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Preface 
 
DDSURF is a group of electromagnetic scatter modeling software codes that have been under development 
since 1994 at the Laser Diagnostics Laboratory of Arizona State University as well as Purdue University 
since 1999.  This project is currently under the sponsorship of the Consortium for Metrology of 
Semiconductor Nanodefects, Arizona State University, and Purdue University, and has been under the 
sponsorship at various times by SEMATECH and the Semiconductor Research Corporation.  The three 
main codes of DDSURF are CREATETAR (Create Target), DDSURF (Near-Field), and FFSURF (Far-
Field).  CREATETAR is a pre-processor which creates the geometry of the elements used in the modeling 
of the scattering feature.  DDSURF uses the geometry file created by CREATETAR and models the 
internal electromagnetic response of a feature in free space or on or near a surface when illuminated by an 
electromagnetic source.  Using the internal field computed by DDSURF, FFSURF computes the far-field 
response of the scatterer.  Development of DDSURF was inspired by the code DDSCAT, developed by B. 
T. Draine and P. J. Flatau (1994).  DDSCAT models electromagnetic scattering from features in free space.  
To model the electromagnetic scattering from features near surfaces, DDSURF uses portions of the 
SOMNEC code developed at the Lawrence Livermore Laboratory, created as a preprocessor for NEC 
(Numerical Electromagnetics Code) (Burke, 1981).  This User’s Manual is the for the fourth DDSURF 
version released to the members of the Consortium for Metrology of Semiconductor Nanodefects.  The 
previous software releases were in January 1997 (DDSURF 1-1997), January 1998 (DDSURF 1-1998), 
January 1999 (DDSURF 1-1999), April 1999 (DDSURF 2-1999), and January 2000 (DDSURF 1-2000). 
 
The present version of DDSURF was developed using Digital Visual FORTRAN 90 and is the result of 
efforts by Brent M. Nebeker, Haiping Zhang, Euiwon Bae and E. Dan Hirleman of Purdue University, and 
Roland Schmehl of the University of Karlsruhe, Germany. 
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Abstract 
 
DDSURF is a group of software codes developed to model electromagnetic light scattering from small, 
arbitrarily shaped features on or near flat surfaces.  These codes were developed especially to be used as a 
tool for the semiconductor industry where optical detection and characterization of structure defects and 
particle contamination on silicon wafers is essential to improve production yield.  The three main codes of 
DDSURF are CREATETAR (Create Target), DDSURF (Internal Dipole Moment) and FFSURF (Far-
Field).  The scattering response of an illuminated feature is modeled by using the discrete-dipole 
approximation method (DDA).  In this method discrete electric dipoles are used to simulate the 
electromagnetic response of a feature.  CREATETAR creates that lattice array where dipoles are positioned 
to model a feature geometry.  By the numerical solution of the interaction equations of electromagnetically 
excited dipoles, DDSURF computes the dipole moment distribution within the scattering feature using the 
array created by CREATETAR.  Using the dipole moment distribution found by DDSURF, FFSURF 
computes the external scattered far-field by applying the Green’s function for a radiating source. 
 
The DDSURF User’s Manual contains the theoretical background of the codes including description of the 
DDA method, and interaction between the surface and the dipoles.  General equations describing the dipole 
interaction are provided.  Instructions for use of the codes are given in the manual, including determination 
of the input parameters and the explanation of the output files created by these codes. 
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I  INTRODUCTION 
 

The software DDSURF for a Windows based PC system is a group of codes used to predict 
electromagnetic scattering from illuminated features present either in free space, on top of a flat surface, or 
suspended above a flat surface.  DDSURF consists of three main executable codes: (1) createtar07.exe– 
which configures the dipole lattice array used to model the geometry of the feature; (2) ddsurf07.exe -  
which calculates the internal field (dipole moment distribution) within the scattering feature; and (3) 
ffsurf07.exe- which uses the internal field (dipole moment distribution) to determine the external far-field 
quantities of the scattered field.  These quantities include the scattered irradiance and electromagnetic field 
distribution, and the total scattering cross-section. 
 
DDSURF is based on the Discrete-Dipole Approximation method (DDA), also referred to as the coupled-
dipole approximation method.  The DDA uses the excitation response of electromagnetic dipoles to model 
the electromagnetic scattering characteristics of a feature.  The dipoles are placed in a lattice configuration 
which models the physical geometries of the scattering feature.  CREATETAR creates the lattice 
configuration used by DDSURF.  Using an iterative process to solve the interaction equations of 
electromagnetically excited dipoles, DDSURF computes the feature internal dipole moment distribution.  
FFSURF computes the external scattered field by applying the far-field Green’s function to the dipole 
moment distribution found by DDSURF. 
 
In the DDSURF User’s Manual, we first discuss the theoretical background of the DDA method used in the 
development of the codes.  Next we discuss the process in which DDSURF was validated, showing 
comparisons with experiments that were conducted at Arizona State University.  Next, we discuss the codes 
of DDSURF, first how to use the pre-processor CREATETAR to develop the scattering feature dipole 
lattice configuration.  Next, we discuss the DDSURF code itself, what input parameters are needed, and 
what the steps are needed to run the code.  The aspects of the output data files of DDSURF are discussed 
next.  Then the post-processor FFSURF is discussed next, and what parameters will be needed for that 
code, and what output files can be created with its execution.  There are a variety of options to evaluate the 
results of FFSURF.  For example, the scattered irradiance distributions can be plotted, as well as the 
differential scattering cross-section.  Appendix C shows examples of the output files of DDSURF and 
FFSURF. 

II  THEORY 
II.1  The Discrete-Dipole Approximation Method (Computation of the Internal Field of the 
Scattering Feature) 
 
 
Starting from the molecular level, we will discuss the theory behind the discrete-dipole approximation 
(DDA) method used to model the electromagnetic scattering from features.  Molecules are usually 
electrically neutral, but they are made of atoms which contain positively charge nuclei and negatively 
charged electrons.  When an electric field is present on an atom, the nucleus moves a small distance in the 
direction of the field while the electrons move in the opposite direction, thus creating an oscillating dipole.  
Figure 2.1 shows an example of a dipole: 

+q -q

r

 
Figure 2.1  Example of an electric dipole. 

 
Similar to the magnetic moment and field created by a magnetic bar with two different poles, the result of 
separation of the two charges by a distance is a dipole moment and an electric field. 
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The discrete-dipole approximation method (DDA) was first developed by Purcell and Pennypacker (1973) 
and later studied by other researchers such as Draine (1988) and Taubenblatt and Tran (1993).  In the DDA, 
sub volumes of features subjected to an electric field are modeled as discrete dipoles.  Figure 2.2 shows an 
example of a dipole configuration for a scattering feature on a surface. 
 

X

Y
Z

3.0 µm

0.5 µm

0.5 µm

1.0 µm
35 °

0.482 µm
PSL Particle Contaminant

SiO2

Cornered

Incident Beam

Feature
(0.28 µm
height)

(45 ° incidence)

 
Figure 2.2  Example of dipole configuration for a cornered feature with a spherical particle contaminant on 
a surface. 

 
The electromagnetic response of each dipole can be determined mathematically by the dipole equations.  
The dipole moment at the dipole is related to the incident electric field by: 

P Ei i tot i= α ,                                                                  (2-1) 
 
Pi  is the dipole moment at dipole i, Etot i,  is the total electric field at dipole i, and α i  is the dipole 
polarizability.  The polarizability is a function of the dipole size and feature material.  There has been 
extensive work to correctly model the polarizability, thus several methods are available. DDSURF uses the 
lattice dispersion relation (LDR), developed by Draine and Goodman (1993), and has extended this method 
to model non-spherical dipoles. 

 
The field at a dipole, Etot i, , can be characterized into several modes.  These modes include the direct field 
from the electrical field incident upon the features and the electric field contribution from the other 
interacting dipoles.  There are two parts to each of these modes, the direct field, and the field when the 
interacting surface is involved 
 
The electric field can be represented in equation form as: 

E E E Etot i o i direct i reflected i, , , ,= + +                                          (2-2) 
 
Substituting this into Eq. (2-1), we can make the dipole equation into the form: 
 

( )α i i direct i reflected i o iP E E E− − − =1
, , ,                                             (2-3) 

 
We will now discuss the three components of the electric field at a dipole. 
 
Electric Field by Incident Beam 
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i j 

Incident Beam 

 
 
The field due to the light beam incident on the feature has two components, the direct beam, and the field 
that was reflected from the surface.  The reflected field can be computed using the Fresnel reflection 
equations.  Thus the field from the incident beam, Eo i, , has the following form in the x, y, and z 
components: 

( )E E e R e ex x
ik z TM ik z ik xz z x= −−

0                                            (2-4a) 

( )E E e R e ey y
ik z TE ik z ik xz z x= +−

0                                            (2-4b) 

( )E E e R e ez z
ik z TE ik z ik xz z x= +−

0                                             (2-4c) 

 
The reflection coefficients are described in Appendix B. 
 
