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(57) ABSTRACT 

A sensitive particle distribution probe uses special process 
ing including a modi?ed TWomey/Chahine iterative conver 
gence technique and a specially constructed sample cell to 
obtain particle size distribution measurements from opti 
cally dense slurries, such as the slurries used in the semi 
conductor industry for chemical mechanical planarization. 
Spectral transmission data is taken over the spectral range of 
020-25 microns, utilizing specially constructed, chemically 
resistant sample cells of 50-2000 microns thickness, and 
miniature, ?xed grating, linear detector array spectrometers. 
At Wavelengths greater than one micron, the preferred 
design utilizes InGaAs linear detector arrays. An ultrasonic 
disrupter can be employed to breakup harmless soft agglom 
erates. In addition to direct particle size distribution 
measurement, the invention described here could be used to 
detect other fundamental causes of slurry degradation, such 
as foaming and jelling. The probe accomplishes continuous, 
real time sampling of undiluted slurry. A three-position 
chopper alloWs automated operation in an industrial envi 
ronment Without the need for frequent reference spectra, 
Which Would require taking the probe off-line. In other 
embodiments, the invention provides a quality control and/ 
or particle size measuring system for CMP slurries using 
transmission data through an as-used CMP slurry How. The 
process of the invention detects transmission through the 
How, at select Wavelengths, and determines changes in the 
logarithmic slope of transmission versus Wavelength to 
detect acceptable or unacceptable CMP slurries. The process 
can further determine CMP slurry particle size through 
empirical extinction data stored in memory. 

33 Claims, 15 Drawing Sheets 
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CHEMICAL MECHANICAL 
PLANARIZATION (CMP) SLURRY QUALITY 
CONTROL PROCESS AND PARTICLE SIZE 
DISTRIBUTION MEASURING SYSTEMS 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci? 
cation; matter printed in italics indicates the additions 
made by reissue. 

RELATED APPLICATIONS 

This application is a continuation-in-part of commonly 
oWned and US. application Ser. No. 09/069,682, ?led on 
Apr. 29, 1998, now US. Pat. No. 6,246,474 Which is 
incorporated herein by reference. 

FIELD OF THE INVENTION 

The invention pertains to the ?eld of measurements 
performed on slurries to determine the slurry particle size 
distribution. More speci?cally, the measurements concern a 
use of instrumentation to determine particle concentration as 
a function of particle size in substantially opaque slurries, 
such as chemical mechanical planarization (“CMP”) slurries 
currently used in semiconductor manufacturing. The inven 
tion further relates to quality control processes used to 
improve semiconductor manufacturing processes. 

BACKGROUND OF THE INVENTION 

CMP processes are used in the semiconductor and optics 
industries to provide ultra-smooth surfaces. CMP process 
slurries typically consist of SiO2 or A1203 particles sus 
pended in an acid or base solution at a concentration of 4% 
to 18% solids by Weight. SiO2 slurries are referred to in the 
art as “oxide” slurries, and A1203 slurries are referred to as 
“metal” slurries. It is difficult to check the quality the particle 
size distributions Within these slurries due to the sub-micron 
sizes of the particles and the substantially opaque nature of 
the slurry. 
CMP slurries facilitate the deposition of uniform pla 

narized layers in multiple layer Wafers, resulting in ultra 
smooth surfaces the enhance the resolution of embedded 
integrated circuit microfeatures. Particles having dimen 
sions that exceed a delimiting value for a particular appli 
cation are analogous to sandpaper having grit that is too 
large, and disadvantageously score or scratch the surface 
that is being smoothed. Thus, it is an essential quality control 
process to eliminate the use of slurries having particles that 
are too large. 

The use of CMP slurries in semiconductor manufacturing 
has risen sharply over the last ?ve years. It has emerged as 
the preferred method of planarization for manufacture of 
multiple layer semiconductor Wafers having features sizes 
less than or equal to 0.35 micron. It has been observed that 
semiconductor Wafers can be scratched and thereby dam 
aged if a signi?cant concentration of large particles appear 
in the slurry through either contamination or agglomeration. 
The size threshold for particles that are large enough to 
damage Wafers is believed to be in the range of 0.5-3.0 
microns. CMP slurry manufacturers attempt to produce 
slurries that consist predominantly of particles less than 1.0 
or even 0.5 micron in size. 

