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ABSTRACT

In response to the semiconductor industry’s need for both smaller calibration particles and more accurately sized larger
particles, a joint SEMATECH, National Institute of Standards and Technology, and VLSI Standards, Inc. project was initiated
to accurately characterize 10 monodisperse polystyrene sphere suspensions covering the particle diameter range from 70 to 900
nm. The sizing analysis is being performed by electrical mobility analysis with a modified flow system to enable the
measurement of the width of narrow size distributions. Results are presented on the mean size and the width of the distribution
for candidate samples provided by five suppliers. The target sizes for the first set of particles are 72 nm, 87 nm, 125 nm, and
180 nm. Challenges for detecting "real world" particles are discussed including quantitative examples of the effects of refractive
index, layered structure, and non-spherical shape on the light scattered by a particle.
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1. INTRODUCTION

The National Technology Roadmap for Semiconductors (NTRS) discusses particles as small as 60 nanometers (0.06.m)
in diameter being a concern by year 2001. Polystyrene latex (PSL) spheres have been widely used by the wafer scanner
manufacturers for calibrating their instuments. There are two limitations of existing PSL deposition standards. First, they are
primarily limited to particle sizes of 100 nm and larger. Second, the calibration particles over the size range from 100 to 6000
nm have suffered in the past from being improperly sized, in some cases by as much as 25%'. VLSI Standards has observed
the following inconsistencies between particle size and particle scattering: Company A’s 135 nm “NIST-traceable " sphere
scatters 42% less light intensity than company B’s 136 nm sphere (1 nm difference, which should yield a scatter difference of
only 4.5%); 173 nm spheres have 4% less scattered light intensity than 168 nm spheres even though the intensity should be 15%
greater for the larger sphere. A project underway at the National Institute of Standards and Technology, partially funded by
SEMATECH, has made great strides toward developing accurate monodisperse size standards covering the diameter range from
70 to 900 nm. In the first phase of this project, the following nominal sizes of polystyrene spheres have been targeted: 72 nm,
87 nm, 125 nm, and 180 nm. Several suppliers provided samples for each of these particle sizes. A differential mobility
analyzer (DMA) and a scanning electron microscope (SEM) have been used at NIST to select the best sample for each targeted
size in terms of mean particle size and width of the size distribution.

Of course, the "real world" particles that are a microcontamination issue in actual fabrication facilities are not PSL; they
are silicon, silicon dioxide, aluminum, or a wide variety of other materials. These particles may be coated with an oxide layer,
and they are not necessarily spherical. Before presenting the calibration study with PSL spheres, illustrative examples of the
effects of refractive index and a surface layer on the core particle on the scattering intensity are presented. It is important to

104 / SPIE Vol. 2862 0-8194-2250-9/96/$6.00



characterize the magnitude of these effects relative to PSL spheres to assess their significance on wafer scanner performance.
These effects are computed based on Mie theory, which describes light scattering by an isolated sphere. A qualitative discussion
of the effect of the surface on the scattering properties is included.

2. "REAL WORLD" PARTICLE EFFECTS
2.1 Light scattering theories

First we provide a brief review of some key results from light scattering theory. According to Rayleigh scattering
theory, which is valid if particle size is small with respect to the wavelength, then the following equation for unpolarized light
may be used to determine the scattered light intensity at a given angle © at a distance R:
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where I is the incident light intensity, D, is the particle diameter, and  is the index of refraction of the particle 2.

The important relationship is that I(©) is proportional to Dp6/ A4, which is equivalent in this scattering regime to V 2/A%.
In other words, the angular scattering intensity is proportional to the square of the particle volume, 11,. Effects of particle
morphology are relatively unimportant. The dependence on refractive index is weaker than for particle size, but, as discussed
below, it can still be a significant change going from a dielectric such as PSL to a conducting material such as aluminum.

The general solution for the scattered intensity for a spherical particle is known as the Mie solution. The scattered
intensity for unpolarized incident light can be expressed as:
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where i; and i, are the Mie intensity parameters for scattered light with s-polarization (polarization direction perpendicular to
the plane defined by the incident and reflected beam)- and p-polarization (polarization direction parallel to this plane). The
intensity parameters themselves are functions of refractive index, particle diameter, wavelength, and scattering angle. While the
solution involves infinite series with Legendre polynomials and Bessel functions, there are a number of efficient algorithms for
performing the sums for a wide range of sizes and refractive indices’.

2.2 Effect of Refractive Index

When small particles are used for calibration, an accurate determination of index of refraction must be made for that
particle to be useful. The importance of refractive index for small particles is clearly indicated by the Rayleigh theory expression
in eq (1). Fortunately, the refractive index of polystyrene latex (PSL) spheres is well known?. Determination of the actual index
of small PSL particles has been performed by levitating individual spheres and measuring the angle-resolved scattering produced
by a beam incident on the particle. The actual index was back-calculated from this scattering signature*. Although this same
methodology could be performed on other particle types, the procedure is extremely laborious and time-intensive, rendering it
unusable on a production basis.

