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Abstract

Polysilicon gate depletion is an important effect that degrades the circuit performance of deep submicron standard
CMOS technologies. A new approach to analytically modeling the polysilicon depletion effect on drain current and
transconductances as well as node charges and transcapacitances is presented. The model is based on a clear physical
analysis of the charges in the MOS transistor structure. Using the modeling framework and the fundamental variables
of the EKV MOS transistor model formalism and that of the related charges models, a continuous model is achieved
that is valid in all operating regions from weak inversion to strong inversion and from non-saturation to saturation. The
asymptotic behavior of the transcapacitances is improved with respect to former model formulations. Only the doping
concentration in the polygate is used in addition to the other physical device model parameters. The model shows
excellent results in comparison with a surface potential based numerical model and 2D numerical device simulation.
The model is efficient for circuit simulation and is further practical for analog circuit design. © 2000 Elsevier Science

Ltd. All rights reserved.

1. Introduction

The continuing increase of the channel doping con-
centration when scaling deep submicron CMOS tech-
nology using dual polysilicon gates accentuates the
impact of the polysilicon depletion effect [1,2] on all
device characteristics. Modeling the effects of polysilicon
depletion (or simply polydepletion) on drain current,
transconductances, charges and transcapacitances in a
unified and coherent way is a challenge. The correct
asymptotic behavior of transcapacitances is difficult to
achieve particularly when polydepletion is considered.
The surface potential based approaches require numer-
ical iteration to find the surface potential [2]. This may
require special attention so as not to worsen the com-
putational burden of the numerical iteration [3]. | An
analytical polysilicon depletion model [4,5] was intro-
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duced in the PCIM model [6] and subsequently imple-
mented in BSIM3v3 of University of California,
Berkeley [7]. This model conserves the essence of the
polydepletion effect in strong inversion but uses an em-
pirical extension to model charges in moderate and weak
inversion. Other analytical circuit simulation models
may not include polydepletion, such as MM9 of Philips
[8]. In contrast to other analytical approaches, the
models based on the EKV model [9] formalism, namely
the models of [10,13] and the EPFL-EKV v2.6 model
[11,12], use unified charges expressions, valid in all in-
version regions and from non-saturation to saturation
[14]. However, they do not include polydepletion either.
In the present approach, a new charge based analytical
model is formulated that includes polydepletion. The
model uses the basic model variables of the initial
EKYV model [9] and can be viewed as a generalization of
the charge based models [10-13]. Basic assumptions
such as a uniform doping concentration both in the gate
and the substrate, and depletion approximation in the
gate are used similarly to [4,5]. Since the model formu-
lation is tightly linked with the underlying analytical
framework, the model derivation is specific to this family
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of models and is not intended to be used in a conven-
tional source-referred MOSFET models.

The derivation of the new analytical model consid-
ering polysilicon depletion is provided in Section 2. The
essential features of the new model is discussed in
comparison with the previous model formulations
[10-13]. The new analytical model is compared in
Section 3 with the exact charges expressions where the
surface potential is obtained by numerical iteration,
considering different ratios of doping concentration for
the substrate and the polysilicon. In Section 4, the for-
mulation of the integral node charges, transcapacitanc-
es, and drain current are discussed. Comparison with the
characteristics obtained from a two-dimensional numer-
ical device simulator is made, for transcapacitances and
drain current under various bias conditions.

2. Model formulation

The analytical model described here will use the same
basic variables according to the modeling approach in
Ref. [9], namely the pinch-off voltage 7%, the slope factor
n, the current normalizing factor I5 called specific cur-
rent, and the normalized forward and reverse currents i
and i, as well as a substrate reference for all voltages.
New expressions for the pinch-off voltage and the slope
factor, considering now the effect of polydepletion, will
be derived. The linearization of inversion charge versus
surface potential considered in Ref. [10] has been the
basis for the charge-based models either using charges
[10] or the normalized currents [11-13] as principal
variables. Here, a modified linearization scheme will be
introduced and will later be shown to be essential to the
accuracy of the new model especially for the transca-
pacitances.

