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ABSTRACT

Bidirectional ellipsometry has been developed as a technique for distinguishing among various
scattering features near surfaces. Employing incident light with fixed polarization, the technique
measures the principal angle of polarization and the degree of linear polarization of light scattered
into directions out of the plane of incidence. This technique has been previously shown to be
successful at distinguishing between subsurface defects and microroughness. Theoretical models
have predicted that the polarization of light scattered by particles should also be different than
that scattered by subsurface defects and microroughness. In this paper, experimental results will
be presented which show good agreement with these models for a range of sizes of polystyrene
latex spheres on silicon wafers. The results demonstrate that the polarization of light scattered by
particles can be used to determine the size of particulate contaminants on silicon wafers and other
smooth surfaces. The model calculations, based on different degrees of approximation, demonstrate
that the mean distance of a particle from the surface is the primary determinant of the scattered
light polarization for small scattering angles.

Keywords: bidirectional ellipsometry, particles, polarimetry, polystyrene latex spheres, scattered
light, surfaces.

1. INTRODUCTION

A major concern to the semiconductor industry is the detection and characterization of particles and defects
on silicon wafers. Instruments based upon light scattering satisfy many of the requirements of the industry, such
as high throughput rate and high sensitivity. However, scattered light may arise from a number of different
sources, such as surface roughness, surface residue, particulate contamination, and subsurface defects. Recently,
Germer et al.!™ have demonstrated experimentally and theoretically that the polarization of scattered light can
be used to distinguish among various types of light scattering features near surfaces. Using the unique polarization
properties of each scatter source, one can separate the contribution from the various sources of scattering, and
improve the ability of optical inspection tools to detect particulate contamination and subsurface defects over a
background dominated by substrate microroughness.

In this paper, we present a model system containing accurately-sized polystyrene latex (PSL) spheres on a
silicon surface to test theoretical models for particles above a surface. These models predict that the angular de-
pendence of the polarization depends upon particle size. This effect allows the size of particles to be determined.
Using bidirectional ellipsometry, we measure the principal angle of polarization and the degree of linear polar-
ization of light scattered from the model system into directions out of the plane of incidence. The experimental
results of the model system having different particle sizes show good agreement with the theoretical predictions.

In Sec. 2, we review the theoretical models for light scattered from a system containing spheres above a
smooth surface with different degrees of approximation. In Sec. 3, we briefly describe the sample preparation and

Part of the SPIE Conference on Surface Characterization for Computer Disks
Wafers, and Flat Panel Displays ® San Jose, California ® January 1999
SPIE Vol, 3619 ® 0277-786X/99/$10.00




>

Figure 1 (a) The sample coordinate system used in this paper; and (b) a schematic of the intensity
distribution f measured by a rotating linear-polarization-sensitive detector, defining the bidirectional
ellipsometry parameters, n and PL = (fmax — fmin)/(fmax + fmin)-

the experimental procedure employed for these measurements. In Sec. 4, we present the experiment results and
compare them to the theory. Finally, the results are summarized in Sec. 5.

2. THEORY

Theories describing the light scattered by a spherical particle of diameter D and complex refractive index
nepn above a smooth surface of complex refractive index ns have been developed elsewhere. 13713 In order to
compare to the experimental results from bidirectional ellipsometry directly, we use a sample coordinate system,
shown in Fig. 1(a), to describe the angular dependence and the polarization of the scattered field. Plane wave
polarized light of wavelength A irradiates the surface at an incident angle 8; in the plane defined by & and 2. We
measure the polarization of light scattered into a direction defined by a polar angle f; and an out-of-plane angle
#s. Unit vectors k; and k, describe the directions of propagation of the incident and scattered light, respectively.
The polarization of the incident field is described by the components of the electric field along the 3; and p;
directions, where 3; is a unit vector perpendicular to both k; and £, and ; = &; x 8;. Likewise, the polarization of
the scattered field in a particular direction is described by the components of the electric field along the &, and ps
unit vectors, defined in an analogous manner as 8;, and ;. We say that incident light is p-polarized (s-polarized)
when it is linearly polarized with its electric field in the p; (3;) direction.

Figure 1(b), schematically showing the signal as one rotates a polarizer in front of a detector, illustrates the
definition of the bidirectional ellipsometry parameters, 7 and Pp,. The degree of linear polarization P is given by

P, = (fmax - fmin)/(fmax + fmin)- (1)

These parameters are easily derived from the Mueller matrix.? For linearly polarized light, Pi, = 1, and for
unpolarized light or circularly polarized light, PL = 0. The angle 5{P) is the angle that the principle axis of the
polarization ellipse makes with respect to the & direction when p-polarized light is incident on the sample, and
the corresponding degree of linear polarization is PI(Jp).

