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Three-Dimensional Effects Due to the Field Oxide in
MOS Devices Analyzed with MINIMOS 5

MARTIN THURNER, MEMBER, IEEE, AND SIEGFRIED SELBERHERR, SENIOR MEMBER, IEEE

Abstract—State of the art two-dimensional simulation programs can-
not take into account any width effects for present ULSI MOSFET de-
vices. Therefore, MINIMOS has been extended to a three-dimensional
simulation program in order to investigate the parasitic effects at the
channel edge on the MOSFET device characteristics. The box integra-
tion method after Forsythe has been applied for discretization. This
method is excellently suitable for nonplanar interfaces. The most im-
portant nonplanar interface occurs at the transition of the gate oxide
to the field oxide, which is commonly called “‘bird’s beak.’’ Approxi-
mating this interface as a rectangular shape leads to unrealistic results
as will be shown in this paper. The oxide-body is defined by analytical
functions, so it is easy to investigate a wide range of applications. An
automatic grid refinement algorithm is used to generate the specific
grid. Our simulation shows that the influence of the channel edge is
not negligible for channel widths less than 2 um. The total drain cur-
rent for narrow channel MOSFET’s is either increased or decreased
by parasitic three-dimensional effects compared to wide channel (two
dimensional) MOSFET’s depending on the bias conditions.

I. INTRODUCTION

HE SHRINKING dimensions of the elements of in-

tegrated circuits require suitable device models in
view of physics and mathematics for accurate simulation.
The usual two-dimensional device simulations describe
fairly well the electrical characteristics for wide channel
transistors, but advanced VLSI technology has led to se-
rious problems in modeling narrow channel devices, and
therefore, a great demand for three-dimensional simula-
tions has appeared ([22], [25]). Three-dimensional effects
in MOSFET’s caused by the finite channel width are, e.g.,
the shift of the threshold voltage, enhanced conductivity
or the large depletion region near the drain at the channel
edge. State of the art two-dimensional simulation pro-
grams cannot take into account these effects, and there-
fore, the use of the programs without the knowledge of
the previously stated effects may led to serious problems.
Accurate investigations of these effects and the knowl-
edge of increased current densities under certain bias con-
ditions at the channel edge are important not only for
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. studying the electrical device characteristics but also for

aging effects [9], [30].

A realistic physical model and suitable mathematical
algorithms have been developed to simulate the previ-
ously stated three-dimensional effects. We shall report in
Section II on the physics and in Section III on the math-
ematics that the simulations are based on. In addition, we
shall present the device structure and discuss some as-
pects of the oxide body of the MOSFET. Some results of
our simulations carried out by MINIMOS 5 are reported
in Section IV and we will conclude with some discussions
in Section V.

II. THE PHYSICAL MODEL

The basis of most device simulation programs are (2.1)-
(2.3), which are derived essentially from the Maxwellian
equations, together with standard expressions for the elec-
tron and hole current. The following set of (2.4)-(2.11)
as used in MINIMOS 5 differ from the conventional
model. Utilizing the momentum method for the Boltz-
mann equation the approach focuses on_the self-consis-
tency in the four lowest moments (n, J,, €, v,) of the
distribution functions ([18]). The equations result from
series expansions using the singular perturbation method
[19] applied to the more general set of equations including
the energy conservation equation. The standard drift-dif-
fusion approximation can be obtained by cutting the ex-
pansion after the first-order moment. The relation be-
tween the standard and the extended (used in MINIMOS
5) drift-diffusion approximation is made by using for the
energy € = (3/2)q - n + Uy. The standard drift-diffusion
approximation is justified for small electric fields. The
rapid developments of semiconductor technology lead to
smaller device dimensions while the applied biases are
not decreased accordingly. Thus it becomes extremely
important to include high field effects and energy relaxa-
tion effects in semiconductor device simulation:

div(e grad ¥) = p (2.1)
divJ,= —q - R (2.2)

divJ, = +g - R (2.3)
J,=—q p, - (ngrad ¢ — grad(n - Ut,))

