter channel of L = 0.5 um, we already see the influence of the
source and particularly the drain voltage on the value of the surface potential close to the source and
drain junctions. The surface potential reaches the long-channel only in the middle of the channel. For
an even shorter channel (L = 0.2 um), the surface potential now does not even reach the long-channel
value anymore. The current is then significantly larger than the one that would be predicted by the
long-channel approximation, particularly in weak and moderate inversion.

DIBL has to be accounted for in short-channel device and we will show in the next Section how it can
be modeled as a change of the threshold or the pinch-off voltage.
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1.5.2 Modeling DIBL in the threshold or pinch-off voltage
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Figure 1.21: Scaling of DIBL with transistor length.

Since DIBL increases the current as the length is reduced for a given set of terminal voltages, it has
traditionally been modeled in compact models as a reduction of the threshold voltage according to [15]
2] [3

Vr =2 Vg —o04-(Vp+ V) (1.113)

where o4 is a unitless parameter that has a strong dependence on the channel length according to
[15]

1
S 1.114
7d 2[cosh(¢) — 1)’ ( )
where I
£ ) 1.115
= (1.115)
L. is the characteristic length defined as [15]
Lo |Csitd (1.116)
C COI bl .

where t; is an average value of the depletion thickness which is assumed to be constant. Note that for
FDSOI, t; would actually correspond to the silicon channel thickness. The scaling of o4 with respect
to ¢ £ L/(2L,) is plotted in Figure 1.21 together with the asymptotes given by

1 (2L.)?
BT (3) fore<t (1.117)
e for € > 1.

For L < 2L, (or £ < 1), oq scales as 1/L?, but for 2L, < L (¢ > 1), 04 decreases very fast. According
to (1.113), Vr decreases as the drain voltage increases and therefore the drain current in saturation
will increase with Vp instead of staying constant. Similarly to CLM, DIBL also introduces an output
conductance. Because the output conductance due to CLM scales as 1/L, for long-channel transistors,
DIBL can be ignored so that the output conductance is mainly due to CLM. For this reason we will
evaluate the impact of DIBL on the drain current and output conductance focusing on short-channel
transistors.

In the EKV model, the DIBL effect can easily be included in the pinch-off voltage which is now
redefined as [16] [17]

Vh=Vp+ 2L (Vp +Vs) (1.118)
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or in normalized form o
v;:vp—i—gd (vg +vs) = vp + Avy, (1.119)

where Awv, is the increase of the pinch-off voltage due to DIBL given by
Avy = 22 (vg+ ). (1.120)
n

In addition of depending on the gate voltage, the pinch-off voltage including DIBL fuz/, now depends also
on the drain and source voltages vy and vs. At a given gate and source voltages, if the drain voltage is
increased, the pinch-off voltage U; also increases resulting in an increase of the drain current that can
be observed from the linear to the saturation region.

Let’s now analyze the impact of DIBL on the drain current first without considering the effect of VS.

1.5.3 Impact of DIBL on the drain current without VS

In this section we will investigate the impact of DIBL on the charges and currents in strong inversion.
In a first step, for the sake of clarity and simplicity, we will ignore the effect of velocity saturation
(VS). Of course this is not correct because DIBL affects short-channel transistors for which velocity
saturation cannot be ignored. The combined effects of DIBL and VS are examined in a separate
Notebook.

Since DIBL can be modelled as a reduction of the threshold voltage due to vy and vy, it basically
will increase the drain current and shift the Ip-Vg transfer characteristic to the left. However it will
introduce a non-zero output conductance in the I'p-Vp output characteristic. We will start analyzing
the strong inversion case in the next Section.

1.5.3.1 Analysis in strong inversion without VS

We will start analyzing the impact of DIBL on the drain current in strong inversion and in the linear
region, ignoring the effect of velocity saturation and CLM. The normalized drain current in strong
inversion and in the linear region is given by

ig =1if — ip. (1.121)
where the forward and reverse currents are given by

if =d, (1.122)
i = q3. (1.123)

The normalized source and drain charges in strong inversion including DIBL are now given by

qS:W,J;USZ;-:vp—vs+ij-(vd+vs): (1.124)
= % + % U ;_ i 4s,nodibl + %, (1.125)
qd:w,a;Ud:%,:vpvd+(;‘l.(vd+vs): (1.126)
= Q—i—%- vd;—vs ZQd,nodibl"f'%' (1.127)

where g nodivi and ¢4 nodini are the source and drain charges without DIBL

qs,nodibl = _ 5 (1128)

qd,nodibl = —5 (1.129)

© C. Enz under CC BY-NC June 24, 2026



The Short-channel MOSFET Model 29

and Aw, is given by (1.120). The normalized source and drain charges are increased by Av,/2 due to
DIBL. This will obviously have an impact on the currents and transconductances. Notice that contrary
to the long-channel case where g5 depends on v, — vs and ¢4 on v, — v4, now both ¢ and ¢4 depend on
Vp, Vs and vg.

