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(57) ABSTRACT

A sensitive particle distribution probe uses special process-
ing including a modified Twomey/Chahine 1terative 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 1n the semi-
conductor industry for chemical mechanical planarization.
Spectral transmission data 1s taken over the spectral range of
0.20-2.5 microns, utilizing specially constructed, chemically
resistant sample cells of 50-2000 microns thickness, and
miniature, fixed 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 soit 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 1n an industrial envi-
ronment without the need for frequent reference spectra,
which would require taking the probe ofl-line. In other
embodiments, the mnvention provides a quality control and/
or particle size measuring system for CMP slurries using
transmission data through an as-used CMP slurry tlow. The
process of the mvention detects transmission through the
flow, 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 specifi-
cation; matter printed in italics indicates the additions
made by reissue.

RELATED APPLICATIONS

This application 1s a continuation-in-part of commonly-
owned and U.S. application Ser. No. 09/069,682, filed on
Apr. 29, 1998, now U.S. Pat. No. 6,246,474 which 1s

incorporated herein by reference.

FIELD OF THE INVENTION

The 1invention pertains to the field of measurements
performed on slurries to determine the slurry particle size
distribution. More specifically, 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 S10, or Al,O, particles sus-
pended 1n an acid or base solution at a concentration of 4%
to 18% solids by weight. S10, slurries are referred to in the
art as “oxide” slurries, and Al,O; slurries are referred to as
“metal” slurries. It 1s diflicult to check the quality the particle
s1ze distributions within these slurries due to the sub-micron
s1zes of the particles and the substantially opaque nature of
the slurry.

CMP slurnies 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 1s too
large, and disadvantageously score or scratch the surface
that 1s being smoothed. Thus, 1t 1s an essential quality control
process to eliminate the use of slurries having particles that
are too large.

The use of CMP slurries 1n semiconductor manufacturing
has risen sharply over the last five years. It has emerged as
the preferred method of planarization for manufacture of
multiple layer semiconductor waters 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 1f a significant concentration of large particles appear
in the slurry through either contamination or agglomeration.
The size threshold for particles that are large enough to
damage wafters 1s 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 1n 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 1s desirable to
perform continuous measurements of the CMP slurry par-
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ticle size distribution in real-time, 1n order to eliminate the
risk of using slurries having particles or agglomerated
particles that are too large. This enhanced process control, it
available, would allow early detection and cure of slurry
problems. The use of the term “real-time” 1n this discussion
means that the measurement results are available within a
few seconds after sampling. It 1s 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-

rics.

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 isuflicient sensitivity to detect small
changes 1n 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. 353-63 (1997), oxide
slurries typically have 2x10°/cm” particles greater than one
micron, and metal slurries typically have 7x10%/cm’ par-
ticles greater than one micron. This data was obtained using
a Particle Measurement Systems LiQuilaz SO3S particle size
detector, which 1s specified for a maximum particle concen-
tration of 12,000/cm” to keep coincidence errors less than
ten percent. The SO5 detector 1s typical of commercially
available single particle light scattering devices. Thus, a
minimum dilution factor of seventeen 1s required to reduce
coincidence errors for oxide slurries, and a minimum dilu-
tion factor of 58,350 1s required for metal slurries. These
dilution factors represent significant amounts of process
slurry waste, and the dilution 1tself 1s suspected of altering
the size distribution through agglomeration.

U.S. 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 1n CMP slurries. The single particle must
flow through a sample volume consisting of the intersection
of a light beam and a detector field of view. The 069 patent
does not discusses the difliculty in requiring the light beam
to penetrate the slurry towards the measurement area
(sample volume), nor 1n achieving detection of one particle
at a time in slurries which typically contain of 10'°-10"*
particles per cm”. The idea of being able to measure only one
particle at a time 1s unsupported by any calculations, numeri-
cal arguments, or design details. It 1s 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” 1s said not to work, but no
description 1s provided of a technique that does work.

U.S. Pat. No. 3,616,457 (the ’45'7 patent) to Garcia-Rubio
teaches an apparatus for detecting the presence of a micro-
organism 1n a liquid sample. A Twomey linear inversion with
a smoothing constraint 1s used to calculate particle size
distribution for the organism. A standard commercial spec-
trophotometer having a one centimeter cell path length 1s
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 4577 patent does not require dilution
because 1t addresses solutions that are much less optically
dense than CMP slurries.