(2.4)
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—

Jp =749 Wy
(pgrad ¢ + grad(p - U1,)). (2.5)

The space charge p is modeled as (n — p + Np — N,) at
room temperature. Models for p suitable for simulation at
liquid nitrogen temperature is also included in MINIMOS
5. The interested reader is referred to, e.g., [12], [13],

{21}, [27]. The electronic voltages Uz, , are modeled as

o E oS 0 (- )
(2.6)
Uy = = 3
1 1
() @

The derivation of these equations and of the expression
for the carrier mobilities p, , (2.8), (2.9) are described in
detail in [28]. »}?, denotes the saturation velocities, 75,
the energy relaxation times. For detailed information

about modeling the energy relaxation times see [28]:

2. b
uih = = (2.8)
2 Ry
1+ /1 + Uf,al
LIS
Hp
LISF __
Mo S T (2.9)
Hp p
NCa

uﬁ'ﬁ denotes the mobility influenced by lattice, ionized

impurities, and surface scattering (cf. [1], [6]). The driv-
ing forces F, , are given by (2.10), (2.11). A discussion
of this information can be found in [20]:

1

F, = |grad y — . grad (n - Ut,) (2.10)
1

F, = |grad ¢ +;grad(p - Ul (2.11)

For further information about modeling specific proper-
ties the interested reader is referred to [4]-[8], [12], [13],
[28].

III. THe NuMERICAL TREATMENT OF THE BAsIC
EQUATIONS

The physical model for the simulation has been char-
acterized in the previous section. The basic semiconduc-
tor equations cannot be solved explicitly in general.
Therefore, the solution must be calculated by means of
numerical approaches. Dividing the domain and the sim-
ulation region into a finite number of subdomains, in
which the solution can be approximated easily ([10],
[24]), we use the classical finite difference grid for the
three dimensions (x, y, z). The coupled nonlinear differ-

Y-DIRECTION

Fig. 1. Perspective view of the three-dimensional MOSFET structure.
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Fig. 2. Cross-sectional views of a MOSFET. (a) Cross section in channel
length (x) and depth ( y) direction. (b) Cross section in channel width
(z) and depth ( y) direction.

ence equations that are the basic semiconductor equations
are solved with essentially Gummel’s iterative method
[16]. Finally the set of linearized equations with the huge
amount of unknowns arising from the discretization
scheme are solved with an iterative method (SOR) in the
case of Poisson’s equation and with a direct solver (Gauss
elimination with alternating diagonal checkerboard order-
ing) in the case of the continuity equations. For detailed
information on numerical aspects for solving large sys-
tems of linear equations the interested reader is referred
to [14], [15], [17], [36].

3.1. Geometry

The geometry of the three-dimensional MOSFET model
is given in Fig. 1. The total simulation volume is divided
into various subregions (semiconductor, oxide, contacts).
In Fig. 2 the well-known cross section (channel length
and depth) of the two-dimensional simulation and the
cross section in the third dimension (channel width and
depth) are shown to give a more detailed information on
the device structure. The dashed line in Fig. 2(b) shows
the gate contact as approximated in our simulations. The
set of semiconductor equations has to be solved in the
semiconductor region, therefore, we have to specify suit-
able boundary conditions for the numerical simulation.
Specifying boundary conditions is quite easy in case of
rectangular geometry of simulation domain and subdo-
main [26]. The ‘‘domain’’ is defined here as the whole
simulation region including the insulating regions, the
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Fig. 3. Oxide body of the MOSFET structure (the oxide is between the
upper and lower plane).

semiconductor region and the contact regions. A ‘‘sub-
domain’’ is defined as one particular region consisting of
only one material (oxide, semiconductor, or contact). In
a more realistic three-dimensional simulation we have to
take into account nonrectangular subdomains (curved in-
terfaces) as shown in Figs. 1-3. The most important non-
planar interface occurs at the transition of the gate oxide
to the field oxide, which commonly is called ‘bird’s
beak’’ (see Fig. 2(b)). Approximating this interface as a
rectangular shape leads to unrealistic results as will be
shown in this paper.

