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An Analytical Model of the First Eigen Energy Level for
MOSFETs Having Ultrathin Gate Oxides

B. PAVAN KUMAR YADAYV and ALOKE K. DUTTA

Abstract— 1In this paper, we present an analytical
model for the first eigen energy level (E) of the carri-
ers in the inversion layer in present generation MOS-
FETs, having ultrathin gate oxides and high substrate
doping concentrations. Commonly used approaches
to evaluate E, make either or both of the following
two assumptions: one is that the barrier height at the
oxide-semiconductor interface is infinite (with the
consequence that the wave function at this interface is
forced to zero), while the other is the triangular po-
tential well approximation within the semiconductor
(resulting in a constant electric field throughout the
semiconductor, equal to the surface electric field).
Obviously, both these assumptions are wrong, how-
ever, in order to correctly account for these two ef-
fects, one needs to solve Schriodinger and Poisson
equations simultaneously, with the approach turning
numerical and computationally intensive. In this
work, we have derived a closed-form analytical ex-
pression for E(, with due considerations for both the
assumptions mentioned above. In order to account for
the finite barrier height at the oxide-semiconductor
interface, we have used the asymptotic approxima-
tions of the Airy function integrals to find the wave
functions at the oxide and the semiconductor. Then,
by applying the boundary condition at the oxide-
semiconductor interface, we developed the model for
Ey. With regard to the second assumption, we pro-
posed the inclusion of a fitting parameter in the well-
known effective electric field model. The results
matched very well with those obtained from Li’s
model. Another unique contribution of this work is to
explicitly account for the finite oxide-semiconductor
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barrier height, which none of the reported works con-
sidered.

Index Terms— MOSFET, eigen energy level, ultrathin
gate oxide

I. INTRODUCTION

With aggressive scaling of dimensions of MOSFETs
over the last decade or so, in order to keep the various
short-channel effects under check, the substrate doping is
continually increased, while the oxide thickness keeps on
reducing. The net effect is a tremendous increase in the
vertical electric field at the oxide-semiconductor inter-
face (henceforth, referred to simply as the interface),
which initiates quantum mechanical effects [1-3], caus-
ing carrier confinement within a narrow potential well
close to the interface, and, consequently, giving rise to
the phenomenon of energy quantization. The quantized
energy levels can be obtained accurately by solving the
Schrodinger and Poisson equations self-consistently [4-
6], however, it cannot be done analytically, with the re-
sult that the solution procedure becomes numerical and
computationally extremely intensive and expensive.

In [4], Janik and Majkusiak solved the set of equations
self-consistently and showed that neglecting the phe-
nomenon of the energy quantization leads to an underes-
timation of the threshold voltage for MOSFETs with
highly doped substrates. Stern [5] came up with an ap-
proach of finding the eigen energy levels analytically by
making two important assumptions: one is that of infinite
potential barrier height at the oxide-semiconductor inter-
face, while the other is the familiar triangular potential
well approximation. However, rigorously, none of these
two assumptions is valid.

Mudanai et al. [6] presented a comprehensive analysis
of the effects of the wave function penetration into the
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oxide, by solving Schrédinger and Poisson equations
self-consistently. Now, the triangular potential well ap-
proximation is invoked by the researchers, since the
Schrédinger equation has an analytical solution under
this condition. In [7], using this approximation, Mueller
and Schulz proposed a simplified method, which ac-
counts for the energy quantization of the inversion layer
charge carriers through a self-consistent set of parameter-
ized solutions of the Poisson and Schrédinger equations.

Ma et al. [8] showed that the results for the carrier
sheet density and the surface potential using the triangu-
lar potential well approximation match with those ob-
tained from the numerical simulations very well provided
that the effective field is properly chosen. Liu et al. [9]
proposed an approximate model to describe the effect of
the inversion layer quantization for deep submicron
MOSFETs, indicating that this effect should be consid-
ered when the device is scaled down to the sub-0.1 pm
regime.

For MOS structures, to the best of our knowledge,
there is no existing report in the literature regarding any
explicit analytical expression of the first Eigen energy
level, without invoking either of the two assumptions
stated earlier in this section. In 2005, Li et al. [10] pro-
posed a semi-empirical expression for the Eigen energy
level with the coefficient and exponent terms (present in
Stern’s [5] eigen energy model) as fitting parameters.
The values of these parameters were adjusted by fitting
the results obtained from their semi-empirical model
with the numerical results. Though this model is semi-
empirical, however, the results obtained from the model
match very well with the numerical results [10]. There-
fore, in this work, we used the semi-empirical model
proposed by Li et al. [10] as the reference, with which
we compared the results obtained from our proposed
model.

In another empirical model, Shams et al. [11] had
made the exponent (present in the model of Li et al. [10])
an empirical function of the oxide-semiconductor barrier
height and the substrate doping. However, the drawback
of this model is that it uses too many fitting parameters,
and most of them do not have any physical justification.
From the foregoing discussion, it should be apparent that
there exists a need for an analytical Eigen energy model,
which does not use either of the two assumptions listed
earlier, and, at the same time, is sufficiently accurate.

Also, an accurate evaluation of the Eigen energy level is
a must for an exact estimate of the gate tunneling current
[12-16], which is so very important for today’s MOS-
FETs.

The work has been presented in the following se-
quence. Section II presents the details of the develop-
ment of the first Eigen energy model using the asymp-
totic approximations of the Airy function integrals, tak-
ing into account the finite barrier height at the oxide-
semiconductor interface. The effective electric field pre-
sent within the semiconductor is a required parameter for
this model, for which we considered the widely used
effective electric field model, however, with the inclu-
sion of a fitting parameter, as presented in Section III.
The results obtained from our model, which showed an
excellent match with those predicted by the semi-
empirical model of Li et al. [10], are presented in Section
IV. Also, the proposed model for the first Eigen energy
level is completely analytical, and has only one fitting
parameter. The summary and conclusion of the work is
presented in Section V.