The drain current in strong inversion can then be written as

) [ oqg 1 oqg 1 Vg — U
’Ld—-Up+(n—2)Ud+<n—2>’Us:|' 9 s
[ Vg +v o Vg —
= |op - 21 s—l—;(vd—i-vs)}- A
- 9 9 (1.130)
_ |y _vd—i-vs 'vd—vs_i_@_vd—vs
P 2 2 n 2

. gd ’UC% —’U?
=ldnodibl + — ——F—.
n 2

where

2 2

is the drain current in the linear region without DIBL. The drain current in the linear region including
DIBL increases faster with vy than without DIBL with the difference growing as vg.

; A
td,no dibl = |Up —

If velocity saturation is ignored, saturation is reached when ¢; = 0. We can find the saturation voltage
V4,,, defined as the drain voltage for which ¢4 = 0 which is given by

vp + %
— % (1.132)
n

For v, = 0, the saturation voltage is 1/(1 — 74) larger than v,.

In saturation (i.e. for vy, < vq), i, = 0 and the drain current is given by

sat

. . v, — v 2 oq 2
Zd‘sat:Zf:q§:<p2 8) :411‘|:/Up_vs+n'(vd+vs):|

1 2 oqg Vg+v Oq Vg+wv 1.1
:Z'('Up_vs) +; B) 8'|:Up_’l)s+n' B S] ( 33)
, Awv, Awv,
= Udq¢,nodibl + |V T Us + - |
where )
. Uy, — U
id ot modibl = (”28> (1.134)

is the drain current in saturation without DIBL. Because of DIBL, the drain current in saturation
increases quadratically with vg. Since usually oq < 1, v, —vs > 04/n (v4+ vs)/2 and the drain current
in saturation is approximately given by

. Oq Vgt . Av
Udgqt,nodibl + ; : 2 2y (Up - Us) = 1dsqt,nodibl + Tp : (vp - Us); (1135)

~Y

stat

which grows now linearly with vg.

The normalized charges g5 and ¢4 are plotted versus vg in Figure 1.22 for vs = 0, n = 1.3 and o4 = 0.217
for which the normalized saturation voltage is increased from v, = 50 to v4,,, = 60. We see that g
increases with respect to vy instead of staying constant as it would for the long-channel case without
DIBL. On the other hand, g4 decreases until it reaches zero at the onset of saturation. We observe
that, because of DIBL, the saturation voltage given by (1.132) is higher than v,. Note that o4 = 0.217
is already a fairly large value that has been used in Figure 1.22 to increase the saturation voltage by
10 Ur.
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Figure 1.22: Impact of DIBL on the source and drain charges.
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Figure 1.23: Impact of DIBL on the forward, reverse and drain currents in strong inversion.
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The normalized forward, reverse and drain currents are plotted versus vy in Figure 1.23 for the same
value o4 = 0.217. We see that the forward current increases with respect to vy instead of remaining
constant as it would in the long-channel case without DIBL. The reverse current is also slightly higher
than the reverse current without DIBL. It decreases until reaching zero at vq = vq4,,,. The drain current
is larger than its value without DIBL and continues to increase in saturation for vg,,, < vq4.

1.5.3.2 Analysis in weak inversion without VS
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Figure 1.24: Impact of DIBL on the forward, reverse and drain currents in weak inversion.

The forward and reverse currents in weak inversion are given by

if = s, (1.136)
ir = qq, (1.137)
with the normalized source and drain charges ¢s; and gy given by

qs = 61};—’1)‘5 — e’l}p—’Us-‘and‘(’Ud'i"Us) — eo,-er'(Ud‘f'Us) . e’l}p—’Us = eAUp . q$,nodibla (1138)
qq = ev;,fvd _ evpfvdJr%i-(vdJrvs) — 6%‘(”d+vs) L eVl — eA”p * Qd,nodibl, (1,139)

where ¢ noditi and ggnodint are the source and drain charges without DIBL
qs,nodibl = evp—v57 (1140)
d,nodibl = €7~ 7. (1.141)

DIBL has a significant effect on the source and drain charges since they are multiplied by exp[Awv,].

The drain current in weak inversion is then given by

ig =1f —ir = (s — G4 = e artvs) [V — V] = AV iy i (1.142)
The drain current in weak inversion is multiplied by exp[Av,]. The normalized forward, reverse and
drain currents are plotted versus vy in Figure 1.24 in weak inversion for o4 = 0.15. We see that
the forward current iy and drain current ¢4 increase in saturation because of DIBL. The impact of
DIBL on the drain current ignoring VS is strong, significantly degrading the output characteristic for

short-channel devices.
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Figure 1.25: Impact of DIBL on the forward, reverse and drain currents in moderate inversion.

1.5.3.3 Analysis in all regions of inversion without VS

The normalized forward and reverse currents in all modes of inversion but ignoring VS are given by

if = d: + qs, (1.143)
Iy = qzl + 4a- (1144)
The relation between charges and voltages are given by
v, — vs = 2qs + In(gs), (1.145)
v, — Vg = 2¢q + In(qa), (1.146)

with v, given by (1.119).

The normalized forward, reverse and drain currents are plotted versus vy in Figure 1.25 in moderate
inversion for o4 = 0.15. We see that the forward current iy and drain current ¢4 increase in saturation
because of DIBL but the impact is less than in weak inversion for the same value of ogy.