The potential balance equation [14] in the MOS
structure, including here the surface potential in the
polysilicon gate, can be written as

VG:¢MS+W0X+IPS+WP7 (1)

where ¢yg, Pox, Ps and ¥, are the workfunction differ-
ence between the polysilicon gate and the semiconduc-
tor, the potential across the gate oxide, the surface
potential and the polysilicon gate surface potential, re-
spectively. The charge neutrality is written as

06 +0Q)+01+05=0, )

where O, 0,01 and Q} are the gate charge, fixed
charge in the oxide, channel inversion and depletion
charges, respectively, which are all expressed per unit
area.

The gate charge and the potential across the oxide
are related by

Q,G = C(’)XTO)U (3)

where C,, is the gate capacitance per unit area.

For simplicity, the doping profile in the polysilicon
gate, as well as in the substrate, will be considered as
uniform. The polysilicon is assumed to be well described
by considering it as if it were crystalline silicon with the
same doping concentration. Further, it is assumed that
the region in the gate near the oxide interface will be
entirely depleted. The depletion approximations for
both the substrate and the gate lead, for an n-channel
device, to the expressions for bulk and gate charges,

Oy = —ConsV s, (4)
06 = Cop v/ Vo (5)

where ), = \/2¢&N;/C,, and y, = \/2¢¢,N, /C., are the
substrate and polysilicon body effect coefficients, de-
pending on the doping concentrations Ns, N, and the
dielectric constants &, ¢, for the substrate and polysil-
icon, respectively.

Using the standard definition of the flat-band volt-
age,

!

Ve = dms — CQVO (6)

and combining Eqgs. (1)—(5), a relationship between gate
voltage, inversion and depletion charges and the channel
surface potential is obtained in the form,

QHQ%JFL{QHQ’BJrQ&r o

Vo = Vip + W, —
G FB s ng '})g

At this point, it is suggested that the oxide fixed charges
be neglected in the last term of Eq. (7). Under this as-

sumption, Eq. (7) can be inverted so that the inversion
charge can be written in terms of the other variables, as

2
Vg — Vep — W
ysx/_&”s+%p<l—\/l+4%>

p

01 =G,

(®)

The above assumption can be justified since the fixed
charges are negligible with respect to inversion and de-
pletion charges in strong inversion, where polysilicon
depletion has the most notable impact. Conversely, in
weak inversion, polydepletion has little effect on the
charges.

In the following, definitions of pinch-off voltage and
threshold voltage are given including them for polyde-
pletion; however, note that the derivation made here is
more straightforward than in Ref. [9] even without po-
lydepletion.

Assuming that the MOS transistor is strongly in-
verted, the surface potential in the substrate can be ap-
proximated by a nearly constant value, which is fairly
well described by Refs. [14,9],
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Y, = ¢0 + Ven (9)

where ¢, = 2¢ + several Ur and where ¥, is the
channel Fermi potential Ref. [14].

Defining the threshold voltage Vo as the gate voltage
corresponding to a vanishing inversion charge density
Q1 under the above strong inversion assumption, and
the condition ¥, = 0, i.e. with the channel in equilibri-
um Ref. [9], the threshold voltage is obtained from Egs.
(8) and (9) as

2
145
p

Vio = Vis + 7/ $o + b9 (10)

differing from its usual definition [9] but by the non-
unity value of the term in parentheses that can similarly
be found from Ref. [5].

Defining the pinch-off voltage 75 as the channel
voltage such that the inversion charge density vanishes
under the same strong inversion assumption similarly as
in Ref. [9], the new pinch-off voltage expression ac-
counting now for polydepletion is obtained as,

1 Y
Vo = | — p |:'\ N

—\J4Fe = Vin) (03 +92) + (372) ” — ¢y

(11)

Note that without polydepletion, that is if 77 /72 > 1 or
equivalently N,/N; > 1, the above definitions of /4 and
Vro revert to their basic counterparts defined in Ref. [9].

