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Based on a 1D Poissons equation resolution, we present an analytic model of inversion charges allowing calculation of the drain
current and transconductance in the Metal Oxide Semiconductor Field Effect Transistor. The drain current and transconductance
are described by analytical functions including mobility corrections and short channel effects (CLM, DIBL). The comparison with
the Pao-Sah integral shows excellent accuracy of the model in all inversion modes from strong to weak inversion in submicronics
MOSFET. All calculations are encoded with a simple C program and give instantaneous results that provide an efficient tool for

microelectronics users.

1. Introduction

Although MOSFET modeling is now well covered and
addressed in BSIM, EKV, and PSP compact models [1], it
is always interesting to present a semianalytic resolution of
1D Poissons equation which can be implemented in popular
computers with usual software giving most physical results
(potential and charges distribution) instantaneously. New
approaches of MOSFET surface potential modeling were
performed from analytic treatment and have brought a
renewal in analytic resolution of surface potential [2-5]. We
previously used a similar method in the analytic description
of surface potential by Taylor expansion [6].

Oguey and Cserveny [7] proposed as early as 1982 a
complete analytic model based on the gate and drain source
voltages. An important step was reached in modeling by
Enz et al. in 1995 [8], Iniguez et al. [9] in 1996, and
Cheng [10] in 1998 who gave analytic expression of the
inversion charge. We certainly do not pretend to provide
an alternative method to the compact models implemented
on the simulators for CAD, but are simply trying to
provide analytical support to the understanding of strategic
components of microelectronics.

From the analytical expression of inversion charge as a
function of gate and drain bias, we attempted to provide a
single analytical expression that achieves explicit functions
of the drain current Ip (Vg, Vp) and the transconductance
g(Vg, Vp). The originality is based on a model in which the
threshold voltage does not appears explicitly, but is replaced
in the analytical expression by a parameter b(Vg) dependent
on the surface potential at zero drain bias.

It became obvious to us that the influence of other
parameters could be included in these equations by more
complex developments based on quasi two-dimensional
analysis that exceeded this paper. Thus, we have not con-
sidered the specific effects: ballistic transport, tunneling
through the oxide gate, which alone account for modeling of
complex developments and led to numerical 2D treatments.

The presentation is made under the Gradual Channel
Approximation (GCA) [11] which assumes that the electric
field in the direction perpendicular to the channel is
much greater than in the direction parallel to the channel
and allows a 1D model of Poisson-Boltzmann equation.
The different explicit equations (gate voltage and channel
potential versus surface potential) are inverted using Taylor
expansion, and we solve all equations until the point analytic



calculations can be done then calculate the single integrals by
Simpson algorithm encoded in simple C programs.

2. Basic Assumptions in MOSFET

2.1. The Surface Potential Equation. Under the gradual
channel approximation [11], with the introduction of the
reduced channel voltage £(y) = V(y)/Ur as quasi-Fermi
potential [12] and the correct charges densities are [4]

n(x,y) _ nieu(x,y)—f(y))

p(x,y) = pie ™,
Ny = pie™™,

(1)

Np = nieurf()’)_

The Poisson-Boltzmann equation can be analytically
solved using the 1Dmodel of Nicollian and Brews [13] from
the charge density:

dl;ix) = e%[p(x’y) —n(x,y) + Np — Na]. ()

The surface electric field, Fs(y) = Fy(0,y), along y
(Figure 1) solution of (2) inx = 0, is

Fs(y) = | E e s ()] + Glus()], - ()

by setting:
H(u)=e"+e"[up, —u—1],
o (4)
Gu)=e*—e“u—u+1l].
The gate voltage Vg relative to flat band is
o Qs(y)
Vg—Vp = 7C0
(5)

+Ws(y) = youJe ¥ H[us(y)] + Glus(y)]
+ Urlus(y) — u(b)].