Examples of the present state of the art in measuring
particle size distribution 1n optically dense mixtures of
sub-micron particles suspended 1n a liqud solution include
two presentations at a recent American Chemical Society
symposium: Kourti et al., Particle Size Determination Using
Turbidimetry, Particle Size Distribution II—Assessment 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 II-—Assessment and Characterization, pp.
65-85 (1991). These authors typically utilize measurements
at two to three wavelengths 1n the range of 0.2-1.0 microns.
Conventional sample cells on the order of one centimeter 1n
thickness were apparently utilized. The limited wavelength
range and conventional sample cell dimensions force sig-
nificant 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 1n the particle
s1ze distribution, while providing autonomous operation in
an industrial environment.

There 1s the further need to detect changes 1n the particle
s1ze distribution of a CMP slurry as a quality control process.

It 1s, 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
1s to provide a quality control process to detect acceptable
and unacceptable CMP slurries, real-time, 1n a manufactur-
ing environment. Yet another object of the invention 1s to
provide systems and methods for detecting CMP slurry
particle size distributions and/or changes 1n 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: U.S.

Pat. No. 3,832,084; U.S. Pat. No. 3,969,042; U.S. Pat. No.
4,929,151; U.S. Pat. No. 4,893,985; U.S. Pat. No. 4,764,034
U.S. Pat. No. 4,734,018; U.S. Pat. No. 3,753,623; U.S. Pat.
No. 3,947,193; U.S. Pat. No. 5,451,147, and U.S. Pat. No.
4,180,3°70. Each of the atore-mentioned patents 1s 1ncorpo-
rated herein by reference.

The present imvention 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 1nclude a broad range of particle
s1zes, €.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 i1n physical and/or chemical
characteristics of the CMP slurry (e.g., to detect changes 1n
the particle size distribution of the CMP slurry), and prei-
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4

erably with autonomous operation 1n an industrial environ-
ment. These advantages are obtained, 1n certain aspects, by
measuring spectral transmission through undiluted CMP
slurry samples (typically through a slurry “flow™). The
spectral transmission measurements are made at one or more
wavelengths, and preferably at two or more wavelengths.
The slurry tflow typically moves through sample cells having
widths as narrow as 50 microns, though typically the width
1s 100 microns or more. CMP slurries have high optical
extinction per unit length 1n the visible spectrum by virtue of
the high particle concentration and sub-micron particle
s1zes. A reasonable fraction of the incident light beam, 1.e.,
an amount greater than approximately 5%, must penetrate
the sample, without being scattered, in order to obtain useful
spectral transmission data. This goal 1s accomplished, 1n one
aspect, by extending the spectral transmission measurements
to approximately 2.5 microns 1n wavelength, which 1s 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 0.20-2.5 microns 1s used to retrieve the
CMP slurry particle size distribution of CMP slurries used 1n
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 fixed 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 1s the dimensionless extinction parameter 1n
the exponential transmission function of Beer’s law, known
in the art, and 1s defined as the product of an extinction per
unit length 1n the slurry times a thickness of the slurry in an
optical path through the sample cell. Optically dense slurry
1s hereby defined as a particulate poly-dispersion consisting
of 1-30% solids by weight of sub-micron particles sus-
pended 1n a liquid. CMP slurries are optically dense slurries
that typically exhibit an optical depth of greater than 10, at
0.5 micron wavelength 1n 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
flow path length 1n 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 first window and
a second window 1n spaced relationship to provide a suitable
optical depth. These windows are preferably made of a hard,
chemically resistant, artificial crystal such as sapphire. The
housing includes a tapered ramp that widens at 1t narrows
from an inlet to the separation between the windows, and
thins as 1t 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 (i1.e., window
spacing) ol each cell to a different wavelength regime.
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Specifically, 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 1s positioned
between the light source and the sample cell. The chopper 3
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 1n
an 1ndustrial 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 modified Twomey/Chahine-
based nonlinear 1terative conversion to calculate a particle
s1ize distribution measurement from the spectral transmis-
sion measurements. A plurality of fixed 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 soit slurry agglomerations just prior to their entry

into the sample cell.