In this section, we briefly review three approximations, schematically illustrated in Fig. 2, for calculating
the angular dependence and polarization of light scattered by a particle above a smooth surface. In the Rayleigh
approximation,12713 which is only valid if the particle size is much smaller than the wavelength of the light, the
scatterer is treated as a point polarizable dipole. The finite size of the particle and particle-substrate interaction
are ignored in this approximation. The key parameter in this approximation is the mean distance d = D/2 of

81



82

Rayleigh Mie Discrete Dipole
Approx. Approx. Approx.

Figure 2 Schematic diagram illustrating three theoretical approximations for scattering from a
spherical particle above a smooth surface.

the particle from the surface. The diameters of the PSL spheres we used in this study are sufficiently large that
the angular dependence and polarization of light scattered from an isolated sphere is not entirely Rayleigh-like.
In the Mie approximation, we include the diffraction of the scattered field by a homogeneous sphere, using the

exact Mie solution®® for a sphere in free space.®!1:12

In both Rayleigh and Mie approximations, we neglect the interaction between the particle and its image in the
substrate (i.e. the particle-substrate interaction). To account for this interaction, a discrete-dipole approximation
(DDA) is used. In this model, an object is built out of a large number of interacting dipoles. The near field
interactions between each dipole directly and through their reflections in the surface are included in the calculation
[See Fig. 2]. A complete description of the code used to perform these calculations is given in a number of
publications, 10,1416

In all the calculations performed in this study, we assume indices of refraction appropriate for A = 532 nm:
nsph = 1.59 and ng = 4.05 + 0.05 i. Fig. 3 compares the predictions of the three models for the bidirectional
ellipsometry parameters for four different particle diameters. The interaction between particles are negected in
all these calculations. Note that the effect of the finite size of the particle and the interaction between sphere
and substrate become noticible as the particle diameter increases. However, the predictions for 5(®) at small
¢s are relatively independent of the model. This finding indicates that the strongest determining factor of the
parameter 7P} at small ¢ is the mean distance of the particle from the surface and not the index of refraction
of the particle. Fig. 4(a) shows the angular dependence of 9(P) for different particle sizes using the DDA model.
It is evident that 7P) have a unique angular dependence for each particle size.

One can relate the slope of the 5{P) vs. ¢, curves near ¢, = 0 to the particle size. Fig. 4(b) shows the slope,
—d7(P) /§ ¢, evaluated at ¢s = 0, as a function of the diameter of the particle for the three different approximations.
All three models predict similar behaviors in the displayed region, and converge to each other for small diameters.
Again this result implies that only meaurements extended to large out-of-plane scattering angles may provide
information about the particle-substrate interaction, the particle shape, or the particle material. Experimental
data obtained from three particle sizes are also shown in Fig. 4(b) and will be discussed later in the text.

Theoretically, we demonstrate that the polarization of light scattered by particles can be used to determine
the size of particles on a smooth surface. In all approximations, the particle size can be estimated by the slope of
7P in the small ¢, region. However, to determine the size more accurately and to obtain the information about
particle-substrate interaction, the particle shape, or the particle material, we need to measure the bidirectional
ellipsometry parameters for a wide range of ¢. Since the DDA model is the best approximation of the three, we
use it for the remainder of the paper to compare to the experimental data.
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Figure 3 Results of bidirectional ellipsometry calculations using three approximations for light
scattering from four diameters of PSL spheres above a smooth silicon surface at A = 532 nm. The
incident and scattering polar angles are 8 = 8, = 45°.

3. EXPERIMENTAL DETAILS

In order to test the model for light scattering from dielectric spheres on a silicon surface, we use a range
of accurately-sized polystyrene latex (PSL) spheres deposited on the bare silicon substrate for the simulation of
particulate contamination. In this section, we describe the sample preparations and the bidirectional ellipsometry
measurements.

3.1 Sample Preparations

A low-pressure impactor connecting to a particle generation/classification system is used to deposit monodis-
perse particles onto silicon wafers. The particle generation/classification system consists of an aerosol generation
system (nebulizer), a differential mobility analyzer (DMA) for size selection, and a condensation nucleus counter
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Figure 4 (a) DDA model predictions for 7P) as a function of @ for various particle diameters,
and for §; = 6, = 45°. The value of D increases monotonically by 25 nm per curve from 100 nm
(top curve) to 250 nm (bottom curve). (b) The initial slope, —dn(P) /84, evaluated at ¢, = 0, as a
function of the diameter of the particle for three theoretical approximations with the experimental
results for three different particle sizes.

for monitoring the aerosol concentration. Details of design and evaluation of the low-pressure impactor and the
particle generation/classification system are described in detail elsewhere.}7 9