2.2. The Surface Potential Dependence to Gate and Drain Bias.
The gate voltage is an explicit function of us(y) and &(y).
Several solutions of Vg = flus(y),&(y)] were reported to
express the band bending ¥s = Ur[us(y) —up] as an analytic
function of the gate and channel voltages [3, 14]. Gildenblat
et al. have given in [5, 14] a noniterative expression of
the surface potential which serves as a reference for surface
potential-based models. In the following, we generated us(y)
by first-order Taylor expansion as previously done in [6].

us(y) versus Vg at a constant drain bias V(y) is
generated by

du
us(l+1) = us(l) + 8<dvg>u5m’ (6)
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Vg(l) =1- 8, (8 sample step and / integer).

And us(y) = usy, versusV(y) at a constant Vg is
generated by:
du
Usm+1 = Usm + h|:d;j|ususm- (7)

&(y) = mh (h sample step and m integer) is expressed as
a function of ug(y) at a constant Vg by an analytic model
previously developed by Baccarani et al. [15]:

Hlus(y)]

=In 8
)= B 1T - Gl ] ©
with the introduction of the dimensionless quantity:
2
E(u) = [Vg - U;(“ - ”b)} . (9)
0

3. Analytic Model of Inversion Charges

3.1. The Inversion Charges Dependence to Gate and Drain
Bias. In an n-MOSFET, the inversion charges are defined by
the integral of electrons density over the “physical” thickness
dinv:

d;
Qv =4 Jo n(x, y)dx. (10)

The “physical” inversion starts at the silicon surface with
the surface potential u(0, y) = us(y) and ends at the abscissa
X = diny corresponding to n(x,y) = p(x,y) and u(diny, )
= &(y)/2. The inversion charge dependence with channel
potential £(y) at a constant Vg noted Qinv(§(y))ly(,) can be
written in terms of potential as follows:

u(s) e—E0) dy

§002 \Je= S H (u) + Gu)

va(f(}’)) | V(g) = A‘]”i (11)

From (8), Qinv(§(¥))ly(,) becomes a single integral of
u with the limits only dependent of m. Figure2 shows
Qinv(V(y)ly(g versus V(y) = &(y) - Ur with Vg as a
parameter in linear (strong inversion) and log scale (weak
inversion).

A threshold voltage of inversion charges Vprly () can
be defined by the interpolation of the linear part of
Qinv(VD)IV(g) with the Vp axis. Vorly) = f(Vg) plots
(Figure 3) give at Vp = 0 a threshold voltage Vr which differs
from Vg by a factor = 1.1. Vy is used in (12) instead of V.

3.2. Analytic Expression of the Inversion Charges Dependence
to Gate and Drain Bias. The simplest analytic approximate
expression of Qiny(Vg, Vp) in the whole range of gate and
drain bias is well represented by

Vg - Vr VD)}
o (Ve Vp) = nCoUrlIn| 1+ AS BERSSERCANN
Qi (Vg, VD) = nGCo Tn[ eXP( noUr Us

(12)
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F1Gure 2: Normalized [Qiny (V (y))I Ve V(y)] plots in logarithm and
linear scales. (=) (11), (+) (17).

no0(=1.2) is the slope factor defined by the exponential
law Qiny(Vg,0) if Vig < V.

However, this formulation should contain adjustment
coefficients to reduce the error between (11) and (12). This
was done in 1996 by Iniguez et al. [9] with the introduction
of adjustment coefficients based on the threshold voltage in
an expression of inversion charges similar with (12).

We propose an alternative method by introducing a
“charge linearization factor,” # = n(Vyg) which fits the slope
dQinv(Vp)] V(g)/ dV in strong inversion, and a preexponential
parameter a(Vg) which fits (12) with (11) in y = 0:

ainvo(vg) VD)

Vg—-Vr Vp
=n(Vg)CUrln| 1+a(V, —— - — ]|
1V GaUrn| 1+ a(vg) ep( Y2V - )

(13)

Another definition of the “charge linearization factor”
n(¥s) was introduced by Sallese et al. [16] in strong inversion
and gives results different from #(Vg) as shown in Figure 4.
n(Ws)(>1) increases when Vg decreases. The difference
between #7(¥s) and #(Vg) results from d¥s/dVp = dus/d
which can be calculated from (5). #(Vg) and a(Vg) are
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F1Gure 3: The threshold voltages Vprly(g) = f(Vg).
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F1GURE 4: §(Vg) modeling by exponential functions. (125 = 1.08;
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interdependent and will be estimated in order to minimize
the error between Qiny(Vp)| Vig) and (,NQinVo(Vg, Vb).