The inversion charge density Q) can be well ap-
proximated by a linearization in terms of either channel
potential ¥, Ref. [9] or surface potential ¥ Ref. [10], in
strong inversion, where (9) holds. The linearization is
performed at Q7 =0, where Vi, = Vp or W= ¢, + 15
hold under the above strong inversion assumption.
Evaluating the slope of the Q| versus ¥ characteristic at
this point allows us to define the slope factor, in the
absence of polydepletion, as Ref. [10]

=7 (&)
o \ Ciy 020, W=y +p

s

2/bo+ %

which coincides with the expression obtained in Ref. [9].
This approximation gives rise to the simple but accurate
analytical charges model expressions used in Refs. [10-13]
across the whole inversion region. In the present work,
the inversion charge will still be linearized at the same
point (i.e. ¥s = ¢, + ¥»). However, the proposition is
made here that the slope itself should be evaluated at a
point ¥ = ¢, + kVp, where k can take positive values

=1+ (12)

inferior (or equal to) one. The slope of inversion charge
density is therefore evaluated at a higher level of inver-
sion, allowing for a better estimation of inversion charge
particularly when polydepletion is present, and leading
to a new expression for the slope factor. The value for k&
can be chosen more or less arbitrarily; lower values of k
shift the point where the slope is evaluated more towards
strong inversion. In particular, the value £ = 0.5 will be
considered here, which represents a good compromise
between simplicity and accuracy for the resulting tran-
scapacitances.

Fig. 1 illustrates the dependence of the inversion
charge density on surface potential for a given gate
voltage, with and without polydepletion. The inset
shows the derivative of the inversion charges versus the
surface potential for both cases. When polydepletion is
negligible (i.e. y7/77 > 1), an almost linear relationship
is observed, corresponding to an almost constant de-
rivative over a large range of surface potential. The
linearizations according to Ref. [10] and the proposed
scheme both coincide with the theoretical characteristic
in the absence of polydepletion. In the presence of po-
lydepletion however the dependence of inversion charge
density versus surface potential is less linear, as can
be seen in Fig. 1. Note that the slope is significantly
reduced and shows a rather important variation (see
inset in Fig. 1); polydepletion in this example has been
chosen to be rather strong on purpose. Linearizing the
inversion charge as before leads to an important error in
the estimation of charges. Conversely, the new lineari-
zation as presented here, greatly improves the accuracy
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Fig. 1. Inversion charge density versus surface potential for a
given gate voltage, without and with polydepletion. Surface
potential based numerical model (markers) and linear approx-
imations used in the analytical model, where the slope is eval-
uated at ¥ = ¢, + 0.5V% (lines) and at ¥ = ¢, + V5 (dotted).
The channel potential V;;, (dashed-dotted) remains almost un-
affected by polydepletion. Inset: corresponding partial deriva-
tives of inversion charge (markers), and the constant slopes of
the linearizations (lines).
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of the charges estimation. This improvement will be
particularly clear on the calculated gate capacitance
discussed in the following section. Further, Fig. 1 also
shows the dependence of the channel potential ¥, with
¥, for both values of polysilicon doping concentration.
As is evidenced in the figure, V, is practically unaffected
by polydepletion.

According to the new linearization scheme, the new
definition of the slope factor will read,

ng = 0 o;
QT oav \
p

N
200+ B2+ 20/ TR + 230

and has been given the subscript Q to underline that it is
obtained from the linearization of inversion charge.
Note that the expression for ny only depends on the gate
voltage through 7%, and further depends only on the
parameters 7;, 7, and ¢,.