Electric Field by Direct Dipole Interaction 

i jDirect Interaction

 
 

The DDSCAT code developed by Draine and Flatau (1994) considered only direct interaction between 
dipoles, that is, there was no reflection interaction with a surface.  The electric field at a particular dipole, i, 
due to the field emitted by the other dipoles, j, in the scattering feature, Edirect i, , can be computed by the 
summation: 
 

E k G Pdirect i ij j
j i

, = ⋅
≠
∑0

2

0ε
                                                            (2-5) 

Where k0 is the wave number in free space, and ε0  is the permittivity of free space.  The Green’s function, 

Gij  is defined in Appendix B. 
Electric Field by Reflected Dipole Interaction 

i j

Reflection Interaction
 

 
A unique component of DDSURF is the modeling of the dipole radiation that is reflected at the surface.  
The dipole interaction with the surface occurs in the near-field zone, thus when the electric field interacts 
with the surface, it does not act as a plane wave.  Thus the sole use of Fresnel coefficients to determine the 
reflected fields is not an accurate model.  To deal with the near-field effects, the Sommerfeld integrals are 
used. 
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A derivation to determine for the electric field for a dipole above a surface is given by Baños (Baños, 
1966). Baños separates the radiating electric field into two components, Eρ , the electric field in the plane 

parallel to the surface (x and y directions), and Ez , the electric field in the plane perpendicular to the 
surface (z direction.)  
 

( )E r
p

z
e

r

ik r

ρ ε
∂
∂ρ∂ π

=






1

2 1

4
                                                           (2-6a) 

( )E r
p

k
z

e
rz

ik r

= +














ε

∂
∂ π0

2
2

2

2

2

4
                                              (2-6b) 

 
Through the years, much work has been conducted to evaluate these equations.  In particular, the 
Sommerfeld integral relation states: 
 

( )e
r

i
k
k

J k e dk
ikr

z

ik zz=
∞

∫ ρ
ρ ρρ00

                                                 (2-7) 

 
There has been extensive investigation on numerical methods to integrate this integral (Lager et al., 1974; 
Mohsen, 1982).  DDSURF uses routines developed by Lytle for evaluating the Sommerfeld integral 
relation.  With the use of these routines, the reflected component of the electric field due to a radiating 
dipole in the near field can be represented as: 
 

∑
=

⋅







+
−

+=
N

j
j

I
ijijireflected PG

kk
kkkSE

1
2
2

2
1

2
2

2
1

1

2
2

, ε
.                        (2-8) 

 
Sij  is a 3 x 3 matrix which are Sommerfeld integral expressions, which are determined by the routines 
provided by Lager (Lager et al., 1974), where k1 and k2  are the wave numbers for the particle and the 
surface respectively, and 1ε  is the permittivity.  For the form of Sij , refer to Schmehl et al. (1997).  The 
image dyadic Green’s function is defined as (Schmehl, 1994) 
 

 G G Iij
I

ij R= − ⋅ ,                                                                               (2-9) 
 
where IR  is the reflection dyad IR x x y y z z= + −e e e e e e .  The dyadic product inverts the sign of the first 
two columns of the matrix of the dyadic Green’s function, but leaves the third column unchanged. 
 
Solution of the System of Equations 
 
Now we are able to consider simultaneously all of the dipoles within the lattice.  As a result, this will create 
a matrix equation, which we will denote as the Dipole Matrix Equation.  To solve Eq. (2-1) for N dipoles 
simultaneously, we form the matrix equation: 

 ( )B A R P E+ + = 0 .                                                             (2-10) 

 
B  is a diagonal matrix of the inverse of the dipole polarizabilities.  A  includes the effects of the direct 
interaction between the dipoles (Eq. (2-3)).  A  involves the dyadic Green’s function, and thus distance 
vectors between each dipole.  R  includes the effect of the reflection interaction between the dipoles and the 
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surface (Eq. 4), which includes the Sommerfeld integral terms and the image dyadic Green’s function, thus 
also the distance vectors between the dipoles (Schmehl et al., 1997). 
 
Method of Solution 
 
The size of the 3N x 3N non-sparse coefficient matrix B A R+ +  can be so large such that using a direct 
matrix inversion method to solve for P  is impractical.  Methods which employ iterative procedures is an 
alternative to efficiently solve for the system of equation.  During the development of DDSURF, several 
iterative procedures were investigated.  Complex conjugate gradient-type (CCG) methods such as the 
biconjugate gradient (BCG) method and conjugate gradient squared (CGS) method were investigated along 
with several forms of the Quasi-Minimal Residual (QMR) method.  Due to the characteristics of the 
coefficient matrix, the convergence towards an accurate answer is dependent on scattering feature size and 
refractive index.  The effectiveness of the iterative procedure was based on the ability to converge to an 
accurate answer in the most reasonable amount of time.  DDSURF uses the QMR method developed by 
Freund (1992).  The QMR method follows Algorithm 3.2 in Freund (1992). 
 
The QMR method requires approximately O(N2) mathematical operations per iteration.  When a large 
number of dipoles are used to model a feature, the computational time would become significantly longer.  
To reduce the number of operations required, a two-dimensional fast Fourier transform (FFT) is applied to 
the system of equations (Schmehl, 1994, Nebeker et al. 1996).  Implementation of the FFT reduces the 
operations per iteration to O(NlogN), which offers a significant amount of savings in time.  
 
The QMR method iterates towards a solution to the Dipole Matrix Equation (Eq. 9) to a point where the 
Euclidean norm of the residual was smaller than the convergence criterion. 
 

 ( ) ( ) ( )Z E B A R Piter
inc

iter= − + +  (residual)                                      (2-11) 

 

( )Z

E

iter

inc

n2

2

10≤ −  (convergence criterion)                                                 (2-12) 

 ( ) ( ) ( )
2 1

3 1 2

= ⋅








=
∑
i

N
*

/

 (Euclidean (2) norm)                                    (2-13) 

 
II.2  Computation of the External Field 

kinc

ksca

y
x

z

e2

e1P

 
 

Figure 2.3.  Geometrical configuration for far field scattering. 
 
Once DDSURF has reached convergence, the user can execute FFSURF to calculate the far field electric 
field, the irradiance, the total scattering cross-section, and the differential scattering cross-section.  From 
the particle to the receiving detector, there are two scattering components to consider.  One component is 
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the field radiated directly from the dipole without interaction with a surface.  Assuming that r rj>> , and 
in terms of the scattering frame of reference as shown in Fig. 2.3, this is:  
 

E k G Pdirect i ij j
j i

, = ⋅
≠
∑0

2

0ε
                                                    (2-14a) 

If we were to consider this in terms of the scattering reference frame, this reduces to: 
 

( ) ( ) ( ) ( )[ ]{ }E r k
ik r
r

i P Psca direct sca j j j
j

N

,

exp
exp( k r )= − ⋅ ⋅ + ⋅

=
∑0

2 0
1 1 2 2

14π
e e e e  (2-14b) 

by direct scattering from each dipole. 
 
The second component of the field that is present at the detection region is the field that is radiated from the 
dipole, but also reflects off of the surface.  In the scattering far-field, the Fresnel scattering coefficients can 
be used to account for the interaction with the surface.  We can use Eq. (2-14b) to determine the reflected 
component of the direct field .  To determine the reflected field component, the method of images altered 
with the Fresnel coefficients to account for the dielectric surface: 
 

( ) ( ) ( ) ( )[ ]{ }E r k
ik r
r

i R P R Psca refl sca
I

I j
TM

j
TE

j
j

N

, ,

exp
exp( k r )= − ⋅ ⋅ + ⋅

=
∑0

2 0
1 1 2 2

14π
e e e e ,(2-15) 

where RTM  and RTE  are the Fresnel reflection coefficients which are defined in Appendix B.  
 

Summing Eqs. (2-14b) and (2-15) we get: 
 

( )
( ) ( ) ( )[ ]

( ) ( ) ( )[ ]
E r k

ik r
r

ik r P P

ik r R P R P
sca

sca j j j

sca j
TM

j
TE

j
j

N

=
− ⋅ + ⋅ +

− ⋅ + ⋅














=
∑0

2 0 1 1 2 2

1 1 2 2
14

exp exp( )

expπ

e e e e

e e e e
. (2-16) 

 
The far-field irradiance can be found by multiplying the scattered electric field by its complex conjugate: 
 

 ( ) ( ) ( )I r E r E rsca sca sca= Ψ .                                                                 (2-17) 
Once the irradiance is found, the total scattering cross-section, Csca , and the differential scattering cross-
section, dC dsc / Ω , can be determined.   
The total scattering cross section, Csca  is defined as (Bawolek, 1991): 

 
0I

PC sca
sca =                                                                                          (2-18) 

where Psca  is the power collected by some detector, and I0  is the incident irradiance at the center of the 
Gaussian beam. 
 