Figure 4 shows [#(Vg),Vg] plots calculated from
Qu(v(y))| Vig) and n(Vg) are well represented by a smooth-
ing function #,; as follows:

__my 1+exp((Vg - Vro)/NUr)
n(Ve) = m = 2 1+0.5exp((Vg — Vro)/NUr)"

(14)

#a5 is the asymptotic value of 5(Vg) at high gate voltages.
N is a slope factor which minimizes the error between #(Vg)
and #, in a large range [Ny, tox]. Under this condition a(Vg)
becomes

exp( Qinv(0)lv/1(Vg) Co UT) -1

(15)
exp((Vg — Vr)/noUr)

a(Vg) |VD:0 =
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Figure 5: b(Vg) from (18) (OQ) and fr(Vg) = exp(Vg —
Vi/noUr)(Xx). (A): [In(1 + b(Vg)), Vg] plots.

with
Qinv(0)lvg = Qinv(Vp = 0)lyg
us(0) et (16)
= Agn; Jo md%

and (NQinV(Vg, Vp) is written as follows:

Qimo(VE, Vi) = n(Vg>CoUT1n[1 +b(Vg) ‘*XP(*%)]
(17)

with

Vg - VT>
noUr

N ( Qu(0) v ) )
P\n(ve)Gour

The coefficient b(Vg) is dependent on the gate voltage
Vg by us(0) solution of (5) in y = 0. Equation (17) gives,
respectively, in strong and weak inversion the simplified
expressions:

éinvO(Vg’V(y)) = Qinv (O)IVg - W(Vg)COV()/),

~ |4
QinvO(Vg) V()/)) = Qinv (0)|Vg exp _U(ii})-

b(Vg) = a(Vg) |y, exp(
(18)

(19)

b(Vg) is a monotonic function in all inversion modes
(Figure 5). The originality of the correction by b(Vyg) is to
give an expression of the inversion charges ano(Vg, Vp) in
which the threshold voltage is not explicit but included in
us(0) and appears in [In(1 + b(Vg)), f(Vg)] plots.

The parameter b(Vg) varies from 10% to 107> and as
shown in Figure 5 is different from fr(Vg) = exp(Vg —
Vr/noUr). Nevertheless, in usual applications (Section 7),
the derivative db(Vg)/dV g can be approximated by

db(Vg) b(Vg)

= . 20
dvg 7oUr (20
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3.3. Equivalent Expression of Inversion Charge. By using the
mathematical properties of the function:

21In[1 + exp(x/2)]
1+ 2exp(—x/2)

_ 2exp(x/2) [ ({)]
= Jrepr2) MR

fz(x) =

(21)

which has some similarities with fi(x) = In[1 + exp(x)] in
the range ] — o0, +0co[ then (17) can be rewritten by setting

X(Vg,Vp) =+/b(Vy) exp(—%),
1+4/b(Vg)
I'(vg) = 7(‘;) (22)
1+0.54/b(Vyg)
_ 2
S(vg) = %exp (Lga VT) ,
éinvl(Vg’ VD)
_ r'(vg)
=nVe) QU —g(vg) (23)
X(Vg, Vb)
{1 X (Vg Vo) In[1+X(Vyg, VD)]}.

(i) T(Vg) is an adaptive factor which varies between 0.5
(b(Vg) > 1)and 1 (b(Vg) < 1);

(i) 1 — S(Vg) and o> = 145 are fitting factors
which minimize the error between Qiny1(Vg, Vp) and
QinVO(Vg) VD) at b(Vg) =1.

