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Abstract —An accurate three-dimensional simulaton program for MOSFET devices has been de-
veloped by extending MINIMOS (vers. 4) in 3D. The physical model is based on the ’hot-electron-
transport-model’, which includes the Poisson equation, the continuity equations and a selfconsis-
tent set of equations for the currents, mobilities and carrier-temperatures. The standard finite
difference discretization and the SOR (successive over relaxation) method are utilized to reduce
computational time and memory requirements. Adaptive grid refinement is used to equidistribute
the discretization errors. Three—dimensional effects like threshold shift for small channel devices,
channel narrowing and the accumulation of carriers at the channel edge have been successfully
modeled. Our analyses make clear that three-dimensional calculations are most important for

accurate device modeling.

1 Introduction

Today’s ULSI challenges new methods in device design. The present integrated circuits contain
transistors of very small size whose operating characteristics depend upon highly three-dimensional
structures. State of the art two-dimensional simulation programs cannot take into account any
width effects which are of increasing importance for present and future ULSI MOS devices. There-
fore we have extended the two-dimensional MINIMOS program to offer as additional feature
hierarchical three-dimensional simulator capabilities. The purpose of this paper is to develop a
three-dimensional model, to show the limitations of the two—dimensional approach, and to gain

more physical insight by comparing the results of our 3D-model with two-dimensional results.

In section 2 we shall present briefly details of the physical model, the equations and the assumptions
that the three-dimensional simulation program is based on.

The numerical methods and some mathematical investigations concerning the convergency of the
solution are discussed in section 3.

Finally we present some results of our simulations and discuss it in section 4. An effect known

from theory and from practical measurements, but not modeled until now, is presented there.
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2 The physical model for the extension

The MOS transistor device structure as it has been simulated in three dimensions is shown in Fig. 1.
The field oxide, which limits the channel width can be seen at the backside. The three-dimensional

mathematical formulation is based on the set of the semiconductor equations.

div grad ¢ = g(n -p—-0C) (2.1)
div J, = qR (2.2)
div J, = —qR (2.3)

For the hot-electron-transport model [1] we write

Jn = —qun(n grad ¢ — grad (U, n)) (2.4)

Jp = —qup(p grad ¢ + grad (U, p)) (25)
2 4, 1 1

U = Uy + =7 —— 2.6

b VTR sat(ﬂL[SF uus) 26)

7e denotes the energy relaxation time which is assumed to be constant.

The function urrg combines the mobility due to lattice and ionized impurity scattering with the
influence of surface scattering yieling a cold carrier mobility. The mobility sy g is then combined
with the influence of the driving force F and the saturation velocity vy, rsulting in the mobility

purrsF of hot carriers.

In our simulations' the Poisson equation (2.1) is always solved fully three-dimensional. For the
first additional level of sophistication beyond the 2D hot-electron-transport model we assume neg-
ligible current flow in the direction of the channel width as natural simplification of the continuity
equations (2.2 to 2.3).

Jn, = Jp, =0

Assuming the validity of Boltzmann statistics the previously stated assumtion implies constant

imrefs in the third direction:
9en _ 90p _

dz oz
Under these conditions we can express the carrier densities in the whole volume by solving the

0

continuity equations two—dimensionally in the middle of the channel width and by the following

extension of this solution

1

gz = Ng,g8 - ea:p(—a . (\Pz,y,’; —Usy,z2)) (2.10)
1

Pzyz = Pry, % ° ezp(+a '(‘Ilz,y,—‘; - ‘I’I,y,z)] (2.11)

The index % denotes the middle of the channel width.
The second level of sophistication is obtained by assuming negligible current flow in the third
dimension for the majorities and solving the continuity equation fully three—dimensional for the

minorities.
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The third level is the full three-dimensional continuity equation for both the minorities and the
majorities.

With the above described model well established effects like channel narrowing, shift of threshold
voltage and higher breakdown voltage at small channel width compared to large channel width

can be simulated.

3 The numerical method

The fully adaptive automatic mesh refinement algorithm has been considerably improved to equidis-
tribute the discretisation errors of the partial differential equations. The discretisation by standard
finite differences in all three dimensions is more precisely descriped in [2]. The three coupled non-
linear difference equations are solved by Gummel’s iterative method. The solutions of the linearized
equations are obtained by the SOR method with an adaptive relaxation factor w [5] for the Poisson
equation while this relaxation factor is assumed constant and equal to 1.5 for the three~dimensional
continuity equations. By some investigations saver and quicker convergency has been obtained.
With a good guess of the start solution we got the final solution two times faster (including the

time for getting the start solution) than without.