The alternative definition of the slope factor, ob-
tained as the derivative of the gate voltage with respect
to the pinch-off voltage [9], will be modified as

"
0120, =gy +%
2

(13)

dVs s 72
ny==S g4
dre 2o+ 7

and has been given the subscript v, differing from its
original in Ref. [9] but by the last term. Similarly as
before [9], the pinch-off voltage itself can be conveniently
approximated in terms of the slope factor n, as

(14)

Vo — Vro
>~ - -, 15
" (15)

Ve

The term n, is therefore useful for hand-calculation es-
timates but is not directly used in the equations for the
circuit simulation model. Since both V4o and n, increase
with increased polydepletion effect, 75 can be seen to
decrease. The slope factors ny and n, differ significantly;
their roles are not the same anymore. They would co-
incide in the absence of polydepletion, if the slope factor
ng were evaluated at ¥ = ¢, + Vp in Eq. (13). A further
analysis in Appendix A illustrates the role of n, relating
the gate and source transconductances.

In Fig. 2, the two slope factors are compared for two
cases, with and without polydepletion. n, is greater or
equal to one per definition and has an increased value in
the presence of polydepletion. Conversely, ny can be
seen to decrease significantly when polydepletion is
present, and to attain values even lower than one. The
pinch-off voltage itself, shown in the inset, can be seen to
be slightly affected by polydepletion.

The roles of either of the slope factors need to be
clearly distinguished. np will in particular be used in the
normalizing factors for the inversion charge and drain
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Fig. 2. Effect of polysilicon depletion on slope factors ny and n,
versus gate voltage, with and without polydepletion. Inset:
corresponding pinch-off voltages.

current, as will be discussed later. Since ny is reduced
when polydepletion is more severe, charges and current
are reduced. Therefore, the transcapacitances and
transconductances are also similarly reduced in the
presence of polydepletion. On the other hand, the in-
creased value of n, when polydepletion is present has a
comparable effect to that of a higher substrate doping
concentration in the absence of polydepletion.

3. Comparison to surface potential based model

In this Section, the new analytical model will be
compared to the surface potential based numerical
model. Note that both the model formulations are valid
only locally at a given point in the channel of the MOS
transistor, or in the whole channel only when
Voo = Vp = Vs. The expressions of the local charge den-
sities for the new analytical model are given in Appendix
A. Transcapacitances are defined as partial derivatives
of the charge densities with respect to the gate, channel
and substrate potentials.

Fig. 3 shows the total gate capacitance from deple-
tion to strong inversion, as obtained from the new an-
alytical model, compared with the surface potential
based model. The level of polysilicon doping concen-
tration is varied over a large range; the first case with
highest N, shows almost no polydepletion effect, while
the case with lowest N, corresponds to an extreme case
of polydepletion. The analytical model uses exactly the
same physical parameters as the numerical model. The
new analytical model shows an excellent match for all
cases of polysilicon doping concentration, throughout
the whole range of gate voltage. The onset of strong
inversion is shifted with decreasing doping concentra-
tions in the gate, corresponding to a change in the
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Fig. 3. Normalized gate capacitance versus gate voltage, for
different polysilicon doping concentrations. The new analytical
model (lines) is compared to the numerical model (markers).
The conventional inversion charge linearization (dotted) results
in serious errors. The analytical model uses the same physical
parameters as the numerical reference model. For a value of
tox =5 nm, the values of 7, and 7, correspond to
Ny=13x107 em™, and N, =21x10*, 13x10",
3.2 x 10" 1.1 x 108, 5.1 x 10'7 cm~3, respectively.

threshold voltage which is accurately predicted. The gate
capacitance attenuation is accurately matched for the
whole regime of inversion. The quality of the match is
underlined by the fact that no fitting parameter is used,
which confirms the excellent physical basis of this model.
In comparison, the results of the analytical model using
the conventional linearization is shown to result in a
much degraded match of gate capacitance attenuation.

4. Comparison to 2D device simulation

In this section, the new model will be compared to
the characteristics obtained from a 2D numerical device
simulator, for transcapacitances as well as drain current.
For the latter, mobility reduction will also be consid-
ered.