Polystyrene latex (PSL) spheres ranging from 100 nm to 300 nm in diameter have been chosen and deposited
on the bare wafers. Results for three diameters of PSL spheres are presented in this paper. One is the 100 nm
NIST SRM1963 particle standard, and the other two PSL sphere solutions were obtained from Duke Scientific
Corporation,?® which specified nonimal diameters of 183 nm and 220 nm. By controlling the concentration of PSL
solution, the flow rate of the aerosol and the sheath air, and the DMA voltage, the deposition rate of particles
through the low-pressure impactor can be selected.!®1®

Prior to particle deposition, the clean wafers appeared featureless under a microscope. After deposition, the
samples were examined using a dark field reflection optical microscope (1000 x magnification) to estimate the
density of the spheres on the wafers. For the larger two particle sizes, the number density is estimated to be
about 0.03 gm~2 in the illuminated sample regions. Less than 2 % of the particles were doublets (two-touching
spheres) on the samples containing 183 nm and 220 nm spheres, and the particles are well-separated from each
other. The dark field optical microscopy results were inconclusive for the 100 nm particles. A field emission



scanning electron microscope operated at 5 keV and 20000 x magnification indicated about 10 % of the particles
were doublets and that the number density was about 0.2 um~2, which is about 7 times higher than for the other
samples, The light scattered from doublets may affect the results of bidirectional ellipsometric measurements,
which we will discuss in Sec. 4.

The mean particle size of the monodisperse PSL aerosol is measured by the differential mobility analyzer
(DMA) using the 100 nm spheres to calibrate the flow of the classifier. The actual sizes of the three particles are
100.7 & 1.0 nm, 180.0 & 6.0 nm and 217.7 £ 3.4 nm!% 21723 with a polydispersity less than 2 %. An approximate
particle size of 186 nm?' was obtained for the middle particle size in a series of screening measurements which
involved 22 samples including the 217.7 nm particles. Subsequent more accurate measurements?? indicated that
the screening measurement of 186 nm was an overestimate by about 2.5 %. The corrected particle size is 181 nm
with an estimated uncertainty interval of & 6 nm at 95 % confidence level, We use these actual particle sizes for
the corresponding diameter in the DDA model for the comparsion between the theory and experiment.

3.2 Bidirectional Ellipsometric Measurements

The Goniometric Optical Scatter Instrument (GOSI), which was used to perform the measurements described
in this paper, is described in detail elsewhere. 2 Briefly, laser light of wavelength A = 532 nm is incident onto a
sample at an angle 6;, and light scattered into the direction defined by the angles {#s, ¢5} is collected [see Fig. 1(a)].
The polarization state of the incident light is selected with a fixed linear polarizer followed by a rotating A/2 linear
retarder. The polarization state of the scattered light is analyzed with a rotating A/2 linear retarder followed
by a fixed linear polarizer. Although a bidirectional ellipsometric measurement can be carried out by fixing the
incident light polarization while rotating the detection polarization optics, all of the measurements described in
this paper were made by measuring the 3 x 3 upper left-hand corner of the Mueller matrix (non-handed Mueller
matrix) using a (w, 4w) scheme,?® whereby the receiving retarder is rotated at four times the rate of the incident
light retarder. The signal is measured at 16 evenly spaced intervals, and the 9 elements of the 3 x 3 non-handed
Mueller matrix are determined from the Fourier transform of those signals.

Bidirectional ellipsometric meaurements for samples with various particle sizes will be presented in terms of
the principle angle of polarization, 7(P), and the degree of linear polarization, PIEP), as functions of ¢ for fixed §;
and 6 for p-polarized incident light. The laser beam spot size on the sample is about 1 mm in diameter. The
surface density of the spheres is about 23000 spheres/mm? for the samples containing 181.0 nm and 217.7 nm
particles, and 160000 spheres/mm? for the 100.7 nm partilces. The random measurement uncertainties associated

with 5®} and PI(Jp ) are estimated by Monte Carlo sampling over a Gaussian distribution about each measured
mean value in the (w,4w) scheme with a width given by the respectively measured standard deviation. The
uncertainties shown with the data represent the standard deviation of the resulting distributions for #(® and
Pép). Other systematic sources of uncertainty may exist but are not expected to exceed 2° and 0.05 for n® and

PI(JP), respectively, for most of the range of data.