Using the SOR method, after small amount of work on the precondition matrix, the solution for
A -z = b can be simplified in this method:

zf-nﬂ) =(1-w): Il(-n) +w(b; — Zzﬁ-’wl)aj - Zzl(cn)ak) (3.1)
7 &

forj<tvand k> ¢ while:=1.NX-NY  -NZ.
Taking into account the special linearization algorithm of finite differences (with NX points in

z—direction,NY points in y—direction and NZ points in z—direction) one can reduce (3.1) to:

:zfnﬂ) = (1~ w) -:r;z(.n) + wlb;—
+1 +1 +1
~ ol ey - M e vy - 2y ai-nxy - (.2)

_n) () . _ ) X )
Tib1%+1 T T NXUANX — T N XY U+ NXY

in which again: =1..NX-NY -NZ.

For the Poisson equation there are two additional steps applied to improve the convergency. First
we perform a subiteration of SOR in the channel region, so we can reduce the amount of un-
knowns essentially and improve the start solution. Second we introduce a second step for the SOR

calculation [4] which can be written by use of (3.2) :

(n+2)

zgnwl) -'y(") + xl(-nﬂ) (11— 'y(")) (3.3)

v is chosen as a factor depending on the iteration cycle and the total number of points.
¥ ]{, wherein N is the number of iteration cycles. By these improvements we obtained quicker

and saver convergency even for ill conditioned problems.
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4 Some results

In the following we will present some results calculated with the extended MINIMOS for a realistic
MOSFET with 1um x 1um channel. By Fig. 1 the geometrical specifications of the MOSFET are

given. The gate oxide thickness is 15nm; the substrate doping is 2 - 1016 =3,
GATE

SOURCE DRAIN

r4

o

c FIELD-0XIDE
ol

s

N

/é.?
'Kﬁfﬁ{? '\/’Q

7‘/04/
Fig.1:Perspective view of the three-dimensional MOS-
FET structure.
For detailed presentation we will choose two effects, first the threshold voltage and the channel

narrowing, and second a new effect .

Threshold voltage
Three~dimensional simulation results using the extended MINIMOS are shown in Fig. 2 and 3.
The bias conditions are Up = 2.0V, Ug = Ug = 0.0V and Ugg = 0.73V which is close to the
threshold voltage.
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Fig.2:3D-plot showing the surface poten- Fig.3:3D-plot showing the minority den-
tial at bias Upg = 2.0V,Uggs = sity at bias Upg = 2.0V, Uggs =

0.0V,Ugg = 0.73V. 0.0V, Ugg = 0.73V.

The three~-dimensional plot of the surface potential (Fig. 2) gives no direct insight why the threshold
voltage should be higher for narrow channel devices than for wide, but one can easily see in Fig. 3
that the channel charge of the minorities (electrons in our case), which are responsible for the
current, is lower than assumed in two-dimensional calculations. This effect is originated by the
finite channel width. Thus for a given value of carrier density in the channel the gate voltage has
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to be higher for a small channel device than for a wide one. The well known ’channel narrowing’

results from the same reasons.

The new effect
Under certain bias conditions the ’channel narrowing’ can change into its opposite so that at the
channel edge an accumulation of minorities can be seen (Fig. 5). The bias voltages are assumed

to be Up = 2.0V, Ug = Ug = 0.0V and Ugg = 3.0V. The corresponding three-dimensional plot

of the surface potential is shown in Fig. 4.
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Fig.4:3D—plot showing the surface poten- Fig.5:3D-plot showing the minority den-
tial at bias Upg = 2.0V,Ugs = sity at bias Upg = 2.0V, Ugs =
0.0V,Ugs = 3.0V. 0.0V,Ugg = 3.0V.

This effect can be easily explained. If the gate voltage is very high the electric field in the field-
oxide interface forces the electrons (in our case) to accumulate in this region. So we can observe a
high current density at the channel edge which can also be seen in the Ip — Ugg characteristics
(Fig. 6). Of course this effect becomes much more important for smaller channel width.

88038
£ 3D
E.ua:s E 2D
o L
o o
) vem |
O r
Z; weose §
— F
< L
g «88010 ;
90883 E
3
8. P 1 1 i
B 1 1.5 2 z.¥ 2 »3

UGS VOLTAGE

Fig.6: Characteristics of the simulated device I'p ver-
sus Ugg.
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