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ABSTRACT: The paper presents a program for two-dimensional modeling of reverse biased pn structures. The analysis is simplified with zero-current
approximation that allows solving the Poisson equation only. Breakdown voltage is calculated with the iondzation integral. The program includes the

possibility of guard-ring and field-plate junction termination modeling.

MODELIRANJE ZAPORNIH LASNOSTI PN STRUKTUR

KLJUCNE BESEDE: polprevodnigki elementi, 2D modeliranje, zakljugitve pn spojev, numeriéno modeliranje, ratunalnisko modeliranje, ratunalniski

program

VSEBINA: V delu je opisan program za dvodimenzionalno modeliranje zapornih lastnosti pn struktur. Analiza je zato poenostavijena z uvedbo
aproksimacije nicelnega toka, kar omogoca re$evanje samo Poissonove enacbe, prebojne napetosti pa so dologene z resitvijo integrala ionizacije.
Program omogoca poleg simulacij pn struktur tudi modeliranje zakljucitvenih tehnik pn spoja z zas¢&itnim obrogem (guard-ring) ali s kontaktom preko

oksida (field-plate).
Glossary of symbols:

electric potential

Laplace operator
elementary charge
permittivity

free electron concentration
free hole concentration

net doping concentration

ni intrinsic carrier concentration

on, ¢p  electron and hole quasifermi potential
Ut thermal voltage
h,k lateral and vertical distance between two

mesh points

1. INTRODUCTION

The limitations of analytical semiconductor device mo-
deling have led to numerical modeling with the use of
computers. The growing speed and affordability of com-
puters has made computer aided device modeling ac-
cessible to a wide spectrum of users.

The system of three semiconductor equations (Pois-
son’s and two continuity eq.) that needs to be solved can
be very large. For example, on a mesh of 100x100
points, 3x10000 mutually dependent nonlinear equa-
tions need to be solved. Inthe matrix notation A.x=b the
matrix A has 30000 rows and columns. Solving such a
system of equations is time consuming and numerically
exacting and therefore still an interesting problem not
only for reserachers in microelectronics area but also for
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mathematicians, physics and computer experts. Some-
times we are interested in physical and electrical proper-
ties of precisely determined structures and we do not
need a general sophisticated program that would be
capable of arbitrary semiconductor device modeling. In
this case some admissible simplifications can be made
such as neglecting minority carriers in MOS structure
analysis or solving only Poisson equation for reverse
biased structure modeling. The last method is most
suitable for planar junction breakdown modeling be-
cause otherwise (taking into account all three semicon-
ductor equations) the system of three equations is
strongly coupled. Therefore more complicated solution
algorithms are needed.

The program developed in the Laboratory for Semicon-
ductor Devices at the Faculty of Electrical and Computer
Engineering in Ljubljana allows various types of two
dimensional (2D) reverse biased planar structure mode-
ling. If we solve only the Poisson equation, the break-
down properties should be determined through the ioni-
zation integral calculation.

2. NUMERICAL MODELING OF REVERSE BIASED
JUNCTIONS

Assuming there is no current flow through the reverse
biased structure (zero current approximation) the sys-
tem of three semiconductor equations.can be reduced
to only one - Poisson equation

Aw:g-(n~p~0) (1)
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Besides it is possible to neglect electron and hole con-
centrations in the depletion layer, but in this case, de-
pletion layer edges should be determined iteratively’?.
The following approach, used also in our program, is to
consider quasifermi potentials constant through the en-
tire structure and to express free carrier concentrations
as a function of varying potential and constant quasifer-
mi potential

Y~ On
Ut

(2)

n=ni-e

Pp— VY
U

p=ni-e (3)
There are many ways to solve the discretized system of
equations involved. The most common are Newton’s
method or some kind of relaxation method (SOR). Inour
approach, equation (1) is locally linearized and the re-
sulting system is solved with the Gauss-Seidel relaxa-
tion (or over relaxation) method. Since we perform re-
laxation on a linearized system of equations the method
can be named Gauss-Seidel-Newton relaxation. The
potential value in point i in the next iteration step .1 is
(in program code these equations are scaled)

A K
Wik FiiyT)
Wi =i (4)
’ ! Fij )
where {5)
Kk q vl — on -Vl
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A\yffj is approximated on a rectangle grid (fig.1) by the
5-point finite difference equation
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Fig. 1: Numbering of points on a rectangular grid
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To reduce further the solution time i.e. time needed to
solve the system of eguations to predetermined accu-
racy, the multigrid method™ is applied.

