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ABSTRACT

This works aims at providing an accurate and complete
symbolic model of the MOS transistor useful for the early
stages of design. The main idea is to extend the simple
formalism of drift transport to include both diffusion and
velocity-limited transport. This new concept is supported
by a charge-based model, in which we substitute a virtual
charge for the inversion charge density. The virtual charge
is just the real inversion charge plus the pinch-off charge
minus the saturation charge. A direct consequence of the
definition of the virtual charge is strong inversion-like
representation of currents, charges as well as small-signal
parameters.

Keywords: MOSFET, MOSFET model, charge-based
model, symbolic model.

1 INTRODUCTION

The new generation of compact MOSFET models [1]
provides accurate current, charge, capacitance and noise
characteristics as numerical outputs of a rather complicated
set of internal equations specific to each model. Numerical
circuit simulation is a fundamental tool for circuit
verification, but is not really useful in the early stages of
design. Very simple models of the MOS transistor are
customarily used at these stages, but they are not accurate,
particularly for advanced technologies. This works aims at
providing a new accurate and complete symbolic model of
the MOS transistor useful for the early stages of design.
The main idea behind this symbolic model is to preserve
the simple formalism of strong inversion (SI) through a
change of variable to render it capable of describing the
actual transport including diffusion and saturation velocity
effects. This new concept is supported by a charge-based
model, in which we substitute a virtual charge for the
inversion charge density. We will show that the virtual
charge is the real inversion charge plus the pinch-off
charge (diffusion increases the current) minus the
saturation charge (velocity saturation reduces the current).

2 DRAIN CURRENT

The Pao-Sah expression for the drain current I, which
includes the effects of both drift and diffusion, is

v dV
I :—,UWde— (1)
y

where g is the mobility, W is the transistor width, Q1 is the

inversion charge density, and d V/ dy is the gradient of the

channel voltage (quasi-Fermi level splitting). Two
fundamental expressions used in our derivations are the
approximate linear relationship between inversion charge
density and the surface potential ¢ for a given Vg

dQ; =nC, dgq )

along with UCCM [3]
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where Vp is the pinch-off voltage, ¢, is the thermal voltage
and Qj, =—nC, ¢ is the pinch-off charge, which depends
on the gate voltage and on technological parameters, and »
is the slope factor. Using approximations (2) and (3) in (1)
we find that

W . do,
Ip = _'U—lez O (4)
nC,, dy
0y =0; —nCo., 5)
Q}t is the shifted (by the amount equal to —nC;x¢t)

inversion charge density. Assuming the mobility to be
constant along the channel, the integration of (4) between
source (y=0) and drain (y=L) yields

_ a0 -0
C;XL 2n

I =Ip(1-a?). (6)

where QF and QR are the values of (J;, evaluated at

source and drain, respectively.

Q)’(R) = Q}S(D) - ”C;x¢t (7
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The (forward) saturation current Ip) and saturation
coefficient o in (6) may be rewritten as

'2
o = % and (8)
C. L(2n)
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Q F Q[S - nCox ¢t
The saturation coefficient a above is a generalization of

the definition proposed in [2]. In effect, in SI and assuming
zero bulk charge the relations given below hold.

Q}D ~ VP _VD

Vs _VTO. (10)
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o
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Now, to calculate the effect of velocity saturation on the
drain current, we follow the same procedure as that for the
long-channel transistor. To obtain the new expression for
the drain current we use the following approximation for
the field-dependent mobility

y=—to = o (11)
1+ﬂﬁ 1+& do,
Viim 4y Vlim nC(')xdy

Taking into account approximations (2), (3), and (11),
the Pao-Sah equation of the drain current becomes

;oMW O —nCod dO,
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(12)
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Equation (12) can be rewritten as

w \ \ 1
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nC, I,

JdQ} (13)

lim

Expression (13) has very important properties. Firstly,
because n depends only on Vg, and I is constant along the
channel, we can define a virtual charge density that differs
from the real charge along the channel by a constant term,
ie.,

1 il ID

Oy =0y —nCofh +—— (14)
WVlim

The last two terms in (14), constant along the channel,

have clear physical meanings: —nC;x¢t is the pinch-off

charge and —/, /Wv,_ is the saturation charge, i.., the

minimum amount of carrier charge density required to

sustain a channel current equal to /p. The virtual charge is
the real inversion charge plus the pinch-off charge
(diffusion increases the current) minus the saturation charge
(velocity saturation reduces the current). From (14), the
following equality holds along the transistor channel

dQ', =do;. (15)

Now, inserting (14) and (15) into (13), we find that

IUOW ’ '
dy =——""—0,d0;, . 16
'y nCl 1, 0,dOy (16)