We implemented an approximation to the complete ox-
ide body as shown in Fig. 3. The upper plane denotes the
interface of the oxide to the contacts and the surrounding
volume, respectively. The lower plane denotes the inter-
face of the oxide and the semiconductor. The definition
of the interface in the program is quite general and can be
varied in a wide range. Since we approximate the inter-
faces by analytical functions the shapes can be varied by
a set of parameters. The gate contact is filled in the middle
of the upper plane; the source and drain contacts are on
the left and the right, respectively. In the middle of the
gate region the distance of the upper and the lower plane
is equal to the gate-oxide thickness as specified by the
user.

3.2. Grid

It is not practicable to specify a suitable a priori grid
for any given simulation problem. Therefore, MINIMOS
generates the required grid automatically. The initial grid
is set up using information about the geometry as defined
by the user. An automatic grid refinement algorithm gen-
erates the specific grid. The adaption of the x-y grid is
determined by the current flow of the minority carriers.
The criterion for the adaption of the grid in the z-direction
is derived from the potential difference between two dis-
cretization planes. If the maximum potential difference
between two grid planes is larger than a specified poten-
tial difference (A y ), a plane is inserted. The reference
potential is defined in each subregion separately.

3.3. Discretization

For discretization we apply the box integration method
after Forsythe [11] to deal with the boundary conditions
of the nonrectangular interfaces. The boundary conditions
for the interfaces are given by (3.1)-(3.3).

Y Y

€ins 6_71' e = €sem ;9—”: wm — Oint (31)
J,-i=—q- R (3.2)
J, - i = +q - R (3.3)

The discretization of the Dirichlet boundary conditions for
the contact regions and the Neumann boundary conditions
for the artificial boundaries is straightforward and can be
found in, e.g., [26]. We shall discuss the discretization
method for the nonrectangular interface boundary condi-
tions (3.1)-(3.3) in detail, since by now nonplanar inter-
faces have been implemented only in simulation programs
using finite elements. A point close to the interface is
shown in Fig. 4. The surrounding finite integration vol-
ume is divided into two parts; one below the interface
(hatched in this figure) representing the semiconductor re-
gion and one above the interface representing the oxide
region. In this figure we can also see the discretization
grid and the neighboring points. The integration areas F
(as used in the following equations) denote the boundaries
of the finite integration volume and the indexes sem and
ins denote the parts in the semiconductor and the insula-
tor, respectively. The indexes (1 - - - 6) of the integra-
tion areas define the position and the orientation in the
following way: F, denotes the area perpendicular to the
z-axis in the middle of the grid lines (k) and (k — 1), F,
denotes the area perpendicular to the y-axis in the middle
of the grid lines ( j) and (j — 1), F; denotes the area
perpendicular to the x-axis in the middle of the grid lines
(i)and (i — 1), F, denotes the area perpendicular to the
x-axis in the middle of the grid lines (i ) and (i + 1), F;s
denotes the area perpendicular to the y-axis in the middle
of the grid lines ( j) and (j + 1), Fs denotes the area
perpendicular to the z-axis in the middle of the grid lines
(k) and (k + 1). The integration area F,,, is the interface
element. Integrating (3.1) over the interface element we
obtain

oy
em 75 @
SFim Erem aﬁ ¢

S €em grad Y|+ 7 do
Fin

S €ins grad x/x'im - i do
Fint X

+ SF O dO. (3.4)

For each point at the interface we can write the Poisson
equation in the semiconductor and the Laplace equation
in the insulating material. Both equations are integrated
over the respective volume (Vs Vins)-
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Fig. 4. Perspective view of a discretization point at the interface, e.g.,
oxide-semiconductor interface (hatched part denotes the volume in the
semiconductor).