I1. EIGEN ENERGY MODEL FOR FINITE
OXIDE-SEMICONDUCTOR BARRIER HEIGHT

1. Background

With shrinking gate oxide thickness and increasing
substrate doping concentration, penetration of the wave
function into the oxide increases [6]. Accurate evaluation
of the quantized eigen energy levels in the semiconductor
region depends on the amount of this wave function
penetration into the oxide region. Therefore, in this sec-
tion, the eigen energy level is modeled without forcing
the wave function to vanish at the oxide-semiconductor
interface. The exact analysis results in the solution in
terms of the Airy function integrals. Because the exact
analytical expression for the Airy function integral can-
not be formed, hence, we have invoked the approxima-
tion of the asymptotic Airy function integrals. The valid-
ity of this approximation is established, and the wave
functions in the oxide and the semiconductor regions are
formulated after applying proper boundary conditions at
the interface. This also leads to the expression of the ei-
gen energy level in terms of the surface electric field, as
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will be shown shortly.

The solution of the Schrodinger wave equation, as-
suming infinite barrier height at the interface and under
the triangular potential well approximation, takes the
form of the Airy function, expressed as [5]:

| 2mqE v E.
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where \p(x) is the wave function, with the position

coordinate x defined to be positive into the substrate,
with the origin at the interface, mj is the effective mass
of electrons in the semiconductor, q is the coulomb
charge, F; is the surface electric field, and E; is the eigen
energy level, expressed as [5]
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where substitution of 1 = 0 gives the ground state energy

level Eo, which is of paramount importance in our work.
In Eq. (1), the Airy function integral Ai(p), with p be-
ing any general variable, is given by [2]:
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where A is the normalization factor, and u is an integra-
tion variable. Equation (3) is not solvable analytically,
and the solution requires numerical integration. However,
there are asymptotic approximations for the Airy func-
tion integral, which can be expressed as [3]:
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where c¢; and ¢, are normalization constants. Assuming

all the constants (c;, ¢,, and A) to be equal to unity, a
qualitative plot of the results using these asymptotic ap-
proximations along with the one obtained through nu-
merical integration of Eq. (3) is shown in Fig.1. It is to
be noted that the results obtained from the asymptotic
approximations diverge for p = 0, and hence, are not
good estimates of the actual Airy function in this region.
However, barring this small region around p = 0, the re-
sults of the asymptotic approximations match very well
with the numerical results. Hence, the next task is to find
the validity of these approximations for our work, which
we describe in the next section.

15

Numerical

_ Asymptotic
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Fig. 1. Comparison of the results obtained from numerical
simulation of the exact Airy function [Eq. (3)] (shown by the
solid line) with those obtained using the asymptotic approxima-
tions [Egs. (4) and (5)] (shown by the dashed line). It can be
observed that except near a small region around p = 0, the re-
sults of the asymptotic approximations match the numerical
result accurately.

2. Validity of the Approximations

To simplify the problem at hand, we denote all the
variables pertaining to the semiconductor region by suf-
fix 1, and those for the oxide by suffix 2. In order to find
the wave function in the semiconductor region, it is re-
quired to solve the one-dimensional Schrédinger equa-

tion, with the potential function ¢(x) = xF; (assuming

triangular potential). The resulting wave function is identi-
cal to that given by Eq. (1), which now gets expressed as

v, (x)=Ai(p,) (6)
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with x = 0 corresponding to the interface. From Fig.1, it
can be observed that for negative values of p;, Eq. (4) is
a very good estimate of Eq. (3) for p; less than —1.35
(approximately). Now, if we substitute x = 0 and use the
ground state eigen energy E, predicted by Stern [Eq. (2)
with i = 0] in Eq. (7), the result turns out to be —(91/8)*,
which equals —2.32, and is sufficiently less than —1.35.
Thus, the accuracy of the Airy function asymptote for p;
< 0 [Eq. (4)] is established. We later checked that this
accuracy is maintained even when we used the result for
E, obtained from our model.

Now, for the oxide region, the one-dimensional
Schrodinger equation can be solved with the potential

now given by q)(x) = ¢, *+ xFo, where ¢, is the

oxide-semiconductor barrier height (in V), having a
value roughly equal to 3.2 V for the Si-SiO, system, and
F.x 1s the oxide electric field. Note that in the oxide re-
gion, x is negative, and, at the interface, i.e., for x = 0,

¢(X) =¢,, as expected. The solution again takes the

form of Airy function, and can be expressed as

v, (x) = Ai(p,) )

with
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where m,, is the effective mass for electrons in the oxide.
From Eq. (9), note that for x = 0 (i.e., at the interface), p,

is positive, since q¢, is invariably greater than E, (be-

cause of the fact that we are considering only the ground
state eigen energy level corresponding to i = 0). Also,
from Fig.1, we observe that for positive values of p,, Eq.
(5) is a very good estimate of Eq. (3) for p, more than 2
(approximately). Again, substituting the ground state
eigen energy from Stern’s model [Eq. (2) with i = 0] in
the expression for p, [Eq. (9)], and evaluating it at the

interface (i.e., at x = 0), we get
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where we have used the principle of continuity of electric
displacement across the interface (i.e., &Fs = €oxFox).

