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An efficient 3-D electrostatic model for short channel MOSFETs has been presented. The
model is based on the numerical solution of Poisson equation using the seven-point finite
difference approximation. The model takes into account all device details including
statistical nature of physical parameters such as substrate doping, gate oxide thickness,
and interface trap density. Potential and charge distributions within the device in all
operating regimes have been extensively studied. An accurate small-signal transmission-
line model, whose components are evaluated from the proposed 3-D model, has been also
presented. The small-signal model has been implemented in a circuit simulator (SPICE)
and applied to the case of the recently proposed split-admittance technique. Comparisons
between the simulation results and the experimental results have been carried out, and
assumptions employed in the conductance and conductance-based techniques have been
thoroughly studied and criticized. )
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1.Introduction

The increasing emphasis on VLSI (Very
Large Scale Integration) is presenting a
challenge in the area of device design [1]. The
design of these devices requires reducing the
area and power dissipation. The problem of
design and process control can be aided by
the use of accurate device models [2]. The
accurate analysis of devices of complex
structures requires 2-D (Two-Dimensional)
and 3-D (Three-Dimensional) numerical
solutions, which can be applied to the
investigation of many device characteristics,
and emerges as a powerful engineering tool
which can guide fabrication process
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development.

Whereas, feature sizes of MOSFETs are
aggressively scaled down, hot carriers
generated by the large electric fields in the
drain region appears to be an important
parasitic effect for such devices even under
normal operating conditions [3.4]. Energetic
carriers may surmount the Si-SiO: energy
barrier and be trapped within the gate oxide
layer or generate interface traps. Also, with
increasing advancements in the VLSI
technologies such as ion implantation.
electron beam and x-ray lithography and
plasma etching, damage at the Si-SiO.
interface may be created [5]. In the literature,
several experimental techniques were
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proposed and studied in great detail for
interface trap characterization in MOSFETs.
The well-known examples, which can yield
quantitative  information concerning the
interface trap properties, are charge pumping
[6,7], split-current [8], conductance [9] and
conductance-based techniques. The latter
includes the transfer admittance [10] and the
split-admittance [11] methods. Although the
conductance and conductance-based
techniques have been successfully applied to
relatively short channel devices, they suffer
from limitations due to approximations
employed in treating the channel time
constant and the interface trap distribution
along the channel. The channel time constant
has been always neglected in the operating
frequency range (up to several MHz) employed
in the measurements. The interface traps are
assumed uniformly distributed along the
channel and when a statistical trap
distribution is considered, it is treated in a
simplified manner. These methods have also
neglected the two-dimensional nature of the
channel near the source and drain ends.
These oversimplified assumptions have led to
the use of a lumped-element small-signal
model to analyze the device conductance and
capacitance characteristics. In order to study
such two-dimensional effects,. a more
accurate small-signal model such as a
distributed TL (Transmission Line) model has
to be used. This model permits also to study
the statistical nature of different physical
parameters such as interface trap density,
substrate doping and gate oxide thickness.
The evaluation of the circuit elements of the
TL model in such a case necessitates the
development of a numerical 3-D model for the
device under consideration.

In this paper, a 3-D electrostatic model
based on the solution of Poisson's equation
in short channel MOSFETs using the seven-
point finite difference approximation is
presented. The model considers all the device
details including the exact doping profiles
and the statistical nature of different physical
parameters. The model has been used to
investigate the dynamic behavior of the device
under the application of a small-signal gate
voltage of different frequencies in different

biasing regimes. The device split-admittance
has been analyzed using a small-signal TL
model with the aid of a circuit simulator
(SPICE). The model results have been
compared with recently published split-
admittance measurements, carried out on
electrically stressed device [11]. The
assumptions and approximations employed in
the conductance and conductance-based
techniques have been then discussed and
criticized.

2. Finite difference formulation of Poisson
equation

In this section we are going to introduce
a 3-D electrostatic model for short channel
MOSFETs taking into account the statistical
nature of device physical parameters. The 3-D
Poisson equation in a continuous form is
expressed as

V. [e Vilx.y. 2)kE . (x.v.z p)

(1)

-p(xy.2w)
where x, y. z represent the coordinates of the
device along the channel length, normal to
the interface and along the channel width,
respectively. ¢ is the permittivity of the region

under consideration. \ is the electrostatic
potential, o is the volume charge density.
which considers the spatial and energy

distribution of the interface traps charge and
fixed oxide charge in the Si-SiO: interface
region, and pv is the volume charge density
contributed by the ionized impurities, and
free carriers (electrons and holes) in the
semiconductor. py(X.y.z.\y) can be expressed
as

plx.y.zw)-n(x.y.z )
plxyv.zy)=[+ Ny xv.zy , (2)

=N, (xy.zw)

where, p, n, Npand Ns are the free hole, free
electron, ionized donor and ionized acceptor
densities, respectively. In fact, for nMOSFETs.
Np takes into consideration the doping
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source and drain regions,
takes into account the
doping and the ion

profiles in the
whereas  Na
background substrate
implantation in the channel region
underneath the gate, generally used for
threshold voltage adjustment.