In the semiconductor region we obtain

SV div (€gm - grad ¥) dv = § pdv. (3.5)

sem

In the insulating region we obtain

SV‘ div (€, + grad ¢) dv = 0. (3.6)

Using the law of Gaug and splitting the surface integral
into its components (remembering the discretization grid)
we can rewrite (3.5) and (3.6):

<§>0 (€em * grad ¥) do

6
-3

k=1

S (€sem * grad ¥) do
Fy,

sem

+ Sﬂm (ésem * grad ) do = SV podv (3.7)

sem

<§>Om(.ns grad ¥) do
6
=2 SF (€ - grad ¥) do

+ SF (eins grad ‘»b) do = (38)
Using (3.7) and (3.8) we can now substitute the gradients
of ¥ perpendicular to the interface in (3.4) and thus we
obtain

S pdv + S Oine dO
Vsem Fint

6

D S grad¢30,
k=1 JFy

sem

= Esem

6

+ o - 2 S grad ¢ do. (3.9)
k=1 JFy,,

The discretization of the terms in the equation above is
quite simple, suitable approximations can be found in,
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e.g., [26], [31], and we can write the discretized equation
in a more formal way by

1

\bi,j,k‘l - (Asem * Eem T Ains ’ Ein.s) I
Ry
1
+ 1//i‘j—l.k : (Bsem * €em T Bins ) Einss) T
m}‘_]
1
+ ¢i—],j.k ' (Cﬂem * €em t Cina : 6ins) : l_
i—1
- lLi.jJ( ' (Gsem * €em T Gins ' eins)
1
+ \[/i+l.j‘k . (Dsern * €em T Ding - Ein.\») ) l_
i
1
+ 1#i.j%—l.k ' (Esem * €em T Einx * 6im\) N
m;
1
+ ¢i,j,k+] : (Fsem * €em T Fins ' 6ins) ' }‘Z_
k
= (pijk : Vsem + Qjk " Aim)- (310)

A, B, C, D, E, F correspond to the areas F|, F,, F;, F,,
Fs, Fg, and the coefficient G is the sum of the coefficients
A/ne_y, B/m;_,, C/l;_y, D/L, E/m;, F/n,, where I,
m, n are the distances to the neighboring points in x, y,
and z direction, respectively (see Fig. 4). The indexes sem
and ins denote the parts of the areas in the semiconductor
and the insulator, respectively. € is the permittivity, o is
the interface charge, p is the space charge, and A4, is the
interface area.

In an analogous way we obtain the discretized boundary
condition for the continuity equations. For the electrons
we integrate the boundary condition (3.2) over the inter-
face element F;;, and obtain:

-
Fint Fint
(3.11)

J,
Furthermore, the continuity (2.2) must hold in the semi-
conductor region at the interface. So we can evaluate the
volume integral:

S div J, dv = S div J, dv = S
14 Veem Viem

—

Jy -

i do

S —gq-R"do
[:ln[

— g Rdv.

(3.12)

Using Gauf’s law and remembering the discretization grid
we can write:
S‘FL‘_N

S div 7,, dv = (53
Vme OSL‘H’\
do = g —¢q - Rdv.
Vsem

-
Fint

-

6
Jngo= 2

k=1

J, do

-

I

(3.13)
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The integration areas F and their indexes have been de-
scribed previously. The discretization of the currents pen-
etrating the areas F| to Fg can be found in, e.g., [26],
[31]. Thus we can substitute (3.13) into (3.11) and obtain

6
ES j,,c?o=5 —q-Rdu+S q * R do.
Fiom Fin

k=1 sem

(3.14)

Using a suitable discretization for the current densities we
can write the discretized boundary condition at the semi-
conductor oxide interface by

