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ABSTRACT 

A simulation program has been developed to facilitate the investigation 

and analysis of power semiconductor devices under the reverse-bias condition. The 

electrostatic potential distribution is solved by using Poisson's equation alone, with 

particular attention to the neighborhood of avalanche breakdown. Because of its 

generality and efficiency, the program emerges as a powerful engineering tool for 

the design of power devices incorporating special junction termination techniques. 

Results are presented for a DMOS structure to illustrate the improvement in break

down voltage when a field plate is applied. 

Numerical solution techniques for solving elliptic partial differential equa

tions in a multi-material domain are discussed. The discretization of this domain is 

nonuniform in general due to its highly nonuniform physical parameters. By careful 

selection of grid lines near interfaces, the difference equation coefficients are con

siderably simplified. The resultant matrix of coefficients is symmetric even though 

Neumann boundary condions are specified. 
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CHAPTER 1 

INTRODUCTION 

Breakdown voltage is one of the most important parameters for power semi

conductor devices. This parameter imposes an upper limit on the drain voltage of 

MOSFETs (metal-oxide-semiconductor field-effect transistors), the collector volt

age of BJTs (bipolar junction transistors), and the reverse bias for most diodes. 

The primary breakdown mechanism is avalanche multiplication. When the peak 

electric field in the junction depletion region reaches a critical value, the junction 

collapses, and a very laxge current flows. For planar devices, the curved portion of a 

junction has a higher field than the flat portion. The magnitude of the peak electric 

field and its physical location within a device are controlled by the means used to 

terminate the junction. The breakdown voltage can be substantially enhanced by 

junction termination techniques such as field plates, field rings, or junction termi

nation extensions. The objective of each is to shift the possibility of breakdown 

from the junction surface to the interior of the bulk and to reduce the fields at the 

curved portion to the value for an ideal plane junction. 

Device structures incorporating special junction termination techniques re

quire two-dimensional analysis. Such structures are always more complex than the 

structures for which an analytic solution can be derived. In order to optimize the 

design of power devices, two-dimensional simulation is the only choice for accurate 

analysis. 

A number of two-dimensional device simulators have been reported as ca

pable of analyzing breakdown phenomena. The published techniques fall into either 



of two categories: (l) the basic semiconductor equations, namely Poisson's equation 

and the current continuity equations, are solved simultaneously1-8, and (2) only 

Poisson's equation is solved9-15. The numerical solution of the first approach is 

computationally expensive in comparison with the second approach. Besides, con

vergence of the Newton iteration depends heavily on the bias voltage. Previously 

available device simulators, such as BAMBI16, MINIMOS6, and PISCES8 work ac

ceptably well for low-voltage devices, but fail entirely when used for high-voltage 

devices. During the past few years, considerable use has been made of the solution 

of Poisson's equation alone. Many programs of this category unnecessarily made 

rigid assumptions about particular device structures and/or impurity distributions. 

As far as breakdown is concerned, devices of different types (such as BJTs and 

MOSFETs) exhibit more similarities than differences. It is possible to develop a 

general power device simulator that is flexible enough to handle arbitrary device 

structures and is efficient in its numerical solution. 

SEPSIP—SEmiconductor Power device Simulation Program—is a two-

dimensional device simulator which solves for the electrostatic potential and the 

field strength in a power device that is reverse-biased. Because of its unique treat

ment of device topology, SEPSIP is capable of analyzing breakdown behavior in vir

tually all kinds of power devices. The finite difference method is used to discretize 

the governing equations (Poisson's equation for semiconductors and the potential 

equation for dielectrics). The potential solution of the resultant nonlinear system of 

equations is obtained by iteration; each cycle of the iteration consists of Newton's 

linearization scheme and the method of successive overrelaxation (to be discussed 

in Chapter 4). Simulation using SEPSIP appears exceptionally efficient and sta

ble. With this general power device simulator, various breakdown improvement 

techniques can be investigated, and the design of power devices can be optimized. 



In Chapter 2, the validity of using only Poisson's equation is established. 

Also, the boundary conditions typical for power devices are given. Chapter 3 is 

devoted to the numerical aspects of the SEPSIP program. These include the dis

cretization of the solution domain, linearization of the semiconductor Poisson equa

tion, and the iterative solution of the resulting system-of linear equations using 

the SOR algorithm. Junction termination design using SEPSIP is illustrated in 

Chapter 4, where a double-diffused power MOSFET (DMOS) is taken as a sample 

device, and the field plate junction termination technique is applied to demonstrate 

the apparent improvement in breakdown. Chapter 5 provides necessary informa

tion on the usage of the program. The basic input data for the program are the 

device structure and the impurity concentration profile. The data files can be cre

ated either manually or by other programs. The example at the end of the chapter 

illustrates how to prepare these files. 
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CHAPTER 2 

PHYSICAL MODELS 

2.1 Basic Equations 

As early as 1950, Van Roosbroeck17 recognized that the electrical behavior 

of a semiconductor is governed by Poisson's equation and the current continuity 

equations. The former describes the local contribution of the charged carriers to 

the electrostatic potential, and the latter axe the mathematical expressions of carrier 

conservation. Because the carriers are in constant movement, these equations are 

coupled. To obtain the solution of carrier and potential distributions, the equations 

must, in general, be solved simultaneously. 

For power devices, however, this model can be greatly simplified under the 

assumption of zero current density. According to Shockley18, the quasi-Fermi levels 

(<f>n and <f>p) for a p-n junction can be approximated as constants when the junction 

is reverse-biased, and the two levels differ by an amount equal to the applied voltage. 

Under this approximation, Poisson's equation can be decoupled from the continuity 

equations so that carrier and potential distributions can be obtained by solving 

Poisson's equation only. In Shockley's approximation, extension of the quasi-Fermi 

levels beyond the depletion region amounts to ignoring the minority carriers in the 

device. Although the assumption of constant Fermi levels is not truly justified, the 

inaccuracy inherent in this assumption does not influence the numerical results very 

much. Therefore, this approximation can be applied equally well to devices with a 

more complex structure than the single p-n junction as long as the current densities 

are essentially zero. It follows that, if the majority Fermi levels are well defined 
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everywhere in the structure, then the potential (^) can be solved without knowing 

the carrier distributions, and therefore, the basic equation governing power devices 

is the Poisson equation, 

- V - ( e V 0 = p  ( 2 . 1 )  

where e is the permittivity of the semiconductor and p is the total charge density 

given by 

p- .  $Q{p~ n + Nd — Na)  for semiconductor; ^ 2) 
I 0 for dielectrics. 

In (2.2), Nd and Na denote the densities of ionized donors and acceptors, respec

tively, and by using Boltzmann's approximation, the carrier concentrations can be 

expressed as 
n = m-e* (*-*») 

(2.3) 
p = 

where nt- is the intrinsic carrier concentration and the quantity is often referred 

to as the thermal voltage. 

2.2 Boundary Conditions 

A solution boundary is defined by the fact that only one side of the bound

ary belongs to the solution domain. Fig. 2.1 shows a schematic of an arbitrary 

device. The solution domain for this case is the rectangular region abed, minus the 

shaded area efgh which represents a perfect conductor. Hence the boundary of this 

solution domain consists of the sides of the two rectangles. In order to uniquely 

determine the potential distribution, proper boundary conditions must be specified. 

The first type of boundary condition (Dirichlet type) specifies the potential 

value at the boundary. When a semiconductor is in direct contact with a metallic 

electrode, the quasi-Fermi level beneath the contact (such as ab and ef in Fig. 2.1) 

equals the external bias (V0) applied to the electrode. The potential at the contact 
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Figure 2.1 Arbitrary device structure. 
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can be determined by inverting the equations in (2.3) under the assumption of 

thermal equilibrium, 

Taking the work function difference into consideration, the above boundary values 

should be modified by adding a third term, the work function difference between the 

semiconductor and the metal. If the material in contact with the metallic electrode 

is a dielectric, the potential value at the contact is equal to the value of the bias. 

The second type of boundary condition (Neumann type) specifies the elec

tric field at the boundary. If thermal equilibrium holds along the boundary (such 

as be in Fig. 2.1), then the normal component of the electric field at the boundary 

vanishes, that is 

I s - 0  < 2 - 5 >  

where ^ denotes the normal derivative at the boundary. This condition also 

applies to a boundary (such as ad in Fig. 2.1) which passes through a plane junction 

orthogonally, provided that the doping concentration of the boundary varies in the 

direction of the boundary only. 

Outside the semiconductor region, the upper boundary of the solution do

main is usually chosen somewhere above the highest metallic object of the device. 

Since electric field lines extend from positive electrodes to negative electrodes, one 

can reasonably assume that the fields, sufficiently far from the surface, have a neg

ligible normal component. Thus, condition (2.5) applies in this case also. 

