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The Study of Factors that Influence the Surface Electric

Field of High Voltage Planar PN Junctions
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Abstract

The effectiveness of field plate and window tapering in reducing the maximum surface
electric field of planar pn junctions has been studied by two dimensional computer simulation.
The influence of silicon dioxide insulator thickness is also presented.

1. Introduction planar device.
A pn junction operated in the reverse bias
One of the main problems of high voltage mode is used as the base structure. The poten-
planar devices that contain pn junctions is that tial distribution and electric field of a device
the surface breakdown fields of these devices can be obtained by solving Poisson’s equation.
are generally smaller than their bulk breakdown In the general approach of semiconductor

device physics analysis, the tntal charge density
is determined by solving Poisson’s equation,
the transport equations for electrons and holes,
and the continuity equation simultaneously[1].
But for the case of a reverse biased pn junction
where applied voltage is much larger than the

fields. This fact is basically due to the greater
imperfections and instabilities that are located
at the surface of the planar device. Therefore,
one of the goals of high voltage planar device
design is to reduce the electric field at the bulk
region rather than on the surface. The objec-

tive of this paper is to study the effects of field built in potential, the device can be broken into
plate, window tapering, and silicon dioxide a neutral region where the charge is zero and
thickness on the surface electric field of a regions that have a space charge density approx-

imately equal to the net impurity concentration
given by a doping profile such as the Gaussian

function. The problem is basically, then, simpli-

*IEEHE, S ARE E TR fied to simultaneously finding a solution to
(Dept. Elec. Eng., Ajou Univ.,, Suwon) Poisson’s equation and locating the space
By 11986% 28 3H charge boundary.
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The potential distribution and electric field
for various conditions of the pn junction device
will be obtained through the two dimensional
computer simulations. Finite difference method
is used to linearize Poisson’s equation while the
iterative numerical technique of successive
overrelaxation[2] is used to obtain the solu-
tion.

II. Device Structure and Basic Equations

A diagram of the basic pn junction structure
is shown in Fig, 1, Using the approximation of
zero variation in the z-direction, the device can
be treated as a two dimensional problem in rec-
tangular coordinate. Since the pn junction is
also symmetric with respect to the y-axis, the
device can be divided down the middle without
introducing any significant errors. This reduc-
tion in the device model size will reduce the
amount of computer storage space and compu-
tational time that are required during the simul-
ation, Note that the lateral out diffusion of the
pt region is assumed to equal to the junction
depth. This is not a really bad approximation
since for heavily doped junction, the lateral di-
ffusion length is usually about eighty to ninety
percent of the junction depth[3]. The final
model along with its coordinate system is
shown in Fig. 2,

The model used in the simulation divides the
device into various basic regions. Included in
these regions are the lightly doped n-type bulk
silicon, the more heavily doped p-type silicon,
silicon dioxide insulator, metallization lines, air,
and various interfaces between the different
regions. Poisson’s equation for individual

region will be unique. Metal lines are consi-
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Fig. 1. Basic pn junction device.
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Fig. 2. Two-dimensional model of the pn junc-
tion device.

dered equipotential regions and their potentials
are defined by the bias voltage applied to them.
An interface can mathematically be approxima-
ted by a single line even though that is physi-
cally untrue. And finally, to simplify Poisson’s
equation in the silicon regions, a constant dop-
ing profile is used to approximate the p+ diffu-
sion region rather than the more accurate Gau-
ssian profile.

The primary equation used in the simulation
of the reverse biased pn junction is Poisson’s
equation, Using the assumption that the
dopant atoms are fully ionized, the two dimen-
sional equations in the silicon regions are given
as:

¢ ¢ q(No—n(¢n, 9)) .
% —axz = . ) for n region
2’0 0 a(p(de, #) +No—Ny) .
X oY . , for p region

where & is the potential of the system, £y the
dielectric constant of silicon, n the electron
concentration, p the hole concentration, ND
the n-type doping concentration, NA the p-type
doping concentration, ¢n and qbp the quasi-
Fermi levels in the n and p regions, respectively.
But in the dielectric regions of SiO, and air,
Poisson’s equation becomes Laplace’s equation.
That is,

%d
aY?

2
3’
ax?

=0, for dielectric regions
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I11. Numerical Method

1. Finite Difference Equations

The finite difference numerical technique
has been used in the calculation of the potential
distribution within the pn junction. The goal is
to solve the two dimensional Poisson’s equation
of the form:

3_29 +222 = FX,Y,®)

ax?  ay?
where F(X, Y, ®) is a function of position and
electric potential. The basic approach of the
finite difference method is to transform diffe-
rential equations into difference equations
which then can be applied to a mesh of grid
lines.