These parameters are available in a large range of
[Na, tox]. Equation (23) gives an expression similar to the
Unified MOSFET Channel Charge Model given by (7a) and
(7b) in [10] and used in BSIM model [17]. Moreover, (17)
and (23) are the synthesis between the expression of inver-
sion charges given in [9, 10] in agreement with the theoretical
model (11). Figure 6 shows the normalized expressions of the
inversion charges (Nzinv(o,l)(Vg, Vp)/noCoUr at V(y) = 0asa
function of the gate voltage.

The term in braces in (23) can be integrated versus Vp
and gives an analytic expression of the drain current similar
to Oguey and Cserveny model [7].

4. Analytic Model of the Drain Current

The general expression for the drain current Ip(Vp) (includ-
ing drift and diffusion) with a constant mobility u, follows:

(L)
(Vo) = Ur [ QuVOD) |yt 20
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4.1. The Pao-Sah Double Integral. Using the inversion
charges dependence to drain bias Qiny(V( y))lvg (developed

in Section 3.1), the Pao-Sah double integral then reads

w &(L) us(y)
Ipps(Vp) = qniMnTU% L {Jg(y)/z wd”}df()’)~
(25)

et=¢0)

By substituting dé(y) by dé(y) = [d(y)/dusldus, and
grouping e ") with d&(y)/dus, the Pao-Sah double integral
has no singular point and, (25) can be solved into iterated
integrals from surface potential ug(y):

Ipps(Vp)

- ' K X us(L){ us el }
= qnily I UT Jus(o) JE(y)/Z F(u,if(y))du (26)

[JLGWQ—EWQ

dus  Hlus) ]d”s‘

Equation (26) was previously calculated in a large range
of drain and gate voltages and presented in [6].

4.2. Simplified Expression of the Drain Current. Equation
(17) gives a simplified drain current expression in a single
integral:

I3,,,(VD)

w
Z#n’I(Vg)CoUTT

x jVD ln[l 1 b(Vg) exp<—V(g)ﬂdv(y).

(27)

0

This expression describes the current-voltage character-
istics in all inversion modes, insuring a continuous transition
between weak and strong inversion. Unfortunately, there is
no primitive function for the one defined by (27) which must
be numerically calculated by classical integration methods.

4.3. Explicit Equation of the Drain Current. Following pre-
vious results we propose an analytic expression of the drain
current in a square-logarithmic function of Vp based on the
adaptive coefficient b(Vg) by integration of (23).

v,
o (Ve )

r'(vg)

~ AT (vg)

x {In’[1+X(Vg, Vs)] - In’[1+ X (Vg, Vp)1},
(28)

V Vp/V,
(v ) = e 122),

w
Ipa = ﬂnﬂ(Vg)CoU%f

(29)

is a dimensional factor.

The drain current, represented by a square-logarithmic
function of gate and drain voltage, was proposed as early as
1982 by Oguey and Cserveny [7] in an analytic model based
on a control voltage V¢ derived from the gate voltage Vg and
from drain source functions f,,(Vp/Vs), fu(Vp/Vs):

w
Ioc(Vg, Vps) = MnCOUIZ"T [y(Ve, Vs) = y(Ve, Vb)],

(30)
ve) e (52) vew (32
y(VC, Vs =In"|1+exp fi Vs + exp fi vl
The inversion charge of this model is given by
B 1 dloc(Vg, Vps)
va|Och - Hn(W/L) (31)

dVp

Thereafter, the Oguey and Cserveny model has been
simplified by Enz et al. [8]. The main difference in this
paper is the use of the coefficient b(Vg) instead of fr(Vg)
=exp(Vg — Vr/noUr).

Equations (27) and (28) (models 2 and 4) coincide
with the double integral of Pao-Sah (model 1). The analytic
models (Figure 7) are summarized in Table 1.