A final remark should be devoted to the interfaces, since Poisson's equation 

becomes invalid there. The interfacial condition is generally expressed by 

for p-type. 
(2.4) 

(2.6) 
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which states that the normal component of the displacement vector, — e§£-, in

creases by an amount equal to the surface charge density, pSB, as it crosses the 

boundary from side 1 to side 2. In semiconductor device simulation, the surface 

chaxge density is significant for the interfaces between a semiconductor and a di

electric. For the interfaces between two dielectrics, pBB can be neglected. 
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CHAPTER 3 

NUMERICAL SOLUTION 

3.1 Five-Point Scheme 

In this work, the numerical solution of Poisson's equation starts with subdi

viding the solution domain into a regular array of rectangular cells. Superimposed 

on this array is a grid of points such that each cell encloses one and only one point of 

the grid, and each side of a cell bisects one and only one line joining two neighboring 

grid points. The situation is depicted in Fig. 3.1 for a two-dimensional case. 

A finite difference approximation of the derivatives, performed on this grid, 

allows the original continuum problem to be replaced by a discrete problem suitable 

for computer computation. By this approximation, an algebraic equation can be 

derived from Poisson's equation for each point. The result is a system of difference 

equations. 

Poisson's equation is applicable at the points where the medium is contin

uous, while its integral form provides a general formalism for deriving difference 

equations for all the points, regardless of whether the medium is continuous or dis

continuous. For any region V, this integral form is obtained by taking an integral 

provided that <j> is continuous and eV<j> has at most a finite number of finite discon

tinuities in the region of interest. 

of (2.1) over V, 

(3.1) 



Figure 3.1 Nonuniform discretization of solution domain. 
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Figure 3.2 Five-point computational molecule. 
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The left hand side of (3.1) may be converted into a surface integral by the 

divergence theorem. Taking discontinuities of charged surface (A') into account, 

(3.1) is equivalent to 

y ~e&n^a = J pc^v + J P**da'. (3.2) 

This form is known as Gauss' Law of electromagnetics. It states that the electric 

field flux, flowing out of a surface is equal to the charge enclosed. The two-

dimensional counterpart of (3.2) is obtained by reducing each integral of (3.2) by 

one dimension, 

/ 6  J m^ = 9v + 9aa (3,S) 

where 

Qv =  I pda ,  
Ja (3.4) 

Qse — J  Pasdl .  

Consider an arbitrary grid point ( i , j ) .  This point and four of its nearest 

neighbors form a computational molecule as shown in Fig. 3.2. A computational 

molecule is defined as the topology (a moving mask) of neighboring grid points that 

contribute to the formulation of the difference equation for each grid point of the 

solution domain. Fig. 3.2 represents a special type of computational molecule that 

is often referred to as five point star. The grid spacings between adjacent points 

are defined by 
S{  — S j+l  

(3.5) 
tj = yy+i ~~ Vj 

for the horizontal and vertical directions, respectively. The corresponding cell is 

divided by the grid lines into four subregions labeled 1, 2, 3 and 4, much like the 

labels of a coordinate system. The cell boundary is broken into eight segments, 
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each of which is associated with a doubly indexed permittivity, £ro, where r stands 

for the subregion label, and o indicates the orientation of the given segment with 1 

denoting the vertical orientation and 2 the horizontal orientation. 

When applying Gauss' Law to the cell in Fig. 3.2, the line integral on 

the left-hand side of (3.3) may be broken into four definite integrals. The normal 

derivative of each is assumed constant, and hence can be approximated by the 

central difference formula, using only those points on the grid. These integrals can 

be easily evaluated, 

M K  /: **- ~ 4>i , j - l  ^32'St - l  +  C42 s « M K  /: **- t j -1 2 

f ; -€"= 
4>i , j  —  $i+l , j  e 4l t j - l  + 6llt j  

f ; -€"= 
Si 2 

C dm f - l r * -l c  dy  

~~ fa j+ l  e l2$ i  + *2251-1  

C dm f - l r * -l c  dy  t j  2  

d  dm 

f a  

h e 9i d V  = 

4>i , j  ~  4>i - \ , j  e21 t j  +  £31^-1  

d  dm 

f a  

h e 9i d V  = s«-i 2 

(3.6) 

Combining the above results, the discrete version of (3.3) turns out to be 

~ (o2^t ' - i , y  +  +  a4<j>i j - i  +  as^i j+ i )  =  q v  + 9aa (3.7) 

where the coefficients a\ through 05 can be identified as 

a% = 02 + 03 + 0-4  + Osj 

€21 t j  + £31*7-1 
a2 = J 

2s,-1 

£41*7-1 + cut j  
° 3  " 2a t  '  (3-8)  

e 32S, ' - l  +  ̂ 42  s i  
a  4  — -

a  5 = 

2t j - i  
£ 12&i  +  ̂ 22^t—1 

2 t j  
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The expressions (3.8) are applicable to regular points as well as to points 

lying at an interface. It is desired, however, to derive expressions in which the 

physical parameters are separated from the geometric quantities so that calculations 

can be greatly simplified for multi-material structures. There are a total of three 

important cases to be considered, namely, regular points, interfaces, and corners. 

a) Regular Points 

When the surrounding medium is uniform, the point is referred to as a 

regular point. There is only one permittivity (e) involved. The expressions in (3.8) 

are immediately reduced to 

b) Interfacial Points 

An interface may be oriented in either of two perpendicular directions as 

shown in Fig. 3.3. Points lying at an interface involve two different permittivities. 

To simplify the discussion, assume the interface is horizontal as in Fig. 3.3(a), 

where ej is the permittivity above the interface, and e2 is that below the interface. 

In order to derive expressions similar to those in (3,9), the grid spacing is 

(3.9) 

e Si-i + Si 
°4 2 

e s,_i + Si 
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Figure 3.3 Interfaces, (a) Horizontal interface where <y_i = <y. (b) Vertical interface 
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Figure 3.4 Corners, (a) two-material corner, (b) three-material corner. 
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assumed to be equal to t j .  Under this assumption, (3.8) becomes 

« i  =  +  « ) f e - i  + i j )  ,  

ai = i>±±+lL, 
2  S j _ i  

a3=ttj-1±tii , (310) 

2  s% 
_  * 2  & i - l  +  S i  

C 4 ~  2  f y _ x  '  
ei s,-i + S {  Ofi = 

5 2 t j  

where e = |(ei + e2)-

c) Corners 

An intersection of two interfaces is referred to as a corner in this discussion. 

Possible configurations of a corner are shown in Fig. 3.4. The environment sur

rounding a corner may consists of two or three different materials. To illustrate the 

derivation of the coefficients for corners, consider the configuration in Fig. 3.4(a), 

where only two materials are involved. The permittivity outside the corner is as

sumed e i  and  tha t  ins ide  the  corner  i s  t i .  Fur thermore ,  le t  s ,_ i  =  Sj  and  t j - 1 =  t j .  

Substitution of these relations into (3.8) gives 

° 1  =  ̂  ( • S » - X  +  S i ) { t j - i  +  t j )  (  +  —  )  ,  
I  \ S i - l S i  t j — i t j  J  
el t j - l  +  t j  

°2 2 5,-1 

" = VJ=srk. (3-n) 
& o j 

e 5t_i  +  S i  
CL/^ ~~ 

a B  =  

2 ' 

61 5,-1 + Si 
2  t j  

where e = |(ei + e2) and c = |(3ei + e 2 ) .  
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One may recognize that the grid lines about such a corner are uniform. In 

fact, the basic strategy of placing grid lines is to apply a locally uniform grid where 

the medium is nonuniform, and a locally nonuniform grid where the medium is 

uniform. The entire grid consists of a combination of uniform and nonuniform local 

grids. The direct consequence of this approach, which is also an advantage, is the 

following set of geometric factors common to all the three cases discussed above: 

Upon substitution of this set into (3.9) through (3.11), each coefficient becomes 

truly a product of a physical parameter and a geometric factor. The fact that 

a's are common to different configurations implies that the geometric factors are 

independent of material composition. 

A more formal derivation19 of the difference equation (3.7) can be obtained 

by Taylor series expansion of in (3.3). The final results are the same. This 

alternate derivation reveals that the accuracy of (3.7) is of order three in the po

tential. 

3.2 Normalization 

The system of difference equations derived in the last section is to be solved 

iteratively. During iteration, the potential value at each point is constantly updated. 

Since the carrier concentrations depend on the potential, they must be recalculated 

(3.12) 

5,_X + S i  
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after each iteration when more accurate potential values are available. In order to 

simplify the calculations, it is desired to reduce the difference equations to their 

dimensionless form by normalization. 

The common choice for the normalization factors are the thermal voltage 

(^~) ^or P°^en^ia^ intrinsic carrier concentration (n,) for carrier densities, the 

Debye length (A,) for length, and the semiconductor permittivity (eat) for permit

tivities. These specifications lead to the following normalization relations, 

,  k T  k T  ,  k T  
< P  = — U ,  <pn = un, <pp = Up, 

q  q  F q  

n  =  m v ,  p  = nt-7r, N d — N a = t u o ,  

5  —  A j / i ,  t  —  

e = e a i 8 .  (3.13) 

For a point inside a semiconductor region, the difference equation (3.7) in the last 

section can be rewritten as 

+ OLZ<t>i+i,j + i + aB^t,y+i)] 

=  [ q  ( p  -  n  + Nd - Na) A  +  p a a L ]  {  j  . (3.14) 

Inserting the relations of (3.13) into (3.14) yields 

e  k T  
2n q*\? ~~ (a2u«'-i.J + a3«»+i,y + a4tt,-fy_i + as«»,y+i)] 

=  [(7r -  v  +  a )  a0 + o 8 j \ ... (3.15) 

where 
A  ,  L  / > - -
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and in view of the expressions of (2.3), the normalized carrier concentrations are 

given by 
v  —  eu-"n, 

(3.17) 
tr = eUp~". 