We see that DIBL can have a dramatic impact on the output characteristic in weak inversion where
the current can increase exponentially with vy. The above DIBL model valid in all regions of inversion
is checked against measurements in the next Section.

1.5.3.4 Experimental validation

The above model of DIBL is validated on a short nMOS transistor from a 28 nm bulk CMOS technology.
Figure 1.26 shows the Ip-Vp characteristic measured in strong inversion. We can observe that the
simple DIBL model can fit the measurements very well provided an additional scaling parameter iscqe
is added. This additional parameter is needed to compensate for the fact that the sEKV parameter
Ispec has been extracted at the highest drain voltage Vp = 1.1V (Vp = 42.5). It also accounts for
the current reduction in saturation due to VS which is not accounted for in this simple model. The
corresponding output conductance are shown in Figure 1.27}. We can observe that the model predicts
an increase of ggs wrt vg which is actually not observed in the measured data. This is due to the fact
that according to (1.133), the drain current in saturation increases with the square of vy and hence
the output conductance with vy. A better model of the output conductance will be derived in the
Notebook dedicated to the output conductance.

Figure 1.28 shows the Ip-Vp characteristic measured in weak inversion. We can see the very strong
impact that DIBL can have on short transistors in weak inversion. Note that such an output
characteristic is almost unusable for analog circuit. For this reason a non-minimum channel length
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Figure 1.26: Validation of the DIBL output characteristic model in strong inversion (without accounting

for VS) for a short nMOS transistor from a 28 nm bulk CMOS technology.
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Figure 1.27: Validation of the DIBL output conductance model in strong inversion (without accounting

for VS) for a short nMOS transistor from a 28 nm bulk CMOS technology.
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Figure 1.28: Validation of the DIBL output characteristic model in weak inversion (without accounting

for VS) for a short nMOS transistor from a 28 nm bulk CMOS technology.
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Figure 1.29: Validation of the DIBL output characteristic model in moderate inversion (without
accounting for VS) for a short nMOS transistor from a 28 nm bulk CMOS technology.

should be chosen when biasing the transistor in weak inversion. Things improve slightly when moving
to moderate inversion as shown in Figure 1.29. However, the output conductance is still huge and the
minimum length device will perform poorly in an analog circuit when biased in moderate inversion.
Again, this can be circumvented by choosing a non-minimum length

1.5.4 Impact of DIBL on the transconductances in saturation without VS
1.5.4.1 General expression valid in saturation from weak to strong inversion

The gate transconductance in saturation is given by

~ dig

1 0ig
= sat — . sat 1.147
gmsat avg n a,Up ( )

Without VS, in saturation, ig,,, = iy and hence

1 9if 1 Oig <avp>—1
SR _ .9 , 1.148
Imsar = 4 dv, mn 9gs \0gs ( )
with
i =q>+ gs. (1.149)

The normalized source charge g5 is related to v,, vs and vg according to

v, — vs = 2¢s + In(gs) (1.150)
with
vy, = vp + Avy. (1.151)

where Awv, is given by (1.120). The pinch-off voltage is then given by

vp = Vs — Avp + 2¢s + In(gs). (1.152)
We therefore have Y
tf

— =2 1 1.153
dg, T (1.153)

and 0 1 2 1
Vo_g 120t (1.154)

9qs qs qs

© C. Enz under CC BY-NC June 24, 2026



The Short-channel MOSFET Model 35

The gate transconductance is then given by

q
ey = ;f. (1.155)

The source transconductance is given by

0i i dig O di v\ 1
g = oo o G U Ge O (Se) (1.156)
Ovg v, dqs  Ovs dqs 0qs
The source voltage including DIBL is given by
1 (oF]
Vs =T a7 {Up + Vi 2qs — ln(qs)} (1.157)
n
from which we get
0 1 2 1
UL T (1.158)
9qs 1—74 qs
The source transconductance in strong inversion is then given by
0d
9Ims = (1 - ) Qs (1.159)
n
The ratio gm,s/gm in strong inversion and saturation is no more equal simply to n but
Ims _ <1— Od) =n—oyq, (1.160)
9m n

which is lower than n.

1.5.4.2 Analysis in strong inversion and saturation

We assume that vg,,, < vq where the saturation voltage vq,,, is slightly larger then v, according to
(1.132). Using the general derivation, the gate transconductance in strong inversion and saturation
without VS is then given by

sat

qs 1 [vp—vs @_vd+vs

Imsar = - = 5 + - > = Omaas,nodibl T DGm ., dibls (1.161)

where g, ., noditi i the gate transconductance in strong inversion and saturation without DIBL

1 v,—v
9Imsat,nodibl = E : % (1162)

and Agp,.,, is the transconductance increase due to DIBL

o4 va+vs Av,
Amoar.dibl = 5+ =5 = 5 (1.163)

The impact of DIBL on the gate transconductance is an increase Agy,,,, = Avy/(2n).