Commercially available sensor devices are presently 
unable to meet the needs of those Who Wish to measure the 
particle size distribution of CMP slurries. It is desirable to 
perform continuous measurements of the CMP slurry par 
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2 
ticle size distribution in real-time, in order to eliminate the 
risk of using slurries having particles or agglomerated 
particles that are too large. This enhanced process control, if 
available, Would alloW early detection and cure of slurry 
problems. The use of the term “real-time” in this discussion 
means that the measurement results are available Within a 
feW seconds after sampling. It is also desirable to measure 
the particle size distribution of undiluted slurry because 
dilution and the subsequent change in pH can alter the 
distribution. Furthermore, dilution combined With continu 
ous sampling creates large volumes of Waste slurry. These 
needs characterize the present state of the art in measuring 
and/or detecting the particle size distribution of CMP slur 
ries. 

Existing commercial particle size sensors include those 
based on measurement of angular light scattering, dynamic 
light scattering or photon correlation spectroscopy, ultra 
sonic transmission, and capillary hydrodynamic fractional 
ization. These measurement techniques are problematic 
because they require (a) substantial dilution of the optically 
dense CMP slurries, or (b) discontinuous batch sampling of 
the slurry, or they have insufficient sensitivity to detect small 
changes in the particle size distribution over the critical size 
range of 0.5 to 3.0 microns. 
The need to dilute CMP slurries for particle size mea 

surements creates large amounts of Waste that cannot be 
recovered into usable CMP slurry. According to the data of 
Bare et al., Monitoring slurry stability to reduce process 
variability, Micro. Vol. 15, No. 8, pp. 53-63 (1997), oxide 
slurries typically have 2><105/cm3 particles greater than one 
micron, and metal slurries typically have 7><108/cm3 par 
ticles greater than one micron. This data Was obtained using 
a Particle Measurement Systems LiQuilaz SO5 particle size 
detector, Which is speci?ed for a maximum particle concen 
tration of 12,000/cm3 to keep coincidence errors less than 
ten percent. The $05 detector is typical of commercially 
available single particle light scattering devices. Thus, a 
minimum dilution factor of seventeen is required to reduce 
coincidence errors for oxide slurries, and a minimum dilu 
tion factor of 58,350 is required for metal slurries. These 
dilution factors represent signi?cant amounts of process 
slurry Waste, and the dilution itself is suspected of altering 
the size distribution through agglomeration. 
US. Pat. No. 5,710,069 (the ’069 patent) to Farkas et al. 

discusses an optical particle counter that detects only one 
partide at a time in CMP slurries. The single particle must 
?oW through a sample volume consisting of the intersection 
of a light beam and a detector ?eld of vieW. The ’069 patent 
does not discusses the difficulty in requiring the light beam 
to penetrate the slurry toWards the measurement area 
(sample volume), nor in achieving detection of one particle 
at a time in slurries Which typically contain of 1013-1014 
particles per cm3 . The idea of being able to measure only one 
particle at a time is unsupported by any calculations, numeri 
cal arguments, or design details. It is unclear Whether the 
’069 patent uses Mie scattering calculations or empirical 
correlations to calculate particle size distribution based upon 
the number of single particles that are counted. The tech 
nique of “photocorrelation” is said not to Work, but no 
description is provided of a technique that does Work. 
US. Pat. No. 5,616,457 (the ’457 patent) to Garcia-Rubio 

teaches an apparatus for detecting the presence of a micro 
organism in a liquid sample. A TWomey linear inversion With 
a smoothing constraint is used to calculate particle size 
distribution for the organism. A standard commercial spec 
trophotometer having a one centimeter cell path length is 
used to perform the measurements. Additional detail regard 
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ing the TWomey linear inversion can be found in TWomey, 
Comparison of Constrained Linear Inversion and an Itera 
tive Nonlinear Algorithm Applied to the Indirect Estimation 
of Particle SiZe Distributions, J. Comp. Phys. Vol. 18, No. 2, 
188-200 (1975). The ’457 patent does not require dilution 
because it addresses solutions that are much less optically 
dense than CMP slurries. 