The Debye length has yet to be specified. Setting the factor in front of (3.15) to 

unity gives rise to the intrinsic Debye length 

A<=/if- <3-18> 

In general, the normalized difference equation has the following form, 

b l u i , j  —  (&2«t-l,y + + b 5 U i t j + i )  —  f i , j  (3.19) 

with / = ( n  -  v  + <r)a0 + Oeal-

If a cell consists of semiconductor material, &i through 6 5  in (3.19) are 

the same as geometric factors of (3.12), repectively. When a point is located in a 

material other than the semiconductor or between two different materials, then the 

coefficients must be modified by the normalized permittivities. For the corner in 

Fig. 3.4(a), the normalized counterpart of (3.11) is 
A 

&i = O a i ,  

b 2  =  0 i a 2 »  

6 3  = Sa3, (3.20) 

6 4  =  0CC4, 

65 = B i a s ,  

where 6  = \ { 0 \  + 6 2 ) ,  and 8  = |(30i + 6 2 ) .  Difference equations of the form (3.19) 

will be used to solve the problem by iteration. To facilitate further discussion, one 

may write the system of equations in matrix form as 

Bu = f (3.21) 
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where B is called the coefficient matrix, u is the solution vector whose element, u,j, 

is u evaluated at point and f is the driving vector whose element, /, j, is the 

value of / at (i,j) plus the contribution from the boundaries. 

3.3 Symmetric Matrix 

The coefficient matrix in (3.21) of the last section plays an important role in 

a successful iterative solution of the matrix equation. For reasons that will become 

clear later, the ideal type of the matrix is the S-matrix19. An S-matrix is a real 

symmetric and irreducible matrix (see Ref. 20 for irreducible matrix) with the 

following additional properties: (1) all off-diagonal elements are nonpositive, and 

(2) all diagonal elements are positive and dominant with strict dominance for at 

least one element. It can be proven that S-matrices axe always positive definite19. 

In the last section, the elements of B have been derived for regular points as 

well as for points on interfaces and corners. Obviously, these elements are real and 

satisfy both property (l) and (2). To examine whether the matrix is symmetric, 

one may lay out the matrix by displaying only those elements associated with a 

computational molecule such as shown in Fig. 3.5. 

There are five rows in Fig. 3.5, and each row corresponds to a grid point that 

belongs to the given computational molecule. Although every nonzero coefficient of 

B is a function of grid indices (t and j), only bs explicitly indicates this dependence. 

Such a matrix is symmetric if and only if 

b 2 ( i , j )  = h ( * ~  h j )  

h ( t , j )  =  b 2 ( i  +  l t j )  
(3.22) 

=  h { i , 3  -  1 )  

h [ i , j )  =  b 4 { i , j  +  l )  
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Figure 3.5 Matrix layout of computational molecule. 

. (a) (b) 

Figure 3.6 Boundary nodes, (a) Dirichlet boundary, (b) Neumcinn boundary. 



for every computational molecule at It can be verified from (3.9) through 

(3.11) that the symmetry of the coefficient matrix is preserved by all types of points 

previously discussed. The remaining part of this section is devoted to points near 

boundaries where either of the Dirichlet or Neumann conditions have been specified. 

To avoid confusion, it is worthwhile to clarify the difference between a point of 

boundary and a boundary point. A point of boundary has no entry in the solution 

vector but is used to complete the computational molecule of a point in the solution 

domain. On the other hand, a boundary point has an entry in the solution vector, 

and at least one member of its molecule is a point of boundary. 

It is easier to deal with the Dirichlet conditions. A grid line is chosen 

one grid spacing from the boundary as shown in Fig. 3.6(a). The computational 

molecule about the boundary point {i,j), therefore, has'one member that belongs 

to the boundary. In writing a difference equation for such a boundary point, the 

term representing the boundary effect, namely 62(* — ljjJut-i,/ in this case, has to 

be moved to the right-hand side as a constant because has been specified. 

Consequently, the row and the column occupied by 61 (i — l,j) must be deleted 

simultaneously from the matrix. The reconstructed matrix remains symmetric if it 

was symmetric before. 

For a Neumann boundary, however, care must be exercised in choosing 

boundary grid lines. If one draws the line in the same way as for a Dirichlet 

boundary, the price one has to pay is that the matrix symmetry will be destroyed, 

and the iterative scheme may fail. 

As indicated in Fig. 3.6(b), the boundary grid line is chosen a half spac

ing from the Neumann boundary. Also shown is the computational molecule at a 

boundary point (»,j), whose reflection about the boundary is an image point used 
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to complete the given molecule. Applying the Neumann condition at the boundary 

leads to 

ui—i , j  = u i  J -  (3.23) 

The difference equation associated with point (i,j) becomes 

biU{tj — (0 + 63tt.-4.1_j + + bsUij+i) = fitj (3.24) 

where 61 = 61 — £>2-

The image point does not take part in the solution vector; hence, the row 

and the column that bi(t — l,j) occupies in Fig. 3.5 has to be deleted. Since every 

off-diagonal element stays the same as before, the matrix is still symmetric if it was 

symmetric. If one had drawn the boundary grid line on the boundary itself, the 

condition (3.23) would be to ensure that the normal component of 

the field vanishes at the boundary. It follows that 6 3  ( i , j )  becomes twice as large as 

it was. Since 62 (* + 1, j) does not double simultaneously, the matrix symmetry is 

destroyed. 

Iterative solution of a symmetric system has been thoroughly investigated 

by many authors 19-2°. Formalizing the coefficient matrix in a symmetric form, 

therefore, is very beneficial for the numerical analysis. 

3.4 Linearization 

The matrix equation (3.21) is nonlinear since its right-hand side depends 

exponentially on the potential solution. To linearize the equation, one may intro

duce a perturbed potential, u, for /(«) such that 

Bu = f(u). (3.25) 
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Alternatively, Bellmann, Juncosa, and Kalaba21 suggested a more accurate lin

earization scheme known as the Newton Method. Using this method, f{u) is re

placed by its truncated Taylor series expansion about u, 

f {u) = f (u )  +  f ' {u ) {u  -  u)  (3.26) 

provided that f (u )  is differentiate with respect to u  in the neighborhood of u .  

Recall that 

f (u )  =  (7r — v )ao  + terms independent of u .  (3.27) 

Since n  = e u p~ u  and u  = eu-u", the derivative of f (u )  is simply 

f ' (u )  = (tt + u)a 0 .  (3.28) 

Applying the approximation (3.26) to (3.21), a linearized matrix equation results, 

namely, 

Bu = f (3.28) 

where each component of f is the value of 

/ = /(")-/'(«)« (3.29) 

at (i,j), and B is essentially the same as B except that each diagonal element (6i) 

has  been  rep laced  by  the  sum of  &i  and  the  va lue  o f  (7 r  +  i>)  c to  a t  ( i ,  j ) .  

The perturbed potential is not available prior to the numerical solution. 

Newton's Method involves successive approximations of u. After an initial guess is 

made, u is improved by solving (3.28) repetitively until convergence occurs. Com

parison of (3.26) and the complete Taylor series expansion of f(u) about u indicates 

tha t  the  approx imat ion  i s  accura te  t o  o rde r  two  in  u .  
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3.5 Iteration Scheme 

Large systems are commonly solved by iteration in numerical analysis. 

Given a linear system 

Bu = f, (3.30) 

iterative schemes may be represented in the following form 

u« = Tu^-1) + k (3.31) 

where T is called the iteration matrix, k is a constant vector, and t  indicates the 

iteration count. 

It is necessary to split the coefficient matrix into two or more matrices 

before iteration. Several important iterative schemes are built around a partition 

of B into the form 

B = D - C - C T  (3.32) 

where D is a block diagonal matrix, C is a block lower triangular matrix with null 

diagonal blocks, and CT is the transpose of C. 

A possible scheme of iteration for the given partition is 

UW = D-1[(C + CT)u<t-1>+f] (3.33) 

in which only those values of u are used that were improved during the last partial 

inversion. This method is called simultaneous relaxation. The iteration matrix 

Td = D-1(C + Cr) 

of simultaneous relaxation plays the role of T in (3.31). 

(3.34) 
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An iterative scheme is convergent if and only if the spectral radius (the 

length of the absolute largest eigenvalue) of T is less than unity. Let 

e(t) _ u(0 _ u (3.35) 

be the error vector after t  iterations, where u satisfies (3.30) and hence the equation 

u = Tu + k. (3.36) 

Subtracting (3.36) from (3.31) gives 

e(t)=Te(t-1) = TV°). (3.37) 

It can be shown by spectral decomposition of T that the norm of e^ as i —+ oo 

satisfies 

II || < «'(T) || e<°> || (3.38) 

where /x(T) is the spectral radius of T. 