Using the above general derivation, the source transconductance in strong inversion and saturation is
then given by

d Yp — Vs | Od 04\ Vitvs Up—
9ms = (1 — ) Qs = p S + — - [(1 — > s Up S| — Gms nodibl + Agm& (1.164)

where gps nodinl is the source transconductance without DIBL

Uy — U
9ms,nodibl = L 9 > (1165)
and Ag,,s is the increase in the source transconductance due to DIBL
Agpms = 9d Kl_ Ud) Vag+Us Up_vs:| _ %, Kl_ Ud) -M+Us ) (1.166)
n n 2 2 n n 2

The source transconductance in saturation including DIBL is increased by Ags.
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1.5.4.3 Analysis in weak inversion and saturation

Because of DIBL, the normalized source charge ¢,, forward current iy and drain current iy are all

multiplied by exp[Awv,]. Similarly, the gate transconductance in weak inversion and saturation is also
multiplied by the factor .
q i

Imsar = B L A * Imisat,nodibly (1.167)
n n

where g, ., nodibi i the gate transconductance without DIBL.

The source transconductance in saturation including DIBL is multiplied by (1 — o4/n) - exp[Av,].

o4
Oms = (1 — n) : GAUP " 9ms,nodibl - (1168)

1.5.5 Output conductance in saturation due to DIBL without VS
1.5.5.1 General expression

From Figure 1.23 we see that the drain current in saturation does no more remain constant but increases
with vy because of DIBL. This is due to the forward current iy which now increases with vy due to
DIBL instead of remaining constant. The output conductance is hence no more zero, which obviously
affects the self-gain G,,,/G4s. It is therefore important to be able to predict Gy (or its normalized
form g45) as accurately as possible.

Similarly to what was done in Section 1.4.3, we will consider vy constant. The output conductance
is then defined by (1.106). In saturation, the change of the forward current and hence of the drain
current due to a change of the vy voltage is due to DIBL through an increase of the pinch-off voltage
v,. We can then write

. . /
_ 8,Ldsa,t _ aldsat . 8Up

= = — 1.169
Yds vy v, Ovg ( )
where vj, is given by (1.119). The derivative dv,/Jvg is therefore simply equal to
8’[)/ g,
D d
— = — 1.170
Ovg n ( )
On the other hand, the derivative dig,,,/0v), is related to the transconductance according to
Oid,,, O0id,,; Oid,,, avg
sat  __ sat __ sat | — . . 1171
T v, Ouy  ov, | Imee (L.171)

The output conductance in saturation is therefore proportional to the gate transconductance in
saturation

Gds = 0d * Imsas - (1.172)

Note that the above derivation is also valid when including VS as long as the transconductance
expression accounts for both DIBL and VS. Note also that the above derivation is mostly valid in
strong inversion. Indeed, the reverse current of a long-channel transistor in weak inversion is a function
of vg also in saturation, but usually the later can be neglected for short-channel devices compared to
the contribution of DIBL.

The transistor self-gain due to DIBL without accounting for CLM and VS is then simply

m m 1
G _ gm _ L (1.173)

Ad: =
" Gas  Ggis 0d
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From the general expression of the gate transconductance (1.155) accounting for DIBL (but not VS),
we can write

0d

=22 .. 1.174
9as = =4 (1.174)

The output conductance due to DIBL can then easily be calculated from the expression of the gate
transconductance in saturation derived above.

Similarly to what is done for CLM, we can define a DIBL voltage as

1
= 9ds _ ;. Imsar _ ga/n. (1.175)

Vdibl  Tdgay Udya qs

We see that 1/vg; is proportional to the normalized G,,/Ip function in saturation which should
include both DIBL and VS. Now, i4_,, is nothing else than the inversion coefficient IC' and hence

1 _9ds _ 0d ZGms

(1.176)

Vdibl id,sa,t - n ‘ IC7
where gp,s is the normalized source transconductance including VS and DIBL.

To use the relation between the output conductance g5 and the gate transconductance in saturation
Im.., given by (1.172), we would need to derive the expression of the gate transconductance in strong
inversion and saturation including both DIBL and VS. This is done the in the dedicated Notebook.
Here we only will account for DIBL ignoring VS.

1.5.5.2 Analysis in strong inversion and saturation

From (1.161) we get the output conductance in strong inversion and saturation due to DIBL ignoring

VS

n

oq [vp—vs 04 vg+ vs] o4 {Up — g Avp}
Jds = 0d " Gmaar = 7 2 n 2 2 2

We see from (1.177) that the output conductance increases with v, —v, and also depends on v4. Usually
o4 < 1 and hence v, — vy > Aw,. (1.177) can therefore be approximated by

(1.177)

NO'd"Up—’Us

~ Za 1.1
9ds n 9 ( 78)

1.5.5.3 Analysis in weak inversion and saturation

In weak inversion, the drain charge does not vanish to zero but decreases exponentially wrt vg. This
gives a finite output conductance even without DIBL. If we account for this and add the effect of DIBL
we get

Gas = €20 - e . {Ud e+ (1 + Gd> : e”d] 2 7d | Avp gup=vs, (1.179)
n

1.5.6 Impact of DIBL on the transconductances in saturation including VS

The derivation of the transconductances including both effects of DIBL and VS is tedious and is not
presented here. The detailed analyisis given in the Notebook dedicated to DIBL shows that a good
and simple approximation of the normalized gate transcondcutance g,, versus the inversion coefficient
that is valid in all regions of inversion is obtained by simply reusing the short-channel expression of g,
accounting for VS only and replacing A. by Agin

1 \/4IC+1+()\diblIC)2_1
g sa = Y (1180)
maat = 2+ A2, IC
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with ) ) A
242 (1.181)
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Figure 1.30: gy,,, versus IC including DIBL and VS valid in all regions of inversion.