Equation (10) clearly shows that pz‘ . has Fo"xz/ 3

x=
dependence. Substitution of appropriate values in this

equation predicts that Pz‘ . decreases monotonically
x=

from roughly 55 (for F,,= 500 kV/cm) to about 6 (for F,
= 10 MV/cm, which, incidentally, is larger than the
breakdown field for SiO,). Thus, even the lowest value

of p, . is larger than 2, which is the minimum re-
x=

quired value of p, for the results obtained from the as-
ymptotic approximation [Eq. (5)] to match with those
obtained from numerical simulations of the exact Airy
function integral [Eq. (3)]. Therefore, for positive values
of p,, and for practical values of the oxide field, it can be
safely concluded that Eq. (5) is an excellent approxima-
tion of Eq. (3). This would be true even if the exact value
of E, obtained from this work were substituted in Eq. (9).
Thus, both the approximations have been justified. In the
next section, we look at the boundary conditions.

3. The Boundary Conditions

Let the wave functions in the semiconductor and the

oxide regions (given by w,(x) and w,(x) respec-
tively) be denoted in the p-domain by ¢,(p,) and
0, (p,) respectively. By denoting the variables p; and
p» at x = 0 (i.e, the interface) by p; and p) respec-

tively, from the continuity of the wave function across
the interface, and using the expressions given by Egs. (4)
and (5), we get

o[ e (23

/|
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Now, with the effective mass of the carrier being dif-
ferent on the two sides of the interface, the second
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boundary condition, i.e., that of the continuity of the de-
rivative of the wave function at the interface, takes the

following form:

L{d"’l_(l’l)} =L{d¢2—(p2)} (12)

m | dx m, dx i

Using Egs. (7) and (9), Eq. (12) can be written as

o (p) | _ g | 99 (p,) W
dp, dp,

x=0 x=0

where f) is a physical constant, and is expressed as
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Now, taking the derivatives of ¢ (p,) and

0, (p, ) (expressed by Egs. (4) and (5) respectively) with

respect to p; and p; respectively, Eq. (13) gets expressed as
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where we have used Eq. (11).
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Upon algebraic simplification of Eq. (15) and using Eq.

(14), we get
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Note that Eq. (16) shows the dependence of E; on only
one parameter, and that is the surface electric field Fg

[through the term p; — refer to Eq. (7)]. Now, Eq. (16)

can also be expressed as S = T| + T,, where S is the only
term on the left-hand-side of Eq. (16), while T; and T,
are the first and second terms respectively in the same
equation. Thus, the eigen energy E; can be obtained by
solving this expression using numerical techniques. In

the next section, we present the result of such an analysis

which led to a further simplification of the expression
given by Eq. (16), resulting in an analytical expression
for the eigen energy level, function only of the surface
electric field F,.

4. Further Simplification

It can be observed that Eq. (16) has only one unknown
variable E; for a given electric field F,, however, from Eq.
(16), it should be obvious that it is not possible to solve
for E; analytically. In order to understand the relative
contributions of the terms S, Ty, and T,, Eq. (16) is nu-
merically solved as a function of the oxide electric field
Fox, with the result shown in Fig. 2. In plotting these
functions, E; is taken to be the ground state energy level
Eo, obtained by substituting i = 0 in Eq. (2). From the
figure, it is obvious that the relative contribution of the
term T, in the overall sum S is negligible as compared to
that of T,, even for oxide fields as high as 10 MV/cm.
Hence, it can be prudently approximated that S =~ T,
which yields [from Eq. (16)]:

12
tan(%p 3/2_2]13 &(%_lj 17

4 m E.
Unfortunately, even this simplification failed to make

’
1

(.4 1
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Fig. 2. The variations of the terms S, Ty, and T, as a function
of the oxide electric field F,,. Note that the contribution of the
term T, is much more dominant than that of T, in dictating the
overall sum S, and this holds for oxide fields even beyond 10
MV/cm.
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E; solvable analytically from Eq. (17). Thus, we look for
the next level of simplification, where we assume that
the barrier height ¢, at the interface is infinite, which
leads to the first order estimate of E;, as given by Eq. (2)
[it can be very easily shown that Eq. (17), under the as-
sumption that q)b — oo leads to Eq. (2)].

The rest of the procedure is algebraically slightly more
tedious, however, it leads to an analytical expression of

E;, as will be shown immediately. Substituting Eq. (2) for
E; only in the right-hand-side of Eq. (17), we get

tan [2
3 p

where f, (E) is a function of F, (and, of course, ¢, ,

’
1

3/2 T
T (F
4j .(E) (18)

however, for a given semiconductor-insulator system, it
is a constant), and is expressed as

1/2
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Equation (18) also implies that
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Now, by substituting p; (a function of E;) in Eq. (20)

and upon further simplification, we arrive at

5 1/3 2/3 2/3
Ei:(hj (&1] Ki+1)n+tan"‘[fi(Fs)ﬂ B
2m, 2 4

e2y)

Equation (21) gives an explicit analytical expression
for the subband energy levels as a function of the electric
field F,. The ground state energy level E, can be obtained
by substituting i = 0 in Eq. (21), with fy(F;) obtained
from Eq. (19), by substituting i = 0. Note that this ex-
pression for E, takes into account the finite semiconduc-

tor-insulator barrier height (@, ), which other papers in

this area hitherto had not taken into account. In the next
section, we develop a model for effective electric field in
the semiconductor region, which should account for the
triangular potential well approximation.

III. EFFECTIVE ELECTRIC FIELD MODEL IN
THE SEMICONDUCTOR REGION

The model for E, developed in this work so far [Eq.
(21) with 1 = 0] still assumes that the electric field
throughout the semiconductor is constant and is equal to
the surface electric field F;. However, in reality, the elec-
tric field in the semiconductor is not at all a constant
rather varies from Fj at the interface to zero deep into the
bulk. It is well known that the one-dimensional
Schrodinger’s equation has an analytical solution when
the electric field F; in the semiconductor is constant, with

the potential function ¢(x)given by ¢(x) = xF, (as-

suming triangular potential). Though there is no analyti-
cal solution for a varying electric field profile in the
semiconductor region, however, attempts have been
made [4, 5] to express this varying field by an effective
field F, s given by

(Q;+nQ)) (22)

1
Fs,eff =
8s

where Q) is the depletion layer charge density, Q’

is the inversion layer charge density, € is the permittivity
of Si, and n is an empirical fitting parameter, which has
been taken to be equal to 11/32 in [5], and 0.5 in [4]. The
primary goal of introducing this parameter is to account
for the overestimation of the Eigen energy value, result-
ing from the assumption of the triangular potential well
in the semiconductor region.