ﬂn(xh Yjs zl)
n(x,~, Yi» Zk+l) ) Tj— . B(nzl ) E:l) * A +
z1
l"n(xi’ Yi» ZO)
n(x;, Y Z-1) - —T . B(ﬂzo “£0) * Bem +
gzO
.“'n(xL Yis zk)
n(xH-b Yis Zk) - —E_j— : B("?xl : Exl) : Csem"?h.
x1 .
“n(xo’ Y zk)
n(xial’ Yis Zk) ) TO] : B(’?xo ) Exo) ) Dsem +
B\ X, yl’ Z
n(xi’ Yi+1, zk) : _(—_k) . B(n_vl ) Eyl) : Esem +
Eyl
K (X, Y0, 24)
Vl(Xi, Yi-1> Zk) ' g : B(Uyo : Ey()) - Fsem -
gyO
l"n(xi’ Yo Zl)
n(xi’ Yis zk) ) < E - ) B(—nzl ' szl) i
zl
pn(%i5 3 20)
+ : : B(~7’10 ’ E:O) * Bym
EZO
”‘n(xl’ Y Zk)
+ S‘j : B(_nxl : Exl) * Cem
xl
”‘n(xos Vjs Zk)
+ e B(“"lxo - £x0) * Dy
ExO
n xi’ 17 Z,
+ w . B('—ﬂyl . Eyl) . Esem
Eyl
(X Y0, 2
+ __(-270 'B(—leo . E)'O) ’ Fsem>
y0

= _R(xi’ }’,‘, Zk) ) Vsem

+ R3VRF(x,, Yi» %) * Aine- (3.15)

Viem is the part of the integration volume in the semicon-
ductor, RRF denotes the surface recombination rate, and
Ajy is the interface element. The coefficients ¢, &,,, £500
Eyl’ 2205 gzl’ and Mx05 Mx1> My0> My1s Nz05 Mz1 include the
dependence on the potential ¥ and the electronic voltage
Ut, of the carriers [31]. A fully analogous expression can
be found for the continuity equation of the holes.

3.4. Current Integration

The geometry in the width direction is usually not de-
fined for two-dimensional MOSFET simulations nor are
idealistic assumptions made. Therefore, the computed
drain currents from two-dimensional simulations are es-
sentially not comparable to the three-dimensional currents
for narrow channel devices. We shall describe briefly the
current integration method and discuss two modifications
to get a better agreement between two- and three-dimen-
sional simulation results.

The current of the drain contact can be calculated by

I, = L (J, + 7,) + da. (3.16)

k
Ay denotes the contact area and J,, and J,, are the electron
and the hole current penetrating the contact area. For nu-
merical reasons we extend the integral of (3.16) to the
total semiconductor surface using the function F:

Ip = (& F-(J,+17,) - do (3.17)
oscm
with
1, at the drain contact,
F =<0, atall other contacts, (3.18)

0<F<1, elsewhere.

Using the law of GauB and (j,, + .7;,) = .7, we can write:

Ip = S grad F - J dv. (3.19)
Vwem

For the two-dimensional simulation the z-component is

assumed to be zero, and the simulation volume is limi-

tated by the channel width. Thus (3.19) reduces in com-

mon to (3.20):

Ip, =w § grad F - J da (3.20)
A

where w denotes the channel width. If we use in the two-
dimensional simulation the width specified by the process
mask, we obviously do not get currents comparable to the
currents computed with three-dimensional simulation. As
shown in Fig. § the total channel is reduced by the hatched
area, and therefore, we have to take into account this re-
duced volume with the current integration. We shall dem-
onstrate two methods that compute the current from two-
dimensional simulations taking into account the reduced
channel width. The first method is to compute an effective
channel width specified by the geometry as given with

1

Wmask
Wett = Wiask — D.. : So fox(z)'[/2 dz (3.21)
where wy,q is the channel width specified by the process,
D, denotes the channel depth at the channel edge (Fig.
5), and fox(z),/, is the function that describes the geom-

etry of the channel in width direction in the middle of the
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channel length. Substituting this expression of wes for w
in (3.20) we obtain a better, but not satisfactory, agree-
ment for two- to three-dimensional calculation results.
The reason for the disagreement is based on the highly
nonequidistributed current densities with respect to depth
(cf. Fig. 6). Thus we propose the formulation given by
(3.22) for the current integration with the two-dimen-
sional simulation:

Ip, = SA w - grad F - J da (3.22)
where w is no more a constant value but a function of the
channel depth. This definition has proven to be appropri-
ate because of the nonequidistributed current densities.
Obviously we cannot describe three-dimensional effects
by (3.22), but we can detect the differences in the drain
current due to increased or decreased current densities at
the channel edge. Fig. 7 shows the comparison of two-

Ips'L/W /1E-4 A

[
Channelwidth in um

Fig. 8. Experimental characteristics of the normalized drain current over
channel width.

and three-dimensional characteristics for Upg = 1 V and
a rectangular approximated field-oxide. Fig. 8 shows the
measured characteristic of an n-channel device with weak
field implantation at nearly the same bias conditions where
the enhanced conductivity can be seen. Practical investi-
gations on the behavior of the characteristics with differ-
ent field implantations can be found in [9].

IV. SoME REsuLTS

This section is dedicated to the results of our three-
dimensional simulations. The geometries of the three in-
vestigated MOSFET'’s are given with Fig. 9(a)-(c); they
differ in the field-oxide semiconductor interface. The ox-
ide body (limitated by the interfaces) can be specified by
parameters, thus a large range of applications can very
easily be investigated. The approximation for the oxide
body is made mainly by ‘‘error functions,”’ which seem
to be appropriate for the interfaces. The cross-sectional
views are drawn in Fig. 10.

Transistor 1 has a transition length of 0.25 um from
gate oxide to full field oxide thickness (the transition
length = BEAKL is defined in Fig. 10). The gate oxide
is extended straight into the third direction for transistor
2 (no transition). This device geometry is chosen to make
a comparison with the classical theoretical investigations
on the threshold behavior for narrow channel devices [29].
The third transistor has a rectangular shaped approxima-
tion for the field oxide. The three devices are n-channel
MOSFET’s with a 1.5 um by 1 um channel mask speci-
fication and a gate oxide thickness of 15 nm. The thresh-
old voltages for these devices are about 0.75 V without
the channel width effects.

4.1. Subthreshold Behavior of the MOSFET

The quantities ¥, n, J,,., Jy,, at y = 0 (position of the
gate oxide-semiconductor interface) of the three investi-
gated devices for these bias conditions (Ugg = 0.5 V,
Ups = 1.0V, Ugg = 0.0 V) are shown in Figs. 11(a)-
(d)-13(a)-(d). Fig. l1(a)-(d) presents the quantities of
transistor 1, Fig. 12(a)-(d) for transistor 2, and Fig.
13(a)-(d) for transistor 3. The indexes a, b, ¢, d corre-
spond to the quantities (a for the potential, b for the mi-
norities, ¢ for the current densities of the minorities in
x-direction, and d for the current densities of the minori-
ties in y-direction).

A comparison of the potential distribution of transistor
1 (Fig. 11(a)) and 3 (Fig. 13(a)) shows clearly the differ-
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Fig. 9. (a) Geometry of transistor 1 (graded transition of gate oxide thick-
ness to field oxide thickness). (b) Geometry of transistor 2 (gate oxide
thickness equals field oxide thickness). (c) Geometry of transistor 3
(rectangular transition of gate oxide thickness to field oxide thickness).
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Fig. 10. Cross-sectional views of a MOSFET showing the definition of the
‘‘bird’s beak’’ length. (a) Cross section in channel length (x) and depth

( y) direction. (b) Cross section in channel width (z) and depth ( y) di-
rection.

ent gradients in the region of the field-oxide-semiconduc-
tor interfaces. The length of the transition is about 0.3 um
for transistor 1 and about 0.1 um for transistor 3. The
transition is calculated from 10 to 90% of the increase of
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Fig. 11. (a) Potential distribution of transistor 1 at Ugs = 0.5V, Ups =
1.0 V, Ugg = 0.0 V. (b) Minority carrier distribution of transistor 1 at
Ugs = 0.5V, Ups = 1.0V, Ugg = 0.0 V. (¢) Current density component
in x-direction of the minority carriers of transistor 1 at Ugs = 0.5V,
Ups = 1.0V, Usg = 0.0 V. (d) Current density component in y-direction
of the minority carriers of transistor 1 at Ugs = 0.5V, Ups = 1.0V,
Usgg = 0.0V.
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in x-direction of the minority carriers of transistor 2 at Ugs = 0.5 V,
Ups = 1.0V, Ugg = 0.0 V. (d) Current density component in y-direction

