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HOLOGRAPHIC DETECTION AND CHARACTERIZATION OF LARGE 

IMPURITY PARTICLES IN PRECISION SLURRIES 

BACKGROUND OF THE INVENTION 

[0001] Slurries of oxide nanoparticles have widespread applications as 

polishing and lapping agents for photonics and for chemical mechanical planarization 

(CMP) of microelectronic devices.  The presence of aggregates or other oversize 

contaminants in CMP slurries is highly undesirable because of their adverse effect on 

surface quality, even at part-per-billion concentrations.  Efforts to prevent aggregation and 

eliminate contaminants are hampered by a lack of techniques for detecting and 

characterizing comparatively small numbers of large particles in an ocean of nanoparticles.  

Direct imaging, laser occultation and light-scattering techniques, for example, are ruled out 

by the slurries� turbidity and by the lack of contrast between the nanoparticles and the larger 

contaminants.  Conventional particle counters are clogged and fouled by slurry particles at 

full concentration.  Remedying these problems by dilution is impractical both because of the 

very large volume of fluid that then would have to be analyzed and also because the process 

of dilution can influence aggregation processes that might be of interest.  

SUMMARY OF THE INVENTION 

[0002] One embodiment relates to a method of characterizing impurities in 

a sample of a slurry of particles in a fluid. The method comprises flowing the sample 

through an observation volume of a holographic microscope, generating a first holographic 

image, based upon holographic video microscopy system having a laser, of the sample 

within the observation volume at a first time, analyzing the first holographic image for one 

or more regions of interest corresponding to a particle of interest, normalizing the region of 

interest for a contribution of a diffuse wave created by interaction of the laser with the 

slurry, fitting the normalized region of interest to a light scattering theory, and characterizing 

one or more properties of the particle of interest. 

[0003] Another embodiment relates to a method of characterizing particles 

of interest in a slurry.  The method comprises flowing the slurry through an observation 

volume of a holographic microscope, the slurry comprising slurry particles in a fluid and 

particles of interest; interacting a laser beam with a sample of the slurry and generating a 

first holographic image based upon holographic video microscopy of the sample within the 

observation volume at a first time, the holographic image capturing light from a scattered 
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wave generated by interaction of the laser beam with a particle of the particles of interest 

and a diffuse wave generated by interaction of the laser and the scattered wave with the 

slurry particles; analyzing the first holographic image, quantifying a contribution of the 

diffuse wave, applying Lorenz Mie analysis to the holographic image and characterizing the 

particle of the particles of interest. 

[0004] The foregoing summary is illustrative only and is not intended to be 

in any way limiting.  In addition to the illustrative aspects, embodiments, and features 

described above, further aspects, embodiments, and features will become apparent by 

reference to the following drawings and the detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0005] The foregoing and other features of the present disclosure will 

become more fully apparent from the following description and appended claims, taken in 

conjunction with the accompanying drawings.  Understanding that these drawings depict 

only several embodiments in accordance with the disclosure and are, therefore, not to be 

considered limiting of its scope, the disclosure will be described with additional specificity 

and detail through use of the accompanying drawings. 

[0006] FIG. 1 Photograph of the in-line holographic video microscope 

used to characterize oversize particles in CMP slurries. 

[0007] FIG. 2(a) Experimentally recorded hologram of a CMP slurry 

containing impurity particles at part-per-billion concentration. This image displays three 

clear features due to light scattering by the micrometer-scale spheres. Fig. 2(b) Region of 

interest around the feature due to a single sphere. Fig. 2(c) Fit to predictions of the theory of 

holographic particle characterization. Fig. 2(d) Residual image, showing only the 

background due to nanometer-scale slurry particles. 

[0008] FIG. 3 Radial profile of the fit to the data in Fig. 2(b).  The shaded 

region indicates the statistical uncertainty in the estimated radial intensity profile, which is 

denoted by the darker  curve.  The lighter curve is the fit result. 

[0009] FIG. 4A Joint distribution of size and refractive index for colloidal 

silica spheres dispersed in water.  FIG. 4B Comparable result for the same sample of 

spheres dispersed in a slurry of silica nanoparticles.  
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frame is a hologram of the particles in the 60 µm × 48 µm × 20 µm observation volume.  