It has also been established in [5] that the triangular
potential well (with n = 1) is an excellent approximation
in the evaluation of the Eigen energy level under the
weak inversion condition, i.e., when the inversion charge
density is much less than the depletion charge density.
However, beyond weak inversion, the triangular potential
well approximation overestimates the carrier confine-
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ment in the 2DEG at the oxide-semiconductor interface

[4], and, hence, also overestimates the Eigen energy level.

In our work, we propose that using the effective elec-
tric field model F,.¢ [Eq. (22)], a simple way to account
for such overestimation of carrier confinement is to de-
crease the value of 1. From extensive simulations, we
have observed that the value of F; . obtained by choos-
ing n = 0.85 makes the calculation of the Eigen energy
[Eq. (22)]
(with n = 0.85) in place of F; in the expression for the

level accurate. When we substituted F;s

eigen energy level [Eq. (21) in association with Eq. (19)],
it was observed that the results obtained from our model
of the Eigen energy level matched very closely with that
of Lietal. [10].

Now, the value of n (= 0.85) that we propose is quite
higher than 0.5 and 11/32 reported in [4, 5] respectively.
Note that in Section II, using physics based methodology
to include the effect of finite semiconductor-insulator
barrier height, we have already accounted for the overes-
timation in E, resulting from infinite barrier height ap-
proximation at the oxide-semiconductor interface, thus,
part of the correction has already been achieved. Hence,
to account for the assumption of constant electric field
throughout the semiconductor region, the amount of nec-
essary reduction in the value of m (from its nominal
value of unity) became correspondingly smaller. In the
next section, we present our results.

IV. RESULTS

In Fig. 3, we plot the values of E, obtained from our
model as a function of the oxide electric field F,,, along
with the results of Stern’s [5] as well as those obtained

from the semi-empirical model proposed by Li et al. [10].

In plotting these results, we have used the same data as
reported in [5, 10]. Also, as a general norm, these charac-
teristics are shown as a function of the oxide electric
field F, (instead of Fy), keeping the fact of oxide break-
down in mind. As expected, with an increase in the elec-
tric field F, (and, consequently, F,,), the triangular poten-
tial well in the substrate becomes steeper, and the con-
finement of the charge carrier increases, causing an in-
crease in the ground state eigen energy level. The same
trend has been shown by the results obtained from both
the models of [5, 10]. It is interesting to note that our

0.45
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""" Lietal.
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Fig.3. The ground state energy level E, as a function of the
oxide electric field F,, obtained from our model (shown by
the solid line), incorporating only the effect of finite semicon-
ductor-insulator barrier height at the interface. The results
obtained from Stern’s [5] model (shown by the dashed line) as
well as from the model of Li et al. [10] (shown by the dash-
dotted line) are also shown.

results are closer to that of [10], which actually showed a
very good match with the results obtained from an exact
numerical simulation of the coupled Schrédinger-Poisson
equations [10]. Note that by taking the results reported in
[10] as the reference, at oxide fields of 0.7 MV/cm and 7
MV/cm, the percent errors corresponding to the results of
[5] are 6% and 20.8% respectively, while the same with
respect to our model are 2.7% and 12.3% respectively,
which is a non-trivial improvement.

Next, we included the model for the effective electric
field Fser [Eq. (22)] in the original model for Eq [Eq.
(21)]. The value of the coefficient | used in the expres-
sion for F, .+ was found to equal 0.85 in order to obtain
the best possible accuracy in our model of E. Thus, we
arrive at an analytical evaluation of E, as a function of
Vg, considering both the finite barrier height at the ox-
ide-semiconductor interface, as well as accounting for
the variation of the electric field within the semiconduc-
tor region, by using the effective electric field F;.g, with
a modified value of n.

In Fig. 4, we plot the variation of E, obtained from
our complete model, as a function of Vgg. The results
obtained from the models of [5, 10] are also shown in the
figure. The substrate doping concentration N, is taken to
be 10'7 cm > and the oxide thickness t,, is equal to 2 nm.
Note the superior matching of our results (after account-
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Fig. 4. E, as a function of Vg, obtained from our complete
model (solid line), and the models of Stern [5] (dashed line)
and Li et al. [10] (dot-dashed line). Note that our results emu-
late those of Li et al. [10] very closely.

ing for both the effects) with those predicted by the semi-
empirical model of [10]. In particular, by taking the re-
sult of [10] as the reference, at applied Vgp of 0.5 V and
1.5V, the percent errors corresponding to the model of [5]
are 14.7% and 21.5% respectively, while those of our
model dropped to only —0.3% and 2.2% respectively.

V. SUMMARY AND CONCLUSIONS

In this work, we have presented a completely analyti-
cal model for the ground state eigen energy level EO for
the quantized carriers within the inversion layer of con-
temporary MOSFETs, having high substrate doping and
ultrathin gate oxide. It has accounted for the two impor-
tant (but false) assumptions commonly used in the litera-
ture in this area, namely infinite barrier height at the ox-
ide-semiconductor interface and the triangular potential
well within the semiconductor. We took into account the
effect of finite barrier height at the oxide-semiconductor
interface by invoking the asymptotic approximations of
the Airy function integrals, and by applying the boundary
conditions at the interface, obtained the wave functions
in the semiconductor as well as within the oxide — note
that a nonzero wave function in the oxide is an important
contribution of this work, which resulted from the barrier
at the interface being finite.