The differential scattering cross-section is defined as the energy scattered per unit time into a unit solid 
angle about a certain direction.  Bohren and Huffman11 derived an expression for this: 

 ( ) 0

2

2
0

0 /
lim

I
Ir

rAI
AIC

d
dC scascascasca =≈







Ω

=
Ω →Ω

,                                           (2-19) 

where Isca  is the scattered irradiance, A is the detection area scattered to, r is the distance from the particle 
to the observation point, and Ω  is the solid angle. 
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III.  COMPARISON WITH EXPERIMENT 
 
Experiments were conducted at Arizona State University by Greg Starr to determine the validity and 
accuracy of DDSURF and FFSURF.  Light scattering measurements from a number of feature 
configurations were conducted using a scatterometer and the ring/wedge detector shown in Figure 3.1. 

θi

θs

Incident
beam

n

FeatureDefect

Wedge

Rings

Photodetector

 
 (a)        (b) 
 
Figure 3.1 (a) Side view of beam, substrate and photodetector configuration; (b) photodetector ring/wedge 
configuration 
 
The ASU scatterometer can use a helium-neon laser beam (λ = 632.8 nm), or an argon-ion laser beam (λ = 
488 nm) to create the scattering signature from the feature on a surface.  The ring/wedge photodetector 
which consists of 32 rings and 32 wedges that act as individual detectors detect the scattered light from the 
feature on the surface.  The detector is centered on the specular, and the incident angle (θI) has been studied 
at 45 deg and 70 deg from the surface normal, and the distance from the feature to the detector center is 
approximately 8.2 mm. 
 
 
III.1  Complex Shapes on Surface 
 
DDSURF has been used to model light scattering from SiO2 patterned features present within the Arizona 
State University/Semiconductor Research Corporation block of the SEMATECH patterned wafer defect 
standard die.  PSL spheres were deposited on the patterned wafer to act as particle contamination.  An 
overhead view of the SEM photograph and the dipole configuration of the SiO2 cornered feature with a 
PSL sphere contaminant are shown in Figures 3.2. 
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 (a)       (b) 
 
Figure 3.2  (a) SEM photo of a SiO2 cornered feature with a PSL particle contaminant; (b)  dipole 
configuration used for the DDSURF modeling of the features. 
 
Figure 3.3a shows the computed irradiance distribution for scattering from the SiO2 corner only, at the 
region where the detector occupied during the experiment.  Figure 3.3b shows the irradiance distribution of 
the scattering when the particle contaminant is introduced. 
 

 
 (a)      (b) 
Figure 3.3 Irradiance distribution on detector plane for SiO2 cornered feature:  (a) feature only, (b) feature 
with contaminating 0.482 µm PSL sphere on a silicon surface. 
 
Figures 3.4(a)-(b) and Figures 3.5(a)-(b) show the quantitative comparisons of the differential scattering 
cross-sections found by experiments conducted at Arizona State University and the results from DDSURF.  
We see that the comparisons are very close to each other. 
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   (a)                                   (b) 
 
Figure 3.4 (a)  dCsca/dΩ angular variation in ring region for SiO2 cornered feature:  (a) feature only, (b) 
feature with 0.482 µm PSL contaminant sphere on a silicon surface. 
 

        
   (a)      (b) 
Figure 3.5 (a) dCsca/dΩ angular variation in wedge region for SiO2 cornered feature:  (a) feature only, (b) 
feature with 0.482 µm PSL contaminant sphere on a silicon surface. 
 
III.2  Features on Filmed Surfaces 
 
To study the accuracy of the filmed-based DDSURF, which is also referred to as DDFILM, experiments 
were conducted at Arizona State University for spherical particles which were placed on a filmed substrate.  
The scattered field was measured using the laser scatterometer at the Laser Diagnostics laboratory.  Figures 
3.6(a) and 3.6(b) show the p and s polarization cases respectively for scattering from a 0.305 µm PSL 
sphere which lies upon a silicon substrate with a 0.25 µm SiO2 film.  The detection region used was that for 
the ring section of the ring/wedge detection system shown in Fig. 3.1.  The incident beam was at 70 degrees 
from the surface normal.  The comparisons are good and the DDFILM results lie within the uncertainty 
levels of the experiment. 
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Figure 3.6  dCsca/dΩ angular variation in ring region for a 0.305 µm PSL sphere on a Si substrate with a 
0.25 µm SiO2 film.  Incident beam is at 70 deg incidence, 632.8 nm wavelength, and: (a) p polarization, (b) 
s polarization. 
 
Figure 3.7 shows comparisons of the differential scattering cross-section found using the Filmed DDSURF 
(DDFILM) and experiment conducted at Arizona State University using a point silicon detector.  The 
scattering angle is the theta distribution along the plane of incidence.  A .305 mm PSL is place upon a Si 
substrate which now has a SiO2 film which is 0.7849 mm thick.  We see from the figure that DDFILM 
follows the scattering measurements very well. No uncertainty bars were included in the data, as the 
experiment was only conducted once. 
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Figure 3.7  dCsca/dΩ angular variation in the plane of detection for a 0.305 µm PSL sphere on a Si substrate 
with a 0.25 µm SiO2 film.  Incident beam is at 70 deg incidence, 632.8 nm wavelength, and s polarization.



2007 Purdue University   16 

 

IV.  DDSURF 2007 SOFTWARE 

In this section, we describe each component of the DDSURF 2007 code, starting first with the dipole 
arrangement component called CREATETAR, moving to the component where the internal field of the 
scatter is computed called DDSURF, and finally to the component where the far-field scattering is 
computed called FFSURF. 

 
IV.1  CREATETAR 

CREATETAR is a code that is used to create the feature shape input file, shape.dat, to be used to describe 
the dipole positions for DDSURF which is the code used to predict electromagnetic scattering 
characteristics from small features that exist either in free space or on flat surfaces.  CREATETAR requires 
an input parameter file, which is called createtar.par. The following is an example of createtar.par.  

 
 
IV.1.1  CREATETAR Input Parameters 
 
12 12 12 = max allowable dipole rows in the x, y, and z directions 
 
This input line is the specification of the dynamically allocated memory size for the storage of the number 
of dipole rows for the feature in the x, y, and z directions.  If the number of rows is exceeded by the 
modeled feature, an error will occur.  This designates the size of the computer swap file, 
c:\windows\emm386.swp for Win95.  If there is not enough memory available in the computer, an error will 
occur, and the user will have to either free up memory in the computer, or decrease the number of dipole 
rows that will be used. (These parameters must be integers) 
 
ELLIPS = shape [ELLIPS,RCTNGL,CYLNDR,TWOELL,THRELL,USRISO,USRANI] 
 
This input line is the specification of the feature shape that is of interest.  The shapes that are specified are 
ellipsoid or spherical features (ELLIPS), rectangular block features (RCTNGL), cylindrical features 
(CYLNDR), two touching ellipsoid features of the same or different materials aligned along the x axis 
(TWOELL), three ellipsoid features touching in a series of the same or different materials aligned along 
the x axis (THRELL), the user specified shape for isotropic materials (USRISO), and user specified shape 
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for anisotropic materials (USRANI).  To specify a feature shape not given as an option, one needs to create 
an input file named shapein.dat.  This data file will include the number of dipoles used, the x, y, and z 
positions of the dipoles, as well as the type of material each dipole represents.  An example for shapein.dat 
is given in Section 4.2.3. 
 
12 12 12 =  shape parameters for dipole array generation 
 
This input line is the x1, x2, and x3 dipole shape parameters for the input feature.  This line will be ignored 
if an user-defined shape is specified by shapein.dat.  For the pre-defined shapes available x1, x2, and x3 
may designate different parameters..  The meanings are the following for the given shapes: 
 
  ELLIPS 

x1: max number dipoles in x direction 
   x2:  max number dipoles in y direction 
   x3: max number dipoles in z direction 
 
  RCTNGL 

x1: number of dipoles in x row direction 
   x2: number of dipoles in y row direction 

  x3: number of dipoles in z row direction 
 CYLNDR 

x1: number dipoles in long axis direction 
   x2: number dipoles in diameter of cylinder axis direction 

  x3: direction of cylindrical axis (1 = x, 2 = y, 3 = z) 
 TWOELL 

x1: number of dipoles in x row direction (each ellipse) 
   x2: number of dipoles in y row direction (each ellipse) 

  x3: number of dipoles in z row direction (each ellipse) 
THRELL 

x1: number of dipoles in x row direction (each ellipse) 
   x2: number of dipoles in y row direction (each ellipse) 

  x3: number of dipoles in z row direction (each ellipse) 
 

For example, for this particular case, a rectangular feature has been specified, with 12 dipoles rows in the x 
direction at the center, 12 dipoles in the y direction at the center, and 12 dipoles in the z direction at the 
center. 
 
