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Abstract—The constant-field scaling theory (CONFIST) is eval-
uated in this work. The persistence of the drain-induced barrier
lowering characteristics is selected to be essential condition of
the CONFIST. Assessment on the accuracy of various constraint
equations for MOS device miniaturization is carried out and
the application limitations of these equations are studied in
detail. The intrinsic incompleteness of the original CONFIST
is then revealed by scaling the constraint equation. It is found
that the restriction of requiring invariant Poisson equation after
scaling in the original CONFIST must be released to prevent the
scaling from being limited by the quasi-body effect. The origi-
nal CONFIST is revised accordingly, and the modified version
(CONFIST-2) shows that the application limit of the original
CONFIST is about 0.5 um and the vertical dimensions must be
scaled more than the lateral ones.

NOMENCLATURE

The empirical constant used in the
constraint equation proposed by
Brews et al.

The drain-induced barrier lowering
(DIBL) factor (after scaling).

B (= 0.41AY3)

DIBL (dibl)
(= |(lVTH/dVD5|)

L) The effective channel length (after
scaling).

Lonin The minimum channel length above
which the long-channel
characteristics can be maintained.

M(= (x?/2 x The proportional constant used in a

€5/€or )/ ?8 = 2.63)
m, 1, aopo

(= 0.785/pum,

0.80, 0.371)

N (=22 ,um“z)

Ny
R;
Ry

R

TO.’L‘
VD S

new constraint equation.
The empirical constants used in the
new constraint equation.

The empirical constant used in the
constraint equation proposed by Ng
et al.

The substrate doping concentration.
The source/drain junction depth.
The ratio of the DIBL factor after
scaling to that before.

The ratio of the threshold voltage
after scaling to that before.

The thickness of the gate oxide.
The drain to source bias voltage.
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The threshold voltage (after scaling).
The summation of the depletion
widths due to the source (Wg) and
drain (Wp) junctions.

Vru (ven)
Wsp (= Ws + Wp)

Ypo(ydo) The depletion width under the gate
without considering any
two-dimensional effect (after
scaling).

Yip(yjid) The vertical depth of the depletion
region at the drain end (after
scaling).

€s(€oz) The dielectric permittivity of silicon
(oxide).

oz, y) The two-dimensional potential
distribution.

Psinv The surface potential at the onset of
heavy inversion.

o4 The thermal voltage.

A The scaling factor for lateral
dimensions.

Ad The scaling factor for depletion
depth.

K The scaling factor for potentials.

v The scaling factor for vertical
dimensions.

1. INTRODUCTION

HE generalized scaling theory proposed by Baccarani ez

al. [1], which is usually called the constant-field theory
(CONFIST), might be the most successful design guide for
MOSFET miniaturization so far. The CONFIST decouples
the Poisson equation and the current continuity equations for
MOS devices operated in the subthreshold region. According
to the CONFIST, the dimensions and the potentials are scaled
separately to allow more flexible scaling as a qualified large
device is scaled down, and the substrate doping concentration
is constrained by requiring the invariance of the Poisson equa-
tion after scaling. In general, the unchanged Poisson equation
implies unchanged solution to it, and the field configurations
in the devices before and after scaling are supposed to be
identical. The major assumption to guarantee the success
of this theory is the concurrently proportional reduction of
the boundary potentials with dimensions and power supply
voltages. Obviously, we cannot expect the validity of this
assumption due to the nonscalability of the built-in potentials.
However, the original CONFIST [1] provides some valu-
able information about the scaling issues. In this paper, the
limitations of the original CONFIST are carefully examined.
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Some revisions will be suggested to make the CONFIST more
appropriate for deep-submicrometer devices.

An alternative strategy was taken by Brews et al. [2], in
which the subthreshold behaviors of devices within a certain
range of structures were studied and an empirical formula
to describe the relations among various structure parameters
(e.g.. Toz, Rj, and N4) was established. The acceptable
minimum channel length L;, can be easily computed by this
formula once To,, R;, and N4 are given. Basically, Ly, is
a power function of Tg., R;, and Wgp. In general, a power
function can be approximated by a linear one in a narrow
window. Recently, Ng er al. [3] proposed a revised formula
with the linear dependences of Ly, on 1o, R;, and Wgp.
Equivalently speaking, they take the Taylor expansion of the
formula in [2] around the proximity of a center device, and the
inflexible criterion used in [2] is replaced by the drain-induced
barrier lowering (DIBL) factor.