From this procedure, we also obtained the expression

of the ground state eigen energy level. The results
matched better with those obtained from the semi-
empirical model of Li et al. [10] (which, in turn, match
very well with the numerical simulations using the self-
consistent approach of solving Schrodinger and Poisson
equations) than that of Stern [5], however, the error was
still pretty high (~ 12%). Hence, in the next part of our
work, we attempted to remove the assumption of con-
stant electric field throughout the semiconductor region,
a fallout of the triangular well approximation) by model-
ing it as an effective electric field, using a widely used
effective electric field model, with a modified value for
the parameter 1. The end result was almost accurate,
where the percent error in the values of EO dropped to a
meager 2% with respect to the model of Li et al. [10].
Also, as has been mentioned earlier, the model is purely
analytical and completely based on physical principles
(with prudent assumptions made and proper justifications
for the same presented)

REFERENCES

[171 A. Ghatak and S. Lokanathan, “Quantum Mechan-
ics: Theory and Applications,” 5™ Ed., McMillan,
2004.

[2] L.D. Landau and E.M. Lifshitz, “Quantum Me-
chanics: Non-Relativistic Theory,” Translated from
Russian by J.B. Sykes and J.S. Bell, Course of
Theoretical Physics, Vol.3, pp.491-492, 1956.

[3] Julian Schwinger, “Quantum Mechanics: Symbol-
ism of Atomic Measurements,” Edited by Berthold-
Georg Englert, Springer, 2001.

[4] T. Janik and B. Majkusiak, “Analysis of the MOS
transistor based on the self-consistent solution to
the Schrodinger and Poisson equations and on the
local mobility model,” IEEE Transactions on Elec-
tron Devices, Vol.45, No.6, pp.1263-1271, 1998.

[5] F. Stern, “Self-consistent results for n-type Si in-
version layers,” Physical Review B, Vol.5, No.12,
pp-4891-4899, 1972.

[6] S. Mudanai, L.F. Register, A.F. Tasch, and S.K.
Banerjee, “Understanding the effects of wave func-
tion penetration on the inversion layer capacitance
of NMOSFETs,” IEEE Electron Device Letters,
Vol.22, No.3, pp.145-147, 2001.



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.10, NO.3, SEPTEMBER, 2010 211

[7]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

H.H. Mueller and M.J. Schulz, “Simplified method
to calculate the band bending and the subband en-
ergies in MOS capacitors,” [EEE Transactions on
Electron Devices, Vol.44, No.9, pp.1539-1543,
1997.

Y. Ma, L. Liu, Z. Yu, and Z. Li, “Thorough analysis
of quantum mechanical effects on MOS structure
characteristics in threshold region,” Microelectron-
ics Journal, Vol.31, No.11-12, pp.913-921, 2000.
X. Liu, J. Kang, X. Guan, R. Han, and Y. Wang,
“The influence of tunneling effect and inversion
layer quantization effect on threshold voltage of
deep submicron MOSFETSs,” Solid State Electron-
ics, Vol.44, No.8, pp.1435-1439, 2000.

F. Li, S. Mudanai, L.F. Register, and S.K. Banerjee,
“A physically based compact gate C-V model for
ultrathin (EOT U 1 nm and below) gate dielectric
MOS devices,” IEEE Transactions on Electron De-
vices, Vol.52, No.6, pp.1148-1158, 2005.

I.LB. Shams, K.M.M. Habib, Q.D.M. Khosru,
AN.M. Zainuddin, and A. Haque, “On the physi-
cally based compact gate C-V model for ultrathin
gate dielectric MOS devices using the modified
Airy function approximation,” IEEE Transactions
on Electron Devices, Vol.54, No.9, pp.2566-2569,
2007.

F. Rana, S. Tiwari, and D.A. Buchanan, “Self-
consistent modeling of accumulation layers and
tunneling currents through very thin oxides,” 4p-
plied Physics Letters, Vol.69, No.8, pp.1104-1106,
1996.

J.C. Ranuarez, M.J. Deen, and C.H. Chen, “A re-
view of gate tunneling current in MOS devices,”
Microelectronics Reliability, Vol.46, No.12, pp.
1939-1956, 2006.

H. Wu, Y. Zhao, and M.H. White, “Quantum me-
chanical modeling of MOSFET gate leakage for

high-k gate dielectrics,” Solid State Electronics, Vol.

50. No. 6, pp. 1164-1169, 2006.

R.H. Fowler and L. Nordheim, “Electron emission
in intense electric fields,” Proceedings of the Royal
Society of London, Series A, Vol. 119, No. 781, pp.
173-181, 1928.

X. Liu, J. Kang, and R. Han, “Direct tunneling cur-
rent model for MOS devices with ultrathin gate ox-
ide including quantization effect and polysilicon
depletion effect,” Solid State Communications, Vol.

125, No.3, pp.219-223, 2003.

Y.P. Tsividis, “Operation and Modeling of the MOS
Transistor,” 2™ Ed., Oxford University Press, 1999.
M. Shur, “Physics of Semiconductor Devices,”
Prentice Hall, 1995.

A K. Dutta, “Semiconductor Devices and Circuits,”
Oxford University Press, 2008.

D. Basu and A.K. Dutta, “An explicit surface-
potential-based MOSFET model incorporating the
quantum mechanical effects,” Solid State Electron-
ics, Vol.50, No.7-8, pp.1299-1309, 2006.

B. PAVAN KUMAR YADAV was
born in Hyderabad, India on June 27,
1985. He received the B.E. degree in
Electronics & Communication Engi-
neering from C.B.I.T, Osmania Uni-
‘ versity, Hyderabad, India, in 2006
and Masters degree in Microelectronics & VLSI from
Indian Institute of Technology Kanpur, India, in 2008.

