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In this study we introduce a new computer impleragomn of the
advanced compact MOSFET (ACM) model. The core ACbtie,
its computer implementation and some simulationtstesare
presented.

I ntroduction

Based essentially on the gradual channel approiamahe Pao-Sah formula has served
as a reference to test the accuracy of compact Imddg but has been considered
numerically too involved to be used as the cora obmpact model. With the addition of
the charge sheet approximation to the gradual aHaapproximation, surface potential
models have been developed since the pioneering mof2). The main drawbacks of
these first generation surface potential modeldlee® cumbersome expressions for total
charges and capacitances. To simplify the curnedttatal stored charge expressions, the
linearization of the depletion charge terms hasib@dely adopted (3)-(5).

In this study after reviewing the Pao-Sah formuta ghe main approximations for
compact models, we discuss the consistency ofah®gact equation for the current with
the Pao-Sah formulation. A very simple fully-comsig model is obtained, which is
reviewed in the fourth Section. Its computer inmpdatation is summarized in the fifth
Section and some simulation benchmarks and conmparisvith other models are
presented in the sixth Section.

Pao-Sah Current Expression

The Pao-Sah current equation (6) is
P ’ dVC
lo = -ANQ [1]

where W is the channel widthy is the carrier mobilityQ’, is the inversion charge
density, y the distance along the channel, angis the channel potential, varying
between Vs and Vp, the source-to-bulk and drain-to-bulk potentialsspectively.
Expression [1] includes both the drift and diffusimansport mechanisms, and gives an
exact model of the long-channel MOSFET. For thessom Eq. [1] is used as a golden
reference to test the accuracy of compact models.

Since the current is constant along the channelintegration of Eq. [1] from source
to drain, yields

lo = [ KQI (V). 2]
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whereL is the channel length.
The small-signal output conductance of the traosistdefined as

dly
= 3
o v, - [ ]

whereVg is the gate-to-bulk potential.

Applying the definition of Eqg. [3] to the Pao-Stinmula [1], we obtain
Ja = —#% QA (W%)- [4]

It is remarkable that the very simple Eq. [4] ididdrom weak inversion (where the
current transport is dominated by diffusion) t@sty inversion (where drift dominates).

Basic Approximations for Compact Models

Charge-sheet Approximation

Representing the three-terminal MOS structure bgacitive model (7) as shown in
Figure 1, it follows that

dQ = G(dy - da) [5]
whereC’jis the inversion capacitance amg is the surface potential.

The charge-sheet approximation assumes that tleesion layer has zero thickness.
It can be shown that the inversion capacitanceceslusing this approximation to

Q0
Ci=-o [6]

It is worth observing that [6] is only exact in vkeiaversion. In effect, the resolution
of the Poisson equation in the semiconductor shbatsthe logarithmic slope of th@’,
(@) curve varies from X in weak inversion to 142 deep in strong inversion (8).

av, 4| ’; do.

Figure 1. Small-signal model for the three termM&SFET.
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Substituting [6] into [5] we get (9)

N _,_@dg 7]
da Q dg,

Finally, from [1] and [7] the charge sheet currerpression results.
.d dq
Io =i ! gite :_,LWQ|d_¢j+MNWTQIy [8]

where the first term correspond to the drift anel skecond to the diffusion component of
the current.

Linearization of the inversion charge density wsface potential relationship

In the charge sheet approximation, the inversicargdh density is calculated as the
total semiconductor charge minus the depletiongshdensity as indicated below

Q=G (%~ Ve-2-Ho-9) [9]

whereC’ « is the oxide capacitance per unit ardathe gate-to-bulk potential/rg is the
flat-band potential ang is the body effect factor.

Expanding [9], for constants (3), (4), in power series around an specific valfie
the surface potential we obtain

dQ| = nC., dgp, [10]
where
_1. 5
=1
n=1+— [11]

is the slope factor and, is the depletion capacitance per unit area.

Substituting [10] into [8] and integrating from soe to drain, assuming constant
along the channel, gives the drain current in tesfrthe inversion charge densities at the
source and drain ends of the channel:

12 _ vy 2
=9 g 0z -0y 12
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In some models.g.(4), (10),n is a function of the gate voltage only, while thers,
e.g.(3),nis also a function of the channel voltage.

Consistency of the current equation with the Pdo{f8emulation

To understand the advantage of the choice ad a function of the gate voltage only,
let us consider the limit case of [12] in strongdrsion (SI).

In Sl the inversion charge density is a linear fiorcin terms of the applied voltages
(10) as given below

Q = _C:)x(ve Vi~ nVc) [13]
whereVrg is the equilibrium threshold voltage.