In this paper, by simplifying the analytic threshold-voltage
model developed in [4], a new constraint equation is developed
to describe the behavior of the DIBL factor in terms of device
structures. Comparisons among various constraint equations
are given in Section II. Our constraint equation is then taken
to be the basis for evaluating the CONFIST in Section III. The
mathematical and physical problems of the original CONFIST
are pointed out and the recommended improvement recipe will
also be presented in the same section. A concluding remark is
summarized in the final section.

II. COMPARISONS AMONG VARIOUS CONSTRAINT EQUATIONS

The schematic structure of a conventional MOSFET is
shown in Fig. 1, where the physical meanings of the assigned
parameters are given in the nomenclature. Based on Fig. 1, the
first constraint equation for MOS miniaturization proposed by
Brews et al. [2] is expressed by

Lunin = B[T,. B;W2p)1/3 (1)

where B is an empirical constant whose value depends on
the units of each parameter used. Although (1) provides
more flexible relationships among the corresponding structure
parameters, its application is limited by some drawbacks
which have been mentioned by Ng et al. [3]. The major
weak points of (1) are a) the inappropriate limiting criterion
(threshold current) used for determining L.,;,, and b) the
absence of the lower limit of L., as one (or more) of the
structure parameters vanishes. Point a) can be improved by
replacing the limiting criterion with a more reasonable one,
such as the magnitude of the drain-induced barrier lowering
factor (DIBL) [3], [4]. On the other hand, the removal
of the drawback b) must be achieved by performing some
mathematical manipulations on (1). Equation (1) shows simple
power relations among Ly, and the structure parameters
(i.e., Torx, R, and Wsp). The independence among the three
parameters allows the application of variable separation. We
can then rearrange (1) to be

Lmin = f(Toz') X Q(Rj) X h(WSD) (2)
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where
f(Tox) = fOTolz/S (3a)
9(R;) = go R}/ (3b)
and
WWsp) = hoWals, &)

Obviously, B = f X go X hg can be expected. If the devices
under consideration are just small perturbations around a
qualified center device with the parameters 7,9, R;o, and
N 4o, which satisfy (2), the dependence of L.;, on each
parameter can be approximated by the Taylor expansions
of f(T,z), g(R;), and h(Wsp) around the center point
(Toz0s Rjo, Nag). For example, around T,,q, f(75.) can be
approximated by
(T) = L1, 4 2m
or) — 273 \tox 010)- @
3 oxl}

Thus, L, varies linearly with T,, and, furthermore, L,
becomes nonvanished even if T,,, approaches zero due to the
addition of the term 2T,;o. Similar treatments can be applied
to functions g(R;) and A(Wsp). Consequently, (1) can be
rewritten as

Lmin = Br(Tow + b1)(R; + b2)(Wsp + b3) (5)

where

2B

Br = —.
T 27(T2,0 R Wspo)'/3

(6)

The values of Br, b1 (= 2T520), b2 (= 2Rjo), and b3 (=
Wspo) are detemined by the limiting criterion and the struc-
ture parameters of the selected center device. Recently, Ng et
al. [3] proposed a new generalized miniaturization guide by
revising (1) according to the above arguments. They obtain a
linear relation like (5) from the induction of the systematically
simulated device characteristics. For convenient discussions,
their result is written below:
N 1/0.37

DIBL = T(Toz-knl)(R] +n2)(Wsp + ny) )

where N = 2.2 yum~2, n; = 0.012 pm,ny = 2.9 um, and
ng = 0.15pm. The mathematical basis of their analysis is
evidently the termwise Taylor expansions of (1) as discussed
above. It is noted that equation (7) is an approximation of
(1) in a narrow window. The application range of (7) needs
careful considerations.