Examples of the present state of the art in measuring 
particle siZe distribution in optically dense mixtures of 
sub-micron particles suspended in a liquid solution include 
tWo presentations at a recent American Chemical Society 
symposium: Kourti et al., Particle SiZe Determination Using 
Turbidimetry, Particle SiZe Distribution IIiAssessment and 
Characterization, pp. 35-63, Amer. Chem. Soc. Symposium 
No. 472 (1991); and Brandolin et al., On-line Particle SiZe 
Distribution Measurements for Latex Reactors, Particle SiZe 
Distribution IIiAssessment and CharacteriZation, pp. 
65-85 (1991). These authors typically utiliZe measurements 
at tWo to three Wavelengths in the range of 0.2-1.0 microns. 
Conventional sample cells on the order of one centimeter in 
thickness Were apparently utiliZed. The limited Wavelength 
range and conventional sample cell dimensions force sig 
ni?cant sample dilution, Which in turn results in generation 
of a large Waste stream of diluted product. An off-line batch 
sampling system may also be used, but this type of system 
has an unacceptably sloW time response. 

There remains a need for a real-time probe for use in 
obtaining continuous particle siZe distribution measure 
ments that do not require dilution of the CMP slurry. The 
probe should retrieve particle distribution over a broad range 
of siZes, and consistently detect small changes in the particle 
siZe distribution, While providing autonomous operation in 
an industrial environment. 

There is the further need to detect changes in the particle 
siZe distribution of a CMP slurry as a quality control process. 

It is, accordingly, one object of the invention to provide a 
probe and/or system Which provides real-time measurement 
of CMP slurry particle siZe distributions and/or change of 
the particle siZe distribution. Another object of the invention 
is to provide a quality control process to detect acceptable 
and unacceptable CMP slurries, real-time, in a manufactur 
ing environment. Yet another object of the invention is to 
provide systems and methods for detecting CMP slurry 
particle siZe distributions and/or changes in such distribu 
tions. These and other objects of the invention are apparent 
Within the description Which folloWs. 

SUMMARY OF THE INVENTION 

The folloWing patents provide useful background infor 
mation for the invention and relating to turbo pumps: US. 
Pat. No. 3,832,084; US. Pat. No. 3,969,042; US. Pat. No. 
4,929,151; US. Pat. No. 4,893,985; US. Pat. No. 4,764,034; 
US. Pat. No. 4,734,018; US. Pat. No. 3,753,623; US. Pat. 
No. 3,947,193; US. Pat. No. 5,451,147; and US. Pat. No. 
4,180,370. Each of the afore-mentioned patents is incorpo 
rated herein by reference. 

The present invention overcomes the problems outlined 
above, and advances the art, by providing real-time systems, 
methods and/or probes for continuous particle siZe distribu 
tion measurement and/or quality control of undiluted CMP 
slurry. The CMP slurry can include a broad range of particle 
siZes, e.g., from 0.03 um to over 1.0 um diameter particles. 
The systems and methods of the invention provide high 
sensitivity to small changes in physical and/or chemical 
characteristics of the CMP slurry (e.g., to detect changes in 
the particle siZe distribution of the CMP slurry), and pref 
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4 
erably With autonomous operation in an industrial environ 
ment. These advantages are obtained, in certain aspects, by 
measuring spectral transmission through undiluted CMP 
slurry samples (typically through a slurry “?oW”). The 
spectral transmission measurements are made at one or more 
Wavelengths, and preferably at tWo or more Wavelengths. 
The slurry ?oW typically moves through sample cells having 
Widths as narroW as 50 microns, though typically the Width 
is 100 microns or more. CMP slurries have high optical 
extinction per unit length in the visible spectrum by virtue of 
the high particle concentration and sub-micron particle 
siZes. A reasonable fraction of the incident light beam, i.e., 
an amount greater than approximately 5%, must penetrate 
the sample, Without being scattered, in order to obtain useful 
spectral transmission data. This goal is accomplished, in one 
aspect, by extending the spectral transmission measurements 
to approximately 2.5 microns in Wavelength, Which is Well 
beyond the 1.0 micron limit used in the prior art, and by 
utiliZing specially constructed sample cells having a path 
length of 50-2000 microns. In another aspect, a spectral 
Wavelength range of 020-25 microns is used to retrieve the 
CMP slurry particle siZe distribution of CMP slurries used in 
semiconductor manufacturing. 