IV.1.2  Execution of CREATETAR 

 
Once these parameters have been set, the user can double click the createtar07.exe file, which uses 
createtar.par. After execution, the dipole array data file called shape.dat is created to be used by DDSURF 
to model the scattering feature.  The screen output looks as the following: 
 

 
 
The output describes the feature shape which has been created and the total number of dipoles that were 
used in the lattice array.  The next section will describe the shape.dat file that is created by CREATETAR. 
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IV.1.3  SHAPE.DAT 
 
Once CREATETAR has been executed, the output file, shape.dat, is created. This will be used by 
DDSURF as the dipole lattice array designation.  The following shows a portion of a shape.dat file that was 
created by CREATETAR for an ellipsoidal feature that is 12 x 12 x 12 dipoles in dimension: 
 

 
 

The first lines describe the feature, the maximum spacings available, and the spacings used, as well as the 
number of dipoles used to fill the lattice array.  Next is the description of the lattice positions where dipoles 
occupy the array.  The first three columns describe the x, y, and z positions respectively.  The next three 
columns describe the materials used in the feature, which the quantities in the x, y, and z directions.  For 
the example shown, the feature contains a material #1, to be designated in DDSURF, and the feature is 
isotropic and uniform, no other material properties are needed.  If the user desires to add more feature 
materials, i. e., a material #2, the user must change the values manually by the user. 
 
IV.1.4  Example Feature Shape Designations (Pre-defined Shapes) 
 
In this section, we describe the steps necessary to develop the feature shapes of interest to the user if the 
shapes are included in the various available pre-defined shapes. 
 
IV.1.4.1  Ellipse Features 
 
The following is an example when ELLIPS is designated as 20 10 10, which means an ellipsoid shaped 
feature has a maximum of 20 dipole rows in the x direction, a maximum of 10 dipole rows in the y 
direction, and a maximum of 10 dipole rows in the z direction.  Out of the 2000 possible lattice sites, 1032 
sites are filled with dipoles to best fit an ellipsoid. 
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Note that the first line, which is the memory allocation line, must be equal to or greater than the total 
number of spacings of the actual feature.  Once these parameters have been set, the user executes 
createtar07.exe.  The following shows a representation of the dipole arrangement which was created using 
the dipole array inputs: 
 

 
 
CREATETAR fills the lattice with dipoles to fit within 20 dipole spacings in the x direction, and 10 dipole 
spacings in the y and z directions. 
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IV.1.4.2  Spherical Features 
 
The ELLIPS shape indicator can create ellipsoid shaped features, including spheres. When the shape 
indicators of the third line of createtar.par are designated to be the same values, a spherical feature can be 
created. Consider creating a spherical feature with a maximum of 12 rows of dipoles in any direction, the 
important input lines of createtar.par would have the form: 
 

 
 

 
 

 
CREATETAR fits the dipoles into the nearest approximation to a sphere as possible within the limits 
indicated.  Out of a possible 1728 dipole sites created by the 12 x 12 x 12 lattice structure, 912 sites are 
filled with dipoles. 

 
Since dipoles are discrete points, a spherical feature would be more accurately modeled as the number of 
dipoles used is increased.  If a 20 x 20 x 20 dipole row configuration was indicated in createtar.par, out of 
the possible 8000 lattice sites, 4224 sites are filled with dipoles. 
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Increasing the number of dipoles has improved the modeling of the shape, but at the same time, it increases 
the computational time needed, as well as memory usage for the computer.  The user must determine how 
to best apply the balance between computational considerations and modeling considerations. 
 
IV.1.4.3  Cylindrical Features 
 
When the shape designated is CYLNDR, the three inputs are: 
 
   (cylinder length, cylinder diameter, Axis of Symmetry) 
 
To designate the Axis of Symmetry 1 indicates x direction; 2 indicates y direction; 3 indicates x direction.  
The following shows three examples of a cylinder with 20 dipole rows in length, and 10 dipole rows in 
diameter, with the three axis of symmetry: 
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The user can also specify cylinders in which the axis of symmetry is also in the x or y directions.  Examples 
of these cases are as follows: 
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It is important to note the modifications necessary to the MXNX, MXNY, and MXNZ line.  When the 
cylinder is along the x axis, the max number of x spacings must be changed to 20, while if the cylinder is 
along the y axis, the max number of y spacings must be changed to 20.  If the number of dipole spacings in 
the feature exceeds the maximum specified, a user-error will occur when DDSURF is executed. 

 
IV.1.4.4  Rectangular Features 
 
Designation of a rectangular prism shape is the simplest shape created by CREATETAR.  The user 
specifies the number dipole spacings in the x, y, and z directions, and an array of those dimensions are 
filled to make the rectangular shape.  The following shows and example of a 12 x 12 x 12 dipole row 
rectangular feature:  
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IV.1.4.5  Two Ellipse, Three Ellipse Shape 
 
Two other options, the “Two Ellipse” and the “Three Ellipse” allow the user to create 2 or 3 ellipses in a 
row along the x directions.  With reference to the semiconductor industry, these would be similar to when 
two or three spherical particles are attached to each other.  NX, NY, and NZ are designated for each 
feature, and they will be the same, for example the following creates two ellipses along the x axis: 
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An example of the three ellipse case is as follows: 
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IV.1.4  Example Feature Shape Designations (User Defined Shapes) 
 

    
Many shapes that will be of interest to the user will not be found in the pre-defined shapes that have been 
mentioned previously.  One example is shown in the figures above which show a photograph of a cornered 
geometrical shape near a spherical contaminating particle.  In order to model this, the user needs to 
manually create an input file which shows the dipole distribution.  Next to the photograph of the 
feature/contaminant system is the dipole arrangement to model the feature/contaminant configuration.  To 
apply this to DDSURF, the user will need to choose either the User Defined Isotropic (USRISO) option in 
which the material in the feature is isotropic (the refractive index does not change with direction) or the 
User Defined Anisotropic (USRANI) in which the material in the feature can be anisotropic (refractive 
index vary with direction).  The user defined file describing the dipole arrangement needs to be called 
shapein.dat.  This file will be used as an input file when executing CREATETAR.  In this problem, the 
materials are isotropic, therefore, the shapein.dat file will have the following form: 
 

 
 
The first line of shapein.dat designates the total number of dipoles in the system, which is 6167 for this 
example.  The first column is the dipole number associated with the actual dipole used at that point in the 
array.  Next, the second, third, and fourth columns describe the dipole position in x, y, and z dipole 
coordinates.  These positions must be integers, while the z column does not include the height above the 
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substrate if feature is suspended above the surface of the substrate.  The fifth column describes the material, 
for this example, the cornered feature is of one material (#1) and the particle is of another material (#2).  If 
we were to see the whole file, the fifth column would have the number 2 for the particle material.  The 
material properties will be designated in DDSURF.  
 
 If the USRANI option was chosen, then each dipole position would be repeat 3 times to account for the 
different materials.  The following shows an of shapein.dat  for an anisotropic material with three different 
components.  The first line accounts for x direction, the second line for the y direction material, and the 
third line for the z direction material.  The following is an example of shapein.dat when "User Defined 
Anisotropic" is designated: 

 
 
When the USRISO or USRANI are chosen, the user will only need to input the maximum number of 
spacings allowed in the axial directions.  The following was used for the cornered feature/contaminant 
configuration: 

 

 
 
Thus, for the example case considered, the farthest dipoles in terms of x spacing were 115 dipole spacings  
in terms of y 90 dipole spacings, and in terms of z 15 dipole spacings. 
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IV.2  DDSURF 
 
DDSURF is the portion of the code which takes the results of CREATETAR (shape.dat – the feature shape 
input file), reads the user inputs for feature, substrate, and incident beam characteristics, and then computes 
the internal field of the scatterer, which will be used by FFSURF to compute the external far-field 
scattering.  The following is the screenshot of the parameter. 
 
 

 
 
In the following sections, we will describe the input parameters need to describe the scattering system for 
use by DDSURF. 
  
IV.2.1  DDSURF – Input Parameters 
 
2        =  0:no surface, 1:perf.cond. surface, 2:real surface 

 
Selection of this option determines the surface characteristics in which the features lie. Setting this option 
to 0 will specify a “No surface” case, thus the feature is modeled to exist isolated from any surface, or in 
“free space”. When 1 is specified, the surface is modeled as a perfect conductor, or perfect reflecting 
medium, the Fresnel reflection coefficients are equal to 1.  This method is also known as the method of 
images. When this is set to 2, the surface is modeled as a real dielectric, and thus uses the Sommerfeld 
Integral terms to calculate the dipole interaction with the surface 
. 
0.0    = H,  is z value of first dipole z-layer [microns] (H=0.  on surf.) 
 
When the scattering features lies on top of the substrate or the film which may be present, the feature height 
is specified as 0.  For cases when the feature is suspended above the surface, the user can specify this 
distance in microns for this input.  

