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This paper preset{ts a new compact model for the
intrinsic charges and {trans)capacitances of the MOSFET
including short-channel effects such as drain induced
barrier lowering (DIBL), channel length modulation
(CLM) and carrier}veloeit_\' saturation. Explicit and
compact expressions for charges and (trans)capacitances
valid in all regim:es of operation are presented.
Simulations examples |that illustrate short-channel effects
in charges and (trans )%apacitances are shown.

i
1. Introduction ]

In the last years, many efforts have been made to
improve the modelingi of the dc characteristics of small-
geometry MOSFET’s! However, the design of analog-
digital circuits for low voltage operation at high-speed
requires the ac characteristics to be accurately modeled as
well. ;

Some recent models present expressions for the intrinsic
charges. The models in [1-2] show explicit and continuous
expressions for the charges but do not take into account
velocity saturation. Bs;IM model [3] uses very complicated
expressions for the charges with many fitting parameters,
is discontinuous for Vpg=0 and does not keep the source-
drain symmetry of the MOSFET

In this paper we présent a new model for the intrinsic
charges and (trans)capacitances which rests on the short-
channel charge model of Maher [4] and the model
presented in [1]. The new model keeps transistor
symmetry, has consistént expressions for the charges and
(trans)capacitances, is; continuous around Vps=0, and
includes the effects of charge sharing, DIBL, CLM and
velocity saturation.
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2. Basic Relations

The equations that follows have been derived for
NMOS transistors. The basic assumption of this model is
the linear dependence of the inversion charge density Q]

on the surface potential ¢s, for a given gate-to-bulk voltage
(Vo).

The short channel effects are included in the model as
described in [1]. The DIBL effect is represented by the
parameter 6, which models the dependence of the pinch-
off voltage, Vp, on both the drain and source voltages
according to: :

c
Ve (Vg Vs, Vp) = VPO(VG)+;(VD +Vs) (D)
where Vg, Vs, and Vp, are the gate, source and drain
voltages referred to the substrate, respectively. Veo(V) is
the pinch-off voltage for Vp=Vs=0. The CLM is
represented by a shrinkage of the channel length AL given
by a conventional expression [1].
The effect of carrier velocity saturation is included in
the mobility model as [1, 4]
1!
— )
1+ ,_u_(k&
Viim dx

Mg =

where vy, is the saturation velocity and . is the mobility of
the long-channel device, which has been assumed to be a
function of V¢ only.

The drain current including velocity saturation is given by

I.= uweff 1 Q;::! _Qg (3)
P CL Ly I+ Qr-Q: 2n
Qa

where L.y and W, are the effective channel length and
width, Q) =Qisp) ~nCoxP:» Leq =Leg ~AL and



vy . . . .
Q) =nCy L, —lim Qi) is the inversion charge density
u

evaluated at the source (drain) end. C’,, is the gate
capacitance per unit area, ¢, is the thermal voltage and n
the slope factor.

The relationship between the inversion charge and the
terminal voltages used is the so called unified charge
control model (UCCM) (1, 5].

3. Intrinsic Charges

The inversion and depletion charges are given by

Ler Lo,
Q= Wegt J:) Qidx, Qg =W Io Qpdx. (4-5)
respectively. dx can be written as
}’Q’n - ©

IVt ) -1l 2
nC,Ip Wett Viim

To calculate the total inversion charge, the channel is
split into the saturated and nonsaturated regions.
Substituting (3) and (6) into (4) and integrating from L = 0
to L = L, we obtain the inversion charge in the
nonsaturated region of the channel. In the saturated region
the inversion charge density is considered to be constant
and therefore, the inversion charge is equal to W, ALQ, -

Thus, the total inversion charge is

dx =

2 2
Ql =Werrch Z‘lr_ﬂlﬂ_ﬂcm‘ __I_D__
3 qf +qr ct'fvlim (7)
+ W, ALQ)p
where
’ I])
Qs =Qp+—— (8a)
Wett Viim
and
’ ID
q, =Qr+—m™. (8b)
Wet Viim
The depletion charge density is given by
’ n-1 ’ YZC’OX
=——_"0Q'- 9
B =" 00 ) ©
which after integration along the channel gives
n-1 YC,
=— A R 10
Qg Q e 301 (10)
The gate charge is.given by
Q YZC,
=-Qg-Q;=———+ WL 2 (11
QG QB QI n eff ~eq 2(n—1) ( )

The drain charge is.given by
L:q X , Loy ,
Qp = Weffj() ledx + Wege J.Leq Qipdx

where we integrate along the saturated and nonsaturated
regions of the channel. The coordinate x is obtained by

(12)
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integrating (6) from the source (x = 0, Q’; = Q’j5) to an
arbitrary point of the channel (x, Q’):

2
W, , , 1
x == Qs ~nCld, +——"—
2nC, 15 Wett Viim
: 5 .(13)
-l Qr -nC,0 4—D
[ o Wett Viim
Substituting (13) in (12) and integrating we obtain
0. = Wali (234 +69.9, +49,9," +29,°
D
Lo 15 (Qr +q, )2
, I (14)
nC\\x¢l - 2 LZ LZ
+ Wcﬂ’vlim +W. off cq Q’
2 eff 2LC“» ID
Finally the source charge is
Qs:Ql‘QD- (15)

Note that equations (10) and (14) have the same form of
their counterparts in the long channel model reported in
[1], as long as CLM is not accounted for.
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Fig. 1 - Source and drain charges versus V, for
the model with velocity saturation and for the
long-channel model.