5. Mobility Model

In order to insure carrier drift velocity to be less than the
saturation velocity vg at high electric field, a correction over
constant mobility can be implemented in the drain current
[18]. In the following, we use the mobility model developed
by Roldan et al. [19]:

i (E)
Hnett = N s1VA" (32)
[1 + (Fy/Fua) ]
5.1. Correction by the Transverse Electric Field F,.
~ -~ ‘Llo
w() = R (33)
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TABLE 1: Analytic models.

Drain current  Inversion charges

Model 1 Pao-Sah integral (25) (11)
Model 2 Single integral (27) (13)
Model 3 [7] (30) (31)
Model 4  Analytic model (28) (23)

Several expressions are introduced to evaluate the mean
electric field F, in relation with the channel inversion
charges. BSIM models introduce the voltage Vg« defined
by (7a) and (7b) in [10]. An excellent approximation of
Vg €an be obtained from the equivalent gate voltage Vg
defined from (17) as follows:

_ 5inv(VgJ 0) _

\4
Zeff Co

n(Vg)Urin[1+b(Vg)]. (34)
The expression of the electric field calculated in (3) allows

calculating ﬁx as the mean electric field in the inversion
region with a dimensionless adaptive coefficient ua.

2I<8fni <\/H[us(y_0):| + G[”S(y:O)]

+4/H(0) + G(O)).

Figure 8 shows the correction factors ﬁx, compared with
simplified BSIM 4.6.4 [17].

~ ua

)

(35)

5.2. Correction by the Lateral Electric Field F,. According to
n-MOSFET models in [20, 21], we use § = 2:

i ()

fneft = —F————
1+ (Fy/Fo)

(36)
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with

Fat = ‘ulV<PLX)> (37)

and ﬁy the average of the lateral electric field:
F, =2 (38)

The correction over constant mobility is introduced in
the general expression of drain current by substituting y, by
Unetr in (24) as follows:

Ho

[1+ (Bpo) 1+ (B 1+ (Brmo) o
(39)

Uneff =

5.3. The Saturation Voltage Vpsar. With mobility correction,
the models of drain current [Ip Vp] present a maximum
(Figure 9) at a saturation voltage Vpsy defined, according to
the mobility model by Ip, = Ipsat = W QinyVsat [17], dIp/d¥s
[20], or dIp/dVp [8]. [Ip,Vp] curves are presented with the
same model of correction by transverse electric field. The
adaptive parameter in F, must then be applied to give the
same current and to minimize the error between measured
and calculated data.

In this paper, Vp gt represented on Figure 10 is calculated
from the iterative definition of drain current (Section 4.1)
with dIp/dVp substituted by Ip, — Ipm-1 = 0. The
saturation voltage is a linear function of Vg in strong
inversion and becomes constant in weak inversion.



Active and Passive Electronic Components

x1073
AN
Vg-Vfb =3V AN
2 2} <
E TN
§ VDsat AN
— \
=1 \
Q \
£ AN
E 1 - \\
=) N
N\
N\
N
\\
Ny =218t =1.2nm
0 . .
0 0.5 1 1.5

Drain voltage Vp(V)

o (C) X (B)
+ (A) --- (D)

FIGURE 9: (Ip, Vp) plots with velocity saturation. (A) [17] (8 = 1),
(B) mobility correction with § = 2, (C) [20], and (D) saturation
current Ipg: = W Qi Vsat-

0.8 4 Ny=218¢,=12nm

0.6 1

0.4 1

0.2 1

Saturation voltage Vpgar(V)

0 1 2 ’
Gate voltage Vg-V (V)

Figure 10: The saturation voltage Vpg versus Vg. (L = 90nmy;
W/L = 10.)