 
1 =   0 means enter radius, 1 means enter lattice spacing 

 
Selection of this option will determine the manner in which the feature size is implemented.  When it is set 
to 1 (lattice Spacing” is chosen), the spacing between dipoles will be specified with the following line as 
follows: 
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Lattice spacing is defined as the distance between the centers of the dipoles.  For this case, the x and y 
spacing has been specified as .025 microns in the first input and the z spacing has been specified as 0.025 
in the second spacing.  Through investigation, it is recommended that the dipole spacing to be at least 1/10 
to 1/20 of the incident beam wavelength to properly model the feature internal field.  The ability to have 
different spacing between the x,y spacing and the z spacing allows for larger features to be modeled.  
Investigation has shown, though that when the ratio of the x,y lattice spacing to the z lattice spacing is 2.0, 
the comparisons tend to deviate from the original, uniform dipole spacing configuration.  Examples of this 
are shown in Appendix B. 

 
When 0 is specified (Effective Radius option is chosen), the effective radius of the scattering feature will be 
used to determine the size of the feature and the dipole spacing.   Input of the radius will be in the following 
line, which now has the form: 
 

 
 

The effective radius specified will create a feature of volume within a sphere which has the equivalent 
volume as the feature being modeled. 
 
For example, if a cubical feature is specified, and the dipole shape parameters were specified as 8 x 8 x 8.  
If an equivalent radius of .5 µm is specified, the actual dimensions of the rectangular feature modeled can 
be calculated as follows: 

 

( )V l= =
4
3

5 3 3π .  thus l = 0 805.  µm 

 
0.6328   = WAVE wavelength of incident wave [microns] 
 
This input line is the specification of the incident beam wavelength in microns.  Common values are .6328 
µm for the red line of the Helium-Neon laser and .488 µm for an Argon-ion laser. 
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45.0  = THETA, angle between z-axis and incident wave vector [deg] 

 
This input line is the specification of the angle of incidence between the z-axis (normal to the surface) and 
the incident beam in degrees.  This value can range from 0° (normal incidence) to 90° when a surface is 
present, and 0° to 180° when no surface is present. 
 

x

z

yθ

Side View

Incident Beam

 
 

.0      = PHI angle between +x-axis and incident plane [deg] 
 
This input line is the specification of the angle of incidence between the positive x axis and the incident 
beam in degrees.  This value can range from 0° (normal incidence) to 360°. 

y

x
z φ

Top View

 
 
1        = number of different refractive indices in feature 
 
This input line is the specification of the number of different materials present in the features that are 
modeled.  If 1 is specified, only one refractive index needs to be specified for the feature, if more than one 
is specified, the same number of refractive indices needs to be specified in the following input line.  To 
specify the position of the various materials of a feature, a user-specified shapein.dat file needs to be 
created when considering CREATETAR.  Once this is created, the user needs to add a fifth column to the 
data file.  The number 1 will specify that the dipole will have refractive index 1, a number 2 will specify 
that the dipole will have refractive index 2, and so on.  Please refer to Section IV.1.4 for an example of the 
shapein.dat file. 
 
(1.46,0.0) = complex refractive index for feature material No.1 [IM>=0] 
 
This is the specification of the refractive index of the material for the scattering feature.  If more than one 
material is specified, it is possible to put multiple line inputs here for the various feature refractive indices. 
There is a limit of 10 feature refractive indices hard coded into DDSURF at this time. Due to the 
conventions used by DDSURF, the imaginary part of the refractive index should be positive. 
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0 = film thickness [microns] 
 
This input line specifies the thickness, in microns, of the single film which lies above the infinite substrate.  
0 is specified when there is no film present upon the substrate. 
 
(1.46,0.0) = complex refractive index for film [IM>=0] 
 
This input line specifies the refractive index of the film above the substrate. DDSURF conventions specify 
that the imaginary part should be positive.   
 
(3.88,0.023) = complex refractive index for material below surface [IM>=0] 
 
This is the specification of the refractive index of the material which acts as the surface.  Due to the 
conventions used by DDSURF, the imaginary part of the refractive index should be positive. 
 
s        =  incident beam polarization, p, s 
 
These buttons specify the polarization of the incident plane wave, p (parallel, also called TM) polarization, 
and s (perpendicular, also called TE) polarization. 
 
50 = mxiter, max number of iterations  
 
This line specifies the maximum number of iterations the user wishes to allow during the iterative process 
to find a solution for the feature internal field.  Care should be taken whether the convergence has been met 
before the maximum number of iterations or not. 
 
1.0e-2 =  Convergence Tolerance  
 
This is the tolerance required during the iterative process to specify when the process has reach satisfactory 
convergence.  It is recommended that 1.0e-2 or less to be used as the error tolerance.  The convergence is 
based on how well the dipole matrix equation is solved.  This is measured by using the basic norm relation: 
 

Tolerance = ||(B+A+R)P-E||/||E|| 
 
0 = 0:plane wave 1:gaussian wave 
 
This option indicates whether the user requires the use of a Gaussian beam profile or a plane wave.  This 
will be dependent on the ratio of the actual beam width to the characteristic length of the scattering 
features, a plane wave can be used when the characteristic length of the scattering system is 1/10 of the 
incident beam width or less. 
 
50 = Gaussian beam width [microns] 
 
This is the width of the Gaussian beam which is assumed to be focused at the surface.  This is not necessary 
when the plane wave is designated. 
 
0 0 = x,y position of center of Gauss beam [microns] 
 
This line specifies the center position, in microns, of the Gaussian beam based on the 0,0 position 
designated when developing the lattice array for the scattering feature.  Special care should be taken with 
the positioning, considering the location of the scattering feature.  When 0, 0 and desired that the beam hit 
the center of the feature, ensure that the center of the feature is set at x = 0 and y = 0, this is attained by 
viewing the input shape.dat file.  If the center of the shape is not at 0, 0, the beam should be positioned 
appropriately. 
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IV.2.2  Execution of DDSURF 
 
To run DDSURF, double click ddsurf07.exe.  When this occurs, ddsurf07.exe will run with parameter file 
ddsurf.par. The output screen will show some information about the execution, including the number of 
dipoles used, the size of the features modeled, etc.  The iteration steps and the error at that step are then 
shown.  When convergence is met, or when the maximum number of iterations has been reached, several 
output files will be written out to be used by FFSURF to determine the external field at the region of 
detection.  Examples of these files are given in Appendix C 
 
The following is an example screen output of DDSURF: 

 
 
 
IV.2.3  Output files of DDSURF  
 
The output files from DDSURF include the following: 
 ddsurf.out 
 shape.out 
 data.out 
 iters.out 
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ddsurf.out is the output file that will be used by FFSURF to compute the far-field scattering characteristics.  
Information in ddsurf.out includes the incident beam properties, number of dipoles used, dipole positions, 
and the internal field at these dipole positions. shape.out will provide the dipole configuration of the 
scattering features. Data.out describes the run that was performed, including the feature, surface, and 
incident field quantities.  Examples of these output files are shown in Appendix C. 
 
IV.3  FFSURF 

Once DDSURF has been executed and the internal field has been described in ddsurf.out, the next step is to 
determine the external scattered field of interest. We do this by using the FFSURF with ffsurf.par 
parameter file.  The following is a screen shot of the ffsurf.par file. 

 
 
In the following sections, we will describe the input parameters need to describe the scattering system for 
use by FFSURF. 
 
IV.3.1  FFSURF – Input Parameters 
 
2 = Surface type 0: No surface  1: perf. cond. surface  2: real surface 
 
This line specifies the surface characteristics of the problem.  0 means there is no surface, 1 means that the 
surface is a perfect conductor, and thus the method of images can be used to determine the scattering from 
the surface, 2 means that the surface is real, and the Fresnel coefficients are determined to compute the 
scattering from the surface. 
 
2 = IPLOT, 1:x-pl,y-pl,z-pl, 2:radial, 3:user defined 
 
This line specifies the geometry of the detection region of interest.  If 1 is specified, then a plane either in 
the x, y, or z plane will be the detection region.  The plane will be specified in the lines of ffsurf.par 
described later.  If 2 is specified, a detection region of constant radius away from the feature will be 
created.  A radius, and theta and phi angular positions will be specified later in ffsurf.par.  If 3 is specified, 
an input file named arb.dat will be used to determine the geometric configuration of the detector region.  
The geometry should be specified in terms of microns, and the x, y, and z positions should be specified.  
An example of arb.dat is shown in the appendix.  The position information in the rest of the input file will 
be ignored. 
 
1 1 1 1 1  = ION(1-5): E_x,E_y,E_z,Irrad,dCsc/dW , 0:no plot, 1:plot 
 
These options indicate which data files will be created by FFSURF.  If  the user put 0, the corresponding 
data file will not be created, but if the user put 1, the corresponding data file will be created.  The files are 
the electric field data files in the x, y, and z directions which are designated as ex.dat, ey.dat ez.dat, the 
intensity distribution, Irrad, which is printed out to irrad.dat and the differential scattering cross-section, 
dCsc/dW, is printed out to dfscat.dat.  The form in which it is printed out is the x, y, and z coordinates in 
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microns, and the fields are normalized to the incident field.  These are the data files which can be plotted to 
show the scattering characteristics, or can be taken to calculate any quantity of interest from the detector 
region within the far-field, for example the differential scattering cross-section distribution on the ring-
wedge detector region.  When radial detection geometry is used, data files are also created using the theta, 
phi, and radius coordinate system also.  These files will be called the same as before with an r extention.  
For example, the ex.dat file will also be printed out in theta, phi, and radius coordinates in ex_r.dat.  
Examples of these files are given in Appendix C. 
 