The program written in Pascal is basically developed for
PC AT computers but with minor changes it can be
transferred to VAX computers (not the graphics). For
easier handling, menu items are used (fig.2) and an
additionaliteration menu (fig.3) allows control over inter-
mediate results (specially important in the development
stage). Representation of the results can be graphical
(3D graphs or equipotential,field,.., lines) or numerical
(tables). The program computes potential values in
mesh points. Besides, electrical field, electron and hole
concenirations, charge density and ionization integral
can be evaluated. The doping profile can be abrupt,
linear or defined with a gaussian or erfc function with
optional radius of curvature (lateral diffusion).
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Fig. 2: Main menu jtems
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Fig. 3: lteration menu

3. MODELING EXAMPLES

As an modeling example p™n structure with substrate
concentration 5.10"cm™®, gaussian doping profile with
surface concentration 2.10'%m™, junction depth 8um
and lateral diffusion 70% of the vertical one, is analyzed
(fig.4). For reverse bias 208V (breakdown voltage ob-
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tained with ionization parameters from’™) the potential

and field distributions are shown in fig. 5 and 6 respec-
tively. Breakdown is a consequence of the high electric
field at the junction curvature (field crowding effect).
Spreading the depletion layer laterally would reduce the
junction curvature effect and thus raise the breakdown
voltage. This can be achieved with various junction

“termination techniques among which guard-ring and
field-plate are the most common ones.

The next example is a guard-ring structure (fig.7) where
the ring potential is floating (not fixed) and depends on
the applied reverse voltage. Reverse current flow into
the ring needs to come out (of the ring) at one point and
there the ring should be slightly forward biased®. Ac-
cording to this, the quasifermipotential of the ring should
be iteratively changed until the upper conditions are met.
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Fig. 4. Doping profile of a simulated p*n structure
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Fig. 5: Potential distribution of a simulated p™n structure
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Fig. 6:
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Field distribution of a simulated p*n structure
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For the guard-ring structure with a 10um distance be-
tween ring and contact junction the calculated potential
and field distribution are shown in fig. 8 and @ respec-
tively.

Further development of the program demonstrated also
a possibility to model field-plate (FP) structure (fig.10)
without solving the Laplace equation in the oxide. As an
example FP structure simulation with substrate concen- .
tration5.10"“cm, junction depth 15um, oxide thickness
2.6um and the FP edge at 51.75um was performed.
Resulting potential and field distributions are shown in
fig. 11 and 12.
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Fig. 8: Potential distribution of a simulated guard ring

structure
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Fig. 9: Field distribution of a simulated guard ring
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Fig. 10:  Field-plate structure

4. CONCLUSIONS

Inthe paper a possibility of reverse biased semiconduc-
tor structure simulation with solving Poisson equation
only is demonstrated.. The program written for this pur-
pose is capable of 2D planar structure breakdown mode-
ling and modeling of guard-ring and field-plate junction
termination techniques.

Some basic advantages and deficiencies of the resulting
program are :

a.) advantages: - reduced number of equations by a
factor of three - reduced convergence problems - re-
duced time consumption due to multigrid method -
modeling runs also on a PC AT computer - menu-items
for easier handling - 2D, 3D and tabellary result presen-
tation - possibility of intermediate result and iteration
control - guard-ring and field-plate termination modeling

b.) deficiencies: - simplified physical model - maximum
49x49 mesh points (for PC AT, only) - limitation to
reverse biased structures - lack of current analysis due
to zero current approximation - rectangular structure
simulation only

Some more details on the program can be found else-
where/s"¥,
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