Since the DIBL factor is a better criterion for determining
Lmin, a constraint equation similar to (1) can be derived from
an accurate threshold-voltage model. Based on the simplified
two-dimensional threshold-voltage model developed in [4], a
new constraint equation is expressed by

To:r }/D()

R n
DIBL~M T I Fp(mYpo + ago) (—i—) (8a)
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Fig. 1. The cross-section view of a conventional n-MOSFET.

where Fp is the integration result of the drain boundary
potential and is given by

1 1Ypo 1 (YDO)2
Fp=-—-—-—"—+4+—| 7).
2 3Yp 12 YJ D
Note that the DIBL in (8) is closely related to the ratios
Toz/L, Ypo/L, R;/L, and Ypo/Y;p. Some similarities can
be found between (7) and (8). For example, in (8), n is about
0.8 [4], and hence DIBL ~ L=28 which is close to the one
obtained by Ng et al. (DIBL ~ L=27 in (7)). By the way
(8) shows that the effect of R; on the DIBL is relatively
weaker than those of T, and Ypo, due to the sub-unity
power n. Besides, the term agg in (8a) is equivalent to the
term ng in (7) because they represent the limited resistance
to the DIBL effect of the substrate doping concentration.
That is, due to the existence of agg and na, the DIBL
can never be completely eliminated by simply increasing the
substrate doping concentration indefinitely. This is attributed
to the perpetual charge sharing by the source/drain boundary
potentials [4].

However, (7) and (8) still differ each other in other manners.
To evaluate their differences, we compare (7) and (8) with
the DIBL values extracted from the current-voltage charac-
teristics of a set of experimental test devices. The fabrication
details of the test devices have been described in [4]. Note that
the experimental test devices are conventional n-MOSFETs,
which have different oxide thicknesses and uniform substrate
doping concentrations with the source/drain junction depth
of approximate 0.2 um. For consistency, the definition of
the DIBL values follows that used by Ng et al. [3]. That
is, the threshold voltages at Vpg ranging from 1-3 V are
used. The normalized-current method [4] is used to determine
the threshold voltages at various Vpg. The junction-related
quantities (e.g., Wp and Y;p) are calculated at Vps = 2
V. In Figs. 2 and 3, the extracted DIBL values (marks)
and the calculated results using (7) (dashed curves) and (8)
(solid curves) are plotted for comparisons. Fig. 2 illustrates
the cases with different N4’s, in which N4 is extracted
from the substrate sensitivity of the threshold voltage from
a large device (W/L = 150/100). As mentioned previously,
the validity of (7) is confined in the neighborhood of the
center device, and any arbitrary extension cannot guarantee
the accuracy of (7). It is clearly seen that the accuracy of (7)

(8b)
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Fig. 2. Comparisons between the measured (¢ Bl ¢ +) drain-induced barrier
lowering (DIBL) factors and the ones calculated by the constraint equations
proposed by (a) Ng et al. [3] (———) and (b) Maa et al. [4] ( ) with
different N4’s and Tor = 14 nm.

is relatively poor, especially in the range far away from the
center device selected in [3] (i.e., Ns < 10'7/cm®). Similar
observation can be obtained from Fig. 3 for the dependence
of the DIBL on T,.. On the other hand, the agreements
between (8) and measurement results are excellent, and larger
deviations can be noted as DIBL > 20 mV/V. Numerical
simulations also show the same departure boundary [4], and
this can be easily realized by recalling the assumptions made
in deriving (8) [4]. In (8), the one-dimensional depletion
depth Ypo is used, and the two-dimensional effects causing
the depletion depth broadening are neglected. This implies
that (8) describes the threshold behavior before any strong
two-dimensional effect becomes significant. Then, DIBL <
20 mV/V can be adopted to be the limiting criterion for
determining L.,i,. Actually, in (4], the criterion is DIBL =
20 mV/V, rather than 10 mV/V defined by Ng et al. [3].

[II. THE NEW SCALING THEORY

The CONFIST is meant to maintain the same field con-
figurations after device scaling. In the original theory pro-
posed by Baccarani er al. [1], the Poisson equation and
the current continuity equations were decoupled since only
the subthreshold region was taken into consideration. The
success of the CONFIST must be verified by the field-
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Fig. 3. Comparisons between the measured (¢ I ¢) drain-induced barrier

lowering (DIBL) factors and the ones calculated by the constraint equations
proposed by (a) Ng et al. [3] (———) and (b) Maa er al. [4] ( ) with
different T,,’s and Na = 6 x 10'® Jem®.

dependent device characteristics. In the subthreshold region,
the most important field-dependent characteristics are due to
the punchthrough and DIBL effects. Generally, punchthrough
is a more complicated phenomenon and is not desired under
normal operation. Therefore, the DIBL effect is taken to be the
major benchmark for evaluating the merits of the CONFIST.
In principle, if the field configuration is indeed kept unchanged
in the scaled devices, the DIBL values must remain constant.
QOur analyses are based on the argument: The invariance of the
DIBL value is the essential condition of the CONFIST.