1=scattering cross-section (1=determine, 0= do not determine) 
 
This line specifies if the user wants to determine the total scattering cross-section from the scattering 
feature and surface.  When 1 is specified, the detector geometry must be radial, and to get a true total 
scattering cross-section, a hemisphere should be specified, see next 3 input lines.  To determine the 
scattering cross-section, integration of the electric field on the detection is required.  Thus, increasing the 
number of discrete detection points allows for a more accurate prediction of the cross-section.  One method 
to determine if the prediction of the cross-section is converged is to take 2 trial cases with different number 
of points in the same region.  The developers have found that positioning of points every 2 or 3 degrees in 
the theta direction and 5 to degrees in the phi direction is sufficient for a spherical particle. 
 
0  90  2  = x1,x2,delta x ==> x (theta) coordinate direction (um or deg) 
0 180 180  = y1,y2,delta y ==> y (phi) coordinate direction (um or deg) 
5000 5000 0 = z1,z2,delta z ==> z (radius) coordinate direction (um or deg) 
 
This option specifies the geometry of the detection region of interest.   If the 2 is chosen for IPLOT, a 
detection region of constant radius from the feature will be created.  A radius, and theta and phi angular 
positions are specified. Here, we see that the theta component, the theta angle between the point of 
detection and surface normal, starts at 0 (surface normal), and ends at 90 (parallel to the surface).  The 
points are taken in steps of 2 degrees, therefore, there are 46 different theta angles considered.  The phi 
component, the phi angle between the positive x axis and the point (counter clockwise), goes from 0 (along 
the positive x axis) to 180 (along the negative x axis), and takes a step on 180 degrees, thus only two phi 
positions are taken, 0 degs, and 180 degs.  Finally, the radius is 5000 microns from the 0, 0 point of the 
system and the radius is constant since Radius 1 and Radius 2 are equal.  Delta radius would not matter if 
entered for this case. 
 
Next, we consider if the 1is chosen for IPLOT: 
 
-250 -250 50  = x1,x2,delta x ==> x (theta) coordinate direction (um or deg) 
-250 250 50  = y1,y2,delta y ==> y (phi) coordinate direction (um or deg) 
0 500 50 = z1,z2,delta z ==> z (radius) coordinate direction (um or deg) 

 
Here, we see that the specifications for the detection region changes to x, y, z coordinates.  Here, a plane 
region has been chosen along the x = -250 µm position, and points are taken in the y direction between –
250 µm and 250 µm in steps of 50 µm (11 points), and between 0 (surface) and 500 µm in the z direction 
(11 points), there fore this detection region has 121 points. 
 
If 3 is chosen for IPLOT, the user will specify his own detection region by creating an input data file for 
FFSURF called arb.dat. and the user needs to use a file called arb.dat to indicate a user-defined geometric 
configuration for the region of detection.  The input file arb.dat contains three columns, each column 
describes the point of detection coordinates in the x, y, and z positions respectively.  The coordinates are 
given in microns.  The following shows an example of an arb.dat file that was used for the ring/wedge 
detector used at Arizona State University: 
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IV.3.2  Execution of FFSURF 
 
After the quantities have been chosen on the FFSURF, execute FFSURF, by running ffsurf07.exe file. 
 

 
 

 
The output shows how much time was taken to execute the  ffsurf07.exe code.  The output also shows the 
output files that were created during the execution.  The following describes the possible FFSURF files that 
can be created. 
 
IV.3.3  Output files of FFSURF 
 
ffsurf.out  Contains information of the executed 
ex.dat  Electric field (x component): position given as x, y, and z (microns) 
ey.dat  Electric field (y component): position given as x, y, and z (microns) 
ez.dat  Electric field (z component): position given as x, y, and z (microns) 
irrad.dat Irradiance distribution: position given as x, y, and z (microns) 
dfscat.dat Differential Scattering Cross-Section: position given as x, y, and z (microns) 
 
Also, if a radial detection region is specified: 
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ex_r.dat  Electric field (x component): position given as theta, phi, and radius (degs, microns) 
ey_r.dat  Electric field (y component): position given as theta, phi, and radius (degs, microns) 
ez_r.dat  Electric field (z component): position given as theta, phi, and radius (degs, microns) 
irrad_r.dat Irradiance distribution: position given as theta, phi, and radius (deg, microns) 
 
Examples of these files and their descriptions are shown in Appendix C.  Discussion on how to use these 
files to study the scattering characteristics is also given in Appendix C. 
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 APPENDIX A 
In this appendix, we show the code setup, including the block diagrams used by the executable files of 
DDSURF.  
 
A.1  DDSURF – File List 
 
CREATETAR07.EXE – The Fortran 90 based code which computes the dipole lattice array used to 

describe the scattering feature.  This executable was developed using Digital/Microsoft Visual Fortran 
5.0. 

 
DDSURF07.EXE – The Fortran 90 based code which computes the internal field of the scattering feature.  

This executable was developed using Digital/Microsoft Visual Fortran 5.0. 
 
FFSURF07.EXE – The Fortran 90 based code which computes the external far-field scattering based on 

the internal field of the scattering feature found by DDSURF07.  This executable was developed using 
Digital/Microsoft Visual Fortran 5.0. 

 
A.2 CREATETAR - Code Setup and Subroutine List 
 
A.2.1  Block Diagram of CREATETAR 
 
The following shows a block diagram describing the subroutine structure of CREATETAR and the 
subroutine listing: 
 

 
CREATETAR

TARGET

End

SHAPES

 
 

 
A.3 DDSURF - Code Block Diagram  
 
A.3.1  Block Diagram of DDSURF 
The following is the block diagram for DDSURF.  The dotted subroutines are new routines which take the 
film surface into account.  For example, F_MATRIX considers the film surface while MATRIX does not.  
The decision to which subroutine is used are made within the code. 
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A.4 FFSURF - Code Block Diagram 
 
A.4.1  Block Diagram of FFSURF 
 
The following is the block diagram for the subroutines of FFSURF. 
 

FFSURF

FIELD

FRESNEL

End

GREENS

CSCAT

LOOP
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Appendix B 
In this appendix, information about various aspects about the discrete dipole approximation is discussed.  
The purpose of this appendix is to give the user a short background which will lead to further study in other 
references about the discrete dipole approximation and its components. 
 
B.1  Dyadic Green’s Function 
The dyadic Green’s function which is used to compute the electric field radiated from a dipole can be 
represented in the form (Chen, 1983) 
 

 ( ) ( )G r r I
k

g R, ' = +
∇∇



2 , (B1) 

( ) ( ) ( ) ( )[ ] ( ) ( )[ ]{ }G r r G g R kR i kR kR i kR, R ( ) I R R' = = − + − − +− − − −1 1 3 32 1 2 1
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where we introduce 

 R '= −r r , (B3a) 

 R r r= − ' , (B3b) 

 R R/= R , (B3c) 

 ( ) ( ) ( )g R R ikR= −4 1π exp , (B3d) 
for discrete representation we designate the dyadic Green’s function as 
 

 ( )G r r Gij, ' =  (B4) 
 
where r r r ri j= = and '  and ∇∇ is the dyadic operator. 
 
B.2  Reflection Coefficients 
 
The following are definitions of the Fresnel scattering coefficients used in Eq. 15 to determine scattering 
from a surface. 
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where kz  is the wave number in the z direction, µ  is the magnetic permeability, and ε  is the dielectric 
permittivity, the subscripts 1 indicates the surface region, and 2 indicates the region above the surface . 
 
B.3  Sommerfeld Integral Terms 
 
Recall that the dipole radiation reflected from a dielectric surface has the following form: 
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The Sommerfeld integral expressions are contained in the matrix Sij .  The components of this matrix are 
group of integrals that consider the vertical and horizontal dipole components are determined numerically 
in the table.f subroutine group   
 
B.4  Gaussian Beam Equations 
 
The following is the development of the Gaussian beam equations by Kozaki and Sakurai for the traverse 
component of the electromagnetic field (x, if the beam travels in the y-z plane). 
 
For example, the x-component of the Gaussian field in integral form is: 
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Reflected Field 
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where 

( ) 2/122
1sincos αθθα −+= kp  

 
Where the incident beam was in the z-y plane.   
 