As indicated by (3.38), the iterative solution of (3.30) is defined by the 

choice of the iteration matrix such that its spectral radius must be less than unity 

and is optimal for the given problem. In the rest of this section, the discussion 

will be focused on the scheme used by the SEPSIP program, namely successive 

overrelaxation (SOR). 

SOR has been one of the methods widely used to solve linear systems. The 

method involves extrapolation of the solution obtained by inverting (3.19), and 

therefore, SOR is a two-step scheme. The first step is to calculate the predictor, 

qW = D-1 [CuW + CV"1) + f] (3.39) 
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Then, this predictor is used to define the corrector, 

u« = uC"1) + w {fiW - (3.40) 

where u; is the relaxation parameter. The complete iteration scheme can be written 

as 

u(*) = u(* + w Id-1 [Cu^ + CTu^ 1^+f]— (3.41) 

After some rearranging, (3.41) is converted to 

uW = Twu^*"1) + k (3.42) 

with 

Tw = (I - wD_1C)-1 [(1 - w)I + wD^C7] (3.43) 

and 

k = w(l — wD-1C)-1D-1f. (3.43) 

The spectral radius of Tw is a function of ui, which in turn, depends on the 

spectral radius of Tj in (3.34). According to Young22, the relaxation parameter 

which gives the smallest spectral radius of Tw is 

ub = 2 (3.44) 
l  +  y / l - H * ( T d )  

and the corresponding spectral radius is 

M(TU) = ojb - 1 (3.45) 

provided that the coefficient matrix is consistently ordered20. 

The calculated values of /z(Tw) are plotted as a function of /x(T<i) and u 

in Fig. 3.7. The sensitivity of ^(Tw) to u is indicated by the slope of the contours 



near wj. The spectral radius of Tj is important to SOR as can be seen from the 

considerable separation of the curves in the figure. 

If the coefficient matrix is an S-matrix, then the spectral radius of Tj is 

always less than unity19. It follows from (3.44) that //(Tw) is always real and less 

than unity. When B is partitioned as in (3.32), the increment of any element of D 

in (3.32) will increase the spectral radius of Td, and vice versa 19. Therefore, the 

Newton correction term added to each diagonal element of B slows down the conver

gence, but the slower rate of convergence is controllable through the discretization 

of the solution domain. Since the additive term, defined in (3.28), is proportional to 

the total number of carriers in the cell, a smaller grid spacing results in less incre

ment to the diagonal elements. For a nonuniform doping distribution, a nonuniform 

grid structure is appropriate in order to minimize this correction term throughout 

the solution domain. 

Because of the nonlinearity of the semiconductor Poisson equation, the 

dependence of the convergence rate on the grid spacing cannot be described by any 

simple pattern. Using the present version of the SEPSIP program, the simulation 

of a typical device structure can be completed within roughly one minute when 

running on a VAXll/8700. It requires about 60 iterations to reach an accuracy of 

0.005 when the structure involves 70 x 70 grid points and is biased by 40 volts. 
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Figure 3.7 Spectral radius of /f(Tw) vs. w. (After Wachspress, Ref. 19.) 



36 

CHAPTER 4 

JUNCTION TERMINATION DESIGN 

4.1 Avalanche Breakdown 

Of all types of junction breakdown, avalanche multiplication is the most im

portant mechanism. When a sufficiently large voltage is applied to a p-n junction, 

free electrons in a semicinductor may acquire enough energy to break the covalent 

bonds between other electrons and their parent atoms. The liberated electrons, in 

turn, create even more free electrons. This process, known sis avalanche multiplica

tion, usually causes junction breakdown when the electric field inside the junction 

depletion region reaches approximately 3 x 105 V/cm. 

The breakdown voltage is defined as the applied voltage on a p-n junc

tion for which a large reverse current flows. According to Sze and Gibbons23, the 

breakdown voltage for a one-sided abrupt junction is given by 

Vb = 2g (Mb)'1 (4.1) 

and the corresponding depletion layer width is 

(4-2) 

where N b is the ionized background impurity concentration of the lightly doped 

side, Em represents the critical field strength for breakdown, and ea denotes the 

permittivity of the semiconductor. The basic assumption in deriving (4.1) and (4.2) 

is an abrupt depletion region: carrier concentrations are zero inside the depletion 

region and charge neutrality holds everywhere else. 



The values of the critical field (Em) and the depletion layer width (Wm) 

at breakdown are shown in Fig. 4.1 for abrupt junctions. The critical field for 

breakdown exhibits a weak dependence on the background concentration. As a first-

order approximation, one can assume that Em is constant for a given semiconductor 

so that the breakdown voltage varies inversely with Nb• 

Fig. 4.2 shows the calculated breakdown voltage as a function of N b for 

abrupt junctions in Ge, Si, GaAs, and GaP. The dashed line indicates the upper 

limit of Nb for which the avalanche breakdown calculation is valid. Beyond these 

limits, the tunneling mechanism will also contribute to the breakdown and may 

eventually dominate the breakdown behavior. 

In planar technology, the junction curvature deserves special considerations 

regarding breakdown. When formed by diffusion through a rectangular mask, a 

planar junction appears cylindrical along the mask edges, and it is spherical at the 

corners. In general, the cylindrical and spherical regions of the junction experience 

higher fields than the plane portion, as can be verified by solving Poisson's equation 

for a one-sided abrupt junction24. It follows that the avalanche breakdown voltage 

is determined by these curved regions. 

Let Vcy be the breakdown voltage for a cylindrical junction and V a p  for a 

spherical junction; all have the same background doping concentration as the plane 

junction whose breakdown voltage is Vb. The radius of curvature (r3 ) of the metal

lurgical junction plays an important role in breakdown calculations. Fig. 4.3 gives 

the calculated values of and ^ as a function of j7 = the normalized radius 

of curvature. Clearly, as the radius of curvature becomes smaller, the breakdown 

voltage decreases. To obtain a quantitative feeling for the curvature effect, consider 

the case in which Nb = 101S cm-3. For this value of the background concentration, 

Vb « 300 volts and Wm « 20 /zm from Fig. 4.1 and Fig. 4.2. In addition, assume 
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cylindrical and spherical junctions. (After Ghandhi, Ref. 24.) 



the radius of curvature ry = 0.5 /zm for which ry « 0.025. One can read from Fig. 

4.3 that Vcy is reduced to about 0.16Vjb or 48 volts. 

As illustrated in the above example, the breakdown voltage can be substan

tially reduced by the presence of junction curvature. The direct consequence of the 

junction curvature is the bending of equipotential lines along the junction, causing 

the electric field to increase. Techniques used to increase the breakdown voltage 

involve reshaping these equipotential lines. In general, optimal design of power 

devices reduces the peak field at one location by increasing the field at another lo

cation such that the both fields are well below the critical value for breakdown. In 

the next section, discussion will be devoted to field plates, one of the most popular 

and economical breakdown improvement methods. 

4.2 Optimization of Breakdown Using SEPSIP 

A field plate, separated from the semiconductor surface by an oxide layer, 

is the extension of an electrode metalization beyond a p-n junction. Placing a 

field plate in this way effectively expands the depletion region near the surface iand 

thereby reduces the peak electric field at the maximum junction curvature25. In 

such a structure, however, the field is increased at the edge of the plate. For a given 

impurity distribution, the field near the edge depends on the length of the plate and 

the thickness of the oxide layer. Hence, the field plate structure should be carefully 

designed to avoid a high field in the vicinity of the edge. 

Fig. 4.4 shows a double-diffused MOS structure. In this structure, the 

channel length (L) is determined by the higher rate of diffusion of the p-dopant, 

compared to the n-dopant of the source. The channel is followed by a lightly 

doped drift region that extends to the n+ region of the drain. Assume the doping 

concentrations for the source and drain n+ regions axe 1018 cm-3, the n~ region 
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Figure 4.4 Double-diffused MOS structure. 



has a concentration of 101S cm-3, and finally, the doping concentration for the p  

region is chosen as high as 1017 cm-3 to guarantee a good punch-through control. 

The depth of the n+-p junction is 0.5 (im and the depth of the p-n~ junction is 

1.0 /zm. The length of L is 0.4 /zm corresponding to 0.8 aspect ratio (the quotion 

between the lateral depth and vertical depth) of the lateral diffusion. The gate 

electrode is separated from the channel by an oxide layer whose thickness is 0.1 fim. 

The entire semiconductor area is chosen to be 8 /xm by 6 /xm. 

Fig. 4.5 and 4.6 Me the results obtained from simulation using SEPSIP. 

Without a field plate, the potential distribution is presented in Fig. 4.5 for the 

applied voltage of 38 volts at the drain. The maximum field occurs at the maximum 

junction curvature Ex where the field is 3.303 X 10B V/cm. The second highest field 

is 3.252 X 105 V/cm at the point E2. Away from the junction, the field decreases; 

for example, E3 is only 2.167 x 105 V/cm. Assume the critical value of the field is 

3.0 X 105 V/cm. Then clearly, both Ej and E2 will cause avalanche breakdown at 

the applied voltage of 38 volts. 