Holograms obtained in comparable systems have been interpreted with predictions of the 

Lorenz- Mie theory of light scattering to obtain precise measurements of individual 

colloidal spheres’ sizes and refractive indexes.  Although the large concentration of 

nanoparticles in a typical CMP slurry contributes a random background to the recorded 

holograms, embodiments surprisingly find that Lorenz-Mie analysis still yields accurate and 

precise measurements of the properties of individual micrometer-scale contaminant 

particles.   

[0017] Particles of interest (often contaminants) typically are larger than 

the particles that constitute the slurry.  The largest such contaminant particle that can be 

characterized by this technique depends on the configuration of the holographic recording 

instrument.  In one embodiment, the accessible range of sizes runs from 200 nanometers to 

20 micrometers.  Because this is a particle-resolved measurement technique, moreover, 

holographic characterization can detect and count rare particles. 

[0018] To demonstrate this technique and verify its efficacy, a well-

characterized commercial CMP slurry (Dow Ultrasol 2EX) consisting of silica nanoparticles 

with a nominal diameter of 70 nm was seeded with colloidal silica spheres (Bangs 

Laboratories, Catalog Number  SS04N, Lot Number 5303).  The 1.5 micrometer-diameter 

silica spheres contribute clearly visible bulls-eye features to the hologram in Fig. 2(a).  

These features were detected using an image-analysis filter that emphasizes centers of 

rotational symmetry and then select the surrounding region for analysis.  One embodiment 

utilizes the analysis technique described in PCT/US2015/015666, incorporated herein by 

reference.  Specifically, the orientation-alignment transform is used to detect features of 

interest.  It is possible to perform the actual fitting using the standard technique, essentially 

ignoring the presence of the slurry.  Surprisingly, the values obtained in this way are 

reasonably close to the independently verified properties of the particles.   

[0019] However, in another embodiment the analysis considers the slurry 

and accounts for it.  Equations (2b) and (4b) below are novel approaches to accomplish this, 

and yield values for particle characteristics that experimentally have been confirmed to be 

accurate.  Figure 2(b) shows a typical feature detected in this way. 
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 (4b) 

[0028] This result omits terms that describe interference between coherent 

and diffuse waves, whose time average should vanish.  In this model, the overall effect of 

the slurry is to reduce the contrast of the target particle’s hologram, and to contribute 

Gaussian additive noise, both of which reduce the hologram’s effective signal to noise ratio 

but do not otherwise affect its symmetries. 

[0029] The diffuse wave’s contribution to the measured hologram can be 

quantified through analysis of video sequences that do not contain holograms of particles.  

The first term in Eq. (4b) suggests that the quality of information that can be retrieved from 

the hologram is controlled by the channel thickness D.  Indeed, if D is much larger than the 

slurry’s attenuation length, the scattering particle’s hologram will be entirely obscured by 

diffuse scattering, and other methods would be required even to detect the sphere’s 

presence.  It should be appreciated that sample cell may be selected based on the desired 

channel thickness.   

[0030] The image in Fig. 2(d) results from the nonlinear least-squares fit of 

Eq. (4) to the data in Fig. 2(c).  The difference between the measured and fit holograms is 

plotted in Fig. 2(d).  The particle’s radius obtained from this fit, ap = 0.749 ± 0.006 µm, is 

consistent with the manufacturer’s specification, and the refractive index, np = 1.439 ± 

0.002, is consistent with values obtained for the same sample of silica spheres under ideal 

imaging conditions.  The quality of the fit may be judged from the radial profile, plotted in 

Fig. 3, which tracks the experimental data to within random contributions due to the slurry 

particles, which are indicated by the shaded region. 

[0031] Figure 4A shows a compilation of 875 single-particle 

measurements of the radii and refractive indexes of silica spheres from the same 

monodisperse sample.  Each data point in the plot reflects the measured properties of a 

single sphere and is colored by the relative probability �(ap, np) of measurements in the (ap, 

np) plane.  The mean radius, ap = 0.79 ± 0.01 µm, agrees with the manufacturer’s 

specification.  The mean refractive index, np = 1.45 ± 0.01, is slightly smaller than the value 

1.485 for bulk silica at the imaging wavelength, and is consistent with the spheres’ having a 

2 % porosity, as has been discussed elsewhere.  The data for this plot was acquired in 10 

min. 
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[0032] Figure 4B shows comparable results for the same batch of silica 

spheres dispersed in the silica slurry.  Values for the radius, refractive index and porosity are 

consistent with those obtained under ideal imaging conditions.  This result demonstrates that 

holographic particle characterization can yield accurate and precise results for the properties 

of micrometer-scale colloidal particles dispersed in nanoparticle slurries at full 

concentration. 