In our model, the continuous electrostatic
potential  is approximated by its values in a
network of nodes of a non-uniform spacing 3-
D rectangular grid structure with enhanced
number of nodes in the regions where the
structure details are of great importance
(channel, source and drain regions). In the
seven-point finite difference approximation,
the potential value at a given node is related
to the potential values at its six nearest
neighbors. Fig.1 shows a node surrounded by
its nearest neighbors and defines the location
and potential values associated with these
nodes. The perpendicular bisector planes
(Bs)i-s of the lines joining the central node to
the outside nodes define a parallelepiped V.
Now. integrating Poisson'sequation over V
and assuming that the electric field
component normal to a bisector plane is
constant within this plane, we obtain the
following difference equation:

y e v
mL;Kb'n(W \Vm) (3)

‘p\ (Xt\"Y'o’Zo?\Vs)—p[F(\'l&))’

where
I 2
b, = BV 5| eds and,
1
ps(W,) = VJ}Upl(x. y.z,\y, )dxdydz . (4)

In deriving Eq. (3). we have also assumed that
M(X,y.z,\y) within V is constant and equal to
its value at the central node, i.e. .

Pv(Xo,Yo,Zo, o).

The discrete approximation to Poisson
equation is obtained by applying Eq. (3) at
each node within the grid structure. The
quantities associated with the nodes are

represented as a 3-D array and are labeled by
the node indices (i. j. k). The resulting
difference equations are expressed as

B, (i, j, k)w(i. j, k)~ B, (i L,k w(i — 1, 1,k)
+B. (1, 1, k)w(1, ) - Lk) =B (1, 1, k)w( + 1, . k)

+B, (1, , k), j+ LK)+ B k(i k—1)  (5)
+B, (1, 1 k)w(, 1.k +1)=0Q[w(1, J, k)]

=l N N N

where; w(ij.k), w(i-14.k). w(ij-1.k). w(i+1,j.k).
wlij+1,k), w(j.k-1) and. w(ij.k+1) represent
Wo, W1, \P2, 3, W4, s and, \ps, respectively. The
coefficients B, to Bs are given by

6
By = Ybn and B, =-b,, (6)

m=]

The quantity Q[wy(ij.k)] is simply the right
hand side of Eq. (3). evaluated at the central
node. The system of equations can be
represented in a more compact form as a
system of non-linear matrix equation. This
system of equations requires the use of an
iterative solution technique to get the
electrostatic potential throughout the 3-D
grid structure. We have applied Newton-SLOR
(successive linear over relaxation) iterative
technique [12] to solve this system and obtain
the potential at each node in the grid
structure.

3. Small-signal parameter modeling

As previously mentioned, the study of the
device dynamic behavior under the influence
of the statistical nature of different physical
parameters as well as the 2-D nature of the
channel requires an accurate small-signal
device model. A non-uniform distributed TL
model is an essential tool for such a type of
study. Fig. 2 illustrates a 2-D version of the
small-signal TL model employed in the
present study. For each section of the TL
model, Fig. 2-b, the capacitance C
represents the oxide capacitance, which can
be expressed as
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where, dox is the gate oxide thickness in the
given section, eox is the oxide permittivity, dx
is the section length, and dz is the section
width. The capacitance C, represents the
differential inversion layer capacitance, which
is defined as

dQ;(x.2) s

Ci(x.2) =
b d‘Vs(xfz)

: @

where s is the surface potential and Q; is the
inversion charge per unit area, which is given
by: ' b b
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Fig.2. (a) Non-uniform distributed TL model for short-channel MOSFETSs. (b) Details of ['1. (¢) Details of 112.
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dx

B 11
|Qi(X.Z)l Hesr dz ) ( )

R,‘(T\'.Z)':

where (. is the effective channel mobility and
is expressed as [13]

Heff = - . -with, pg = “oo
i+ Eetf 1 + ai()f K an ,
E¢

1 ( Qi\
and Eeﬂ'zz_ QB +TJ

st b =

where ., is the low field mobility, Ey is the
effective transversal electric field across the
channel, E: is the critical electric field, Qs is
the fixed oxide charge density, and Dj is the
interface trap density. The parameters p., and
o are functions of doping concentration. The
resistance Rg is the bulk resistance, and is
expressed as

d

N TS (12)
qu, N, dxdz

Ry(x.2)=

where d is the substrate thickness, and p,; is
the hole mobility in the bulk.