Since 2008, he has been employed with IBM Semicon-
ductor Research and Development Center (SRDC), IBM
India Pvt. Ltd, Bangalore, India, as a Staff Research En-
gineer, where he primarily works on CMP FILL place-
ment, methodology and optimization, CMP Process
Modeling, Mask Data Preparation, OPC (Optical Prox-
imity Correction), ORC (Optical Rule Checking), Ad-
vanced DFM Methodologies. His research interests also
include integration, characterization and modeling of

nanoscale devices.



212 B. PAVAN KUMAR YADAV et al : AN ANALYTICAL MODEL OF THE FIRST EIGEN ENERGY LEVEL...

ALOKE K. DUTTA was born in
Calcutta (now Kolkata), India, in
1960. He received the B.E. degree in
Electrical Engineering from Jadavpur
University, Calcutta (now Kolkata),
India, in 1982, and the M.S. and
Ph.D. degrees in Electrical Engineer-

ing from Louisiana State University, Baton Rouge, La,
USA, in 1985 and 1989 respectively. In 1990, he joined
the Indian Institute of Technology, Kanpur, India, as an
Assistant Professor, where he is currently a full Professor.
His current research interests are focused on submicron
MOSFET modeling, mixed signal low-power low-
voltage VLSI, and RF circuits. He is a member of Eta
Kappa Nu and Phi Kappa Phi.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /!BM-dolhdip1
    /!BM-gaulr
    /!BM-joyakr
    /AGA-Arabesque
    /AGA-ArabesqueDesktop
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AharoniBold
    /ahn2006-B
    /ahn2006-L
    /ahn2006-M
    /AkhbarMT
    /AkhbarMT-Bold
    /Albertus-ExtraBold
    /Albertus-Medium
    /AlbertusMT
    /AlbertusMT-Italic
    /AlbertusMT-Light
    /Algerian
    /AmericanGaramondBT-Roman
    /AmiR-HM
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /ArborWin
    /ArialBackslanted
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /Astro2KT
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /AvQest
    /BaskOldFace
    /Batang
    /BatangChe
    /BatangOldHangulJamo
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BirdB
    /BirdL
    /BirdM
    /BlackadderITC-Regular
    /BlackChancery
    /BM-dolchulip1
    /BM-gaulr
    /BM-joyakr
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /Brush445BT-Regular
    /BrushScript
    /BrushScriptBT-Regular
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ChungB
    /ChungCB
    /ChungL
    /ChungM
    /Clarendon
    /Clarendon-Bold
    /Clarendon-Condensed-Bold
    /Clarendon-Light
    /CliperSKana
    /CMjoB
    /CMjoL
    /CMjoM
    /Cmsy10
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolekana
    /CooperBlack
    /CooperBlack-Italic
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Copperplate-ThirtyTwoBC
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /Crayon
    /CrounB
    /CrounM
    /CseriB
    /CstreB
    /CstreL
    /CstreM
    /CstreUL
    /CurlzMT
    /DanzinRegular
    /David-Bold
    /David-Reg
    /DavidTransparent
    /DFKMincho-Bd-WIN-KSC-H
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dinbla
    /Dinbol
    /DinerRegular
    /DingDongBold
    /Dinlig
    /Dinmed
    /Dinreg
    /Dotum
    /DotumChe
    /DTnaskh0
    /DTnaskh1
    /DTnaskh2
    /DTnaskh3
    /DTthuluth0
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /Eurostile
    /Eurostile-Bold
    /Eurostile-BoldExtendedTwo
    /Eurostile-ExtendedTwo
    /ExpoL-HM
    /ExpoM-HM
    /FelixTitlingMT
    /FencesPlain
    /FixedMiriamTransparent
    /Flora-Bold
    /Flora-BoldEx
    /Flora-BoldHo
    /Flora-BoldWd
    /Floralies
    /Flora-Normal
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /FZSY--SURROGATE-0
    /Gaeul
    /GaramB-HM
    /Garamond
    /Garamond-Antiqua
    /Garamond-Bold
    /Garamond-Halbfett
    /Garamond-Italic
    /Garamond-Kursiv
    /Garamond-KursivHalbfett
    /GaramondNo4CyrTCY-Medi
    /GasiIIB
    /GasiIIL
    /GasiIIM
    /GauFontShirousagi
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldCondensed
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-ExtraBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GothicL-HM
    /GothicRoundB-HM
    /Goudy
    /Goudy-Bold
    /Goudy-BoldItalic
    /Goudy-ExtraBold
    /Goudy-Italic
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GraphicSansR-HM
    /GTB
    /GTM
    /Gulim
    /GulimChe
    /GulimOldHangulJamo
    /Gungsuh
    /GungsuhChe
    /H2bulL
    /H2gprM
    /H2gsrB
    /H2gtrB
    /H2gtrE
    /H2gtrM
    /H2hdrM
    /H2hsrM
    /H2mjmM
    /H2mjrB
    /H2mjrE
    /H2mjsM