First, the regions of the device under consi-
deration are divided into two dimensional
array of grid points as shown in Fig. 3. The
grid spacings hy, h,, h3, and hy can be all diffe-
rent, but they are chosen to be equal in this
case for simplicity. The size of the spacings will
determine the truncation errors of the simula-
tion. Therefore, finer grid spacings are usually
used in areas like the depletion region where
the potentials can change quickly.

o {1,341
h4
(i-1,3) \ i, §) ‘(i+1,j)
h h
1 2
h3
</

(i,3-1)

Fig. 3. Arrangement of grid points for the five-
point approximation,

For every point in the network, a particular
electric potential <I>i, j has been assigned to it.
The five-point finite difference formation is
applied by expanding ®j.1 j, Dit1, j, Py, j-1,
and <I>i’ j+1 in Taylor’s series to the second
order about the central point (i, j). The explicit
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finite difference approximation to the Poisson’s
equation then becomes

By 5+ Bigp i+ Dyjay + By — 40

i ij+1
h2
where F; jis the approximated value of F(X,Y,
®) at the point (i, j).

ij o Fi j

2. Boundary Conditions

Since Poisson’s equation is a nonlinear ellip-
tic differential equation, a set of boundary
conditions is needed to solve for the unique
potential distribution of the device. Therefore,
the potentials around the perimeter of the pn
junction structure must be specified in order to
obtain the potential distribution inside the
boundary.

For the boundary conditions surrounding
the silicon region, the bottom metal electrode is
considered to be grounded (AB in Fig. 2:V=0)
while the metal input electrode (CDEF) has the
potential of the input VR. For the boundary
far away from the junction (JB), the potential
along that edge is zero. Finally, the potential
distribution for a one-dimensional two-sided
abrupt pn junction is used as the boundary con-
dition at the edge of the junction. The above
approximation for the junction boundary con-
dition was based on the assumption that there
are no free carriers inside the space charge
region and that charge neutrality exists in the
neutral regions. It also assumes that for the
normal range of currents passing
through the structure, the electric field in the
neutral regions is practically zero and that the
entire applied voltage exists over the space
charge region.

For the air region, earlier works by Adler et
al[4] have shown that the potential distribu-
tion along the perimeter of this region does not
have a strong influence on the potential distri-
bution solution within the silicon if the thick-
ness of the air region (CG) is larger than that of
the semiconductor region (AC). Therefore, the
potential along the edge (CG) was chosen to
vary linearly from V=Vp at the input electrode
to V=0 at the top boundary. The potentials
along the boundary (GH) and far edge (HIJ) are
also at zero.

For the silicon-SiO, interface and the SiQ,-
air interface,, continuity of tangential electric

reverse
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field and normal displacement vector through
the interfaces are required when there is no

surface charge. Thus along the interface
edges:

(DY) : E‘§= Eg and €° Esn= edE;i1

(FD : Ed =E? and IEY =B R

where € is the permittivity and E the electric
field, Superscripts s, d, and a in order denote
the silicon, dielectric (SiO;), and air regions
while subscripts t and n represent the tangen-
tial and normal components of the electric
field at the interface, respectively.

When the boundary conditions are establish-
ed, an initial guess potential is assigned to each
grid point in the matrix, Then the difference
equations in the various regions are solved using
the successive overrelaxation method,

3. Successive Overrelaxation Technique

To obtain the potential distribution of the
pn junction, the finite difference equations in
the various regions are solved iteratively using
the successive overrelaxation method, For a
fixed w, 1 < w < 2, the successive overrela-
xation method is defined by the following
iteration scheme:

¢:+ 1,4, ¢:+Jl— 1s
of,,
o,

oLl =@t
%] 44

_<f‘sl(¢:r:.h ¢:,J+l, :’-!)

where the superscripts are iteration indices,
Since the potentials with superscript (t+1)
represent the values obtained during the current
iteration while those with superscript (t)
represent the values obtained during the last
iteration, the application of the various equa-
tions to the points in the matrix must go from
left to right while scanning from bottom to
top. Therefore, the first point of the matrix,
(1,1), is located at the bottom left hand corner
of the pn junction structure. The appearance
of the superscript (t+1) on the right hand side
of the equation, when combined with the order
of computation, implies that the improved
or most recent potential values are used as soon
as they are computed. From trying various

{4Q4
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values between 1 and 2, an overrelaxation
factor (w) of 1.97 was used because it gives
a faster convergence in the simulations.