From the above interpretations, the original CONFIST pro-
posed in [1], which is denoted by CONFIST-1 for con-
venience, is evaluated. Starting with the Poisson equation,
Baccarani et al. (1] recognized the three degrees of freedom
for scaling: dimensions, potentials, and doping concentrations.
In the CONFIST-1, all the dimensions are scaled by a unique
factor A, and the potentials can be scaled by another inde-
pendent factor x. The power supply and the threshold voltage
are scaled by s simultaneously. Basically, A and x can be
artifically assigned. The left one for doping, §, is automatically
detemined by requiring the invariance of the Poisson equation
after scaling. 6 = A%/x was obtained in [1].

For clear distinction in the following paragraphs, the related
notations are written in upper and lower case before and after
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scaling, respectively. For example, the channel length L and
the threshold voltage Vrpy become [ and vy, after scaling,
respectively.
The factor R; is defined to be the ratio of the DI BL value
after scaling to the one before, i.c.,
dibl
"= DIBL ©
Then, By = 1 is required by the CONFIST-1. After scaling
(8), we have

S TU:L‘ Ydo R] "
dibt = M2 Yy oy + aon) (7 (100
where [ = L/X, y4o = Ypo/A4 and
2
1 lys, 1 <ydo)
=E——-=+ =] . 10b
=575 1 (1o
Ag can be found to be
A 1
A= — X . 11
CT TR TR MO R e an
Substitution of (8) and (10) into (9) yields
A fa _ mYpo/Ai+ ag
Ri=—xx—F, 12
! Ad Fp (mYDo + aoo) (12)

Note that x can be found by solving (12) with By = 1
for a given value of A. Fig. 4 shows the behavior of x for
continuous scaling. The curve in Fig. 4 is obtained by scaling
a 1 pym device down to the submicrometer range. The device
parameters before scaling are T,, = 25 nm, R; = 0.25 um,
and Ny = 4.4 x 10'%/cm3, which are typical for 1pm
technology. Some important features are revealed by Fig. 4. It
is noted that the variation range of x is much smaller than
that of A. Besides, the growth rate of x with A decreases
rapidly as A increases. This is used to account for the variation
of the boundary ratio Ypo/L of the shaded rectangle in
Fig. 1 after scaling. According to (11), the reduction of the
channel length is not proportional to that of the depletion
depth, i.e., y4/! > Ypo/L because Ay < A. The insert
of Fig. 4 shows the shrinkage tendencies of [ and yq4,, and
Ydo is more persistent than [. It can be understood by an
alternative viewpoint: As the channel length is scaled down,
the depletion depth is, at first, scaled by A, too; however, it will
be enlarged subsequently by a pseudo-substrate voltage. The
increase of the boundary ratio y4,/! after scaling is therefore
called the quasi-body effect. It must be emphasized that the
quasi-body effect is not a special result of our cxample. As
long as scaling is executed (i.e., A > 1 and v > 1), the
quasi-body effect is inevitable. Careful examination on the
CONFIST-1 indicates that the quasi-body effect is mainly
caused by the requirement of unchanged Poisson equation
after scaling. Relatively, it results in longer boundaries at the
source/drain ends and thus more serious charge sharing and
the two-dimensional effects become stronger eventually. To
meet the requirement of R; = 1, the value of £ must be kept
small and this is equivalent to the necessity of higher N4 to
guarantee dibl = DIBL.