In one aspect, a probe according to the invention measures 
the particle siZe distribution of optically dense slurries With 
undiluted, continuous, on-line sampling for real time process 
control. The probe includes a plurality of light sources, a 
detector system Which includes one or more ?xed grating 
linear detector array spectrometers and sample cells, a three 
position chopper, and an optical pathWay for transmitting 
light from the light sources through the sample cells and then 
to the detector system or spectrometers. A computer or 
microprocessor receives detector signals, and performs a 
particle siZe distribution measurement. The sample cells are 
specially constructed to reduce optical depth in the slurry, 
Which permits particle siZe distribution measurements With 
out dilution of the slurry. 

Optical depth is the dimensionless extinction parameter in 
the exponential transmission function of Beer’s laW, knoWn 
in the art, and is de?ned as the product of an extinction per 
unit length in the slurry times a thickness of the slurry in an 
optical path through the sample cell. Optically dense slurry 
is hereby de?ned as a particulate poly-dispersion consisting 
of 1-30% solids by Weight of sub-micron particles sus 
pended in a liquid. CMP slurries are optically dense slurries 
that typically exhibit an optical depth of greater than 10, at 
0.5 micron Wavelength in a conventional sample cell having 
a one centimeter path length, yielding a transmission of less 
than 0.00005. As stated above, the reduction in optical depth 
derives from a substantial narroWing of the conventional 
?oW path length in the sample cell to a length ranging from 
50 to 250 (or more, depending upon system sensitivity) 
microns. 

In one aspect, sample cells of the invention are formed of 
a chemically resistant housing that retains a ?rst WindoW and 
a second WindoW in spaced relationship to provide a suitable 
optical depth. These WindoWs are preferably made of a hard, 
chemically resistant, arti?cial crystal such as sapphire. The 
housing includes a tapered ramp that Widens at it narroWs 
from an inlet to the separation betWeen the WindoWs, and 
thins as it thickens from the separation to an outlet. The 
outlet preferably returns undiluted slurry to the day tank or 
main process slurry line after particle siZe distribution 
measurements have been obtained from the sample. The use 
of multiple sample cells yields measurements of greater 
accuracy by tuning the optical path length (i.e., WindoW 
spacing) of each cell to a different Wavelength regime. 
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Speci?cally, greater accuracy measurements can be obtained 
by keeping the transmission, measured through the slurry, 
Within the approximate range of 0.05-0.90. 

In still another aspect, a light chopper is positioned 
betWeen the light source and the sample cell. The chopper 
contains a plurality of holes for transmitting light to the 
sample cell and a plurality of mirrors or solid regions for 
blocking transmission of light to the sample cell. The 
mirrors alloW measurement of the time and temperature drift 
of the sources, While the solid regions alloW measurement of 
the time and temperature drift of the spectrometers and their 
detectors. These features provide autonomous operation in 
an industrial environment and eliminate the need for fre 
quent measurement of reference spectra, Which Would 
require taking the probe off-line. The computer or micro 
processor preferably uses a modi?ed TWomey/Chahine 
based nonlinear iterative conversion to calculate a particle 
siZe distribution measurement from the spectral transmis 
sion measurements. A plurality of ?xed grating spectrom 
eters each having a detector array can be used to assist in this 
calculation. An ultrasonic disrupter can also be used to 
disrupt soft slurry agglomerations just prior to their entry 
into the sample cell. 

The probe of one aspect is operated continuously and in 
real time by diverting a portion of optically dense slurry 
from a main slurry line, introducing the slurry into a sample 
cell in undiluted form, narroWing the How of the optically 
dense slurry Within the sample cell to reduce optical depth 
in the slurry, transmitting light through the slurry, detecting 
light transmitted through the slurry in the sample cell With 
production of corresponding detector signals, and calculat 
ing a particle siZe distribution through use of the detector 
signals. 
The invention also provides, in one aspect, a quality 

control process for detecting physical and/or chemical 
changes (e.g., changes in particle siZe distribution) of a CMP 
slurry. The process includes the steps of transmitting 
radiation, having one or more Wavelengths, through a How 
of the CMP slurry, determining transmission of the trans 
mitted radiation at each of the Wavelengths, and monitoring 
transmission, over time, to detect the changes in the CMP 
slurry. In one preferred aspect, the process detects changes 
in the particle siZe distribution of the CMP slurry. 