A Taylor series plane wave expansion about α = 0 was used to describe the integrals.  The form for the x 
component of the electric field as given by Kozaki and Sakurai were found to be: 
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Where the reflection coefficient, for example for the s-polarized waves can be denoted as: 
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B.5  Polarizability Modeling - Lattice Dispersion Relation and Elliptical Dipole Modeling 
 
In DDSURF 1/2007, two different methods may be used to determine the dipole polarizability, α i .  If the 
lattice spacing is uniform, DDSURF uses the method called the Lattice Dispersion Relation (Draine et al., 
1993).  Draine used the basis of modeling a polarizability so that a lattice with finite spacing could mimic a 
continuum.  The expression was determined to be 
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where a  and e  are unit vectors defining the incident direction and the polarization state, respectively, and 
m is the relative refractive index of the material in which the dipole is used to model. 

 
Example of an ellipsoidal dipole. 

 
If the dipole spacing used in DDSURF is non-uniform, a different method of determining the dipole 
polarizability must be used as the Lattice Dispersion Relation has not been developed for elliptical dipoles.  
When the lattice spacing is non-uniform, the shape of the dipole becomes ellipsoidal as shown in Figure 
9.7.1, a more general approach of Bohren and Huffman (1983) based on the Claussius-Mossotti relation.  
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The dipole polarizability now becomes dependent on the principal axes.  In terms of dielectric permittivity, 
Bohren and Huffman (1983) give the dipole polarizability of an ellipsoidal dipole as: 
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where a b c> >  are the semi-axes and Lj  are geometrical factors which add up to equal one, and are 
given by for the special cases of a prolate spheroid and a oblate spheroid: 
 
For a prolate spheroid (b=c): 
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For an oblate spheroid (a=b): 
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The next step is determine the effective electric permittivity if we were to extend the electric field of the 
ellipsoid dipole to the entire rectangular region that the lattice spacing represents.  Singham et. al. gives 
method to determine ε , based on the particle permittivity, and the dipole spacing.  By the Maxwell-
Garnett theory for effective medium, we find ε  based on the following equations: 
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Where εav  is the electric permittivity of the scattering medium and f  is the volumetric ratio of the 
ellipsoid to the rectangular block it is to represent. 
 
DDSURF determines the effective permittivity by solving Eqs. (B15 through B18) iteratively, using an 
initial guess for ε  to be slightly higher than εav , as we expect a rectangular volume to scatter more than 
an ellipsoid volume.  Because of the mathematical nature of the equations, computation of non-spherical 
dipoles has been restricted to particles in which the magnitude of the refractive index is less than 2.1.  If the 
refractive index is higher than this, convergence during the iterative procedure cannot be attained.  
Therefore, DDSURF restricts the computation of features with refractive indexes higher than 2.1 to use 
only uniformly spaced lattice points. 
  
Consideration of the accuracy of the results should be taken when using a non-uniform grid spacing.  At 
this point DDSURF 1/2007 is restricted to the lattice spacing in the x and y directions to be equal, as well 
as the ratio of the lengths in the x and y directions to the lattice length in the z direction should be restricted 
to approximately no greater than 1.5.  Figures 9.7.2(a)-(b) show comparisons of the differential scattering 
cross-section at a constant radius along the plane of incidence around a rectangular feature, where the 
lattice spacing in the z direction was modified while the geometry of the scatterer was maintained to be the 
same.  
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Example of comparisons of scattered irradiance distribution around a constant radius in the plane of 
incidence. 1 µm x 1 µm x 0.25 µm rectangular feature. 
 
We see from the graphs that when the ratio of the x,y lattice spacing to the z lattice spacing is 2.0, the 
comparisons tend to deviate from the original, uniform dipole spacing configuration. 
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APPENDIX C 
 
In the following section, we will present an example problem, of scattering from a rectangular feature on a 
surface.  We will show the input and output files of DDSURF and FFSURF, as well as some plots that 
exhibit the scattering characteristics of the problem. 
 
Let us consider the following case: 
 
Scattering from a 0.3 µm x 0.3 µm x 0.3 µm SiO2 .rectangular feature. The incident beam is a Helium - 
Neon laser beam with a wavelength of 0.6328 µm and s - polarized, and the beam is assumed to act as a 
plane wave.  The beam is 45 degrees incident from the normal of the surface. 
 
C.1  CREATETAR 
 
C.1.1  CREATETAR Execution 
 
To create the rectangular feature and create the shape.dat file needed by DDSURF, the input parameters for 
CREATETAR should look as the following: 
 

 
 
 

When CREATETAR is executed the shape.dat file to be used by DDSURF is created.  The output screen 
should look as follows: 
 

 
 
C.2  DDSURF 
 
C.2.1  DDSURF Execution 
 
Now that shape.dat has been created by CREATETAR, we will use DDSURF to determine the internal 
scattering field of the cubic scatter.  The following shows the input parameters which should be input.  
Note that since our cube is 12 x 12 x 12 dipole rows, and we wish to model a 0.3 µm x 0.3 µm x 0.3 µm 
SiO2 .rectangular feature, the dipole spacing should be .025.  The refractive index of SiO2 at 632.8 nm is 
(1.46, 0) and the refractive index of Si at 632.8 nm is (3.88,0.023). 
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The code is executed, and the screen output is as follows: 
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From this output, we can tell how many iterations the process took to reach convergence, the time in which 
the project took to converge, and which output files have been created by DDSURF.  

 
C.2.2  DDSURF output files 
 
In this section, we will describe the output files which are created with the execution of DDSURF.  These 
files will include: 
 ddsurf.out – data file with dipole position and polarization (to be used by FFSURF) 
 iters.out – iterations and residuals of the process 
 data.out – information file for the run just completed by DDSURF 
 shape.out – dipole arrangement for modeled feature 
 

ddsurf.out 
 

The most important data file created by execution of DDSURF is ddsurf.out.  ddsurf.out contains the dipole 
polarization (dipole moment) information at each dipole which is used by FFSURF to determine the 
external scattered field.  Below shows an example of ddsurf.out for the example case considered.  The first 
data line specifies the number of dipoles used in the extended target, and the number in the original target 
(rectangular array).  Since the feature is rectangular, the two numbers are the same.  If the feature was 
ellipsoidal, the first number would be greater than the second.  The second data line shows the x, y, and z 
wave numbers in 1/um units.  The third data line shows the vector wave number and the dipole position 
with respect to the surface.  The number should be minus half the z lattice spacing (reasons are within 
FFSURF coding).  The third line is the x, y, and z lattice spacing.   The next line indicates the incident 
beam wavelength, film thickness, film dielectric constant (set at (1.0,0) is none present), and the substrate 
dielectric constant).  The remainder of the file shows the dipole position in the x, y, and z dipole units, and 
the x, y, and z dipole moments respectively.  These values will be used by FFSURF to determine the 
external far-field scattering. 
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iters.dat 
 

The following shows the iters.out data file which shows the iteration count and the error associated with 
that iteration step. 
 

 
   
 

shape.out 
 

The following shows the shape.out file which is created with the execution of DDSURF.  This contains 
information of the x, y, and z dipole positions as well as the material designations.  This is performed to 
ensure that the correct sphape is being read by DDSURF and FFSURF. 
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data.out 

 
The following shows the data.out file which shows information about the run that was just completed.  This 
is performed as a check for the user to make sure the correct set of parameters was used by DDSURF. 
 

 
 
 
C.3  FFSURF 
 
CREATETAR created the dipole arrangement for the scatterer, and DDSURF determined the internal 
scattering field of the rectangular scatterer for the set of input parameters.  Now we show examples of 
determining the external field for the example case considered.  We will consider three different regions:  
(1) a region in a plane with constant x values; (2) A hemispherical region; and (3) a region along the plane 
of incidence. 
 
C.3.1  Field Distribution along a plane detection region of constant x 
 
C.3.1.1  FFSURF Execution 
 
The following will determine the field distribution in the plane along the x direction, perpendicular to the 
plane of incidence of the incident beam. 

 
FFSURF uses the output file of DDSURF, ddsurf.out, as the basis to determine the external scattered field.  
The following should be entered into the FFSURF interface to create a plane detection region perpendicular 
to the plane of incidence and 250 µm from the feature.  The detection region is 500 µm x 500 µm in size, 
and discrete points of detection are every 50 µm in the x, y, and z directions. 
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When the "Execute FFSURF" is pressed after the parameters have been set, the screen output shows the 
time taken for computation as well as states the output files which were created: 
 

 
 

C.3.1.2  FFSURF output files – Plane detection region 
 
In this section, we will describe the output files which are created with the execution of FFSURF.  These 
files will include: 
 ffsurf.out – output data file for the case ran by FFSURF 

ex.dat  - The x component of the electric field at the points of detection. 
      ey.dat -  The y component of the electric field at the points of detection 
      ez.dat – The z component of the electric field at the points of detection 
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               irrad.dat  - The irradiance distribution at the points of detection based on the x, y, and z positions 
of the detection points.  Irradiance is normalized by the incident field irradiance (1). 
 dfscat.dat -  Differential scattering cross section at points of detection. 
 

ffsurf.out 
 
The following shows the ffsurf.out file which shows information about the run that was just completed.  
This is performed as a check for the user to make sure the correct set of parameters was used by FFSURF.  
When total cross-section is computed, it is stated in this file: 
 

 
 
 

Electric Fields 
 
First we will look at an example of the external electromagnetic field which displays the complex E field at 
the points of detection.  The electromagnetic fields which are given in terms of x, y, and z coordinates are 
     ex.dat  - The x component of the electric field at the points of detection. 
     ey.dat -  The y component of the electric field at the points of detection 
     ez.dat – The z component of the electric field at the points of detection 
 
An example of the ex.dat is shown in the following.  The first three columns are the x, y, and z points of 
detection in microns.  The fourth column is the real component of the electric field normalized to the 
incident field, and the fifth column is the imaginary component of the electric field normalized to the 
incident field. 
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The other files, Ey and Ez are of the same form as shown before.  When a radial geometry of detection is 
specified, Ex_r.dat, Ey_r.dat, and Ez_r.dat are created, where the detector positions are given in terms of  
theta, phi, and radius. 