This approximation is plotted in Figure 1.30 by the blue line which is very close to the full expression
corresponding to the red dots. For IC > 1/Agp, (1.180) tends to 1/Agip which is higher that 1/,
because of DIBL.
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Figure 1.31: n - gp,,,/IC versus IC{} including DIBL and VS valid in all regions of inversion.

Finally, the normalized G,,/Ip characteristic n - gp,,,,/IC is plotted versus IC in Figure 1.31. We see
that the weak inversion asymptote remains at unity, while the strong inversion asymptote is shifted
to higher inversion coefficient because of DIBL. The intersection of the strong inversion asymptote
with the horizontal unity line is therefore shifted from 1/\; to 1/\g;, because of DIBL. We can reuse
(1.180) to approximate the normalized G,,/Ip characteristic as

0 g\ i + 1+ Qi IO)? — 1
e IC- (24 X IC) ’

(1.182)

which is plotted in Figure 1.31 as the dashed red line which is close to the red line corresponding to
the full expression.
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I Important

The fact that we can use the expression of the normalized gate transconductance g, and of the
normalized G,,/Ip including the effect of VS only and account for the additional DIBL effect
by simply replacing A. by a slighlty higher value Ay explains why we get very good fits of the
transconductances and the normalized G,,/Ip. The value extracted for A, actually corresponds
to Agipr and hence also includes the effect of DIBL for short-channel transistors.

@ Notebook: Output Conductance in Saturation due to CLM and DIBL

This Notebook proposes a more accurate output conductance model that is valid in saturation
from weak to strong inversion and covers short to long-channel transistors. It also tries to answer
the question: what is the minimum transistor length for avoiding a strong degradation of the
intrinsic gain [18] ?

1.6 Short-channel effects on thermal noise

Noise represents the ultimate lower limit of signal resolution in analog signal processing. For this
reason it is key for the circuit designer to evaluate the noise of analog circuits whether at low-frequency
or at RF. In CMOS circuits, the most important contributor to noise is the MOSFET. At RF, the
noise in linear circuits is essentially due to the transistors white noise. At low-frequency the MOSFET
noise is dominated by flicker noise. However, the latter can be strongly reduced using circuit techniques
such as chopper stabilization, autozero or correlated double (or multiple) sampling which are presented
in Chapter 77 [19] [20]. The remaining noise is then the white noise which is either thermal noise if
the transistor is biased in strong inversion, or shot noise if the transistor is biased in weak inversion, or
a mix if the transistor is biased in the moderate inversion region [1].

The transistor white noise is characterized by its transconductance G,, and the thermal noise excess
factor ~y,, which is defined in ?7?7. Since the transconductance also sets the gain and the bandwidth, it
is essential for the designer to find the right G,, resulting from the trade-off between gain, bandwidth
and noise. To this purpose the designer can use various figures-of-merit (FoMs) helping exploring
the design space. The thermal noise excess factor «, is an essential FoM for the design of low-noise
circuits since it evaluates how much noise is produced for a given transconductance. It can hence be
used to derive the required transconductance needed for achieving a given input-referred noise or noise
figure for a given thermal noise excess factor ,. The G,,/Ip is another FoM that evaluates how much
transconductance you get for a given current. It can then be used to derive the required bias current
after having chosen the most appropriate region of operation using the inversion coefficient [21] [8].

As shown in 777 that for a long-channel transistor the thermal noise excess factor +, is close to unity
and shows only a slight bias dependence. However, in advanced technologies, short channel devices
biased in strong inversion show a =, that can become larger than one. Since the input-referred noise
resistance is proportional to v, /Gy, if 74, increases, the transconductance has to be increased by the
same amount in order to maintain the same input-referred noise resistance (or noise figure). This
increase in GG, unavoidably results in an increase of the bias current and of the power consumption. It
is therefore crucial for the designer to have a sufficiently accurate model of the thermal noise excess
factor valid over a wide range of current (or inversion coefficient).

The long-channel thermal noise model derived in Chapter 77 assumed that the mobility was constant
along the channel and that the channel length was sufficiently long so that velocity saturation and
channel length modulation could be neglected. These assumptions are obviously not valid anymore
for short-channel devices where velocity saturation and channel length modulation effects have to be
accounted for. Mobility reduction due to the vertical field also greatly influences the thermal noise and
has also to be included. Finally, the increase of the carrier temperature at high longitudinal field also
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needs to be accounted for. The impact of all these effects on short-channel transistor is described in
details in [22] [23] [24] [25]. In this section we will derive a simple empirical model of the thermal noise
excess factor for short-channel transistors in terms of the most important design parameter, namely
the inversion coefficient.