Using the basic linear relationship between Q1 and ¢y

given by (2), equation (16) becomes equivalent to

dgs

Ip =_,U0WQ'VE, (17)

which corresponds to the drift-only current of the virtual
charge QV We can adopt the following definition for the

virtual charge: The drift of the virtual charge produces the
same current as the actual movement of the real charge,
which includes drift, diffusion and velocity saturation. The
use of the virtual charge allows us to extend the formalism
of strong inversion to the general case of drift-diffusion
plus velocity saturation. This result is similar to the one
presented by Maher and Mead in [7].
The integration of (16) from source to drain results in

2 2
W Qs =0'%p 2

=— =] l—a 18
C,L 2n DO( ) (18)

where, in this case the (forward) saturation current /p,
and saturation coefficient a in (18) become

Ip

_ /UWQI'/Sz
C, L(2n)

1

Ovp _ Q}D _nC;x¢t+ID/Wvlim
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DO and 19)

a= (20)

Clearly, (18) is not useful as a stand-alone expression
for calculating the current because QV depends on the

current itself. Nevertheless, the expression of the current in
terms of the virtual charges at source and drain is
instrumental for deriving simple expressions of stored
charges and capacitive coefficients that keep the drift-only
transport formalism. Just for the sake of completeness, the
drain current can be calculated from the integration of (12)
between source and drain, yielding
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3 STORED CHARGES
The splitting of the inversion charge
L
O, =W [Qydy (22)
0
into the source and drain charges according to
L '
Oy =W]| (1 —1) Q,dy and (23)
0 L
L Vo
Op = W.[ZQIdya 24
0

as presented in [4]. Such a partitioning of the inversion
charge density, based on charge conservation, is valid for
the quasi-static model, where the charge distribution in the
channel is given by the dc distribution calculated
considering the instantaneous values of the terminal
voltages.

3.1 Long-channel transistor

In the following, we derive the charge expressions for
long-channel transistors and then include short-channel
effects. All the information necessary to calculate the stored
charges in the quasi-static approximation is available in the
dc current model of the transistor.

To derive the long-channel stored charges, we make

Vi —> @ . Then, substituting (5) and (13) into (22) yields:

w? | % c o
Q[ = Ii(;ic, |:J.F(Q[t+n ox¢t)Q[tdQ[t (25)

The integration of (25) gives

2 '3 '3
_ W™ O —OF C Q QF
0 = v +nCoh ———
nC. I, 3 2
(26)
To find the source and drain charges we first find y in
terms of the shifted charge through the integration of (13)
from the source (y=0) to an arbitrary point y of the channel,

which gives (for v, —> )

> C, (QF -0.’) @7

The expressions for the channel-related charges in terms
of the source inversion charge density and the saturation

y=—t0T

coefficient a, are summarized in Table 1(for long-channel
devices, v, —> o and AL — 0). As seen in Fig. 1, in
spite of their complicated aspect, the functions of the
parameter a are well behaved, slightly varying functions in
the physically meaningful interval 0<o< 1. These functions
give, for a non uniform channel (0<Vps, or a<lI), average
values of the inversion charge density in the channel

s

1
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Fig. 1 Functions of the inversion coefficient a appearing in
the channel charge expressions

An approximate expression for the depletion charge,
linear in terms of the inversion charge can also be readily
obtained, as demonstrated in [3]

_1 ,
Op = —n7Q1 + O MWL (28)

Ql'ga is the depletion charge density deep in weak

inversion. The stored charges in terms of the gate voltage
are shown in Fig. 2.

3.2 Short-channel transistor

To calculate the total inversion charge, the channel is
split into the saturated and non-saturated regions. In the
saturated region the inversion charge density is assumed to
be constant; therefore, the inversion charge is given by

O, =Wy ™ Ody +WALQ), (29)

where Q[Dmt ) / Wy, is the minimum amount

of carrier charge density to sustain a channel current equal
to Ip and AL is the channel-length shortening. To

determine the inversion charge in (29) we calculate Q1 in

terms of QV by means of (14) and y in terms of QV using
(16), which yields the total inversion charge presented in
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Table 1. The source and drain charges can be determined in
a similar way, resulting in the values given in Table 1.
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Fig. 2 The charges at the gate (Qg), source (Qs), drain (Qp)
and bulk (Qg) terminals versus Vg for an NMOS transistor
with W/L=10um/0.8um. (Vp,=2V, Vs=0V)

The effect of velocity saturation is an increase in the
absolute values of the total inversion charges in saturation
as a consequence of the non zero charge density at the drain
end. This effect is illustrated in Fig. 3 where the source and
drain charges considering velocity saturation are plotted
together with the charges obtained from the long channel
model.
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Fig. 3 Source and drain charges versus drain voltage for
long-channel device and for short-channel device [6]

4 CAPACITIVE COEFFICIENTS

The four-by-four matrix of the MOSFET intrinsic
capacitances for quasi-static operation is defined according
to

dQg/dt) [ Co ~Co —Coa =Cep |(dVg/dt
dOgldt | | -Cyy  Cy —Csa —Cy || dVy/dt
0y ldt| | ~Cpy =Cos Cuy ~Cay || AV, /it
0y 1dt ) | _Chy —Chs —Cha Cop J\ AV /d

(30)

Only nine out of the sixteen capacitive coefficients in
(30) are linearly independent, due to charge conservation
and charge transfer dependence on voltage differences only
[Tsividis 99].