6. Short Channel Drain Current

6.1. Correction of Saturation Voltage. The drain current
formulation with mobility pner given from (39) is now
written as follows:

w &)
(Vo) = - Ur | Qinv(V(7) |y (). (40

Equation (40) leads to an unphysical Ip, Vp, which
must be clamped at Vpg. Gildenblat et al. [20] proposed
to replace Vp by a smoothing function with a parameter
ax : Vg = Vp[l+ (VD/VDsat)“x]fl/“x. From the analyti-
cal and explicit drain current expressions Ip;, (Vp) and
I.p(Vg, Vp), we can define a new function which includes

7
1072
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I .
2 Logarithmic
g «—
& 10°°
z» Linear L 0.001
z SN
A 1078
10710 T 3-8 T T T T 0
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Gate voltage Vg-Vip(V)

F1GURE 11: Transfer characteristics Ip;;(Vg) in logarithm and linear
scales. Vs = 0; Vp = 2V. (L = 90nm; W/L = 10.)

the effect of velocity saturation by introducing the saturation
voltage Vpsat in (27):
Ip11(Vp)

w
= TFIWZICOUT

« valn[uexp(‘wﬂdv(y).

Ur

(41)

The coefficient I'y fits Ip;1 (Vp) with Igin(Vp):

l—‘l = #neff(VDsat)

[y In[1+ b(Vg) exp(=V (y)/Ur)]dV (y)
[0 In[1 + exp((Vpsa — V())/Ur)1dV ()

(42)
and (28) becomes:
Ip22(Vpsats V)

_ K 2 F(Vg)

=1 rlﬂZICOUTil ~s(ve) (43)
X {Y(%z(VDsat) - Ylg)z(VDsaty VD)}:
Voo(Vow) = In 1+ exp( 522 )| (44)
2Ur
Vpsat — Vi

Yp2(Vpsats V) :ln[1+exp(l)2tTTD>]. (45)

6.2. Current-Voltage Characteristics. Figures 11 and 12 show
the simulation results [Ip, Vp] in strong and weak inversion
with a mobility model deduced from (39).

The transfer characteristics Ip;1(Vg) (Figure 11) show
linear variations in strong inversion and exponential varia-
tions in weak inversion. Figure 12 shows that the smoothing
functions (41) and (43) give a unified formulation in the
complete range of drain voltage.
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6.3. Channel Length Modulation. The channel length mod-
ulation (CLM) is a shortening of the length of the inverted
channel region Lgs = L — AL due to inversion layer in
the drain junction. An accurate calculation of AL requires
solving the 2D Poisson equation near the drain. An 1D
approach may be used for standard expression of the
depletion layer in the abrupt junction approximation [22]

2eg s (VD>2 &s (VD>2
AL= [ |2 (22 +vp - | (2 |
qNa H gNa \ L PUNgNA\ L

(46)

Figure 13 shows an illustration of CLM with Ip(Vp) from
(41) modified by (46). The drain current formulation is

Ietm(Vp) = ﬁIDZZ(VD). (47)
This approximation is analogous to the early voltage and
has the advantage to be described by the single analytic
function Icpm(Vp).
Figure 14 gives a complete summary of the different
Ip(Vp) as follows:

(¢) are Ip(Vp) data from Pao-Sah double integral
from (40) with correction mobility in the range 0 <
Vp < Vpsats

(o) are Ip(Vp) data from the saturation current

corrected by the channel length modulation (46)
(VDsat < VD);

(- -+)areIp;1(Vp) data from (41);

The full line shows the single analytic function
Icim(Vp) from (47).

6.4. Drain-Induced Barrier Lowering. The drain-induced
barrier lowering (DIBL) was described as soon as 1979 by
Troutman et al. [23]. The MOSFET is a three-terminal device
in which source-channel drainisan — p —n (or p — n —
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x1073

Drain current Ip(A)

Drain voltage Vp(V)

FiGure 13: Ip(Vp): (=) (43), (--) (47). (L = 90nm; W/L = 10.)
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Drain voltage Vp(V)
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¢ Pao-Sah

FiGgure 14: The different (Ip, Vp) plots with CLM. (L = 90nm,
W/L = 10.)

p) double junction. We described in a previous paper the
complete potential distribution in double junction from a
1D resolution of Poissons equation [24]. If this analytic
description gives an accurate description of the potential
¢(x) in an unbiased double junction, the 1D resolution
cannot be extrapolated with drain biased, which supposes a
2D device simulation. Most models describe the DIBL by a
linear lowering of threshold voltage [21] VT = Vro—0Vp with
the DIBL parameter o.