The obtention of the analytical charges model in an
integral form is outlined in the following so as to make
the model valid also at non-equilibrium conditions (i.e.
7o # Vs). The local charge densities are integrated along
the channel. The integration of the inversion charge, in
terms of the normalized current, is straightforward.
Ward’s linear scheme is used to part the inversion charge
into drain and source sides. The depletion charge as
described by (A.4) is not integrable in its local form;
therefore, a Taylor series expansion of (A.4) in terms of
the inversion charge is required. While in the absence of
polydepletion a first-order development is sufficient [9],

this is not the case anymore when polydepletion is pre-
sent. The choice has been made here to use a third-order
development, which is sufficient for practical cases of
polydepletion. The integral node charges expressions
will not be described in detail here. The full transca-
pacitances for the MOS transistor are then obtained by
derivating the node charges versus terminal voltages
[14,15] for all bias conditions from weak to strong in-
version and from non-saturation to saturation.

The structure underlying the 2D numerical device
simulation has been obtained from a 2D process simu-
lation, where process characteristics correspond to a
sub-quarter micron technology. All usual processing
steps except channel implant are performed, resulting in
a low channel doping but rather uniform doping profile
with channel depth. The gate oxide thickness corre-
sponds to f,x = 4.5 nm, the substrate doping level is
estimated as N, =4 x 10'® cm™, and the polysilicon
doping level N, 221 x 10" cm™3, with approximately
uniform profiles. In the present work, the modelling of
non-uniform channel doping will not be discussed; an
approach to non-uniform doping modelling can be
found in Ref. [16]. Note that the low substrate doping
level also alleviates the influence of quantum effects,
which are beyond the scope of this article, and have
therefore not been included in the numerical device
simulation. Further, a channel length of L = 10 pm has
been chosen to exclude short-channel effects such as
velocity saturation and overlap and fringing capaci-
tances. Model extensions for these effects will be con-
sidered elsewhere [17].

In Fig. 4(a)-(c), the normalized transcapacitances
versus gate voltage are shown at various drain-to-source
voltages, namely Jp =0, 0.5, 1 V and V5 =0 V. The
new analytical model is compared with the numerical
device simulation, and shows an excellent match for all
bias conditions for all transcapacitances, Cgg, Cpg, Csa,
and Cpg. A single set of parameters is used in the ana-
lytical model for all bias conditions. The flat-band
voltage has been adapted to match the measurement,
and all other parameters match those underlying the 2D
device simulation to within a few percent, i.e. to about
the accuracy of the estimate of the doping concentra-
tions in the gate and the substrate. The agreement at
b = Vs =0V is excellent, Cpg = Csg is correctly pre-
dicted, and the value of Cpg = Csg = Cgg/2 is correctly
reached in strong inversion. At non-equilibrium condi-
tions, the agreement is slightly degraded in the transition
regions from saturation to non-saturation. Nonetheless,
the overall qualitative behavior for an analytical model
using only physical parameters remains excellent. Simi-
lar results have also been found with different levels of
substrate and gate doping concentrations. Correct as-
ymptotic behavior is found for all transcapacitances,
including the ones not shown here, and is found
to be further improved with respect to the previous
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Fig. 4. Normalized transcapacitances versus gate voltage for an
n-channel device showing polysilicon depletion: (a) I, =0V,
®) B =05V,(c) /b =1V, at Vs =0 V. The new analytical
model (lines) is compared to 2D numerical devices simulation
(markers). The values of Ns and N, correspond to y, = 0.15VV,
and y, = 2.38y/7, respectively.

linearization. Note that e.g. the correct behavior of
Cpg — 0 in strong inversion non-saturation, is due to
the higher-order development of the bulk charge used,
while its first-order counterpart would indeed lead to an
incorrect asymptotic behavior of Cpg.

The new drain current expression (18) is given in
Appendix A. The effect that polydepletion has on the
drain current will shortly be discussed here. The pre-
factor of the drain current, called specific current I [9],
is written in terms of the slope factor ny,

w

Is = 2nppiCl U%f. (16)
The effective mobility u can be written, considering
the effect of the mobility reduction due to vertical field to

first order [6,11] as

Ho
>~ 17
Hegr 1+ OF (17)

where y, is the low-field mobility, and ® (in m/V), the
mobility reduction parameter. The effective vertical field
is expressed as Eqr =| Qp + 1701 | /s, where n is a
weighting factor Refs. [6,18]. Note that the charges ex-
pressions for the effective field, affecting the mobility
reduction, are themselves affected by polydepletion.