The effect of velocity saturation is an increase in the
absolute value of the total inversion charge in saturation as
a consequence of the non zero charge density at the drain
end. This effect is illustrated in Fig. 1 where the source and
drain charges are plotted together with the charges
obtained from the long channel model of [1]. The
difference between the long-channel and short channel
characteristics can be viewed as a reduction of the
saturation voltage due to vyy,. In Fig. 2 the effects of both
CLM and DIBL are shown. DIBL causes an increase in the
absolute value of the charges, in the saturation region, as
predicted by equation (1). In saturation DIBL combined
with velocity saturation can produce a maximum in the
charge characteristics, as shown in Fig. 2.
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Fig.2 - Drain andisource charges showing the
effects of CLM and DIBL separately and
combined with one another.

4. Transcapacitances

|
The (trans)capacitances are defined as

& = -a—& (16)
V; av;
were Q and Qj are ariy of the charges Qg, Qp, Qs or Qp
and V; is any of the |potentials Vg, Vg, Vs or Vp. The
expressions above dé‘:ﬁne 16 (trans)capacitances from
which we can choose 9 that are independent.

Applying the definition (16) and using (11) the gate to
source (C,) and gate to drain (Cy) capacitances are written
as

Cy=- - G

| a 1 aQ
Cestar =1‘av(3:;) =;W<'D)- )
From (7) we have |
9Q _3Q 34y  3Q 3, Le Iy 18)
OVspy 94r OVsip) 99 IVsp)  Viim IVs(p)

Considering that the partial derivatives of the
drain current with respect to the source and drain voltages
define the source and drain transconductances (g, and
8ma) respectively we ha‘ve,

) L nC’

9¢(r) =HC:,X li-i-nc,nxq)l 1+2)+ Ems(d) , (19)
9Vsp) I NFR) n eff Viim

2 | ‘

2w o [14 2l 0, Bmin g
9Vns) L Qw0 Wer Vim

i
In (19) and (20) the ;;)anial derivatives of AL have been

neglected.
-y 1+ e | 5
f Qrqr) J9t(r)

Here we define
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We have choosen this notation because Cy, and Cy, are
exactly the long channel capacitances C, and C,q reported
in [1].

Proceedings the same way, the expressions for
(trans)capacitances Cg, Cyq, Cys, Cyp and Cgy,, are found.
The expressions for the capacitances are listed in table 1 In
those expression g, and g, are, respectively the bulk and
gate transconductances. Cyy, and Cy,, the values of Cyy and
Cg if short-channel effects are not account for, are:

, nCy, ¢, 19Q
Cygo =nCl | 1+ —22TL |"<D (22)
o ( Qr Iq;
Caro = nCly | 1+ e 10 (23)
QF aqr

Fig. 3 shows C, and C,, normalized to the gate
capacitance C,,, versus Vp, calculated according to the
expressions of Table 1. The long-channel capacitances,
denoted by Cyjo, can be calculated from the long-channel
model described in [1]. These capacitances vary more
abruptly when we include velocity saturation then in the
long channel model. This result is coherent with the
smaller Vpgar obtained when velocity saturation is
considered

Fig. 4 shows the dependence of C., and Cy on the
channel length. Due to DIBL C,y becomes negative for the
transistor whose channel length is 0.8um, the minimum
value for this technology. Finally, Fig. 5 shows these same
transcapacitances and the gate capacitance versus Vg for
Vp=Vs=0. Cy and C, are equal and the value of the gate
capacitance C,, approximates to the oxide capacitance both
in accumulation and strong inversion, as it should be.

----- wih valocty saturation
——tong-channel

8.00E-01

Can

7.00E-01
6.00E-01
o
-
2.006-07

1.00E.01

0.00E+00

0 t 2 k) 4 B
Vo (voR)

Fig.3 - C_, and C , calculated with velocity
saturation included and for the long-channel
device (1) versus V,, with V=5V and V=V,=0V.
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Fig.4 - C_ and C_, versus V, for channel-lengths
varying from 0.8um to 7.8um.
V=5V and V=V,=0V.
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5. Conclusions

A model for charges and (trans)capacitances for the
MOS transistor was presented. The model is consistent
with the drain current model, and has compact and
continuous expressions for the (trans)capacitances, The
results of simulations show the consistency of the model.
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Figb5-C_, C,.C,andC_ versusV, for
V=V =V,=0V
Table 1.
] Expressions for the (trans)capacitances
Variable | Expression
2 2
c 9, +9, |Le
Cg&(d) \] Cgs(d)u __(Cgsu +ngo);+[1 ‘W Vl,':‘ & s
n-1 26 2 9. +q.” | L.
—(C —C,o —Cooo -0 =-DC, +C, +C  J—+=| 1~ A2 Lo
Car J Co-Co-Ca-la-p g )T 3( @ 197 v o
o 23 +119,%q, +14q,q,> +2q," 1)L,
Caas) ‘ Cugesro +(th(d)n _Cums)«»)‘n""(l_g ‘ l(Cl,» +q,)3l 5 v”:' Bsy)
c, (Cy=Coo) (239, +11a/°q, +14q,9,” +2q," 11|y
¢ n 15 (ql "Lq()3 2 Vlim "
_C 3 2 2 3 L
Can (Cua Cdm)(n_l_zc)_ 2 3q, +11g, 9. +149,79, #2901 b,
n . 15 (q( +qr)‘ 2 Viim
Coswy L ' (n =DCyyy)
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