Substituting [13] into [12] and neglecting the kmeterms in [12] we obtain the
classical Sl current law

Iy = lucclyx%[VG —Vio _g(vs +Vp ):|(VD _Vs)- [14]

Forn=1 (neglecting the body effect) Eq. [14] reduceth®classical textbook expression

8).

The output conductance of a transistor modeled14y {s, for a slope factor and
mobility independent of the channel voltage, gitagn

ol , W
= 6VD = IUCOXT(VG Vo~ nVc) [15]

g

D lvg vs
complying with Eq. [4].
Let us now consider the all-inversion-regions aorrequation [12], assuming that

and y are a function of the gate voltage only. The outpanductance calculated
differentiating [12] is

- al, :/NV Qb dQp
Yy v, Vi Ve L {HC;X +¢t:| av, . [16]
From [4] and [16] it follows that
Y PN 1 17
o0 o & ). ]

Equation [17] represents the consistency condibetveen the Pao-Sah formula [1] and
the charge sheet current expression [12]. Using {dalculate the derivative of the
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channel charge allows simple expressions for ak #@mall signal parameters
( (trans)conductances, (trans)capacitances).

The ACM Core Modd

Effective mobility and velocity saturation

The effect of carrier velocity saturation is inobadin the mobility model as (3), (11)

U
14 Hs 99

Vsat dy

where Vs, IS the saturation velocity ands is the mobility of the long-channel device,
which is assumed to be a function \& only. From [8], [10] and [18] the relation
between the differential of channel length anddifierential of inversion charge follows

HW
dy=—--—=-2
y nC |

ox ' D

o

[19]

Sincen depends only oNg, andlp is constant along the channel, we can define a
virtual charge density that differs from the relahige by a constant terirg.

[
Q =Q -G+ [20]

sat

Using [20], the total inversion charge stored ia thhannel is easily calculated as (12)

21+a+a?
=W(L-AD|—
Q ( ) 3 1+g

Qe ncoxcot}— e [21]

sat
where the channel linearity coefficientis defined as

a=2e [22]
Qs
The similarity of this result with the long chanrs#fong inversion model (8) is self-
evident, clearly showing the importance of the o$ehe virtual charge as the key
variable. It must be observed that this resuli monsequence of the specific choice of
the velocity law [18] and the reason behind thaticé

The integration of [19] along the channel allows ttalculation of the drain current.
Normalizing the charges with respect to the theram@rgeqQ, =-nC, ¢ and the current

with respect to the normalization current

w '
IS :Tﬂﬁcoxg’ [23]
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the drain current equation is written as

; (ds+do+2) ,, _
D=7 7o v y\disTUp 24
e (e —p) ) 24

whereip andq’ispyare the normalized drain current and source (diawgrsion charges
densities, respectively.

The dimensionless short channel paraméisrdefined as
{ = QU /gy 25]

{ can be regarded as the ratio of the diffusiontedlaelocity x (g/L)at the source of a
saturated transistor to the saturation velogity.

The maximum current that can flow in the channdihisted by the maximum carrier
velocity. When electrons at the drain end of thanctel reach the saturation velocity, the
drain current is expressed as

_ I Dsat — _statQIDsat _ E '
- - - Z qIDsat :

[26]

I Dsat I |
S S

The saturation condition, relating the source chaogthe drain charge in saturation is

obtained imposing the equality of the general ession of the drain current [24] with the
saturated current [25]. Thus, the saturation camdis written as

1 2 !
Qs = 1/1"'? Oiosat ~ 1+ Uipsar [27]

qI,S = 1+ iDsat _1+%i Dsat* [28]

or

The relationship between applied voltages and @sarg obtained integrating [17]
between source and drain voltages, as

% =0~ Op* In[%] . [29]

The unified charge control model (UCCM)

Integrating [17] between the pinch-off voltage and a generic channel voltaye,
yields the UCCM. It is interesting to observe thdien calculating the charge densities
through UCCM we are using exactly the same apprations as in the current formula,
guaranteeing a fully consistent model.
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To obtain accurate values of the inversion chahge linear approximation of the
pinch-off voltage in terms of the gate voltage @ appropriate. Usinyp given by [30],
[31], UCCM vyields inversion charge values as adeuras those obtained using the
surface potential model.

Vo =0, % [30]
@=20 +¢g{1+ln(ni_lﬂ . [31]

@a Is the surface potential calculated disregardimg tchannel charge ang is the
Fermi potential in the bulk.

