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Abstract-- The detection of critical defects on modern VLSI 
wafers is a challenging and complex problem. Simulation of 
these critical defects allows for rapid characterization and opti- 
mization ofin-line detection schemes. In this paper we introduce 
a 3-D electromagnetic field simulator (METRO 3-D) that calcu- 
lates the scattering of light from wafer topographies. An 
approach that allows highly absorptive materials to be investi- 
gated is discussed for the three dimensional topography simula- 
tor. With this enhancement to the simulator, several defect 
studies were performed and the results of these studies illustrate 
the ability of the simulator bo model wafer topographies and 
defects that occur in modern bab lines. 

I. INTRODUCTION 
The number of process steps needed to manufacture a 

state-of-the-art integrated circuit (IC) has been increasing 
dramatically, while the size of the critical dimension has been 
shrinking. This drives the need to detect smaller and smaller 
defects while the potential for these critical defects increases 
with process complexity. In addition, new processes such as 
chemical mechanical polishing (CMP) are becoming more 
popular which brings new challenges to in-line detection 
with new defect types, yield loss mechanisms and noise 
sources[ I]. In order to quickly ramp a process to high yields 
and to sustain those yield levels during volume production, 
sophisticated detection of process contamination is critical 
and becoming more challenging. 

Optical defect inspection of wafers between process steps 
using an in-line system (e.g., bare wafer scanners or digital 
image comparison tools) provides information to quickly 
determine if the process is in control. There are several meth- 
ods of optimizing these detection schemes, including (1) 
inspecting wafers with known built-in defects, (2) inspecting 
actual production wafers, or (3) simulating the electromag- 
netic characteristics of wafer topographies using metrology 
simulators. Since it is necessary to test and compare several 
schemes to determine the optimal detection configuration, 
simulations in conjunction with experimental verifications 
allow for efficient optimization. Using simulations, several 
scenarios can be quickly evaluated and compared by altering 
parameters such as wavelength and numerical aperture. 
Additionally, the simulations can be compared with a smaller 
database of actual experiments to ensure consistency 
between the experimental and simulated results. 
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The wide variety of critical defects that are manifested in 
modern fabrication processes makes it necessary for the sim- 
ulation tools to have the ability to rigorously model size, 
shape and material of the wafer topography. Additionally, to 
optimize detection ability, parameters such as wavelength, 
numerical aperture, and polarization of light must be investi- 
gated. METRO 3-D is a simulation program that solves the 
rigorous three dimensional Maxwell's equations and pro- 
vides the flexibility to model these parameters used to define 
in-line detection schemes. 

In this paper the extensions and enhancements to METRO 
3-D are discussed. In particular the enhancement to the simu- 
lator that allows absorbing materials to be investigated is pre- 
sented. Then cases are shown that utilize METRO 3-D to 
illustrate the simulators ability to characterize detection 
schemes. 

11. SIMULATION METHODOLOGY 
A. Previous Work 

The waveguide model used in METRO is a numerical 
model that calculates the reflected and transmitted electro- 
magnetic waves from an illuminated structure. The model 
has been used for a variety of applications (i.e. photolithogra- 
phy, phase shift masking, and mask alignment) and has been 
extended and enhanced during its use[2]. Most recently, 
Lucas developed a 3-D version of METRO for analyzing 
mask structures. This model has been extended to include the 
investigation of wafer topographies. 
B. The 3-0  Model Methodology 

The flow of the simulator is separated into modules that 
define the light source, projection optics, scattering from the 
wafer surface, collection optics and detection system as in 
Fig. 1 a. To solve for the reflected light from a wafer topogra- 
phy, the electromagnetic field within the topography must be 
solved. In this method, the Maxwell Equations and the 
Lorentz gauge transformation are used to allow only the vec- 
tor potential to be solved as in equations (1) - (3) and from 
these equations the scattering of light from the wafer topog- 
raphy can be obtained. 



AZ = 0 (3) 

A is the vector potential, and E is the dielectric constant of the 
material in the wafer topography. To obtain the waveguide 
equations (1) - (3), the gradient of the dielectric constant in the 
z direction was assumed to be zero. Therefore, to represent the 
wafer topography the structure is divided into discrete layers 
that are uniform in the vertical direction as shown in Fig. 1 b. 
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Fig. 1 (a) Bright field configuration for an in-line defect 
detection scheme. (b) Discretization of layers for the 

METRO 3-D simulator. 

C. Boundary Conditions and Layer Stitching 
Since the topography is discretized into layers the electro- 

magnetic boundary conditions between the layers must be 
satisfied and can be solved using equations (4) - (5). 

' +  1 E: = E: (4) 

(5) 

To solve for the scattering of light from the wafer topogra- 
phy, the electromagnetic conditions for each layer, equations 
(1) -(3), must be stitched to the adjacent layer by using equa- 
tions (4) -(5). By stitching two adjacent layers, it provides a 
set of equations, known as the interface matrix, I, that cou- 
ples the forward modes (C) and backward modes (C') of the 
two layers, as in equation (6). 

The method used in the previous model to stitch the inter- 
face matrices together was the T-matrix formulation. For T- 

matrix propagation, the interface matrix is simply multiplied 
from one layer to the next, as shown in equation (7), to obtain 
the final transfer matrix, f. From ?o the reflected light 
amplitudes are calculated[3]. 

(7) 

One of the most challenging topographies to model is a 
structure containing highly absorbing material (such as metal 
or polysilicon), because the boundary conditions between 
two layers require that the forward propagating and back- 
ward propagating electromagnetic waves be calculated 
simultaneously. If there are a large number of evanescent 
waves in the calculation, or if one of the layers contains an 
absorbing material, the solution will contain exponentially 
growing and decaying modes, making it difficult to maintain 
numerical stability. In the previous version of METRO, the 
transfer matrix formulation was used to calculate the 
reflected and transmitted light from mask structures. With 
this method, numerical instability occurs for absorbing mate- 
rial because the forward and backward modes are subtracted. 
To allow for the simulation of absorbing materials, the scat- 
tering matrix (S-matrix) formulation was developed[4][5]. 