[0033] Applying this technique to the stock solution of silica slurry yielded 

no detectable features after 30 min.  More than 2 × 109 silica nanoparticles would have 

passed through the observation in that time, demonstrating that the slurry is free from 

detectable contaminants at the part-per-billion level.  The lower limit on the detectable 

concentration of oversize impurity particles is set by the flow rate and the duration of the 

measurement.  Longer measurements at higher flow rates permit detection of smaller 

concentrations of impurity particles.  For additional analysis, aggregation was deliberately 

induced by freezing it and then thawing the slurry sample for analysis.  The destabilized 

slurry now features a large number of micrometer-scale objects, which the system and 

methods described herein detected as nanoparticle aggregates.  These aggregates are drawn 

from a very broad size distribution, with a sizable percentage of particles with dimensions 

exceeding 5 µm.   

[0034] However, it should be considered that the type of aggregate or 

contaminant may further matter.  For example, transient aggregates may not have 

deleterious effects under the strong shear forces encountered during polishing that a solid 

contaminant of like-size would have.  To investigate the nature of the observed aggregates, 

the thawed slurry was subjected to 30 min of sonication.  The dashed curve in Fig. 5 shows 

the resulting holographically-measured size distribution.  Whereas sonication appears to 

have disrupted the largest aggregates, smaller aggregates with radii ranging up to 1 µm 

remain intact.  These aggregates are small enough that they are not evident under visual 

inspection, and do not appear in bright-field images.  Because they are robust enough to 

survive sonication, they likely would render the slurry unacceptable for use in polishing.  

Additional insights into the individual particles’ mechanical characteristics may be inferred 

from their holographically-measured refractive indexes.  Porous particles tend to have 

refractive indexes that are lower than the bulk value by an amount that depends on the 

particles’ porosity.  High-index particles in a low-index fluid medium tend to display lower  
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WHAT IS CLAIMED: 

1. A method of characterizing impurities in a sample of a slurry of particles in a fluid, 

comprising: 

flowing the sample through an observation volume of a holographic microscope; 

generating a first holographic image, based upon holographic video microscopy 

system having a laser, of the sample within the observation volume at a first time; 

analyzing the first holographic image for one or more regions of interest 

corresponding to a particle of interest; 

normalizing the region of interest for a contribution of a diffuse wave created by 

interaction of the laser with the slurry;  

fitting the normalized region of interest to a light scattering theory; and 

characterizing one or more properties of particle of interest. 

 

2. The method of claim 1, wherein the sample is a slurry. 

 

3. The method of claim 1, wherein the slurry comprises particles of 200nm or 

less size. 

 

4. The method of claim 3, wherein the particle of interest has a size of about 

200 nanometers to about 20 micrometers. 

 

5. The method of claim 1, wherein the peak flow is about 100 micrometers per 

second. 

6. The method of claim 1, further comprising selecting a sample cell of depth 

D. 

 

7. The method of claim 1, wherein characterizing the particle of interest 

comprises determining radius and refractive index. 
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8. A method of characterizing particles of interest in a slurry, comprising: 

flowing the slurry through an observation volume of a holographic microscope, the 

slurry comprising slurry particles in a fluid and particles of interest; 

interacting a laser beam with a sample of the slurry and generating a first 

holographic image based upon holographic video microscopy of the sample within the 

observation volume at a first time, the holographic image capturing light from a scattered 

wave generated by interaction of the laser beam with a particle of the particles of interest 

and a diffuse wave generated by interaction of the laser and the scattered wave with the 

slurry particles;  

analyzing the first holographic image; 

quantifying a contribution of the diffuse wave; 

applying Lorenz Mie analysis to the holographic image;  

characterizing the particle of the particles of interest. 

 