The total scattering intensity has been computed versus particle diameter for spherical particles with a wide range of
refractive indices varying from PSL, a dielectric with n=1.59, to silver, a conductor with n= 0.27 +j4.18, and aluminum with
n=1.34+j7.48. The calculation is for the He-Ne laser wavelength, A=633 nm. From Figure 1, it is seen that the effect of
refractive index is relatively small, a factor of two or less, for particle diameters larger than about 1000 nm, but increases to a
factor of 10 to 20 as the particle size decreases below 100 nm. This result is consistent with the Rayleigh prediction given by
eq (1).
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Figure 1. Calculated total integrated scatter from PSL, Ag, and Al spheres in free space. Note: effects of index

are diminished as the sphere sizes become greater than the wavelength.

2.3 Layered Particles

The particles in many cases are expected to have a layered structure as a result of the formation of a surface oxide or
from the condensation of a multicomponent vapor produced by plasma etching or chemical vapor deposition. In these cases it
is not possible to make a priori assumptions about the index based on bulk properties alone. The surface area (xDj?) to volume
ratio (‘xDP3I6) increases as the particle becomes smaller. Therefore, there must be an increasing awareness of any surface effects
on the particle itself. This will take the form of a needed composite index (e.g., SiO, on Si, Al,O; on Al, etc.).

Take for example a small silicon sphere. Since silicon will naturally produce a native oxide growth at room temperature
known to be approximately 2 nm in thickness, this would imply that a particle of D, = 14 nm would have a total volume of oxide
which is nearly half of the particle volume. The refractive indices for SiO, and Si are n = 1.47 and n = 3.88+j0.02,
respectively (at A= 633nm). Therefore, the combined composite index is quite different and would lead to a total integrated
scatter signal of roughly one-half the response of pure silicon alone®. Figure 2 shows the scattering relationship between Si and
the same particle coated with SiO,, emphasizing greater than twice the scatter from very small pure silicon particles. This
distinction implies that caution must be used with the application and use of non-PSL particles in calibrating existing scanning
surface inspection systems.

2.4 Non-Spherical Shape and Surface Effects

The analysis in the previous sections was limited to spherical particles. Many real world particles are non-spherical
particles including agglomerate structures resulting from high temperature processes, faceted particles from ablation of crystalline
structures, flakes and grainy particles from grinding, as well as others. For a large particle, the index is much less important.
The critical factor is now the interplay of light with the particle morphology. Assuming a constant index, platelets will scatter
less light than spheres which, in turn, will scatter less than cubes. In order to increase production yields, there must be a better
fundamental understanding of the relationships between various particle types, morphologies, and the surfaces upon which they
reside. A basic understanding of these theories can relate to practical problems of interpretation when particles are found on
wafers, flat panel displays, or photomask surfaces.
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Figure 2. Calculated total integrated scatter from a pure silicon sphere (n=3.88+j0.23) versus silicon with a 2 nm

coating of silicon dioxide ( n=1.46, A= 633nm). Note the reduced intensity for the coated particle.

Since there is a strong angular dependence of scattered light which varies as a function of particle size (with respect to
the wavelength), it is not possible to make simple assumptions on how a given particle may react on a substrate without
understanding the scattering phenomenon. Figures 3 and 4 indicate the calculated angular scatter for two particle sizes in free
space. Scatter from particles on surfaces, or especially in the presence of films, is far more complicated.

To better understand the particle/substrate interaction, consider the example of the detector oriented to collect scattered
light from the particle and surface interaction. The following two-component model provides a heuristic description of the
scattering by a particle on the surface:

8C, = 8C, + R-3C, . ®)

This equation shows that the differential scattering cross-section for a particle on a surface, 6C,,, is a combination of the
backscattered component of the radiation, §C,, combined with the forward scattered component, 6Cf, multiplied times the surface
reflectivity, R. Here the term backscatter refers to light scattered directly from the particle, while forward scattered light refers
to scattered light that is also reflected by the surface. The surface reflectivity itself is a function of wavelength, polarization,
and angle of incidence. When combined with the complex scattering phenomenon, it becomes clear that this is a difficult problem
to interpret, even when using a well characterized PSL sphere. However, recent experimental®’ and theoretical studies® are
beginning to provide quantitative data and predictions for particles on a silicon surface.

3. PARTICLE SIZE CALIBRATION STANDARDS FOR WAFER SURFACE SCANNERS

As discussed above, there are limitations to the use of (PSL) polystyrene spheres as calibration standards for wafer
scanners. Still PSL spheres are essential in the calibration process since they are available in monodisperse distributions ranging
in size from 70 nm to more than 3,000 nm. Deposited on surfaces they provide essential calibration devices for wafer scanners.
One limitation of the currently available spheres is the accuracy of the particle sizing. As discussed in the Introduction, results
from existing calibration particles are inconsistent. This concern for accurate calibration particles prompted the SEMATECH
Particle Counting and Microroughness Task Force to help sponsor a project to develop accurate calibration particles extending
in particle diameter from 70 nm to 900 nm. The objectives of the project and the current status are discussed below.
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Figure 3. Angular dependence of scattered light from 100 nm PSL spheres (n=1.59, A= 633nm). The subscripts
s and p refer to the polarization state, whereas sp refers to the summation of both.
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Figure 4. Angular dependence of scattered light from a 1.3 um PSL sphere (n=1.59, A = 633nm). Note the actual
intensity units in figures 3 and 4 as well as the difference in the near forward scattering.

3.1 Specification for calibration particles

The major objective of this project is to make available to the semiconductor industry and, specifically, to the
manufacturers of wafer scanners, accurate and monodisperse calibration particles. These particles would be provided in the form
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