In this paper, following the model of DIBL in [25],
we propose to insert the increase of inversion charge
esdFy(x, y)/dy by a quasi 1D calculation. With the same
method, Cheng and Hu [26] calculated the threshold shift

whenL > | = \/m

AV = [2(Vii — 2¢) + Vb ] [exp(—%) +2exp(—%>].
(48)
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In the present paper with L = 90nm, L/l = 10, AVy, is
relatively a small correction in Ip(Vp).

In [25], the authors propose, as shown on Figure 15, to
add AVy, in the square logarithm with the new expressions:

Vpsat + AVin (0
Yo208(Vpsat) = ln[l + eXP(Dt—th()” (49)

2Ur
Yp2pB(Vpsais VD) = 111[1 + exp( Vo = ‘;?J;r AVin(L) )],
(50)
Icimspise(Vp)
I'(V w
( g) 1“1;721C0U72~ (51)

T 1-8(Vg) L-AL

X {Y§2DB(VDsat) - Y]%zDB(VDsaU VD)}-

Due to the simplifying assumptions in the derivative
dF,(x,y)/dy, such a model gives a phenomenological
description of DIBL, but must include fitting parameter to
agree with experimental data. A new study is in progress in
order to obtain a more accurate expression of dF,(x, y)/dy
and apply this model to inversion charges in (41) and (43)
taking into account the lateral field to provide a complete
expression of DIBL.

In the case of n-MOSFETs, we have to add the Substrate
Current-Induced Body Effect (SCIBE) which is the result of
impact ionization by hot electrons coming from the source
[23]. The expression of SCIBE is given by

A Bl
T = 5 Tp(Vp - VDm)exp(— ) (52)

VD - VD sat

A and B are adaptive parameters resulting from (Ip, Vp)
measurements. In the present work, this effect must be added
to (51) from A and B and gives the total current. Figure 16
shows an example of SCIBE with L = 90 nm.

7. Analytic Model of TransConductance

The Pao-Sah double integral gives an expression of the
transconductance from the derivative, g = dIp/dVg in (26)
[6]:

ImpS
W
= qni,unefo%T
ets—¢ (dus(y)) ( dé(y)

us(L) ]
* Ls«» F(us(y),&) \ dvg dus(y)) us(y).
(53)

x1074

Vg-Vip =15V

Drain current Ip(A)

Ny =218t =1.2nm

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Drain voltage Vp(V)
o CLM
o Pao-Sah

--- Ip(sat)

FiGUure 15: The total current Icinvip(Vp) (=) from (51). (L =
90nm, L/l = 9.5, and W/L = 10).
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FIGURE 16: An example of SCIBE (L = 90 nm; W/L = 10).
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FiGUrE 17: Transconductance versus Vg (L = 90 nm; W/L = 4).
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FiGgure 18: Normalized transconductance [g¢/Ip, Ip]. Vps = 1V;

Vg -V =111,...2V (L = 90nm; W/L = 4).

TaBLE 2: The simplified analytic drain current models.