 
Irradiance Fields 

 
Next, we look at the irradiance fields which were computed from the electromagnetic fields.  The two 
irradiance files which can be created are:  
     irrad.dat  - The irradiance distribution at the points of detection based on the x, y, and z positions of the 
detection points.  Irradiance is normalized by the incident field irradiance (1). 
     Irrad_r.dat – When a radial detection region is designated, this is the irradiance distribution at the points 
of detection based on theta, phi, and radius from the system origin.  Irradiance is normalized by the incident 
field irradiance (1). 
 
An example portion of the irrad.dat file is as follows: 
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The irrad.dat file is especially helpful to the user to visualize the strength of scattering from the scattering 
feature.  The following shows an example of the irradiance distribution for sample case considered.  The 
plot was created using TECPLOT, using the irradiance component as the contour plot, and the positions of 
detection.  We can see that the strongest scattering (the color in the center) is nearly at specular scattering 
which is to expected for this case. 
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Irradiance Distribution along Plane Detector Region 
 
 

Differential Scattering Cross-Section 
 
Another parameter of great interest which can be computed by the electromagnetic field which was 
determined by FFSURF is the differential scattering cross-section ( ΩddCsc / ).  This is one of the most 
common parameters which are used to compare experimental scattering results to numerical scattering 
results.  The differential scattering cross-sections are determined at the points of detection and are put in 
two data files: 
  
     dfscat.dat  - The differential scattering cross-section distribution at the points of detection based on the 
x, y, and z positions of the detection points.  The units for the differential scattering cross-sections are 
µm2/sr. 
     dfscat_r.dat – When a radial detection region is designated, this is the differential scattering cross-
section at the points of detection based on theta, phi, and radius from the system origin. The units for the 
differential scattering cross-sections are µm2/sr. 
 
The following shows an example of the differential scattering cross-section file, dfscat.dat along the plane 
of detection. 
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C.3.2  Field Distribution along a hemispherical region of constant radius 
 
Next, we will use the same feature configuration, but change the detection region.  We now will determine 
the scattering field at a constant-radius hemispherical region.  Since the region of interest is hemispherical, 
it is possible to determine the total scattering cross-section for the scattering feature above a surface. 
 
C.3.2.1  FFSURF Execution 
 
FFSURF uses the output file of DDSURF, ddsurf.out, as the basis to determine the external scattered field.  
The following shows how the interface should be set to create a hemispherical detection region at a 
constant radius of 1000 µm about the (0,0,0) coordinates in terms of the dipole coordinate system.  The 
scattered quantities are determined from 0° to 90° at 5° intervals for the θ direction, and from 0° to 360° in 
10° intervals in the φ direction. 
  

 
 
 

 
When the "Execute FFSURF" is pressed after the parameters have been set, the screen output looks as the 
following: 
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As in the previous examples, the time used to compute the scattered field and the output data files are 
mentioned in the data files. 
 
C.3.2.2  FFSURF Output Files – Hemispherical Detection Region 
 
In this section, we will describe the output files which are created with the execution of FFSURF.  From the 
screen output, we see the only difference than with the plane detection region case is the introduction to the 
_r files, which are the same as the other data files, though the positions are given in theta, phi, and radius 
instead of Cartesian coordinates. 

ffsurf.out 
 
The following shows the ffsurf.out file which shows information about the run that was just completed.  
This is performed as a check for the user to make sure the correct set of parameters was used by FFSURF.  
When total cross-section is computed, it is stated in this file: 
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Electric Fields 
 
First we will look at an example of the external electromagnetic field which displays the complex E field at 
the points of detection.  As in the case where the region of detection was a plane, when a radial detection 
region is designated, the electromagnetic fields are given in data files in terms of: 
 
     ex.dat  - The x component of the electric field at the points of detection. 
     ey.dat -  The y component of the electric field at the points of detection 
     ez.dat – The z component of the electric field at the points of detection 
 
These files give the x, y, and z components of the complex electric fields at detection points in terms of the 
Cartesian coordinate system.  Now that the detection region is radial, three more electric field files are 
produced, called: 
ex_r.dat  - The x component of the electric field at the points of detection designated by theta, phi and 
radius. 
ey_r.dat -  The y component of the electric field at the points of detection designated by theta, phi and 
radius. 
ez_r.dat – The z component of the electric field at the points of detection designated by theta, phi and 
radius. 
 
 
An example of the ex_r.dat is shown in the following.  The first three columns are the theta, phi and radius 
for the points of detection in microns.  The fourth column is the real component of the electric field 
normalized to the incident field, and the fifth column is the imaginary component of the electric field 
normalized to the incident field. 
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Irradiance Fields 
 
Next, we look at the irradiance fields which were computed from the electromagnetic fields.  The two 
irradiance files which can be created are:  
     irrad.dat  - The irradiance distribution at the points of detection based on the x, y, and z positions of the 
detection points.  Irradiance is normalized by the incident field irradiance (1). 
     Irrad_r.dat – When a radial detection region is designated, this is the irradiance distribution at the points 
of detection based on theta, phi, and radius from the system origin.  Irradiance is normalized by the incident 
field irradiance (1). 
 
The irradiance distribution can also be given in terms of θ, φ and radius.  irrad_r.dat has the following 
form: 
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The irradiance distribution is of particular interest to the users, as comparisons can be made with 
experiments, as well as a quick computation can give the user a feel for the pattern of scattering that results 
from the scattering system.  The following shows a hemispherical representation of the irradiance 
distribution around a scattering feature. 

 
Differential Scattering Cross-Section 

 
Another parameter of great interest which can be computed by the electromagnetic field which was 
determined by FFSURF is the differential scattering cross-section ( ΩddCsc / ).  This is one of the most 
common parameters which are used to compare experimental scattering results to numerical scattering 
results.  The differential scattering cross-sections are determined at the points of detection and are put in 
two data files: 
  
     dfscat.dat  - The differential scattering cross-section distribution at the points of detection based on the 
x, y, and z positions of the detection points.  The units for the differential scattering cross-sections are 
µm2/sr. 
     dfscat_r.dat – When a radial detection region is designated, this is the differential scattering cross-
section at the points of detection based on theta, phi, and radius from the system origin. The units for the 
differential scattering cross-sections are µm2/sr. 
 
The following shows an example of the differential scattering cross-section file, dfscat_r.dat for the 
hemispherical region of detection: 
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C.3.3  Field Distribution along plane of incidence at constant radius 
 
C.3.3.1  FFSURF Execution 
 
Another interesting configuration that can be investigated is the irradiance distribution along the plane of 
incidence, and at a constant radius from the feature.  This is useful, as the number of discrete points 
computed is not as numerous as an hemisphere region, thus reducing the time required to run FFSURF to 
get meaningful results. The following shows an example set of input parameters which can be used by 
FFSURF to determine the field along a plane of incidence. We shall have the following input file to find 
irradiance along the plane of incidence at a distance of 1000 µm from the spherical feature: 
 

 
 
For this input, detection points will be computed from 0° to 90° at 2° intervals for the θ direction and along 
the 0° and 180° lines of  φ. The screen output will have the following form: 
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As in the previous examples, the time used to compute the scattered field and the output data files are 
mentioned in the data files. 
 
C.3.3.2 FFSURF Output Files – Plane of Incidence – Constant Radius 
 
Since this is a subset of the previous example of a hemispherical detection region, we will just show and 
example which is useful when comparing to experimental results, that is, the differential scattering cross-
section.  Actual comparisons with this have been shown in Chapter 3 of this manual.  To plot the 
differential scattering cross-section, we will plot the radial form of the differential scattering cross-section, 
that is, dfscat_r.dat: 
 

 
 

When the differential scattering cross-sections are plotted, we get a simple plot which can help us in our 
scattering evaluation: 
 

 

 
Differential Scattering Cross-section distribution at a constant radius along the plane of beam incidence. 
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