Placing a field plate beyond the gate electrode decreases the field at Ej 

and E2, but increases the field at points such as E3. To optimize the structure, the 

thickness of the oxide layer and the length of the plate should be chosen such that 

the fields at all these points are well below the critical value. Fig. 4.6 gives such an 

optimal structure and its potential distribution at the bias of 38 volts. The plate 

length is found to be 0.7 \im for an oxide thickness of 0.25 /xm. This choice led 

to the reduced values of 2.859 x 10s V/cm and 2.950 x 105 V/cm for Ei and E2, 

respectively. The value of E3, being the peak field now, increases to 2.960 x 10s 

V/cm, but is still below the assumed critical value for breakdown. 
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Figure 4.5 Potential distribution in DMOS without field plate. 
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Figure 4.6 Potential distribution in DMOS with field plate. 
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The field plate is not the only method to reduce the peak field. Other tech

niques, such as junction termination extensions, can also be used to effectively re

duce the curvature effect of shallow junctions. The junction termination extension25 

is a lightly doped region connected to the gate region in Fig. 4.4. Because of the 

reduced impurity density, the depletion region extends laterally, reducing the field 

at the junction curvature like a field plate does. The potential distribution in such a 

structure is similar to the distribution in Fig. 4.6. But the structure is less econom

ical than the field plate structures due to the additional doping process required. 
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CHAPTER 5 

SEPSIP USER'S GUIDE 

5.1 Overview 

The SEPSIP program simulates the electrostatic potential distribution in 

power devices under zero-current conditions. The primary objective of SEPSIP is 

to optimize the design of power devices, in which various breakdown-improvement 

methods are employed. In order to obtain quick results, SEPSIP calculates the 

electric field and reports several high-field points. The critical field for breakdown 

of semiconductors under varying conditions can be found in the literature23. 

SEPSIP has no limitation on device types. It is capable of handling BJTs, 

MOSFETs, and many other planar structures. What is important to SEPSIP is 

a rectangular domain in which the device structure is made of smaller rectangular 

blocks defined in this guide. The user need not specify any boundary condition 

for the device. Rather, the user must specify the device topology to satisfy the 

boundary conditions predefined by SEPSIP. Fortunately, there are only two such 

conditions that the user has to obey: (l) the bottom of the structure is a equipo-

tential line, and (2) the electric fields normal to the side boundaries vanish (see Sec. 

2.2). 

A general program flowchart is given in Fig. 5.1. As shown in the diagram, 

the command procedure sepsip supervises three separate main programs, namely 

input, setup, and solve. The first stage, input, takes data from an input file and 

a number of data files in which a device topology and impurity concentrations are 

specified. At the end of the input stage, all these user-specified data are combined in 
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Figure 5.1 Program flowchart for SEPSIP. 
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a single unformatted file to be passed to the second stage, setup. As the name indi

cates, this stage sets up a system of difference equations over the regions of interest 

so that the equations become immediately available for numerical iteration. In the 

final stage, solve, the iteration scheme is taken to be a combination of Newton's 

linearization method and the method of successive overrelaxation at each iteration 

step. The simulation results axe presented in two forms, tabular and graphical. 

The program is written in FORTRAN 77. It was originally developed under 

the VAX/VMS operating system. When porting the program to another system, 

some minor changes may be necessary to ensure successful execution of the program 

even though care was taken to minimize system dependencies. In the following, the 

program installation and topics that are relevant to the user will be discussed. 

5.2 Program Installation and Execution 

SEPSIP is a program of moderate size. Yet, in order to facilitate debugging 

and to reduce the memory requirements, the program has been split into three 

separate main programs as mentioned in the last section. It is suggested that the 

source files of each be stored in separate sub-directories, while a fourth sub-directory 

be created for storing the image files of the three programs. The recommended 

directory structure looks as follows: 

[ SEPSIP ] 

[ .INPUT ] [ .SETUP ] [ .SOLVE ] [ .EXECU ] 
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Each source file contains a single program unit, a main program, or a subroutine. 

The name of the file is the same as the name of the program unit. All the file names 

are listed by directory in Fig. 5.2. 

A VAX/VMS command file, make, residing in the main directory provides 

a convenient tool for the compilation and linking of SEPSIP files. Prior to invoking 

this utility, the user enters 

make :== @ <complete-directory-name>make 

to the system's prompt, or this line can be inserted in the login file permanently. 

To initiate the make procedure, type 

make install 

at the system's prompt. 

An object library is created in the current directory during the make pro

cedure. The source files of the directory are compiled one after another. Upon 

completion of compilation, a message appears on the screen to inform the user that 

make is linking an image file. At the end of the make procedure, the image file is 

automatically shipped to the sub-directory [ .EXECU ] and all the object files in 

the current directory are deleted. After installation, the sub-directory for execution 

contains three image files and one indexed data file, hierr, which supports SEPSIP 

in error handling. 

A command procedure file named sepsip is available for the execution of 

the entire program. This file can be found in SEPSIP's main directory. To run 

SEPSIP from a user's directory, define 

sepsip :== @ <complete-directory-name>sepsip 
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Di rec to ry  »# t t :  [  SEPSIP ]  

EXECU.DIR ;1  INPUT.D IR ;1  MAKE.COM;1  SEPSIP .COM-1  
SETUP.DIR ;1  SOLVE.D IR ;1  

D1rectory ###:[ 

EPSLN.FOR;1  
INPUT.CMN;1  
REDWG.FOR;1  
WRSET.FOR:1  

IP . INPUT]  

GTARG.FOR;1  
INPUT.FOR;1  
RENML.FOR;1  

INBLK.FOR;1  
L ISTS.FOR;1  
RWSUP.FOR;1  

INDWG.CMN;1  
OPNFL.FOR;1  
WRERR.FOR;1  

D1  rec to ry  ### : [  

COEFF.FOR;1  
ESTIM.FOR;1  
IN ITL .FOR;1  
OPNFL.FOR;1  
SEMIS .CMN;1  
WRERR.FOR;1  

P .SETUP]  

D ISCR.FOR;1  
FERMI .FOR;1  
LATRL.FOR;1  
RESET.FOR;1  
SETUP.FOR;1  
WROUT.FOR;1  

DOPES.FOR;1  
F IXED.FOR;1  
L INES.FOR;1  
SEDIS .CMN;1  
SORTA.FOR;1  
WRSOV.FOR;1  

EDGES.FOR;1  
GTARG.FOR;1  
MAPID .FOR;1  
SEDWG.CMN;1  
START.FOR;1  

D i rec to ry  ### : [SEPSIP .SOLVE]  

F IELD.FOR;1  
OPNFL.FOR;1  
READV.FOR;1  
SOLVE.FOR;1  

GETPT.FOR;1  
PLFLD.FOR;1  
RELAX.FOR;1  
WRDXF.FOR;1  

D i rec to ry  turn-. [  SEPSIP  .  EXECU]  

H I  ERR.  ; 1  INPUT.EXE;1  

GTARG.FOR;1  
PL INE.FOR;1  
RENEW.FOR;1  
WRERR.FOR;1  

L INKP.FOR;1  
PLVOL.FOR;1  
SOLVE.CMN;1  
WRSIM.FOR;1  

SETUP.EXE;1  SOLVE.EXE;1  

Figure 5.2 Source file names. 
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and then type 

sepsip <filename> 

to the system's prompt. The filename is the name of the input file which must 

carry the extension inp. The user must prepare this input file according to the 

rules specified in the next two sections. The simulation results are tabulated in 

the output file (extension: out). If the user wants to display the results using the 

graphics program AutoCAD26, the plot file (extension: dxf) can be used. 

5.3 Input Statements 

The input file of the SEPSIP program consists of a set of statements, each 

of which is written in the following general form 

< statement > < parameter >=< value > • • • 

where '• • •' means that more parameters may be present. Each statement either 

supplies necessary information about the device simulation or requests an action to 

be taken by the program. The statement name is separated from its first parameter 

by one or more spaces. If more than one parameter is specified, the parameter 

assignments are also separated by spaces. No other delimiter is valid throughout 

the input file. Spaces can occur anywhere in a statement line except within a name 

string. Statements are specified in free format. 

SEPSIP insists that all the statement names and their parameter names be 

spelled exactly in the way specified in this guide. No abbreviations are accepted. 

Any incorrect spelling causes either an abortion of the program, or the statement 

will be ignored. 

Each statement line can not exceed 72 characters. Any line longer than 

this limit will cause termination of the program. To get around this limit, the user 

can either continue the statement on another line in which a plus sign appears as 
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the first nonblank character of the line, or repeat the statement with the remaining 

parameters. Consecutive lines with the same statement name axe equivalent to a 

single line of statement. 

The values assigned to the parameters must be one of the valid FORTRAN 

data types. The required data type for each parameter is indicated by an italic string 

in angle brackets. If a parameter is assigned with more than one value, the most 

recent assignment overrides all the previous ones. If a parameter of a statement has 

not been user specified, its default value will be assigned. The default values are 

defined in this guide. 