The S-matrix is explicitly arranged so that the forward and 
backward modes are combined to avert numerical instability. 
The scattering matrix, d, for a structure with n layers is 
defined in equation (8) where the Cj vectors contain the coef- 
ficients of the forward modes and the Cy vectors contain the 
coefficients of the backward modes for layer j .  The S matrix 
for the Cj+l)th layer is given in terms of the jth layer S matrix 
and the interface matrix in equation (9) as four sub-matrices: 
SI,, S12, SZ1 and S22. This is obtained by using the boundary 
conditions of equation (6) and equation (8). 

. .  

j + l  . . .  

III. RESULTS 
The 3-D waveguide model for simulation of wafer struc- 

tures has enabled the investigation of several wafer topogra- 
phies. To illustrate the ability of the simulator, two practical 
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examples are shown here: a case in which experimental data 
from AMD Sunnyvale is compared to simulation results and 
a general case containing metal lines so that a highly absorp- 
tive material could be studied. 
A. Industrial Case 

For the example shown here, contaminants were followed 
through a series of process steps at AMD Sunnyvale and their 
characteristics were extracted at each of the inspections pro- 
viding a large database of contaminants that are present in a 
modem fabrication facility. The purpose of this case was to 
simulate the detection of interesting defects that are in this 
database. One particular case is illustrated in Fig.2, where the 
defect is seen by a KLA 2131 system and a SEM. The defect 
was captured by the KLA system after silicon nitride was 
etched; therefore, the defect was modeled as a silicon nitride 
particle. It is difficult to determine the exact location of the 
particle but from inspecting the KLA and SEM images it was 
determined to be on top of the silicon dioxide line (bright 
defect on dark line as in Fig.2a and Fig.3). For simulation, 
the optical configuration of the inspection was set up to 
mimic the KLA 2131 so a comparison could be made 
between the simulator and a detection scheme image. 
Although the magnification and field of view of the KLA 
image (Fig.2) is not on the same scale as the simulation 
images (Fig.3), the similarities between the simulation and 
the KLA result illustrate the ability of METRO 3-D to model 
asymmetric 3-D wafer topographies and the detection 
schemes that are used to capture defects. Such simulations 
can be used to optimize the detection schemes by changing 
the type of illumination and the detection optics. 

Fig. 2 Silicon nitride defect on a silicon dioxide - 
silicon grating as seen by: (a) KLA 2131 inspection 
system (b) Scanning Electron Microscope (SEM). 
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Fig. 3 Image of the silicon dioxide line with a 
silicon nitride defect: (a) Top view and (b) 3-D 

image. 

B. Metal Lines 
To illustrate the ability to simulate highly absorptive mate- 

rial, a metal line structure is considered. The topography is 
composed of two aluminum lines on a silicon dioxide - sili- 
con stack. The thickness of the silicon dioxide was chosen to 
be one micron and the metal line thickness was chosen to be 
0.6 micron. For the first case the topographies was modeled 
to approximate aluminum that has unnecessarily been etched 
from the metal line and a line break of 0.3 micron has 
occurred in the left line. Since the aluminum has been com- 
pletely removed from a segment on the left line, this will 
cause an open fault in the resulting circuit. 

Fig.4 and Fig.5 show the resulting bright field inspection, 
using numerical aperture of 0.15 and 0.45 respectively, of the 
aluminum lines &er the lines have been defined by the etch- 
ing process. The scattering of light from the area of missing 
aluminum is observed for both numerical apertures shown, 
but for the high NA scheme the defect intensity is greater 
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than for the lower NA scheme. Using the rigorous simulation 
program provides insight into the scattering of light from the 
highly absorptive metal without having to investigate a large 
number of experimental wafers. 
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Fig. 4 Top view image of aluminum lines on a silicon 
dioxide - silicon stack with a line break of 0.3pm using a 

numerical aperture of 0.15. 
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Fig. 5 Top view image of aluminum lines on a silicon 
dioxide - silicon stack with a line break of 0.3pm using a 

numerical aperture of 0.45. 

After the completion of this nominal case, a study was per- 
formed to consider the effects of the size of the line break and 
the effect of the numerical aperture being used in the inspec- 
tion scheme. Line breaks of 0.2, 0.3 and 0.5 micron and 
numerical apertures of 0.15,0.30,0.45 and 0.60 were investi- 
gated. As expected, as the size of the defect increased and as 
the numerical aperture increased so did the defect intensity 
seen by the inspection system. Additionally, it can be seen 
that for the 0.3 micron defect size, the affect of using a higher 
numerical aperture is not a linear increase. 
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Numerical Aperture 
Fig. 6 Defect intensity versus numerical aperture for a 
aluminum lines with defect of sizes 0.2,0.3 and 0.5 pm. 

IV. CONCLUSION 
A rigorous 3-D topography simulator based on the 

waveguide method has been developed to allow the predic- 
tion and correlation of the critical physical parameters (mate- 
rial, size and location). The model has been enhancement to 
be capable of simulating the effects of light scattering on 
highly absorptive materials in the VLSI manufacturing pro- 
cess. The simulation of defect examples using METRO 3-D 
was compared with data gathered from the AMD-Sunnyvale 
fab line. A good match was obtained indicating the accuracy 
of this method which provides a framework for characteriza- 
tion of in-line defect detection schemes for modem semicon- 
ductor manufacturing. 
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