    /H2mjuM
    /H2mkpB
    /H2mkrB
    /H2pirL
    /H2porL
    /H2porM
    /H2sa1B
    /H2sa1M
    /H2sa2L
    /H2snrB
    /H2ta1L
    /H2ta2M
    /H2wulE
    /H2wulL
    /H2yerM
    /H2ysrM
    /HaansoftBatang
    /HaansoftDotum
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HeadG
    /HeadlineR-HM
    /HeadlineSansR-HM
    /HeadR
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HGMinchoB
    /HGPMinchoB
    /HGSMinchoB
    /HighTowerText-Italic
    /HighTowerText-Reg
    /HMKBP
    /HMKBS
    /HoeflerText-Black
    /HoeflerText-BlackItalic
    /HoeflerText-Italic
    /HoeflerText-Ornaments
    /HoeflerText-Regular
    /HSalB
    /HSalL
    /HSalM
    /HYbdaL
    /HYbdaM
    /HYbsrB
    /HYBuDle-Medium
    /HYcysM
    /HYdnkB
    /HYdnkM
    /HYGoThic-Light
    /HYgprM
    /HYGraPhic-Bold
    /HYgsrB
    /HYgtrE
    /HYhaeseo
    /HYHeadLine-Bold
    /HyhwpEQ
    /HYkanB
    /HYkanM
    /HYKHeadLine-Bold
    /HYKHeadLine-Medium
    /HYLongSamul-Bold
    /HYLongSamul-Medium
    /HYmjrE
    /HYMokPan-Bold
    /HYmprL
    /HYMyeongJo-Light
    /HYMyeongJo-Medium
    /HYMyeongJo-Ultra
    /HYnamB
    /HYnamL
    /HYnamM
    /HYPMokPan-Bold
    /HYPMokPan-Light
    /HYPop-Medium
    /HYporM
    /HYPost-Bold
    /HYRGoThic-Bold
    /HYRGoThic-Medium
    /HYsanB
    /HYShortSamul-Light
    /HYSinGraPhic-Medium
    /HYSinMyeongJo-Bold
    /HYsnrL
    /HYsupB
    /HYsupM
    /HYSymbolD
    /HYSymbolE
    /HYSymbolF
    /HYSymbolG
    /HYSymbolH
    /HYTaJa-Bold
    /HYTaJaFull-Bold
    /HYTaJaFull-Light
    /HYTaJa-Medium
    /HYtbrB
    /HYwulB
    /HYwulM
    /HYYeasoL-Bold
    /HYYeatGul-Bold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisB
    /IrisL
    /IrisM
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /KirillicaWincyr
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KristenITC-Regular
    /KunstlerScript
    /KyunKo
    /KyunMyung
    /Latha
    /LatinWide
    /LCDReg
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Love
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /MagicR-HM
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Marigold
    /MaturaMTScriptCapitals
    /MDAlong
    /MDArt
    /MDEasop
    /Mdesb
    /MDGaesung
    /MDSol
    /Mfoxb
    /Mfoxl
    /Mfoxm
    /MicrosoftSansSerif
    /MingLiU
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /MJB
    /MJL
    /MJM
    /MMchonL
    /MMchonM
    /Modern-Regular
    /MoeumTR-HM
    /Monaco
    /MonaLisa-Recut
    /MonotypeCorsiva
    /MonotypeKoufi-Bold
    /MonotypeSorts
    /Mpaperb
    /Mpaperl
    /Mpaperm
    /Msam10
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Symbol
    /MudirMT
    /Munhem
    /MVBoli
    /MWORLD
    /MyungjoL-HM
    /MyungjoXB-HM
    /NamuB-HM
    /NamuR-HM
    /Narkisim
    /Nekoyanagi
    /NemoB
    /NemoL
    /NemoM
    /NemoXB
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewGulim
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NSimSun
    /OCRAExtended
    /OCRB10PitchBT-Regular
    /OldEnglishTextMT
    /Onyx
    /OriginalGaramondBT-Roman
    /Oxford
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /PinoB
    /PinoL
    /PinoM
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Pristina-Regular
    /PyunjiR-HM
    /QDotum
    /QGulim
    /QGungsuh
    /Raavi
    /RageItalic
    /Ravie
    /Retort
    /RetortOutline
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rod
    /RodTransparent
    /SaenaegiR-HM
    /SaenaegiXB-HM
    /SAKURAhira
    /San02B
    /San02L
    /San02M
    /San60B
    /San60L
    /San60M
    /San60R
    /San60SB
    /SanBiB
    /SanBiL
    /SanBiM
    /SanBoB
    /SanBoL
    /SanBoM
    /SanBsB
    /SanBsL
    /SanBsU
    /SanCrB
    /SanCrK
    /SanCrL
    /SandArB
    /SandArL
    /SandArM
    /SandArXB
    /SandAtM
    /SandAtXB
    /SandJg
    /SandKg
    /SandKm
    /SandMtB
    /SandMtL
    /SandMtM
    /SandSaB
    /SandSaL
    /SandSaM
    /SandSm
    /SandTg
    /SandTm
    /SanHgB
    /SanHgL
    /SanHgM
    /SanIgM
    /SanKbB
    /SanKbL
    /SanKbM
    /SanKsB
    /SanKsL
    /SanKsM
    /SanMogfilB
    /SanMogfilL
    /SanMogfilM
    /SanMrB
    /SanMrJ
    /SanMrM
    /SanPkB
    /SanPkL
    /SanPkM
    /SanPuB
    /SanPuW
    /SanSrB
    /SanSrL
    /SanSrM
    /SanSwB
    /SanSwL
    /SanSwM
    /SapphIIB
    /SapphIIL
    /SapphIIM
    /ScriptMTBold
    /SegoeMediaCenter-Regular
    /SegoeMediaCenter-Semibold
    /SeUtum
    /SgreekMedium
    /Shadow9
    /SHeadG
    /SHeadR