1.6.1 Empirical model of the thermal noise excess factor for short-channel transistors

The thermal noise excess factor 7, of short-channel transistor can increase significantly because of
various short-channel effects like VS and CLM [22] [23] [24] [25]. The behavior of v, with respect to
the inversion coefficient can be modeled by a simple empirical model given by [26]

Vnsar = Ynwi * (1 + - IC). (1.183)

where «, is used as a fitting parameter but can be related to the velocity saturation parameter A,

according to
n

an =g A2, (1.184)
This empirical model has been validated on 5 different technologies from 240nm down to 40 nm. The
empirical model (1.183) is compared to measured data in Figure 1.32 after extraction of parameters
Ynwi and ay, by curve fitting. We can extract the corresponding VS parameter according to

20,
Ae =/ —. 1.185
= (1.185)

The fitting parameters ~yy.; and oy, the imposed slope factor n and the corresponding extracted value
of A\ are presented in Table 1.4. Figure 1.33 shows that a, is actually scaling as /1/L.

3.5
3.0 » 240 nm (meas.)
—— 240 nm (model with n=1.30, v,,,;=0.84, a, = 1.38e-02)
2.5 < 180 nm (meas.)
—— 180 nm (model with n=1.30, y,,,;=0.95, a,=1.77e-02)
- 2.0 ¥ 120 nm (meas.)
> 15 —— 120 nm (model with n=1.30, y,,,,=1.26, a,=2.17e-02)
’ A 100 nm (meas.)
1.0 —— 100 nm (model with n=1.30, y,,,,=1.27, a, =2.59¢e-02)
® 40 nm (meas.)
0.5 —— 40 nm (model with n=1.45, y,,,=1.01, a,=6.79e-02)
0.0

0 10 20 30 40 50 60 70 80 90 100
Inversion Coefficient IC

Figure 1.32: Experimental validation of the thermal noise excess factor empirical model.

Table 1.4: Fitting parameters used for thermal noise excess factor model used in Figure 1.32.

Techno Vnwi an, n Ac

240nm  0.837034 0.0138037 1.3 0.135665
180nm 0.952055 0.0177346 1.3 0.153773
120nm  1.26136 0.0216531 1.3 0.169914
100nm  1.26643 0.0259371 1.3  0.185965
40nm 1.0063  0.0679447 1.45 0.306132
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Figure 1.33: Scaling of the «,, parameter with 1/L.

1.7 The simplified EKV model

The simplified EKV mode (sEKV) correspnds to the normalized drain current in saturation given by
(1.51)
_ 2(¢ + as)

L+ VI+M2(a3 +as)
which is completed with the voltage-charge relation giving the normalized saturation voltage v, — v, in
terms of the source charge g5 given by [1]}

IC (1.186)

vp — Ug = 2¢s + In(gs), (1.187)

where
Vg — V10
_ ) 1.188
o= (1.188)
The inversion coefficient given by (1.186) can actually be solved to express g5 as a function of IC
leading to

¢ =1 (\/410 14+ (MO — 1) . (1.189)

which can then be replaced in (1.187) to obtain an expression of the saturation voltage v, — v in terms
of IC. Unfortunately, the resulting equation cannot be inverted to express the inversion coefficient in
terms of the saturation voltage v, — v,. This is actually not a problem when we use IC as the main
design parameter from which we can then compute the saturation voltage using (1.189) and (1.187).

The simplified EKV model only requires four parameters to fit the Ip-V; transfer characteristic,
namely:

e the slope factor n,

 the specific current per square Ispecn,

e the threshold voltage Vg and

o the welocity saturation parameter \. (or Lsq).

Table 1.5: Typical parameter values for a 28-nm process.

Type n Ispecti DA]  Vio [V] Lggt [nm]
n-channel 1.1-1.5 850 0.4 - 0.55 15-25
p-channel 1.1-1.5 350 0.35-0.5 15-25
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The methodology to extract these parameters from measured data is sketched in a specialized Notebook.
Typical values for these parameters for a 28 nm bulk CMOS process are given in Table 1.5.

Note that the sEKV model does not include the effect of mobility reduction due to the vertical field
(MRV). The reason is that because of voltage scaling the gate voltage has been reduced considerably
making MRV less important. However, for older technologies it can be shown that it can actually be
covered to a certain extent by the VS parameter A..

Despite the very few number of parameters, the simplified EKV model can perfectly match data even
from advanced CMOS processes as will be shown below.

1.7.1 Bulk technologies

10 20
1 40nm and 28nm bulk
10 [| nMOS
0 Symbols: meas.
10 [ Lines: sEKV 15
W=108um, L=40nm
10t / R A N AR
L L W=3um, L=30nm
o 10 ' 10 ¢ ve=0v,=1v
T - W=108um, L=30nm
10 ® Ve=0,V,=11V
107} 5
107°F
-6 1 1
1005 -04 -02 00 02 04 08
V= Vo [V]

Figure 1.34: IC versus the overdrive voltage Vo — Vg measured in saturation on minimum length
nMOS transistors from a 40 nm and two different 28 nm bulk CMOS processes [21].