In summary, the drain current is affected in three
ways by polydepletion: first, through the new expression
of the pinch-off voltage, essentially equivalent to a
change in threshold voltage and body effect, affecting the
normalized forward and reverse currents; second,
through the modified slope factor ny in the specific
current, and finally through the mobility model using
effective field. Among the three effects, the one on the
slope factor ny is found to be the most important. Note
that in the other analytical models, no equivalent effect
to that of ny has been described.

The effect of polydepletion on drain current versus
gate voltage characteristics is shown in Fig. 5, for two
values of drain voltage, /o =0.5V and I, =1V cor-
responding to the same cases as in Fig. 4(b) and (c). Two
cases of polysilicon doping concentrations are shown,
N, =1x 10" em™® corresponding to the same devices
as used in Fig. 4, and N, = 9.1 x 10* ¢cm~* showing no
polydepletion as a result. The same parameter set is used
for the analytical model in both cases, except for the
change in polysilicon doping concentration and a slight
change in the flat-band voltage, due to a changed
workfunction difference between the polygate and the
substrate. The mobility model parameters have been
chosen to match the case with polydepletion. As can be
seen, the case without polydepletion is reasonably well
matched without adapting model parameters further,
confirming the coherence of the model. The slight dif-
ference observed may also stem from different process-
ing circumstances for each cases.
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Fig. 5. Drain current versus gate voltage, for two drain volt-
ages, /p =0.5V,1 V,l5 =0V, for two cases of polysilicon
doping concentrations. 2D simulation (markers) and analytical
model (lines). The model uses one set of parameters in all
conditions except for changed gate doping concentration.

Further, mobility effects and short-channel effects
will be introduced for a more complete model [11,12,17],
that will again affect both charges and drain current in a
coherent way, maintaining the essential feature of the
present model.

5. Conclusions

A new analytical approach to modelling polysilicon
gate depletion for MOS transistor circuit simulation has
been presented. The analytical model uses only physical
parameters and shows excellent behavior compared to a
surface potential based numerical approach and to 2D
numerical device simulation. A coherent charge and
drain current model has been formulated based on the
model formalism of the EKV model and related charges
models, which is valid in all operating regions from
weak to strong inversion and from non-saturation to
saturation. The model shows improved qualitative and
quantitative behavior with respect to formerly available
model formulations, which either do not include po-
lydepletion, or do not present unified charges expres-
sions valid at all inversion levels, or both. The model is
based on a new linearization scheme for inversion charge
versus surface potential. The essential characteristics of
the new model are contained in the modified expressions
for the pinch-off voltage and the slope factor. The im-
pact of polydepletion on these expressions, which are
useful to analog circuit design, has been pointed out.
Other expressions of the analytical charges model for-
mulation remain essentially the same as in the preceding
models underlying the present approach. The new model
for the transcapacitances shows good qualitative and
quantitative behavior, in particular for asymptotic cor-

rectness. Comparisons of CV and IV characteristics over
a large range of physical device parameters and bias
conditions, corresponding to present deep submicron
CMOS technology, have shown excellent overall be-
havior considering that no empirical fitting parameters
are used. The model uses a minimal number of physical
device parameters. This model formulation is therefore a
sound basis for a more complete model, including in
particular short-channel effects, for deep submicron
circuit design and simulation.
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Appendix A
The drain current can be written as [9]

, w...
Ip = 2nQ1ueffCoxU'12‘f (ir — ir), (A.1)
where the current prefactor, called specific current in
Ref. [9], now uses the new definition of the slope factor
ng according to Eq. (13). The normalized currents ig [9]
are evaluated according to Refs. [11,12],

Vo — Vi
i) = F[i" UTS“”].

Note that the origin of the function Fis due to Ref. [10].
The pinch-off voltage 75 is now used according to its
new definition (11).