The small-signal circuit elements R, ,R,
and Ci (Fig. 2-c) model the dynamic behavior
of interface traps at the Si-SiO: interface.
These traps have energy levels located within
the silicon band gap. The traps can interact
with the silicon conduction and valance
bands by capturing or emitting free garriers.
The probability f,(E,) that an interface trap
lavel is occupied by an electron is
determined by the Fermi function:

1
“1+exp(B(E, —Er))’

f(Eq)

(13)

where E, is the trap energy level and Er is the
Fermi energy level. For each trap level the
equivalent interface trap resistance for
electron capture and emission in a section of
area (dx dz) can be expressed as [14]

|
qBdxdzD; (x.z.E  1vyy o, (E ingix.z)(1 - (E »
(14)

Ry(x.ZE =

where v, is the thermal velocity. ns is the free
electron density at the surface and oy, is the
interface trap capture cross section for
electrons. Similarly. the equivalent interface
trap resistance for hole captures and
emission in this section can be expressed as
(14]

]

R, (NZE )= - g - =
qpdxdz DNz E v o (E pax.z) 1k

(15)

where ps is the free hole density at the
surface and o, is the interface trap capture
cross section for holes. Interface traps can
also hold the free carriers for some time after
capture and so, they store charges. Therefore.
there will be a capacitance C; proportional to
the interface trap density and is given by [14]

C.(x,z,E, )=dzdxgBD, (E,)f,(1-f,). (16)

Finally, the resistance R. in the TL model (Fig.
2-a) takes into account the resistance of the
source/drain region and the contact
resistance. In our model. this resistance is
left as a fitting parameter.

4. Simulation results and application to
split admittance technique

In this section. we demonstrate the
investigations  of the proposed 3-D
electrostatic model in the case of electrically
stressed short channel MOSFETs. The device
under consideration has physical parameters
comparable to those of a real device used
recently to study interface trap properties in
nMOSFETs, using conductance and split-
admittance techniques [9,11]. The physical
and simulation parameters used in our model
are shown in Table.1

The doping profiles in the source, drain
and channel regions have been modeled
using Gaussian  distribution functions.
Source and drain lateral diffusions
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underneath the gate oxide have been also
taken into account. The density of interface
traps and their capture cross-sections for
electrons and holes, as functions of energy in
the silicon band-gap at the Si-SiO: interface,
have been taken comparable to those
extracted using the conductance and split-
admittance techniques [9,11]. In our model, a
distribution of N discrete interface trap levels
with a density Di(E.), n =1,2,..N, and capture
cross-section areas on(En) and op(Ep), have
been used to model these traps.

The statistical nature of some physical
parameters such as substrate doping, gate
oxide thickness, and interface trap density,
responsible of surface potential fluctuations,
can be easily incorporated in the model;
thanks to its 3-D nature. To express this
random behavior quantitatively, we consider
that the physical parameter of interest varies
randomly with a probability density function
of the form:

P(X) = ; (17)

:'/TGX

where X and X denote the value of the

1\—‘
084 --

06 ~ -

o
>
Vi

Flectrostatic Potential (V)

Fig. 3. Electrostatic potential distribution at different

distributions of different physical parameters.
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physical parameter under consideration and
its mean value, respectively, and ox is the
standard deviation of the distribution.