4. RESULTS AND DISCUSSION

Bidirectional ellipsometric measurements were performed on three samples with PSL spheres of diameters
100.7, 181.0 and 217.7 nm on the bare silicon substrate. Measurements for each sample were carried out for 6;
and 6; = 30°, 45°, 50°, and 60° at A = 532 nm. Additional meaurements at different locations on the wafer were
also carried out to study the particle density distribution in the 8; = 8 = 45° geometry. As an indication of the
relative scattering levels of these three samples and a bare silicon wafer, the bidirectional reflectance distribution
functions {(BRDF) were also measured. The BRDF levels in the 6; = 6, = 45° and ¢; = 90° configuration were
approximately 1x1074 sr=1, 2x107% sr™!, 4x107% sr~!, and 1x10~7 sr~!, for samples with 217.7 nm spheres,
with 181.0 nm spheres, with 100.7 nm spheres, and the bare silicon wafer, respectively. These BRDF results
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Figure 5 Bidirectional ellipsometry parameters for 181.0 nm PSL spheres silicon at different incident
and scattering angles: (a). 6; = 45°, and 8, = 60°, 45°, and 30°; (b). & = 6, = 60°, 50°, 45°, and
30°. The curves represent the predictions of the DDA model. The uncertainties in the data are
smaller or about the same size as the symbols.

indicate the scattered intensity from the PSL spheres is at least forty times stronger than that from the bare
substrate.

Figure 5 shows the bidirectional ellipsometry parameters for the sample with 181.0 nm PSL spheres as
functions of ¢, for different values of 8; and 8s. The corresponding theoretical predictions for these bidirectional
ellipsometry parameters are presented by the curves indicated in the legend. The experimental data agree very
well with the theoretical predictions for all values of ¢, at all scattering conditions. A more detailed examination
of the data indicates that there is a slight deviation for large 8; or fs. The differences between the data and the
theory for large 6; or s may due to the contributions from the interactions between particles, or some existing
non-spherical particles on the surface, or because of interference with another scattering mechanisms.

Figure 6 shows the bidirectional ellipsometry results at 8, = 6, = 45° for samples with three different
diameters. The curves represent the results of the DDA calculations. The theory predicts the overall feature of
the angular dependence of the bidirectional ellipsometry parameters for particles with different diameters. We
also extract the values of the initial slope, —d7(P) /8¢, as ¢5 — 0, and present the results with the theoretical
predictions in Fig. 4(b). The uncertainties of —5n(P) /54 were evaluated by a standard statistical data analysis
from the linear regression of the first few data in the 7{P) vs. ¢, plot (see Fig. 6) and represent at 95 % confidence
level. The measured —én(P) /¢ values are in good agreement with the theory. This result implies that we indeed
can determine the size of the spheres using bidirectional ellipsometric measurements.

The agreement between the measured polarization angles 7(P) and those predicted by the theory for 217.7
nm PSL sphere is excellent. However, the corresponding values of measured P[(lp) are smaller than those predicted
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Figure 6 Bidirectional ellipsometry parameters for three different sizes of PSL spheres on silicon
at 0; = 8, = 45°. The curves represent the predictions of the DDA model The uncertainties in the
data are smaller or about the same size as the symbols.

by the theory at large scattering angles. The increasing depolarization of light may be occuring because of the
growing contribution of minority mechanisms, such as for subsurface defects or microroughness. To examine
this possible cause, we conducted bidirectional ellipsometric measurements on the surface far away from the
center of the deposition. The selected area has a very few particles, and the result should only reflect the light
scattered from the background dominated by surface microroughness and subsurface defects. The BRDF level in
the 8; = 6; = 45° and ¢, = 90° configuration for this area is about 1%10~% sr—!, which is about ten times higher
than that of a clean silicon wafer. The ¢ dependence of 7(®) and Pl(lp) agrees with a subsurface defect model,

with a highly depolarized light (P > 0.5) for large ¢s.

The discrepancy between the data and theory, especially the PIEP) data in Fig. 6, for the sample containing
100.7 nm PSL spheres is probably due to the contribution from the doublet particles on the surface. We calculate
the bidirectional ellipsometry parameters for a system with two touching 100.7 nm diameter spheres, aligned along
the plane of incidence, and perpendicular to the plane of incidence directions . We find the values of —dnP) 6 ¢
for these systems to be about 1.3 times, and 2.0 times larger, respectively, than that from a system with a single
sphere of 100.7 nm. Without accurate information about the particle density and the geometrical configurations
of the doublets, it is difficult to further refine the model to account for the presence of doublets. Further work
will be carried out to reduce the fraction of such doublets.

5. SUMMARY

Bidirectionary ellipsometric measurements of a model system containing well-calibrated polystyrene latex
spheres on silicon were made and compared to a discrete dipole approximation model for a sphere above a
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smooth surface. The experimental results show good agreement with the theory for this system. This study also
demonstrates that the polarization of light scattered by particles can be used to estimate the size of particulate
contaminants on a smooth surface.
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