The expressions of local charge densities for the new
analytical model, in terms of the position x and the
currents iy, are given by

(A.2)

1 1

0i(x) = =2ngUrCly |\ 3+it =Tl —i) =3 |, (A3)
Ohlx) _ 7% |1 01
Co  VH+% |2 1C,

1 11 o) o)

J(__)<><> (l_ﬁgj)],

(A.4)

06(¥) = =[Q1(x) + O3 (x) + Qql- (A.5)
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Note that ng is also used in the prefactor of the inversion
charge density, replacing the formerly used expression of
the slope factor [9-13].

The slope factor n, can be shown to relate the gate
and source transconductances. The gate transconduc-
tance gme [14.9] is defined as

S d v

mg = Ay, =—Is(i 7'r 1
Bme = Ve e a7 st =il o

(A.6)
0 ) o1
= %[[S(’f - l’)];'

The source transconductance gns [9,14] is defined as,

o
%

&ms

o .
= 7671/5[15(”‘ — ). (A.7)

Vo Vb

If the gate voltage dependence of ny in the specific
current /5 is neglected (an approximation which is less
valid in the presence of polydepletion), the relationship
between the gate and source transconductances in sat-
uration (i > i;) is approximately given by

8ms = M 8mg; (AS)

which corresponds to the relationship in Ref. [9] with #,
replacing n, showing that the source transconductance is
n, times higher than the gate transconductance in satu-
ration.

References

[1] Habas P,  Selberherr S.
1990;33(12):1539-44.

[2] Huang C-L, Arora ND. IEEE Trans Electron Dev
1993;40(12):2330-7.

Solid-State  Electron

[3] Gildenblat G, Chen TL, Bendix P. Electron Lett 1999;35
(22):1974-1976.

[4] Rios R, Arora ND, Huang C-L. IEEE Electron Dev Lett
1994;129-131.

[5] Arora ND, Rios R, Huang C-L. IEEE Trans. Electron Dev
1995;42(5):935-43.

[6] Arora ND, Rios R, Huang C-L, Raol K. IEEE Trans
Electron Dev 1994:41(6):988-97.

[7] Cheng Y, Jeng MC, Liu Z, Huang J, Chan M, Chen K,
Ko PK, Hu C. IEEE Trans Electron Dev 1997:44(2):
277-87.

[8] Velghe RMDA, Klaassen DBM, Klaassen FM. Unclassi-
fied Report NL-UR 003/94, Philips Electronics NV, 1994.

[9] Enz CC, Krummenacher F, Vittoz EA. Analog Integ
Circuits Signal Proc 1995;8:83-114.

[10] Cunha AIA, Schneider MC, Galup-Montoro C. Solid-
State Electron 1995;38(11):1945-52.

[11] Bucher M, Lallement C, Enz C, Théodoloz F, Krummen-
acher F. Technical Report, Electronics Laboratories, Swiss
Federal Institute of Technology (EPFL), Lausanne, Swit-
zerland, 1997.

[12] Bucher M, Lallement C, Enz C, Théodoloz F, Krummen-
acher F. Proc Int Semicond Dev Res Symp. Charlottesville,
VA, 1997. p. 615-8.

[13] Cunha AIA, Schneider MC, Galup-Montoro C. IEEE J
Solid-State Circuits 1998;33:1510-9.

[14] Tsividis YP. Operation and modelling of the MOS tran-
sistor. 2nd ed. New York: McGraw-Hill, 1999.

[15] Ward DE. Charge based modelling of capacitance in MOS
transistors. Technical Report G201-11, Integrated Circuits
Laboratory, Stanford University, June 1981.

[16] Lallement C, Bucher M, Enz C. Solid-State Electron
1997;41(12):1857-61.

[17] Bucher M, Sallese J-M, Lallement C, Grabinski W, Enz C,
Krummenacher F. Proc Int Semicond Dev Res Symp.
Charlottesville, VA, 1999. p. 397-400.

[18] Sun SC, Plummer JD. IEEE Trans Electron Dev
1980;27:1497-508.