Computer Implementation of the ACM M odel

The ACM model was implemented into the ELDO simadaising the UDM (User
Definable Model) (13) module. The model code wasttam in C, since the use of
another language implies in a reduction of theqrarnce (speed) of the simulator. The
algorithm used for the numerical calculation of tiveersion charge in the UCCM is the
last one presented in (14). Even it is an iteragig®rithm, only one iteration is necessary
to obtain relative errors of less thari’liéi the whole inversion range.

For the calculation of the drain current, the fad® {(q'is-q'ip) in the denominator
of equation [24] is replaced with a continuous asighooth function to avoid
discontinuities in the derivatives of the drainremt around/ps=0.

Benchmark Tests

The circuit in Figure 2a is employed in the Gummghmetry test. This test is used to
show the symmetry of the forward and reverse madegperation and the continuity,
around the origin, of the drain current and chaagewell as their derivatives. As is clear
from Figure the ACM model shows the expected bedrdwiit the other two models don't.
Even if the derivatives of the current are contimidor HiSIM and PSP, they present a
strange behavior aroungs=0.

-4
x10

1.68 8
= 1.66 16
I
I— Vx 1.641 14
Y
+ E 1.62f {2
2
‘r{ ANV 6l 10 AN
+ 158} 1.
Ve IT ~ Ve 2
— L v 1.56 4
= _ X
l 154} 6
1.52 . . . . . -8
0.2 0.1 0 0.1 0.2 0.3
Vx(V)



24X-H2C6E2D2B2

-5
1073 -3 X10
18% ‘ ‘ : : : 1 1207210 1

ANV

1.206

2 2
o1, fdVv?

1.4 L L L L L 1 k L L L L L 1
-0.2 -0.1 0 0.1 0.2 0.3 1208 -0.2 -0.1 0 0.1 0.2 0.3

Vx(V) Vx(V)

c) d)

Figure 2. Circuit for testing the symmetry of thedel atVps=0V (a). Simulation results
for dip/dVx andd?lp/dV 2 using the ACM (b), HiSIM (c) and PSP (d) models.

MOSFET current dividers are useful components @llan circuits that can also be
used to test the quality of compact models. Figlieeshows one such divider. In this
array, all transistors have the same dimensionsshade a common substrate. A first
order analysis of this topology shows that theregfee current is successively divided by
two. In order to reduce deviations from the expgctalues owing to short-channel
effects, long-channel devices have been employehleircurrent divider. Fig. 3.b shows
that the maximum normalized error using the ACM eladbes not exceed 0.13% for a
3-decade variation of the reference curtgat. On the other hand the simulations carried
out using HiSIM and PSP show high relative errartfe current and strange behaviors
for the current ratios showing that these modetsnat able to represent consistently the
series association of transistors.

Concerning the code of the models, the ACM usedaiaed number of high cost
functions compared to the other models as can d®&rsin Table I. As a consequence the
ACM model shows a good speed performance (Tablehi&t probably can be increased
optimizing the C code in ELDO.
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Figure 3. MOSFET binary current divider (a). Norimal branch currents vs. input
reference current obtained from simulations usigACM (b) , HiSIM (c) and PSP (d)
models in ELDO.

TABLE |. Number of high-cost functions in the main compaxtdelsiData obtained from HiSIM Team (15) and
%data obtained from PSP team (16).

High-Cost Functions ACM HiSIM? PSP* HiSIM? PSP?
exp 2 28 123 38 57

log 6 12 68 21 37

pow 3 29 158 28 77

sqrt 11 59 241 68 96
TOTAL 22 138 688 155 267

TABLE 1. Normalized simulation times (with respect to AG) using the different models avialbel in ELDO.

Circuit Analysis ACM ¢z ACM EKV MM 11 HiSIM PSP BSIM4
schmitfast DC 1s580ms 1.02 0.84 2.14 1.63 1.87 1.16
schmitslow DC 2s430ms 1.00 0.70 1.75 1.60 1.93 1.28
gl310 TRAN 640ms 0.98 0.92 1.28 1.23 1.31 1.19
hussamp TRAN 3s020ms 1.07 1.11 1.02 1.06 1.11 1.06
ab_ac AC 1s400ms 1.03 1.02 2.35 1.63 1.86 1.25
ab_integer TRAN 1s370ms 1.00 0.98 1.09 1.01 1.13 980.
Conclusions

The ACM compact model of the MOSFET has been impleed in the electrical
simulator ELDO. Benchmarks tests applied to ACMPR®&d HiSIM models have shown
better performance of the ACM when compared todter two models (HISIM and
PSP) in several benchmark tests.
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