    /ShowcardGothic-Reg
    /Shruti
    /Shusha
    /Shusha02
    /Shusha05
    /SILDoulosIPA
    /SILDoulosIPA93Bold
    /SILDoulosIPA93BoldItalic
    /SILDoulosIPA93Italic
    /SILDoulosIPA93Regular
    /SILManuscriptIPA
    /SILManuscriptIPA93Bold
    /SILManuscriptIPA93BoldItalic
    /SILManuscriptIPA93Italic
    /SILManuscriptIPA93Regular
    /SILSophiaIPA
    /SILSophiaIPA93Bold
    /SILSophiaIPA93BoldItalic
    /SILSophiaIPA93Italic
    /SILSophiaIPA93Regular
    /SimHei
    /SimplifiedArabicBackslantedBoldItalic
    /SimSun
    /SimSun-PUA
    /SinGraphic
    /SinMun
    /SnapITC-Regular
    /SohaR-HM
    /Sol
    /SolB
    /SolL
    /SolM
    /SomaB
    /SomaL
    /SomaM
    /SPgoJ1-KSCpc-EUC-H
    /SPgoJ-KSCpc-EUC-H
    /SPgoJS-KSCpc-EUC-H
    /SPgoT-KSCpc-EUC-H
    /SPmuS-KSCpc-EUC-H
    /StempelGaramond-Bold
    /StempelGaramond-BoldItalic
    /StempelGaramond-Italic
    /StempelGaramond-Roman
    /Stencil
    /SwiriB-KSCpc-EUC-H
    /SwiriL-KSCpc-EUC-H
    /SwiriM-KSCpc-EUC-H
    /Sylfaen
    /Symbol
    /SymbolMT
    /TaeKo
    /TaeM
    /TaeUtum
    /Taffy
    /Tahoma
    /Tahoma-Bold
    /TahomaSmallCap-Bold
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldTh
    /TimesIPAnew
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Tiplo
    /TMjoB
    /TMjoL
    /TMjoM
    /ToodamB
    /ToodamL
    /ToodamM
    /TraditionalArabicBackslantedBoldItalic
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /TSTNamr
    /TSTPenC
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /TypewriteB
    /TypewriteL
    /TypewriteM
    /Univers
    /Univers-BlackExt
    /Univers-Black-Normal
    /Univers-BoldExt
    /UniversCondensedLight
    /UniversCondensedOblique
    /Univers-Light-Italic
    /Univers-Light-Light
    /Univers-Light-LightTh
    /Univers-Light-Normal
    /Univers-Medium
    /Univers-Oblique
    /Uri
    /Utum
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WingsB
    /WingsL
    /WingsM
    /WoorinR-HM
    /WP-CyrillicA
    /WP-GreekCentury
    /WP-MultinationalARoman
    /WriSin
    /YDIBirdB
    /YDIBirdL
    /YDIBirdM
    /YDIBlueB
    /YDIBlueEB
    /YDIBlueL
    /YDIBlueM
    /YDIChungM
    /YDICMjoL
    /YDICMjoM
    /YDICstreB
    /YDICstreL
    /YDICstreM
    /YDICstreUL
    /YDIFadeB
    /YDIFadeL
    /YDIFadeM
    /YDIGasiIIB
    /YDIGasiIIL
    /YDIGasiIIM
    /YDIGirlB
    /YDIGirlL
    /YDIGirlM
    /YDIGukB
    /YDIGukL
    /YDIGukM
    /YDIHSalM
    /YDIHsangIIB
    /YDIHsangIIL
    /YDIHsangIIM
    /YDIMokB
    /YDIMokL
    /YDIPinoB
    /YDIPinoL
    /YDIPinoM
    /YDIPu
    /YDISmileB
    /YDISmileL
    /YDISmileM
    /YDISprIIB
    /YDISprIIL
    /YDISprIIM
    /YDISumB
    /YDISumL
    /YDISumM
    /YDIWebBatan
    /YDIWebDotum
    /YDIWriSin
    /YDIYGO310
    /YDIYGO330
    /YDIYGO340
    /YDIYGO350
    /YDIYGO360
    /YDIYMjO220
    /YDIYMjO230
    /YDIYMjO310
    /YDIYMjO330
    /YDIYMjO340
    /YDIYMjO350
    /YDIYMjO360
    /YDIYSin
    /YetR-HM
    /YGO11
    /YGO115
    /YGO12
    /YGO125
    /YGO13
    /YGO135
    /YGO14
    /YGO145
    /YGO15
    /YGO155
    /YGO16
    /YGO165
    /YGO22-KSCpc-EUC-H
    /YGO23-KSCpc-EUC-H
    /YGO24-KSCpc-EUC-H
    /YGO25-KSCpc-EUC-H
    /YGO31
    /YGO32
    /YGO33
    /YGO34
    /YGO35
    /YGO36
    /YGO520
    /YGO530
    /YGO540
    /YGO550
    /YheadB
    /YheadL
    /YheadM
    /YheadUL
    /YjBACDOOBold
    /YJBELLAMedium
    /YJBLOCKMedium
    /YJBONMOKGAKMedium
    /YjBUTGOTLight
    /YjCHMSOOTBold
    /YjDOOLGIMedium
    /YjDWMMOOGJOMedium
    /YjGABIBold
    /YjGOTGAEMedium
    /YjINITIALPOSITIVEMedium
    /YJINJANGMedium
    /YjMAEHWASemiBold
    /YjNANCHOMedium
    /YjSHANALLMedium
    /YjSOSELSemiBold
    /YjTEUNTEUNBold
    /YjWADAGMedium
    /YMjO11
    /YMjO115
    /YMjO12
    /YMjO125
    /YMjO13
    /YMjO135
    /YMjO14
    /YMjO145
    /YMjO15
    /YMjO155
    /YMjO16
    /YMjO165
    /YMjO22
    /YMjO23
    /YMjO24
    /YMjO31
    /YMjO32
    /YMjO33
    /YMjO34
    /YMjO35
    /YMjO36
    /YMjO42
    /YMjO44
    /YMjO45
    /YMjO520
    /YMjO530
    /YMjO540
    /YMjO550
    /YonseiB
    /YonseiL
    /YoolB-KSCpc-EUC-H
    /YoolL-KSCpc-EUC-H
    /YoolM-KSCpc-EUC-H
    /YSin
    /YtalB-KSCpc-EUC-H
    /YtalL-KSCpc-EUC-H
    /YtalM-KSCpc-EUC-H
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1800
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1800
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1800
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