The final potential distribution is obtained
when the change in potential at all grid points
between two successive iterations is smaller
than a prescribed value §:

okt _ ok (<5
1,) 1,]

where k is the superscript denoting the order
of iteration. A maximum error value of 0,256V
was used for 6. Once the potential distribution
is calculated, the electric field at each point can
be obtained easily. The finite difference
expression for the electric field at a grid point
(i, j) can be written as the change in potential
per unit length:

&b, .— P, .
E, = 1+l i1,
X
2h
By = bt Ti
2h

where EX and EY are the electric fields in the
X and Y directions, respectively, Then the
total field magnitude, E is:

= 2 2
Er=+/ EX + Ey

IV. Results and Discussions
1. Influence of Field Plate

The results of the computer simulation for
various length of field plate are shown in Fig.
4a-c. Each figure plots the intensity of the
electric field along the surface of the device as
well as the potential distribution around the pn
junction region. In all these cases, the junction
depth and curvature were both 2 um while the
substrate doping was 1.0x10%% ¢m™3 and the
applied voltage VR was —100 V. Also, the
oxide insulator was set at 1 um thick. Fig. 4a
shows the situation when there was no field
plate and the device is just a basic pn junction,
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Since the p+ region (NA=1.Ox1018 cm™) is

so much more heavily doped than the n sub-
strate, most of the depletion region is located
on the substrate side of the junction. As a
result, the surface electric field has the shape
of a typical p+n junction with the maximum
field occurring at the p+n junction interface.
Since only a very small portion of the depletion
region resides on the p+ side, the electric
field rises very sharply from just inside of the
p+ diffusion, Notice that the potential lines
are much more crowded together near the
junction surface and a little more spread out
in the flatter bulk region resulting in a higher
field intensity at the surface.

For the case of a 1 um field plate, simula-
tion result shows that a field plate with length
too small to overlap the junction out diffusion
region only has a very small effect in reducing
the surface electric field. But when the field
plate was increased to 5 um (Fig. 4b) and 8 um
(Fig. 4¢), the results show that the peak surface
electric field at the interface is reduced signifi-
cantly while a second surface electric field

peak now appears at the edge of the field
plate. Notice that the longer field plate had
effectively widened the potential lines at the
surface which was the main reason for the
reduction of the surface electric field strength.

Computer simulations also have shown that
the strength of the extra surface electric field
at the edge of the field plate is approximately
constant if it is beyond the edge of the junction
out diffusion. Results have also shown that a
8 um or 9 um field plate will cause the peak
surface electric fields at the junction interface
and plate edge to be roughly equal. Therefore,
any further increase of the field plate length
will only reduce the peak field at the junction
interface while the peak tield at the edge of
the plate will remain just about constant,

Since field plate causes the potential distri-
bution to be more spread out at the surface
region, the maximum electric field of the
device is also reduced while its location still
remains in the junction curvature bulk region
but with a slight shift away from the surface.

Finally,Fig. 5(a)summarizes the resultsof the
field plate by plotting the surface peak electric
field versus plate length for the constant
junction depth and out diffusion of 2 um.
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Fig. 4 (a). Plots of surface electric field and
electric potential for the case of
no field plate.
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Fig. 4(b). Plots of surface electric field and
electric potential for the case of Sum
field plate.
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Fig. 4 (¢). Plots of surface electric field and
electric potential for the case of 8um
field plate.

2. Influence of Tapered Window

Another method that can be used to reduce
the surface electric field of the pn junction
is the tapered window [5] as shown in Fig. 6.
additional advantage of this approach is the
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MAXIMUM SURFACE ELECTRJC FIELD
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Fig. 5. Plot of field plate length versus maxi-
mum surface electric field (a) for the
case of 1 um thick oxide, and (b) for
the case of 2.5 um thick oxide.
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Fig. 6. pn junction device with a tapered win-
dow.

fact that it can provide a better step coverage
for metallization than the normal vertical step
window, This factor may be important in
terms of increased reliability of the device.