Figure 3 shows the electrostatic potential
distribution at different planes parallel to the
xy-plane throughout the 3-D grid structure,
for a given value of gate voltage in the weak
inversion regime. The influence of the
statistical nature of physical parameters is
greatly pronounced in this figure in the form
of potential fluctuations within the device.
Fer the sake of clarity and interpretation, the
surface potential s along the channel
(coordinate x) at different positions in the xz-
plane is illustrated in Fig. 4. It is noted that
s represents a plateau with enhanced
fluctuations in the mid-region of the channel
and increases progressively when

approaching the source and drain ends. This
is conventionally attributed to the 2-D nature
of the channel in short channel devices. the
channel and  increases progressively when
approaching the source and drain ends. This
is conventionally attributed to the 2-D nature
of the channel

in short channel devices.
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Fig. 4. Surface potential distribution at different positions in the xz-plane, including the effect of statistical distributions of
different physical parameters, with the gate voltage as parameter.
Table 1. Device physical and simulation parameters.
Parameter Value Parameter Value
dox (AO) 250 (dj)S.D7 (p.m) 0.25
W1 (um) 6000 vin (cm/s) 107
Lerr 2 (pm) 3 Qr (cb.cm-2) 1.6x10¢
Na (cm) 2x1016 E: (V/cm) 2x103
Np (cm-) 1013 d (um) 200
Nap? (cm-3) 8x1017 N 24
yp* (nm) 0.02 Cox® 0.15d.x
o1’ o 0.06 oit? 0.1Di(x.2)
a 0.2 Hoo (cm2/V.S) 700
ONA® 0.13 Na

. channel width.
. channel length.

AW N -

O ® N L

As discussed in section 3, the determination
of y(x,y,z) is the key point in the evaluation of
all other unknowns; namely, n(x, y, 2), p(x, v,
z), inversion layer charge Qi depletion layer
charge Qg and interface trap charge Qi.. Thus,

382

- maximum acceptor concentration in the ion-implanted laver.

. projected range in the ion implanted-laver.

standard deviation of the ion-implanted laver doping distribution.
standard deviation of the substrate doping distribution.

. junction depth of drain / source.

. standard deviation of the oxide thickness.

- standard deviation of the interface trap density distribution.

the circuit elements of the TL model can be
evaluated in a straightforward manner. In the
split-admittance technique, a small ac signal
is superimposed on the dc gate bias while the
source, drain and substrate are tied together

Alexandria Engineering Journal Vol. 39, No. 3, May 2000
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and grounded. The gate-channel and gate-
substrate conductance Ge and Gg and
capacitance Cg and Cg as a function of
frequency are obtained from the real and
imaginary parts of the small-signal currents
measured in the source/drain and substrate
circuits [11]. In order to permit such a type of
study in our case, the TL model of Fig. 2-a is
implemented in a circuit simulator (SPICE),
resulting in the required split-conductance
and -capacitance. As mentioned previously,
the conductance-based techniques assume
that the channel time constant in relatively
short channel devices operating in the weak
and strong inversion is negligibly small
compared with 1/f up to frequencies of tens
of MHz. This permit to neglect the channel
resistance and consequently the TL model
can be simplified to its lumped-element
small-signal version. In fact, a detailed
analysis of a TL model using uniformly
distributed elements and neglecting interface
traps. has shown that the channel time
constant tq is given by [15]

=i (18)

where 1 = 1/per Q. is the sheet resistance of
the inversion layer. L is the effective channel
length and C is a capacitance given by [15]

C1((:0\ +CB,)

(‘:4..—
L‘1 +LB +Cox

(19)

In weak inversion, C, is much smaller than
(Cx+Ce) and hence C is approximately equal
to C,, which is simply expressed as [15]

G =pQ;- (20)

As a result, tec 1s constant in weak inversion

and is proportional to the square of the
effective channel length. In strong inversion,
C. becomes much greater than (Cox+Cs) and C
is approximately equal to C.x and t¢c becomes:

Alexandria Engineering Journal Vol. 39, No. 3, May 2000
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A ofr Q;

(21)

This indicates that 7t.,. decreases with
increasing V. due to the rapid increase of Q
and tends to saturate at relatively high Vg
values due to peireduction [10]. To test this
point in our study, in which the 2-D nature of
the channel is taken into account, a
simulation has been carried out without the
presence of interface traps. The simulation
results obtained for Gq./m (o being the
angular frequency) as a function of frequency
are illustrated in Fig. 5.