of the minority carriers of transistor 2 at Ugs = 0.5V, Ups = 1.0V,
Usg = 0.0V.
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Fig. 13. (a) Potential distribution of transistor 3 at Ugs = 0.5V, Ups =
1.0 V, Usg = 0.0 V. (b) Minority carrier distribution of transistor 3 at
Ugs = 0.5V, Ups = 1.0V, Usg = 0.0 V. (c) Current density component
in x-direction of the minority carriers of transistor 3 at Ugs = 0.5V,
Ups = 1.0V, Usy = 0.0 V. (d) Current density component in y-direction
of the minority carriers of transistor 3 at Ugs = 0.5V, Ups = 1.0V,
Usg =00V,
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TABLE 1
Two- AND THREE-DIMENSIONAL DRAIN CURRENTS FOR THE THREE
TRANSISTORS

Transistor Ip,/A Ip,/A
1 1,49-10710 1,59-10710
2 2,53.10-10 1,71-10710
3 2,53.10710 1,16.107%8

the potential distribution in the middle of the channel
length. Extremely high differences are observed in the
distributions of carriers and the current densities (Fig.
11(b)-(d) and Fig. 13(b)-(d)).

Since the classical investigations on the threshold be-
havior due to the channel limitation [29] have been made
without field oxide and field implantation, we present
some results of the investigation of transistor 2. As ex-
pected the distributions (Fig. 12(a)-(d)) show no discon-
tinuities near the channel edge.

The two- and three-dimensional drain currents at the
bias point are listed in Table I. The applied voltages for
this biaspoint are: Ugs = 0.5V, Ups = 1.0V, Ugg = 0.0
V.

Ip, and I, are the currents calculated by two- and three-
dimensional simulations, respectively. The current of
transistor 2 calculated by three-dimensional simulations
is smaller than the current calculated by two-dimensional
simulations as predicted by theoretical investigations [30]
(see Table I). Due to the field oxide an increased drain
current for the transistors 1 and 3 can be observed (cf.
[2], [3], [23], [32]-[35]). Including any field implantation
the device characteristics change under certain conditions
into their opposite (see [9]). Investigations on this topic
are planned for the future.

4.2. Above Threshold Behavior of the MOSFET

The different quantities of the three investigated de-
vices for the bias conditions Ugs = 3.0V, Ups = 1.0V,
Ugs = 0.0 V are shown in Figs. 14(a)-(d)-16(a)-(d). Fig.
14(a)-(b) presents the quantities of transistor 1, Fig.
15(a)-(d) for transistor 2, and Fig. 16(a)-(d) for transistor
3. The indexes a, b, ¢, d correspond to the quantities as
described above.

The investigated bias point is characterized by high
gate-source but low drain-source voltages. Due to the
high gate voltage we can see the increasing potential in
the field oxide (cf. Fig. 14(a), Fig. 16(a)). A comparison
of the potential distributions of transistors 1 and 3 show
the different gradients in width direction. These transi-
tions show the same behavior as the shape of the field
oxide: high gradients correspond to rectangular shape, low
gradients correspond to the smooth transition of gate-ox-
ide to field-oxide. The high voltage at the semiconductor-
field oxide interface leads to an accumulation of the mo-
bile carriers nearby (Fig. 14(b), 16(b)). As shown in Figs.
14(c), (d) and 16(c), (d), these increased carrier densities
result in enhanced conductivities. This behavior has not
been reported before but can be easily observed experi-
mentally (Fig. 12).
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Fig. 14. (a) Potential distribution of transistor 1 at Ugs = 3.0 V, Ups =
1.0V, Usg = 0.0 V. (b) Minority carrier distribution of transistor 1 at
Ugs = 3.0V, Ups = 1.0V, Ugg = 0.0 V. (c) Current density component
in x-direction of the minority carriers of transistor 1 at Ugs = 3.0 V,
Ups = 1.0V, Ugg = 0.0 V. (d) Current density component in y-direction
of the minority carriers of transistor 1 at Ugs = 3.0 V, Ups = 1.0V,
Ugs = 0.0V.