There are a total of eight input statements, namely, device, geometry, pro

file, grid, material, bias, print, and plot. The detailed description of each is given 

below. 

DEVICE statement 

Format: 

device t = <real> qss = <real> fims = <real> 

Parameters: 

t device operating temperature in Kelvin, default is 300. 

qss semiconductor surface charge density in cm-2, default is 0. 

fims work function difference in volts between metal and 

semiconductor, default is 0. 

The device statement specifies the physical parameters associated with the 

device. 
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GEOMETRY statement 

Format: 

geometry dwgfil = <char> scale = <real> 

Parameters: 

dwgfil drawing file name. 

scale number of micrometers in each drawing unit, default is 1. 

Because SEPSIP extends its simulation beyond the semiconductor surface, 

the actual device geometry can be quite complicated. Instead of describing the 

device configuration with separate parameters, SEPSIP takes a simpler approach 

to request a drawing file of a fixed format. Drawing a device structure for SEPSIP 

is much like playing with toy bricks. The building blocks used by SEPSIP are all 

rectangular in shape with varying size and aspect ratio.' There are three types of 

blocks defined in the program: (1) semiconductor bulk ( abbreviated bulk), (2) di

electric insulator (abbreviated insu), and (3) electric conductor (abbreviated cond). 

Each block has an integer pointer which points to some array element defined in 

the input file. The pointer i of a bulk or an insu block points to the ith entry of the 

material name array mattyp (see material statement), meaning the block is made of 

that material. As far as electric potential is concerned, all conductors are assumed 

to be perfect. Hence, it is not the material but the bias value that characterizes a 

conductor. The pointer i of a cond block points to the »th entry of the bias value 

array volt, meaning the given conductor is to be biased at the level specified by that 

element of volt. 

There exists still another drawing entity called an impurity zone (abbrevi

ated impu) which is also pertinent to device topology. An impurity zone is a rectan

gular region whose impurity distribution can be described by a one-dimensional pro
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file in the vertical direction. The user is required to decompose each two-dimensional 

impurity distribution into several one-dimensional impurity zones identified by an 

integer i. Overlapping of these impurity zones in order of » gives the desired two-

dimensional impurity distribution of the device. The identifier » is also a pointer 

which points to the »th element of the doping file name array supfil in the profile 

statement. 

A typical drawing file appears in Fig. 5.3. This file is created during 

SEPSIP's drawing session to be discussed in the next section. Each data record 

corresponds to a rectangular region of the drawing. The number of records agrees 

with the number of blocks the user has drawn. There are six fields in each record: 

Field column type 

name 1- 4 character 

xl 5-14 real 

yi 15-24 real 

dx 25-34 real 

dy 35-44 real 

ptr 45-48 integer 

where name = name of the block, 

xl = x-coordinate of lower left corner of the block, 

yl = y-coordinate of lower left corner of the block, 

dx = x-dimension of the block, 

dy = y-dimension of the block, 

ptr = pointer of the block. 

The x-coordinate of the upper-right corner is given by xl+dx, and similarly, 

the sum of yl and dy specifies the y-coordinate of that corner. 



B U L K  0  . 0 0 0 0 0 0  0  . 0 0 0 0 0 0  8  . 0 0 0 0 0 0  6  . 0 0 0 0 0 0  1  
I N S U  0  . 0 0 0 0 0 0  6  . 0 0 0 0 0 0  8  . 0 0 0 0 0 0  1  . 0 0 0 0 0 0  2  
C O N D  0  . 0 0 0 0 0 0  6  . 0 0 0 0 0 0  1  . 0 0 0 0 0 0  0  . 1 0 0 0 0 0  1  
C O N D  7  . 0 0 0 0 0 0  6  . 0 0 0 0 0 0  1  . 0 0 0 0 0 0  0  . 1 0 0 0 0 0  2  
C O N D  1  . 4 0 0 0 0 0  6  . 1 0 0 0 0 0  0  . 3 0 0 0 0 0  0  . 1 0 0 0 0 0  3  
I M P U  0  . 0 0 0 0 0 0  0  . 0 0 0 0 0 0  8  . 0 0 0 0 0 0  6  . 0 0 0 0 0 0  1  
I M P U  0  . 0 0 0 0 0 0  0  . 0 0 0 0 0 0  1  . 0 0 0 0 0 0  6  . 0 0 0 0 0 0  2  
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Figure 5.3 Sample drawing file. 

Net Ac t1vo 

Dept h Concent rat 1 on 
0 .0000 0. 1OOOOOE* 19 
0 . 1000 O. 1OOOOOE* 1 9 
0 . 2000 0. IOOOOOE* 19 
0 . 3000 O. 100000E* )9 
0 . 4000 0. 1 OOOOOE-*-19 
0 .5000 0. 1OOOOOE*19 
0, . 6000 -0. 1OOOOOE* 1B 
0, . 7000 -0. 10OOOOE* IB 
0. .8000 -0. 10OOOOE* 10 
0. .9000 -0. 1OOOOOE* 18 
1. .0000 -0. 1OOOOOE*18 
1. . 1000 O. 1OOOOOE*16 
1, .2000 O. • OOOOOE* *6 
1. .3000 O. 1OOOOOE* 16 
1, , 4000 O. 100000E* 16 
1. ,5000 O. 1OOOOOE*16 
1. 6000 0. J OOOOOE*16 
1. 7000 O. 1OOOOOE*16 
1. B000 O. 1OOOOOE*I 6 
1. 9000 O. 10OOOOE* 16 
2. 0000 O. 1OOOOOE*16 

Figure 5.4 Sample doping file. 
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PROFILE statement 

Format: 

profile supfil(») = <char> 

Parameters: 

supfil array of doping file names, index i goes from 1 to 10. 

The standard concentration file is shown in Fig. 5.4. This file is created 

manually, but the format is identical to the files generated by the device simulation 

program SUPREM27. The data starts with the fourth record of the file and each 

data record consists of two fields: the depth in /zm and the concentration in cm-3. 

The coordinate system used by SUPREM is from the top to the bottom 

of a device, which is just the opposite of that used by SEPSIP. The user need not 

worry about this. SEPSIP makes the coordinate conversion for each concentration 

file such that the coordinate given by the first data record of that file corresponds 

to the upper limit of the associated impurity zone. 

There may be more than one impurity layer in a profile described by such 

a concentration file. SEPSIP simulates the lateral diffusion for the first layer only, 

using an aspect ratio of 0.8. For this reason, the impurity distribution must be 

decomposed such that each concentration file introduces one and only one new 

impurity layer with respect to the background. 

The bottom of an impurity zone is not as rigid as the other three sides. 

SEPSIP maps the profile to the semiconductor bulk all the way down until either 

hitting the bottom of the bulk or reaching the end of the concentration file. 
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GRID statement 

Format: 

grid 

Parameters: 

xstep 

xstep = <tnt> xslope = <real> 

ystep = <tnt> yslope = <real> 

a number of grid spacings per unit length in the horizontal 

direction as if the grid spacing were uniform. 

ystep a number of grid spacings per unit length in the vertical 

direction as if the grid spacing were uniform. 

xslope slope of the grid spacing distribution in the horizontal 

direction as if the distribution were linear. 

yslope slope of the grid spacing distribution in the verticcal 

direction as if the distribution were linear. 

The grid spacing distribution in each direction is controlled by two param

eters, namely xstep and xslope for the x-direction, and ystep and yslope for the 

y-direction. The following discussion is given in terms of the x-direction, but the 

same principle applies to the y-direction as well. A typical grid spacing distribu

tion to the right of an edge (interface or boundary) at xi is depicted in Fig. 5.5. 

There are a total of N spacings in the given interval. In the SEPSIP program, 

the actual grid spacings vary parabolically as represented by the solid curve in the 

figure. Therefore, the first parameter, xstep, does not actually give the number of 

spacings between x\ and xn+i» even if the length between them is unity. Instead, 

the parameter specifies the spacing at Xi to be 

dx(x i) = 
xstep 



Figure 5.5 Grid spacing distribution versus location. 
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which is the smallest spacing throughout the grid if it is smaller than the smallest 

distance between two adjacent edges. The second parameter, xslope, specifies the 

slope of the dashed line between Xi and xw+i- It follows that the spacing dx(xff+1) 

can be easily calculated from the values of dx(xx) and xslope. When this is done, 

the solid curve is completely defined. 

The maximum number of grid spacings is limited to 100. It is quite reliable 

to estimate the total number of spacings by a product of xstep and the number of 

unit lengths occupied by the device. If this product exceeds 100, the total number 

of spacings may or may not exceed this limit, depending upon the influence of the 

variation of spacings. 

MATERIAL statement 

Format: 

material mattyp(i) = <char> 

Parameters: 

mattyp array of material names, index » goes from 1 to 10. 