The IC versus Vg-Vrg transfer characteristics are plotted in Figure 1.34 and compared to measurements
made on wide and minimal length transistors from three different bulk CMOS processes, namely a
40 nm and two different 28 nm processes. Although the drain current is measured by sweeping the
gate voltage, the sEKV model is calculated from the measured current by first normalizing it to the
specific current for each transistor to get the inversion coefficient, from which the overdrive voltage is
computed using (1.189) and (1.187). Despite the very few number of parameters, the simple model
fits the measurements very well over more than 6 decades of current. Note that the extraction of
the parameters gy and Lgq is done for several different geometries (in particular different length)
illustrating the rather good scalability of the simplified model. Notice that the measured points and
analytical models of the W = 108um, L = 30nm (red circles) and W = 108um, L = 40nm (green
squares) transistors almost fall on top of each other, indicating that the normalization process almost
completely strips off the technology dependence. The difference with the W = 3um, L = 30nm (blue
diamond) characteristic is due to a slightly larger value of A.. In other words, the four parameters
almost fully characterize the technology at least for the transfer characteristics in saturation and in
the regions of operation used for analog circuit design.

The most important small-signal parameter is without doubt the gate transconductance G,,. Remember
that since in the EKV model the voltages are all referred to the bulk, we can define two other
transconductances: the source transconductance Gp,s = —0Ip /OVs and the drain transconductance
Gma = 0Ip/0Vp [1]. Note that G4 should not be confused with the output conductance Ggs. In
saturation G,,q = 0 and G5 = n - Gy,

The normalized source transconductance in saturation G,,s is given by (1.71), which is repeated here
for convenience

A Gms

g -Gy VAICH+1+ (A IC)2 -1

Gspec B Gspec 2+ Ag e ’
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Figure 1.35: Normalized transconductance g,,s versus IC measured on minimum length nMOS transis-
tors from a 40 nm and two different 28 nm bulk CMOS processes [21].

where Gspee 2 Ispee/Ur = 2nBUr with 8 = p10Cox W/ L. G is plotted versus IC in Figure 1.35 and
favorably compares to measurements obtained from the derivative of the characteristics shown in
Figure 1.34 over a very wide range of bias (more than 4 decades of current). Note that for short-channel
devices in strong inversion, the Ip-V transfer characteristic becomes a linear function of the gate
voltage as illustrated in Figure 1.34 and hence the gate transconductance becomes independent of the
drain current or the inversion coefficient and saturates to

1 L

Jms = A7(: B Lsat‘

~

The source transconductance also becomes independent of the length and only depends on W and wvgqy
according to (1.62)

Gms & —— = nWCsvs4t.

Instead of increasing as v/IC, as it does for long-channel devices, for short-channel transistor with heavy
velocity saturation, the normalized source transconductance G,,s saturates to 1/A.. The inverse of the
velocity saturation parameter A, is therefore a key parameter since it gives the maximum normalized
transconductance that can be achieved for a short-channel device in a given technology.

tD

~ W=108um, L=40nm
) s Vg=0,Vp=11V
:E n=1.48,A,= 0.55
(G) W=3pum, L=30nm
I e Vs=0,V,=1V
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~
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) e V5=0,Vp=11V

g ﬁg\)ﬂrgnsand 28nm bulk n= 1.48,A,= 0.63
(O) Symbols: measurements

Lines: sEKV
-2 -
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Inversion Coefficient IC

Figure 1.36: Normalized transconductance efficiency G,, nUr/Ip versus IC measured on minimum
length nMOS transistors from a 40 nm and two different 28 nm bulk CMOS processes [21].

The transconductance efficiency G, /Ip, sometimes also called the current efficiency, is one of the most
important FoM for low-power analog circuit design. It is a measure of how much transconductance
is produced for a given bias current and is a function of IC. The transconductance efficiency (or its
inverse) appears in many expressions related to the optimization of analog circuits. In normalized
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form, the transconductance efficiency is defined as the actual transconductance obtained at a given
IC with respect to the maximum transconductance G,, = Ip/(n Ur) reached in weak inversion and is
given by (1.74) which is repeated here for convenience

Gms G Ut B Gn Up B \/4IC+1 +I02Z -1 B {1 in WI and sat.

c Ip Ip IC(2+X21C) in Sl and sat.

(1.190)

AdC

The normalized transconductance efficiency given by (1.190) is compared to measurements in Figure 1.36
for the same devices shown in Figure 1.34 and Figure 1.35. Despite the normalized G,,n Ur/Ip only
requires one parameter (A, or Ly ), the model fits very well to the data over more than 5 decades of
IC.

1.7.2 FDSOI technologies

10 140 | 28nm FDSOI
nMOS
1  nd Loeaneesd o0 V=0V, V=1V Vy=0V
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V= Vp VI

Figure 1.37: IC versus the overdrive voltage Vi — V¢ in saturation measured on nMOS transistors
with L = 300 nm, 80 nm and 30 nm from a 28 nm FDSOI process [21].