THURNER AND SELBERHERR:

iy
i
Vit
Wy g
T

"
i

7

TR

g At U i,

i

it
‘il

1y
g

Potential in V

\

Min. Concent. (log)

““W\H{M
E - \\\\\\‘\\M\M\N\\
ol

/1018 ta/em?)
o
o o

&
o

Iy

b
&i’

Fig. 15. (a) Potential distribution of transistor 2 at Ugs = 3.0 V, Ups =
1.0 V, Ugs = 0.0 V. (b) Minority carrier distribution of transistor 2 at
Ugs =3.0V, Ups = 1.0V, Ups = 0.0 V. (c) Current density component
in x-direction of the minority carriers of transistor 2 at Ugs = 3.0 V.,
Ups = 1.0V, Ugg = 0.0 V. (d) Current density component in y-direction

of the minority carriers of transistor 2 at Ugs = 3.0 V, Ups = 1.0V,
Ugs = 0.0V.
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Fig. 16. (a) Potential distribution of transistor 3 at Ugs = 3.0 V, Ups =
1.0 V, Ugg = 0.0 V. (b) Minority carrier distribution of transistor 3 at
Ugs = 3.0V, Ups = 1.0V, Ugg = 0.0 V. (c) Current density component
in x-direction of the minority carriers of transistor 3 at Ugs = 3.0 V,
Ups = 1.0V, Ugg = 0.0 V. (d) Current density component in y-direction
of the minority carriers of transistor 3 at Ugs = 3.0 V, Ups = 1.0V,
Ugs = 0.0V.

865




866 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN. VOL. 9. NO. 8. AUGUST 1990

TABLE 11
TwO- AND THREE-DIMENSIONAL DRAIN CURRENTS FOR THE THREE
TRANSISTORS

Transistor Ip,/A Ip,/A
1 5,26-1075 5,30 1075
2 8,48 1075 7,68.1075
3 8,48-107° 8,98.1075

For transistor 2 the gate oxide is extended straight into
the width direction, thus we have no field oxide. There-
fore, the potential distribution shows no changing behav-
ior at the channel edge (Fig. 15(a)). We do not have an
increasing potential transition and thus we cannot see any
accumulation region (Fig. 15(b)). The previously de-
scribed parasitic current at the channel edge does not ap-
pear in this device (Fig. 15(c), (d)). The current densities
of transistor 2 decrease continuously in contrast to tran-
sistor 1 and 3. In spite of this moderate behavior, this
device type is not practicable since we do not have any
limitations for the channel, neither by a field oxide nor by
a field implantations. Thus the active channel region could
extend over the defined channel width and the isolation to
the neighboring devices is not guaranteed.

The two- and three-dimensional drain currents at the
bias point are listed in Table II. The applied voltages for
this biaspoint are: Ugs = 3.0V, Ups = 1.0V, Ugg = 0.0
V. Ip, and I, are the currents calculated by two- and three-
dimensional simulations, respectively.

V. CONCLUSION AND DISCUSSION

The influence of the semiconductor-field oxide inter-
face with different shape and bias conditions is described
in this paper. We have demonstrated that the well-known
effect responsible for the shift of the threshold voltage at
small channel devices changes into its opposite at certain
conditions. The influence of these effects on the device
characteristics depends on the gradient of the bird’s beak
and the channel width. A high gradient in the field oxide
shape results in high parasitic current at the channel edge;
this effect is less significant for low gradients. Narrow
channel devices with high gradients have much higher
currents than predicted by two-dimensional calculations
while the agreement with two-dimensional simulations is
good for wide channel devices in any case. Using a low
gradient in bird’s beak we get a very smooth potential
distribution compared to a nearly rectangular shape.
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