This statement allows the user to define an array of material names. The 

default values are 'Si' and 'SiC>2' for mattyp(l) and mattyp(2), respectively. The 

user can choose any name from the following list: 

Si SiC>2 Si3N4 Ge 

AlSb GaSb GaAs InP 

CdS CdSe CdTe PbS 

When a building block of a device drawing is bulk or insu, the material used to 

compose the block must be specified. The pointer t of such a block implies the »th 

material in the array mattyp. 
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BIAS statement 

Format: 

bias volt(i) = <rtal> vsub = <real> vfloat = <reo/> 

Parameters: 

volt array of explicit biases associated with conductors. 

index i goes from 1 to 10. 

implicit bias along the bottom of the structure. 

implicit bias to a semiconductor region that appears floating. 

vsub 

vfloat 

The bias conveyed by a conductor which is explicitly drawn is referred to as 

an explicit bias, and the bias associated with no conductor in the drawing is called 

the implicit bias in this guide. The biases in volt are all explicit biases. In drawing a 

device structure, the bias values are not directly designated to conductors. Instead, 

the user assigns a pointer to each conductor block, which is equivalent to telling 

SEPSIP that the ith value of the bias array volt is to be the bias on that conductor. 

The concept of implicit bias is peculiar to SEPSIP as in real devices every 

bias should be 'explicit'. But there is a good reason for it. Simulation performed 

over the entire device structure is neither economical nor accurate. The actual 

simulation domain selected by experienced device people is usually a small portion 

of the device. It often happens that bias conditions important to the simulation 

may be excluded from the selected domain. SEPSIP provides two parameters for 

defining such implicit bias conditions. The first parameter, vsub, specifies the bias 

value along the bottom of the simulation domain, and the second, vfloat, gives the 

bias value for a region that appears floating in the domain. 
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PRINT statement 

Format: 

print printg = <log> printm = <log> 

printv = <log> printe = <log> 

Parameters: 

printg flag to print grid structure, default is .false. 

printm flag to print device topology, default is .false. 

printv flag to print potential distribution, default is .false. 

printe flag to print electric field strength, default is .false. 

All of these parameters are of logical data type. When printg is set, the 

action to be taken by the program is to print out two sets of grid points, one in the 

^-direction and the other in the y-direction, together with the grid spacings. The 

convention for indexing the grid points is from the left to the right and from the 

bottom to the top. Since the grid is not uniform in general, a smoothly varying 

grid structure is important to the simulation. The user is encouraged to check this 

grid structure to ensure the operation of the program. 

Another important flag is printm. When this flag is set, the material dis

tribution is written to the output file. The drawing blocks are filled with their 

respective pointer values at the occupied grid points, so the distribution is a two-

dimensional array of integers. The material interfaces are marked by 100 or 101, 

and the intersections of two perpendicular interfaces are marked by 200. In order 

to avoid ambiguity, the pointers for conductors have their algebraic sign reversed, 

so that negative integers in this array represent conductors. Finally, the pointers 

for impurity zones are designated to their first layer only; in this way, the lateral 

diffusions and the p-n junctions are displayed. After a short period of practice, the 
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user will find that this material distribution printout is very helpful in visualizing 

the device topology. 

PLOT statement 

Format: 

plot plotv = <log> plote = <log> 

nline = <int> npoint =<int> 

Parameters: 

plotv flag to plot equipotential lines. 

plote flag to plot high field points. 

nline number of equipotential lines to be plotted. 

npoint number of high field points to be plotted. 

There are two plot files resulting from any SEPSIP simulation. One is an 

AutoCAD interchange file (extension: dxf). The use of this file will be discussed in 

the next section. The other is an unformatted general-purpose plot file (extension 

: tmp ). If the user wishes to plot the results using a graphics program other 

than AutoCAD, another subroutine responsible for converting this file into the 

format specified by that program must be added. The information regarding the 

organization of this file can be found in the subroutine wrdxf. 

5.4 Drawing Session 

The graphics program AutoCAD is used by SEPSIP to accomplish two 

tasks: (1) create a compact data file that describes the device configuration, and (2) 

display the results from the simulation. This section presents the basic information 

regarding SEPSIP's drawing session. To avoid confusion, the user responses to 

AutoCAD's prompts will be underlined in this section. When underlined, an italic 
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string quoted in angle brackets is the indication of the response, the meaning of 

which should be obvious from the context. 

5.4.1 Loading AutoCAD 

To initiate the drawing session, log into the directory containing the Auto

CAD program and enter: 

acad 

in response to the operating system's prompt. When this directory is placed in 

the operating system's search path, it is possible to execute AutoCAD from any 

directory. 

After the program is loaded, AutoCAD's Main Menu appears on the text 

display screen. The menu display looks like 

0 Exit AutoCAD 

1 Begin a New Drawing 

2 Edit an Existing Drawing 

To start a new drawing, select Main Menu task 1. AutoCAD then asks for the name 

of the drawing to be created. The dialogue proceeds as follows, 

Enter Selection: 1 

Enter Name of drawing: < newname >= sepsip 

This creates a new drawing named whatever appears in the place of newname, with 

its initial environment established by the prototype drawing, sepsip. 

A drawing can be created by modifying an existing drawing. To make 

changes and additions to an existing drawing, select Main Menu task 2. A drawing 
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name is requested. This time, the user does not need to specify the prototype 

drawing. The dialogue is similar to the previous case, 

Enter Selection: 2 

Enter Name of Drawing: < oldname > 

Following this initial dialogue, AutoCAD's Drawing Editor is automatically loaded 

and the screen menu customized for SEPSIP's application is displayed. This menu 

allows the user to enter commands by pointing to a menu item on the screen. 

SEPSIP's screen menu consists of a main menu and three submenus. The 

main menu contains the submenu names. Selection of a submenu displays all the 

menu items in that particular group. 

5.4.2 SETUP Submenu 

When the SETUP submenu is activated, a group of menu items appears 

between two lines of '********' in the screen menu area. The individual function of 

each will be illustrated below. 

COORD, ACOORD 

This pair of items turns the coordinate system on and off, respectively. A 

unit length of the coordinate system is interpreted as 1 micrometer by default. 

GRID, AGRID 

When GRID is selected, AutoCAD displays a reference grid of dots with a 

spacing of 0.2 unit length. This feature allows the user to have a 'feel' about the 

sizes of drawing entities. The AGRID item suppresses the reference grid from the 

screen. Note that the GRID item in this drawing session has nothing to do with 

the grid statement in SEPSIP's input file. 



SNAP, ASNAP 

Points entered by means of a pointing device can be locked into alignment 

with an imaginary rectangular grid by a snap mechanism. The snap resolution used 

in this drawing session has been set to 0.1 unit length. When SNAP is in effect, 

the screen crosshairs and all input coordinates are locked to the nearest point on 

the grid. The item ASNAP cancels the effect of SNAP. 

FILL, AFILL, REGEN 

The rectangular boxes drawn with the menu items of BULK, INSU, and 

COND can be filled with a color. This feature may be useful in visualizing the draw

ing. In the normal state, the FILL mode is on until the user requests the opposite, 

AFILL, followed by REGEN. To restore the normal state, the user selects FILL, 

followed by another REGEN. The REGEN item forces AutoCAD to regenerate the 

entire drawing and redraw the screen. 

ZOOM 

This item is AutoCAD's ZOOM command. The command acts like a zoom 

lense on a camera; it allows the user to increase or decrease the apparent size of 

drawing entities while their actual size remains constant. The ZOOM command 

includes several options. The most frequently used is the W (window) option. This 

option allows the user to specify two opposite corner points of a rectangular window. 

The center of the window becomes the new display center, and the area inside the 

window is enlarged or reduced to fill the display as completely as possible. To 

restore the previous view, select the P option instead. 
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PAN 

This is AutoCAD's PAN command. The PAN command lets the user view 

a different portion of the drawing, without changing the magnification. This feature 

allows the user to see the details that were 'off screen' before the PAN command was 

issued. To complete the command dialogue, the user must enter a single coordinate 

pair to indicate the relative displacement of the drawing. 

5.4.3 DRAW Submenu 

SEPSIP assumes that the interfaces and boundaries of the device topology 

axe either parallel or perpendicular to each other. In this case, the structure is 

essentially a collection of contiguous rectangular boxes. This observation together 

with the advantages of AutoCAD lead to the following customized menu items. 

BULK, INSU, COND, IMPU 

These menu items provide a necessary and sufficient means for drawing the 

device structure. Each of the four draws a particular type of boxes as listed below 

BULK semiconductor bulk 

INSU dielectric insulator 

COND electric conductor 

IMPU impurity zone 

Behind these items is AutoCAD's INSERT command that inserts a predefined block 

at the location specified by the user. When any of these items is selected, the 

command dialogue proceeds as the following: 

Insertion point: < lower left corner > 

X-scale factor: < upper right corner > 

Block pointer: < integer pointer > 
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After the user has specified the two corner points of the block, an integer pointer is 

requested. For bulk and insu the pointer » points to the t'th element of the material 

array, mattyp. More than one block can point to the same element. Similarly, 

when the block is cond, i points to the ith element of the bias array, volt. Again, 

the same element can be used by more than one cond block. For the impu block, 

however, specifying a pointer is not as simple as in the previous cases. First of 

all, the impurity zones must have distinguishable pointers even though the same 

concentration file may be used. If a concentration file is to be used more than once, 

then this file name should appear in the supfil array more than once. Secondly, the 

order matters; the impurity zone with a higher pointer value will override the zone 

of a lower pointer value when the two zones are overlapped. 