The by-product of the quasi-body effect is the weak scala-
bility of the threshold voltage. The values of « in Fig. 4 are
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Fig. 4. The variations of the potential scaling factor (x) with the dimension
one (A) generated by the CONFIST-1. The insert shows the shrinkage
tendency of the channel length (1) and the depletion depth (¥4, ). The structures
of the referenced device are L = 1 um, N4 = 4.4 x 10'°/em?3, T,,, = 250
A and R; = 0.25 pum.
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). The referenced device is

obtained by assigning R; = 1. The quasi-body effect leads
to the necessity of higher N 4. In the long run, the scaling of
the threshold voltage will be sacrificed. This can be clearly
seen from Fig. 5, where the v, generated by the CONFIST-
1 (the solid curve) and the one expected by Vrp/k (the
dashed curve) are plotted together. The CONFIST-1 always
overestimates the scaled threshold voltage, and v, is nearly
too persistent to be scaled any further as the 1 4m device is
scaled down to the level below 0.25 ym (i.e., A > 4). The
deviation of vy, from Vrg/k is larger than 0.1 V below the
level. Since so, the CONFIST-1 can never be categorized to
be a successful miniaturization rule.

In summary, the scaling issues of the CONFIST-1 are

1) to find the scaling factor for all dimensions, A,

2) to find the scaling factor for potentials, «, and

3) to find the scaling factor for doping concentrations, &,

under the following given requirements:

A) an artificially defined A, depending on the goal of
scaling (ie., A = L/I);
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B) scaled power supply and threshold voltage by =
(.e., vip = Vru/K)

C) invariant Poisson equation (i.e., § = A2/x); and

D) unchanged field configuration (i.e., R; = 1).

According to the above discussion, (1) and (3) are satis-
fied by (A) and (C), respectively. Eventually, the goal (2)
has to meet the requirements (B) and (D) simultaneously
and it is mathematically impossible. Physically speaking, the
CONFIST-1 is defeated by the inevitable quasi-body effect.

After the mathematical and physical mechanisms causing
the limitations of the CONFIST-1 are well understood, a
straightforward strategy can be proposed. To satisfy the math-
ematical self-consistency, the scaling issues of the CONFIST
must be accomplished by providing the same number of
requirments. Moreover, we have to release the intentional
or unintentional restrictions existing in the original CON-
FIST. For simplicity, we concentrate on the problems of two-
dimensional scaling. In the subthreshold region, the Poisson
equation is

82¢(a:, y) + 82¢)(1', y) _ qNA
dx? M2 e

(13)

Obviously, the more generalized degrees of freedom for scal-
ing are the lateral dimensions (i.e., the z-related terms, such as
L), the vertical dimensions (i.e., the y-related terms, such as
T, and R;), the potentials (i.e., power supply and threshold
voltage), and the doping concentrations (i.e., IV 4). Concerning
the basic requirements of the CONFIST the invariance of the
Poisson equation must be abandomed in order to prevent the
scaling from being constrained by the quasi-body effect. Then,
the scaling factor é for doping concentration becomes more
independent and is not determined completely by A and  any
more, and the requirement of (C) is removed subsequently.
This can be substituted by another one introduced below.
Like R;, another factor R can be defined to be

_ Uth
2 =
VTH/FL

(14)

where R2 means the ratio of the scaled threshold voltage (vq)
to the expected one (Vrg/k). A self-consistent CONFIST
definitely demands R, = 1.

Again, based on the above discussions for the CONFIST-
1, the new scaling strategy, which is designated by the
CONFIST-2 for distinction, is summarized as follows:

The scaling issues of the CONFIST-2 are

1) to find the scaling factor for the lateral dimensions, A,

2) to find the scaling factor for the vertical dimensions, v,

3) to find the scaling factor for the vertical dimensions, &,

4) to find the scaling factor for the doping concentrations,
6, under the following requirements:

A) an artifically defined A, depending on the goal of
scaling (i.e., A = L/I);

B) an artificially defined #;

C) exact scaling of Vry (ie., Ry = 1); and

D) unchanged field configuration (i.e., Ry = 1).
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The CONFIST-2 belongs to the CONFIST because the
essential condition R; = 1 is required. However, it is different
from the CONFIST-1 mainly in that it allows a more flexible
selection of «. The scaling of the power supply is a more subtle
problem. Circuit performance and reliability considerations
are crucial to the choice of power supply [5]. Basically, the
CONFIST-2 provides independent selections of A and «.