The results for tapered window length of 5
um (11.3 degree) are shown in Fig. 7. The
surface electric field once again has two peaks,
one at the junction interface and the other at
the edge of the metallization. In this case,
the two peaks are approximately equal and
the use of any other lower tapering angles
will result in the maximum surface clectric
field being located at the edge of the metal
overlap. But notice that the results for these
two cases are just about identical to those of
5 um and 8 um field plate overlapping a 2
um junction. And the tapered window ap-
proach only required a 5 um metal overlap
of the junction. Therefore, the results seem
to indicate that once the metalization is beyond
the edge of the junction out diffusion, the
tapered window approach has a stronger
effect in reducing the surface electric field
than the field plate method. This result is
similar to the case of a Schottky diode where
simulations done in this study along with

77

results from Choif6] showed that tapering
is more effective than field plate in reducing
the surface electric field. Fig. 8 again sum-
marizes the results for the tappered window
method.
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Fig. 7. Plots of surface electric field and elec-
tric potential for the case of 11.3 degree
tapering.
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Fig. 8. Plot of taper angle versus maximum
surface electric field.

3. Influence of Oxide Thickness

The general tendency for increasing oxide
thickness is that the maximum surface electric
field is reduced [7]. But reduction is very small
and the effect of oxide thickness on the normal
junction is not too significant. This is shown
in Fig. 9 where the reduction of maximum
field is small. However, the increase of oxide
thickness does have an important impact on
cases where the junction has a field plate.

Results for 2 um junction with fieid plates
of 5 um and 8 um show that when the oxide
thickness was increased to 2.5 um from 1 gm,
the maximum surface electric field at the
junction interface did not decrease as much
compared to the normal 1 um thick oxide case.

(495)
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Fig. 9. Plot of oxide insulator thickness versus
maximum surface electric fields.

This is shown in Fig. 5(b). Also, the second
surface electric field peak that usually occur
at the edge of the field plate was not observed.
Therefore, the plot of the surface electric
field for the cases of the 2 um junction with
2.5 um thick oxide and 5 um field plate looked
just like the case of a normal junction without
any field plate. However, further simulation
of the 8 um field plate case using an oxide
thickness of 1.75 um instead of 2.5 um show
that while the maximum surface electric field
was reduced, a small peak electric field once
again appear at the edge of the field plate.
The results seem to indicate that while the
oxide thickness only has a mild influence on
the maximum surface electric field of a normal
junction, it does have a strong effect on a
device that has an overlapping field plate. - For
the case with the field plate, increasing oxide
thickness will decrease the second electric
field peak at the edge of the field plate.
However, for the case of the tapered
window, results seem to show that increasing
the oxide thickness does not really influence
its effectiveness in reducing the surface electric
field at the junction interface. Fig.10 shows
the case of a 5 um tapered window length
(26.6 degree) with a 2.5 um thick oxide.
Notice that wich a thicker oxide, the taper
angle is increased. At the surface, the result-
ing maximum electric field is smaller than
the case of 2 um tapered window length (26.6
degree but 1 um thick oxide) but larger than
the 5 um tapered window length (11.3 degree
and ! um thick oxide). But notice how the
thicker oxide has now significantly reduce the
second surface electric field peak at the edge
of the metal overlap as well as causing a greater

Electric Field of High Voliage Planar PN Junctions
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Fig. 10. Plots of surface electric field and elec-
tric potential for the case of 26.6
degree tapering with 2.5 um thick
oxide.

reduction in the maximum surface electric
field for the same angle of tapering. Therefore,
this combination of tapered window and thick-
er oxide appears to be quite effective in reduc-
ing the maximum surface electric field.

V. Conclusion

Two methods that can substantially reduce
the maximum surface electric field are utiliza-
tion of field plate and tapered window.
Simulation results indicate that the tapered
window approach has a greater effect on
reducing the surface electric field than the
field plate method. However, in both cases
the reduction of the surface field is limited by
the second surface electric field peak located
at the edge of the metal overlap. But this
problem can possibly be solved by the use
of thicker silicon dioxide insulator. Results
show that even though thicker oxide does
reduce the effectiveness of the field plate,
it still has a large influence in reducing the
second electric field peak located at the edge
of the metal overlap. Therefore, if reducing
surface electric field is the only consideration
when using a field plate, then the approach
that combines all the above factors will have
a pn junction with a long overlapping field
plate and a thick silicon dioxide insulator.
But because of the existence of the two con-
flicting effects of reduced field plate effective-
ness and decreased surface field at the metal
plate edge for increasing oxide thickness, the
choice of the oxide thickness will have to be

(496)
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made carefully to maximize the result.

However, if the tapered window method is
used, the thicker oxide does not cause
any problem because it does not really affect
the ability of the tapered window to reduce
the peak surface electric field at the junction
interface. Therefore in this case, the preferred
combination of a small taper angle and a thick
oxide insulator would be the best technique
of those that were studied in this paper in
reducing the maximum surface electric field
of a high voltage planar pn junction.
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