ERASE, REDRAW 

The ERASE item allows the user to specify the entities to be permanently 

removed from the drawing. The REDRAW item, on the other hand, cleans up the 

current display by removing marker blips. 

5.4.4 DATA Submenu 

DATA is the name of the third group of menu items. The items in this 

group are concerned with data transfer, display, and error checking. 

EXPORT 

The EXPORT item makes use of AutoCAD's ATTEXT command. The 

details about this command may be of no interest to the user. This item requires a 

template file named format (extension: txt) in the current directory. The user may 

think of this file as something like a format statement of the FORTRAN program 

language. 



When EXPORT is requested, the information supplied by the user dur

ing the action of BULK, INSU, COND, and IMPU is extracted from AutoCAD's 

database and then written onto a disk file. The file name is chosen by the user, but 

the file extension of txt is assumed. 

IMPORT 

At the end of SEPSIP's execution, the simulation results are written onto 

a graphics interchange file (extension: dxf). To display this file, the user selects 

the IMPORT item, which is supported by AutoCAD's DXFIN command. When 

IMPORT is activated, AutoCAD asks for the name of the file. The default name 

for this file is the name of the current drawing. If the user specifies another name 

explicitly, the file extension of dxf is assumed. 

PLOT 

This is AutoCAD's PLOT command and has nothing to do with SEPSIP's 

plot statement. The action taken by PLOT is to create a hard copy of the current 

drawing. There are several options for plotting a drawing. The simplest way to plot 

a drawing is to select the W (window) option in response to AutoCAD's prompt. 

DISP, ADISP 

The pointers specified by the user are usually invisible on the screen. This 

default setting can be overcome by DISP. When this item is activated, the current 

drawing is regenerated. As a result, the values of the block pointers are all displayed 

on the screen, allowing the user to modify the values by invoking the EDIT item. 

To restore the default setting, select the AD1SP item. 
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EDIT 

The EDIT item is for pointer editing only. This item simplifies AutoCAD's 

ATTEDT command by responding to most prompts internally. The item should be 

used in conjunction with the DISP item. EDIT asks for the location of the pointer 

to be modified, the current value of the pointer, and the new value for it. The 

prompts appear on the screen in the following sequence: 

Select Attributes: < pointer > 

String to change: < current value > 

New string: < new value > 

5.4.5 Exit From AutoCAD 

To exit from AutoCAD, the user must exit from the Drawing Editor first. 

To do this, select the END item at the bottom of the screen menu area. This 

action brings the user back to AutoCAD's Main Menu. Enter 0 in response to the 

selection prompt. The operating system's prompt appearing thereafter signals the 

termination of the drawing session. 

5.5 Example 

Having introduced the input statements and the drawing commands of 

SEPSIP, it is time to present an example to illustrate the use of these statements 

and commands. The choice is made of the DMOS structure without field plate as 

shown previously in Fig. 4.4. 

To draw the device structure, enter SEPSIP's drawing session as described 

in Sec. 5.2. Then, draw the following blocks by invoking respective menu items: 

bulk ptl = (0.0, 0.0) pt2 = (8.0,6.0) ptr = 1 

insu ptl = (0.0, 6.0) pt2 = (8.0, 9.0) ptr = 2 
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cond ptl = (0.0, 6.0) pt2 = (1.0, 6.1) ptr = 1 

cond ptl = (7.0, 6.0) pt2 = (8.0, 6.1) ptr = 2 

cond ptl = (1.4, 6.1) pt2 = (1.7, 6.2) ptr = 3 

impu ptl = (0.0, 0.0) pt2 = (8.0, 6.0) ptr = 1 

impu ptl = (0.0, 0.0) pt2 = (1.0, 6.0) ptr = 2 

impu ptl = (0.0, 0.0) pt2 = (1.0, 6.0) ptr = 3 

impu ptl = (7.0, 0.0) pt2 = (8.0, 6.0) ptr = 4 

where ptl stands for the lower left corner, pt2 the upper right corner, and ptr the 

pointer of the block. The next step is to activate the EXPORT item to create the 

drawing file shown in Fig. 5.3. The name of the file is assumed to be mos with the 

extension of txt. 

The impurity distribution of the device has been decomposed to four one-

dimensional impurity zones, each of which requires a separate doping file. The files 

axe created manually in this case, and axe named mosl through mos4 (extension: 

imp). Fig. 5.4 presents the beginning part of the mos3 file associated with the third 

impurity zone. 

Fig. 5.6 is the input statement file. According to the pointer values of 

bulk and insu, the material name array contains two entries: mattyp(l) = 'Si' and 

mattyp(2) = 'S1O2. Three conductors have been drawn corresponding to the source, 

the gate, and the drain of the structure. The source and gate voltages axe assumed 

at the ground potential; only the drain is biased with an applied voltage of 38 volts. 

Notice that the parameter tfloat specifies the implicit bias to the p region in Fig. 

4.4. 

Assume the input file is named mos with the extention of inp. To staxt the 

simulation, enter 
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d e v i c e  q s s = 1 . 0 E + 1 0  t = 3 0 0 .  

g e o m e t r y  d w g f i l  =  ' m o s . t x t '  

p r o f i l e  s u p f i l (  1 )  = ' m o s l . i m p '  
+  s u p f i 1  ( 2 )  =  ' m o s 2 . i m p '  
+  s u p f i l ( 3 ) = ' m o s 3 . i m p '  
+  s u p f i l ( 4 ) = ' m o s 4 . i m p '  

g r i d  x s t e p = 1 0  y s t e p = 1 0  x s l o p e  =  0 . 1  y s l o p e = 0 . 1  

m a t e r i a l  m a t t y p f 1 ) = ' S i '  m a t t y p ( 2 ) = ' S i 0 2 '  

b i a s  v o l t ( 1 ) = 0 . 0  v o l t ( 2 ) = 3 8 . 0  v o l t ( 3 ) = 0 . 0  
+  v s u b = 3 8 . 0  v f l o a t = 0 . 0  

p r i n t  p r i n t g = . t r u e .  p r i n t c = . f a l s e .  p r i n t v = . t r u e .  
+  p r i n t e = . t r u e .  p r i n t m = . t r u e .  

p l o t  p l o t v = . t r u e .  p l o t e = . t r u e .  
+  n l e v e l = 8  n s p o t = l  

Figure 5.6 Sample input file. 
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sepsip mos 

to the system's prompt. At the end of the execution, the output file, mos (extension: 

out), is produced. The contents of the file depend on the flags set by the user in 

the print statement. 
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CHAPTER 6 

CONCLUSIONS 

In this work, a new program, SEPSIP, for the two-dimensional simulation of 

power devices was described. This program operates under the assumption of zero 

currents in the device. The device equations (Poisson's equation and the current 

continuity equations) are decoupled by the approximation of the quasi-Fermi levels 

throughout the device. Thereby, it is possible to reduce the set of device equations 

to one highly nonlinear Poisson equation alone. 

For the solution of the resulting linear system, it was shown that, through 

careful selection of the grid points in the neighborhood of interfaces and boundaries, 

the iterative technique of successive overrelaxation22 can be guaranteed to converge. 

This gives SEPSIP another speed advantage over earlier comparable device simula

tion programs such as HVDS15. 

When junction termination techniques are used, the maximum field within 

the device is sensitive to the geometry and the impurity distributions of the device. 

These physical parameters cannot be optimally determined by inspection. Neither 

is any detailed data concerning these parameters available in the literature. The 

simulation program, SEPSIP, has been developed to bridge the gap between the 

available data and the practical needs. 

By avoiding the simultaneous solution of the current-continuity equations, 

the computational expense of the analysis is significantly reduced. Moreover, the 

iteration using the Newton-SOR scheme is enhanced by properly implementing the 
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Neumann boundary conditions to retain a symmetric coefficient matrix of Pois-

son's equation. The accurate simulation of breakdown-improved devices requires 

the treatment of multi-material physical structures. The coefficients of the finite-

difference equations for the interfacial grid points have been derived and are similar 

in form to the coefficients for regular points where the medium is uniform. The 

simplified coefficients for the interfacial points are very suitable for computer pro

gramming. 

It has been demonstrated that breakdown of a device can be effectively 

improved by applying the field plate technique. The simulation of a DMOS structure 

biased in the neighborhood of breakdown has been presented. 

SEPSIP solves the electrostatic potential distribution of semiconductor de

vices. The solution of Poisson's equation alone is valid for devices operating in the 

regimes of weak-inversion and weak-injection up to the neighborhood of breakdown. 

Therefore, the solution can be used to investigate important device characteristics 

other than breakdown, such as junction capacitance, radiation hardening, thresh

old voltage, and linear region current. It is hoped that, in future versions of the 

program, these more advanced features will be included. 
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