The process of another aspect can include the step of 
determining a slope of transmission as a function of the 
Wavelengths. The step of determining a change in the slope 
is preferably made “over time” such that a change in slope 
indicates a change in the particle siZe distribution. Further, 
the slope is preferably determined logarithmically. That is, 
the process preferably includes the step of determining a 
logarithmic slope of transmission as a function of the 
Wavelengths. 

In another aspect, the process includes the step of deter 
mining a change in the logarithmic slope over time. The 
change in logarithmic slope indicates change in the particle 
siZe distribution independent from a change in particle siZe 
concentration. 

Preferably, the systems and methods of the invention 
detect and/or determine particle siZe distribution corre 
spondingly centered about a value betWeen about 0.03 and 
1.0 micron, indicating a “good” CMP slurry in one aspect of 
the invention. Distributions centered about 0.1 to 1.0 
micron, or higher (e.g., up to ten microns), are also possible 
in accord With the invention, correspondingly indicating 
“bad” CMP slurry, in one aspect of the invention. 

In one aspect, the process of the invention determines a 
change in the particle siZe distribution, thereby indicating a 
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6 
quality control failure of the CMP slurry. Once detected, the 
change is preferably relayed to the user as a Warning to 
inform the user of the failure. Other physical and/ or chemi 
cal changes detected by the process can also relayed to the 
user as a Warning, in accord With the invention. 

In another aspect, the step of transmitting the radiation 
Within the process includes transmitting the radiation 
through a sample cell selected on the basis of desired 
accuracy. The cell preferably de?nes a How diameter such as 
100 or 1900 microns. 

Preferably, the process determines transmission With an 
accuracy of at least about 1%. 

In one aspect, radiation Wavelengths selected for trans 
mission through the CMP slurry are isolated by a grating or 
other dispersive optical element (e.g., a prism). The Wave 
lengths can alternatively be determined by using a laser With 
a knoWn Wavelength emission. In a preferred aspect, Wave 
length selection is made through use of one or more band 
pass ?lters (and preferably tWo ?lters), such as Within a ?lter 
Wheel. A combination of the above spectral discriminators 
can also be used, as needed, in accord With the invention. 

In yet another aspect, the process includes the further step 
of comparing the transmission to a reference transmission 
indicative of a preferred particle siZe distribution Within a 
How of the CMP slurry. Preferably, the process includes the 
further step of storing the reference transmission in memory 
so that a comparison can be made electronically and in real 
time. 

Alternatively, the process can include the steps of (a) 
storing a plurality of reference transmissions, Where each 
reference transmission corresponds to a particular CMP 
slurry How and particle distribution, and (b) selecting one 
reference transmission and comparing the transmission to 
the selected reference transmission. 

Particle siZes Within the distribution are determined in one 
aspect of the invention through Mie scattering theory, knoWn 
in the are of light scattering. 
A process of the invention can further include comparing 

transmission information With an empirical curve of extinc 
tion ef?ciency versus particle siZe diameter to determine 
particle siZes Within the distribution. Preferably, the particle 
siZe diameter includes a functional dependence of 
TED/lambda, Where D is the particle siZe diameter and 
lambda corresponds to Wavelength associated With the trans 
mission. 

The invention also provides a system for evaluating CMP 
slurry quality in a process. In this aspect, a light source 
generates a beam of electromagnetic radiation for transmis 
sion through a How of the slurry. A spectral discriminator 
isolates at least tWo Wavelength bands of the radiation prior 
to transmission of the radiation through the How. A detector 
detects radiation transmitted through the How. A processor 
evaluates transmission of the Wavelength bands through the 
How to determine chemical and/or physical changes in the 
CMP slurry. By Way of example, the processor of one aspect 
detects changes in the particle siZe distribution of the CMP 
slurry. 

Preferably, the discriminator is a ?lter Wheel. HoWever, 
the discriminator can also be a grating or a prism. An order 
sorting ?lter is optionally included With these dispersive 
discriminators. Alternatively, a laser (e. g., a laser diode) can 
be used as the source and discriminator, since only a narroW 
band of Wavelengths is emitted from the laser. 

In one aspect, a computer With a processor serves as the 
processor of the system, to process signals and to make 
