To demonstrate the implementation practice of the
CONFIST-2, we scale the 1 um device used in Figs. 4 and 5
again. The scaling functions for A and « are assumed to be

(15)
and
(16)

The use of (15) is obvious since the referenced device is
designed by the 1 um technology. Equation (16) comes from
the assumption that the power supplies are 5 V and 2.5
V for 1 um and 0.25 um devices [5], respectively, and can
be linearly scaled with lateral dimensions. The merits of
the CONFIST-2 are not assessed by the specific scaling
functions for A and x. Various functions other than (15) and
(16) can be designed without inducing any difficulty in the
implementation of the CONFIST-2. The major computation
efforts are then spent on the determinations of v and 4. To
meet the requirements {C} and {D}, the scaling trends for
the substrate doping concentration differ oppositely. Fig. 6
illustrates the solution procedure for v and 4. The solid
curves represent the variations of § with v constrained by
{C}. Evidently, higher doping concentration is desired for the
threshold voltage to reach the expected value as the oxide
thickness is reduced. Meanwhile, on the contrary, relatively
lower doping is enough to maintain the magnitude of the
DIBL with the aids of the shrinkage of oxide thickness, as
shown by the dashed curves in Fig. 6. The compromise points
for {C} and {D} indicate the optimum combinations of v
and 6. Simple algorithms such as the bisection method can
be invoked to solve v and é simultaneously. The solutions
of v and é in our example according to the above approach
are plotted in Fig. 7 (triangle marks), in which both the
threshold voltage and the D/ BL value are calculated by the
analytic model developed in [4]. Also shown in Fig. 7 are
the results produced by the CONFIST-1 (the dashed curves).
The CONFIST-2 recommends lower substrate concentrations
than the CONFIST-1 does (as 6§ < A2%/x). The resulted
degradation of the DIBL resistance is remedied by the larger
scaling of the vertical dimensions (i.e., T, and R;). Another
interesting point is that the CONFIST-2 is nearly identical
to the CONFIST-1 as A < 2. It means that the CONFIST-
1 is an acceptable miniaturization guide for devices larger
than 0.5 pm. Fig. 8 summarizes the scaling guides obtained
by the CONFIST-1 (dashed curves) and CONFIST-2 (solid
curves). It is shown that the CONFIST-2 clearly separates the
weight of each scaling factor. To meet the requirements of
the CONFIST, the most scaled degree of freedom must be the
vertical dimensions.
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In this work, the constant-field scaling principle of conven-
tional MOSFET’s is examined, and the proposed scaling rule
can be easily extended to the case of LDD MOSFET devices
if the maintenance of constant field after the scaling of LDD
MOSFET devices is the only important criterion. However, the
channel field is reduced considerably due to the introduction
of LDD structure, but the design of high-performance LDD
MOS devices will be limited by other consideration such as
the effects of the parasitic resistance in the n~-region on
the saturation voltage and the drain current. The complicated
design algorithm for high-performance LDD MOSFET devices
is under investigation and will be addressed in the future
publication.

1V. CONCLUSIONS

This work has investigated the generalized MOS miniatur-
ization guide proposed by Brews et al. in detail. The DIBL
effect is selected to be the limiting criterion for determining
Lyin- The mathematical basis of the strategy proposed by Ng
et al. is found to be the termwise Taylor expansions of the
original constraint equation proposed by Brews er al. and the
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Fig. 8. The scaling trends obtained by the CONFIST-1 (———) and
CONFIST-2 ( ). (a) Threshold voltage. (b) Doping concentration. (c)
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revised equation proposed by Ng et al. is appropriate in a
narrow window. The accuracies of various constraint equations
are evaluated, and it is concluded that the agreements between
the measured DI BL and the proposed new constraint equation
are better.

The verified (and qualified) new constraint equation is
then utilized to assess a new constant-field scaling theory
(CONFIST-2). By scaling the constraint equation, we note that
the original CONFIST (CONFIST-1) is limited by the lack
of mathematical self-consistency. Due to the inevitable quasi-
body effect, the CONFIST-1 results in the weak scalability of
the threshold voltage.

According to the two-dimensional Poisson equation, we
generalize the degrees of freedom for scaling to be: the
lateral dimensions, the verical dimensions, the potentials, and
the doping concentration. The solution proposed to modify
the CONFIST-1 (i.e., CONFIST-2) overcomes the problem
caused by the quasi-body effect. The implementation practice
is illustrated and the results show that the CONFIST-1 begins
to deviate significantly below 0.5 yum device design. The
CONFIST-2 also suggests that the vertical dimensions must
be scaled more than the lateral ones.
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