Physical constants &s, €0 KT/q
Process parameters N, toxs piny W/L
Device voltages Vg, Vb, Vs, Vi,
Surface potentialinx =0, y =0 us(0)

us(y) = tsm
//lneff( Vg) VD)

Surface potential
Mobility

Drain current from Pao-sah Ipps(Vp)
Gate voltage factors n(Vy), b(Vg)
Analytic expression of drain current Lp(Vg, Vp)
Saturation voltage Vb sat
Drain current with saturation Ip22(Vpsars V)
Channel length modulation Ictm(Vp)

Drain-induced barrier lowering Ieim+oisL(Vp)

A simplified expression of the transconductance can be
obtained from (27) by a derivative under the integral using
db(Vg)/dVg from (20) as follows:

d
gma = avg

Vb

w
= pnetr]21Co Ut T

JVD (b(Vg)/noUr) exp(=V (y)/Ur)
v 1+b(Vg)exp(-V(y)/Ur)

av(y).
(54)

In this case, the integral in g, appears as f'(v)/ f (v), and
gma 18 given by an analytical expression versus Vp and Vg:

1+b(V —Vs/U
&ma = WueiCo U 21 Wln{ +b( g) exp(=Vs/Ur) }

Ty L " 1+b(Vg) exp(-Vp/Ur)
(55)

These expressions correspond to a long channel MOS-
FET with a constant mobility. The mobility model given by
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(39) introduces a second term in the transconductance due
to Vertical Field Mobility Reduction (VEMR):

_ Anett Ip

= . 56
dVg Uneff ( )

Emu

gy 18 less than gm, and appears as a corrective term in
the transconductance. This contribution, negligible in long
channel MOSFET, must be introduced as a corrective factor
in the transconductance from

d,“neff _ d‘uneff@ dﬁx duS(O)
dvg dur dF. dus(0) dVg '’

(57)

Each terms of this equation are calculated from (32),
(33), (35), and (5). The contribution of CLM and DIBL in
transconductance can be, respectively, deduced from (46),
(47), (49), and (50).

A simple numerical calculation of the complete transcon-
ductance including VFMR, CLM, and DIBL is obtained from
(51) by

A

g= .
AVely,

(58)

Figure 17 shows transconductance [g,Vg] plots, and
Figure 18 shows the “normalized” ratio [g/Ip], versus drain
current.

8. Conclusion

In this paper, we propose a solution of the Poisson-
Boltzmann equation which describes the physical parameters
of the MOSFET under gate and drain bias. The Taylor
expansion of inverse functions is well suited in the case
of implicit functions and gives an accurate solution of the
channel potential £(y) = f(us(y)). We introduce an analytic
function of the inversion charge giving an expression of the
drain current insuring a continuous transition between weak
and strong inversion associated with a simple expression of
the transconductance. Furthermore, the method gives a good
approach of drain current with the velocity saturation. All
the equations have been solved with a simple C-encoding
program available on all personal computers. This program,
associated with a graphic user interface (Figure 19), generates
a graph (Figure 20) with different Vg bias. The excellent
agreement of the results obtained by an analytic continuous
function of the inversion charge compared with those of
standard models [1] can be considered as an accurate tool
for microelectronics without access to specific CAD software
and can provide a comprehensive overview of the complete
MOSFET available in all inversion modes (Table 2).
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F1GUre 19: The graphic user interface.
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F1GUrE 20: Ip(Vp) plots from (51). Vg — Vg, = 1.5, 1.6,...2V.

Nomenclature

K and T: Boltzmann constant and temperature (Kelvin)
s and &oy: silicon and silicon oxide permittivity

tox: oxide thickness

Co = €ox/tox: normalized oxide capacitance

n; = p;: intrinsic carrier concentration in cm™
N, and Np: dopant concentrations in cm™3
Ur = kT/q: thermal voltage

¢(b) = —UrIn(Na/n;): bulk potential of p-doped silicon
u(x) = ¢(x)/Ur: reduced potential

Y(x) = ¢(x) — ¢(b): band bending

Vr = =2¢(b) +/2qNaes|2¢(b)|/Cy: charge sheet

threshold voltage

yo = 2K Tesn;i/Cy: intrinsic body factor
A = /KTes/2q*n;: Debye length (cm)
W, L : channel width and channel length.
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Numerical applications use SI units, except for the following:

Ny, Np, n(x, ), and p(x, y), in cm~3.

inversion charges Qinv(Vg)ly(;)> Qu(V())]yin C-cm™
and &g, &, in farads-cm™!.
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