In weak inversion (Vi < 0.7V), it is noted that
at a given value of Vi, Gg:/o exhibits a peak
shifting towards higher frequencies when
increasing V.. This result indicates that the

channel time constant To. decreases
progressively with increasing V. in weak
inversion, in contradiction with that was

previously predicted from the simple one-
dimensional theory. A simple interpretation of
this behavior is attributed to the 2-D nature
of the channel. In weak inversion, the mid-
region of the channel is weakly inverted
resulting in high 1 values and small C, values.
On the other hand., near the source and
drainends, the channel is strongly inverted as
a result of the presence of the source and
drain diffused regions, and thus resulting in
small values of r, and high values of C.. A
global effect overall the channel. is a slight
decrease in the effective channel resistance
(R)er and a considerable increase in the
effective inversion layer capacitance (C)er.
resulting in a greater channel time constant
compared with that predicted from the one-
dimensional theory. As V; increases, the
value of r; in the mid-region of the channel
decreases and C, increases, but is still much
smaller than its value in the source and drain
end regions. This will result in a decrease in
(Ri)etr, while (Ci).x remains essentially
unchanged. The result is a decrease in the
channel time constant, and consequently a
shift of the peak of Gg-/» towards higher
frequencies. In strong inversion (V> 0.7V).
the channel is strongly inverted everywhere
and the values ofr and C, in the mid-region

LI
o
(U5
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approach their values in the source and drain
end regions and the simple one-dimensional
theory would apply. The peak of Ggc/o shifts
slightly towards higher frequencies due to the
converse behavior of Qi (Vg and per (Vg as
previously explained.

The above results of the frequency
response of Gg /v in weak inversion are
surprisingly important, as the peak of the
response varies in a frequency range from few
tens of Hz up to few MHz. Keeping in mind
that this range is typically the frequency
range of the interface trap conductance
response [11], it is concluded that in the
presence of interface traps, Gec/o is affected
not only by the interface trap response but
also by the channel response. To highlight
this point in our study, simulations have
been carried out in the presence of statistical
distribution of interface traps. The obtained

results of Gg:/m as a function of frequency are
shown in Fig. 6. It is seen that the Gg /o
exhibits a relatively wide peak. which is
attributed to the merged responses of both
the interface traps and the channel itself
From the above discussion. it can be
concluded that the interface trap properties
extracted from the conductance and
conductance-based technique in MOSFETs,
are affected by the channel time constant. In
fact, the extracted interface trap density may
be overestimated using such techniques. To
clarify this point in our study, the simulation
results of G/ are plotted as a function of V,
with the frequency as a parameter as shown
in Fig. 7 and compared with the measured
characteristic [11]. Keeping in mind that the
interface trap properties used in the
simulation are those obtained from the

12 T
10+
8..
=
] 6}
2
%
o
45
2t =04V
V=02V
2 \/}){

10° 10° 10¢

108 10 10

Frequency (Hz)

Fig. 5. Simulation results of Gg./o as a function of frequency at different gate voltages in the absence of interface traps.
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10 T T
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Frequency (Hz)

Fig. 6. Simulation results of Ge./« as a function of frequency at different gate voltages i1 the presence of statistical
distribution of interface traps and other phvsical parameters.
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7: Comparison between the simulation results (solid curves) of the Gg /m as a function of gate voltage and
experimental data (symbols) at different operating frequencies. The dashed curves represent the simulation results

fitting the experimental data.
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Fig. 8. Comparison between the simulation results (solid curves) of the Cg as a function of gate voltage and experimental

data (svmbols) at different operating frequencies.

conductance technique using a lumped-
element small-signal model, it is obvious that
the simulation values of Ggq/® are higher
than their measured counterparts. This
clearly reflects the influence of the channel
response on the measured characteristics. An
attempt to fit the experimental results is also
shown in Fig. 7, where the interface trap
density is decreased by a certain percentage
and introduced in the 3-D simulator while
keeping the extracted capture cross-section
areas on and op unchanged. The split
capacitance Cg has also been simulated and
compared with the experimental results as
shown in Fig. 8.

Satisfactory fitting has been obtained, which
reflects the accuracy of the proposed model.
Split-conductance Gg, and capacitance Cg,
characteristics, measured in the substrate
circuit, have also been successfully simulated
and compared with their experimental
counterparts.

5. Conclusion

An accurate 3-D electrostatic model based
on a numerical solution of Poisson's equation

in short channel MOSFETs has been
proposed. Device details and statistical
distributions of important physical

parameters have been included in the model.
A small-signal model based on a non-uniform
distributed TL model has also been
presented. The simulation results of the split-
admittance have been compared with recently
published experimental results

carried out on electrically stressed relatively
short channel MOSFETs. It is noted that due
to the 2-D nature of the channel. the split-
Conductance in such short channel devices is
affected not only by the induced interface
traps but also by the channel response itself.
As a result, the interface trap density
extracted using such techniques may be
overestimated. and accurate static and small-
signal models have to be used. The proposed
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3-D electrostatic model accompanied with the
non-uniform distributed TL model provides
such a type of accurate modeling.
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