The sEKV model was originally developed for the bulk MOS transistors. However, it can easily be
extended to FDSOI process by making the threshold voltage depend on the back-gate voltage Vg [27].
The sEKV model has been successfully validated on a 28 nm FDSOI process [27]. After a proper
parameter extraction, we get the Ip-V characteristic shown in Figure 1.37 demonstrating a good fit
of the I'p-Vi characteristic in saturation for three different gate length ranging from L = 300 nm down
to 80 nm and 30 nm.

10
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10 F
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10—1 N " n=111,4,=0.08
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g ¢ n=113,4,=029
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Figure 1.38: Normalized transconductance g,,s versus IC' measured on nMOS transistors with L =
300 nm, 80 nm and 30 nm from a 28 nm FDSOI process [21].
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The normalized source transconductance g,,s is plotted versus IC' in Figure 1.38 for the same devices
than in Figure 1.37. We see that for the short-channel devices with L = 80nm and L = 30nm, gpms
saturates to 1/A.. On the other hand the g,,s of the long-channel transistor with L = 300 nm continues
to increase as v IC. We also see that for the short devices, gms decreases at high IC. This is the effect
of mobility reduction due to the vertical field which has not been accoounted for in sEKV.

Q 0
t'\ 10
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Figure 1.39: Normalized transconductance efficiency Gy, n Ur/Ip versus IC measured on nMOS tran-
sistors with L = 300 nm, 80 nm and 30 nm from a 28 nm FDSOI process.

The normalized transconductance efficiency g,,s/IC is plotted versus IC for the same devices in
Figure 1.39. We clearly see the strong impact of velocity saturation on the short-channel devices
making g,,s/IC decrease sharply as 1/(A. IC) in strong inversion. We also see some deviations for the
short-channel devices at high IC' due to mobility reduction due to the vertical field.

1.7.3 FinFET technologies
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Figure 1.40: IC versus the overdrive voltage Vi — Vg in saturation measured on nMOS transistors
with L = 1 um, 70 nm and 30 nm from a 28 nm FinFET process [21].

Even thought the FinFET transistor has a very different structure than the classical bulk transistor,
the sEKV can also fit the I-V characteristics of FinFET transistors. This is illustrated in Figure 1.40
which shows the Ip-Vi characteristics of nMOS transistors for 3 different lengths (L = 1 um, 70 nm
and 30nm) from a 28 nm FinFET process. We see a very good fit for all transistor lengths over more
than 6 decades of current. There is a small deviation at low gate voltage for the 70 nm transistor
probably due to additional leakage current which is not accounted for in sEKV.

Figure 1.41 shows the normalized source transconductance versus the inversion coefficient for the same
devices. An almost perfect fit is obtained over 5 decades of transconductance.
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Figure 1.41: Normalized transconductance g,,s versus IC measured on nMOS transistors with L = 1 um,

70nm and 30 nm from a 28 nm FinFET process [21].
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Figure 1.42: Normalized transconductance efficiency G, n Ur/Ip versus IC measured on nMOS tran-
sistors with L = 1 um, 70nm and 30 nm from a 28 nm FinFET process [21].
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Finally, Figure 1.42 shows how the normalized G,,/Ip characteristic can be fitted versus the inversion
coefficient over more than 5 decades with just a single parameter ..

1.7.4 Comparison on 28 nm bulk, 22 nm FDSOI and 16 nm FinFET

nMOS
— Model
O 28 nm Bulk
[ A 22 nm FDSOI
O 16 nm FinFET
3 Error
0 1.94 % 1
A40% |
] 0112%
-0.4 -0.2 0.0 0.2 0.4 0.6
Vgs— Vo VI
(a) nMOS.
pMOS
[ — Model
0 28 nm Bulk
[ A 22 nm FDSOI
O 16 nm FinFET
» Error
P4 o 0 15%
o A 3.95%
& £ o 135%
-04 -0.2 0.0 0.2 0.4 0.6
Vse = Vi [VI
(b) pMOS.

30

425

420

Figure 1.43: IC-V—Vpq characteristic of transistors from 28 nm bulk (circles), 22 nm FDSOI (triangles)
and 16 nm FinFET (squares).

The sEKV model has also been validated on n- and p-channel transistors from a 28 nm bulk, 22
nm FDSOI and 16 nm FinFET technologies. The Ip-Vg characteristic of the three technologies are

compared in

Table 1.6: sEKV parameters used for the 28 nm bulk, 22 nm FDSOI and 16 nm FinFET.

Type Technology W [nm] L [nm] n Ispecn [nA] Ae Vro [V]
nMOS 28 nm bulk 3000 30 1.46 599 0.271 0.478
nMOS 22 nm FDSOI 1000 18 1.24 446 0.307  0.266
nMOS 16 nm FinFET 58 16 1.13 1290 0.475 0.366
pMOS 28 nm bulk 3000 30 1.74 446 0.253  0.501
pMOS 22 nm FDSOI 1000 18 1.52 468 0.36 0.312
pMOS 16 nm FinFET 58 16 1.12 995 0.331 0.431

1]

Low-Power and RF IC Design, 1-* ed. John Wiley, 2006.

2]
World Scientific, 2007.
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