An appropriate set (among many) of capacitive
coefficients is represented by equations (31) and (32). The
circuit equivalent to equations (31) is presented in Fig. 4.

dQ; dv gs dV gp dV gp
=Cls + +
@ Ceg TCuT T CaTy,
dQy, dV pg dV pg dV gs
= + + Chs
dt Cer dt Coa dt Ces dt
d
+ Cp LoD 31)
dt
do, dV pg dV pp dV gp
= +
dt Coa dt ¢ dt Co dt
dV pp dV sp
+ S - s
Csa " Ca ar
where
Cn=C4qo—C
dg gd (32)
me = Cbg Cgb
¢ ; dvpg
f‘-\ldf c.
Coe —— L/ —
e, d :;GB
s )= p o
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C'mxm C (f‘_SB
dt | Cus ds dt ks
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B

Fig. 4 Quasi-static small-signal model for the charging
currents of the MOS transistor

The determination of the capacitive coefficients in (30)
requires calculating the derivatives of charges wrt voltages.
Let us first write the charge balance equation.

O =—(0,+ 05+ 00y ) = o ~0pWL=00x (33)

n
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Capacitances Cg and C,, can be obtained deriving the
gate charge in (33) wrt V), yielding

80, 1 09,
Cgs(d) - -

(34)

The remaining capacitances can be calculated in a
similar fashion. The results for the capacitive coefficients
are given in Table 2.

Some comments about the capacitive model of the
MOSFET are timely: (i) when the variation of n with V is
assumed to be negligible, then Cyp,=Cy, and the simplified
set of eight capacitive coefficients in Table 2 results; (ii)
8ms» 8ma» and g,, are the source, drain, and gate
transconductances, respectively; (iii) The use of the
generalized saturation coefficient o allows a very compact
formulation of the capacitive coefficients.
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Fig. 5. Normalized gate-to-source and gate-to-drain
capacitances versus drain voltage
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Fig. 6 Gate-to-bulk capacitance with and without the effect
of velocity saturation [6]

Fig. 5 shows C, and (g, normalized to the gate
capacitance C,, versus Vp, calculated according to the
expressions of Table 2. These capacitances saturate for
lower Vpg values when we include velocity saturation,
which is consistent with the reduced value of Vpge:
obtained when velocity saturation is considered. The plots
of other capacitive coefficients are shown in Figs. 6 and 7.
In all cases the effect of velocity saturation is to make
capacitances vary more gradually as compared to the long-
channel case.
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Fig. 7 Drain charge related capacitances calculated with
(...) and without ( ) carrier velocity saturation [6].
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Table 1 Total inversion, source and drain charges as a function of the inversion charge density at source and the saturation coefficient a

0,=W(L- AL){ZIJFOH—O[ QVS+nC0x¢:| Lip (35)
1+ Viim
QS:W(LZAL) [6+12a+8a +40[ Q ¢t:’ Llp (36)
15(1+a) Viim

Op = I

2
W(L-AL) | 4+8a+12a* +6a° .  nC'
( ) ( QVS + 0x¢t} LID (37)

2 2Vllm

15(1+a)’

Table 2 Intrinsic (trans)capacitances

Variable Expression
' 2
Cgs‘ EI/VL C' 1+20£ 9 egmc (1 0{)
3 (1+a) 1+q IS 3nvllm (1+6{)2
' 2
ng %WL C' a2+2a 9 _ egmd (1 a)
3 (I+a) 1+q i MWim (1+0¢)2
CbS(d) (l’l - 1) Cgs(d)
2
— L. m 1-
Cgb: Cbg _1 Cox - Cgso - nga - £ £ ( a)z
® n Wim  (1+a)
' 2
Cus 2 C,OXWL_§1+3a +3a2 a's 1 g,lL: (3a+7)(1;a)
15 L (1+a) 1+q's 30 viul  (l+a)
Coa —i nC' £a+3a o’ q'ip 1 Zale (3"'70‘)(1 a]
15 L (1+a) I+q';, 30 Vi L (1+a)
" —nC
Q'VD — QID ¢t WVlim
’ O Qj—nCly +
Viim
0,
L =L-AL q[S(D) gi;

(*) Cqyo and Cgy, are the first terms in Cyyand Cgy, respectively
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