The probe of one aspect 1s operated continuously and in
real time by diverting a portion of optically dense slurry
from a main slurry line, introducing the slurry 1into a sample
cell 1n undiluted form, narrowing the flow 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 1n 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, 1n one aspect, a quality
control process for detecting physical and/or chemical
changes (e.g., changes 1n particle size distribution) of a CMP
slurry. The process includes the steps of transmitting
radiation, having one or more wavelengths, through a flow
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 ,s
wavelengths. The step of determining a change 1n the slope
1s preferably made “over time” such that a change 1n slope
indicates a change 1n the particle size distribution. Further,
the slope 1s preferably determined logarithmically. That 1s,
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 1n the logarithmic slope over time. The
change 1n logarithmic slope indicates change 1n the particle 55
s1ze 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 0
1.0 micron, indicating a “good” CMP slurry 1n 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. 65

In one aspect, the process of the invention determines a
change 1n the particle size distribution, thereby indicating a
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quality control failure of the CMP slurry. Once detected, the
change 1s 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, 1n 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 defines a flow 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 1solated 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 1s made through use of one or more band-
pass filters (and preferably two filters), such as within a filter
wheel. A combination of the above spectral discriminators
can also be used, as needed, 1n 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
flow 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 flow 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 1n 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 efliciency versus particle size diameter to determine
particle sizes within the distribution. Preferably, the particle
size diameter includes a functional dependence of
nD/lambda, where D 1s 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 i a process. In this aspect, a light source
generates a beam of electromagnetic radiation for transmis-
sion through a flow of the slurry. A spectral discriminator
1solates at least two wavelength bands of the radiation prior
to transmission of the radiation through the flow. A detector
detects radiation transmitted through the flow. A processor
evaluates transmission of the wavelength bands through the
flow 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 i1s a filter wheel. However,
the discriminator can also be a grating or a prism. An order
sorting filter 1s 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 1s 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
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determinations and calculations. Those skilled i1n the art
should appreciate that other processors, e.g., an ASIC, can
alternatively be used.

In yet another aspect, a system of the invention includes
memory, coupled to the processor, to store one or more
reference transmission. Each of the reference transmissions
corresponds to a particular CMP slurry flow and particle
distribution. The processor selects one reference transmis-
sion and compares the transmission through the flow to the
selected reference transmission to detect changes in the
particle size distribution. The memory can further store other
reference data for comparison to other changes 1n physical
and/or chemical characteristics of the CMP slurry, 1n accord
with the mvention.

In still another aspect, the memory of the invention can
store data 1indicative of extinction efliciency as a function of
particle size diameter. The processor then compares the
transmission to the data to determine particle sizes within
the distribution.

In another aspect, the processor calculates a logarithm of
transmission at each wavelength band and to determine a
change 1n slope of logarithmic transmission versus wave-
length band. This enables the system to detect changes 1n the
particle size distribution independently from changes in
particle size concentration.

The invention 1s next described further 1n connection with
preferred embodiments, and i1t will become apparent that
various additions, subtractions, and modifications can be
made by those skilled 1n the art without departing from the
scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the invention may be
obtained by reference to the drawings, 1n which:

FIG. 1 schematically depicts a sample of a probe for use
in measuring particle size distributions according to the
invention;

FIG. 2 depicts a light chopper blade for use 1n the probe
of FIG. 1;

FIG. 3 depicts, 1n an exploded view, a first specially
constructed sample cell for use 1n the probe of FIG. 1;

FIG. 4 depicts, 1n an exploded view, a second specially
constructed sample cell for use 1n the probe of FIG. 1;

FIG. § depicts a comparison between (a) calculation data
from an optical model of the invention and (b) spectral
transmission data obtained from a manufacturer’s CMP
slurry;

FIG. 6 depicts a manufacturer’s scanning electron

microscope-based particle size distribution corresponding to
the spectral transmission data of FIG. §;

FIG. 7 depicts a comparison between (a) calculation data
from an optical model of the mvention and (b) spectral
transmission data obtained from a manufacturer’s CMP
slurry;

FI1G. 8 depicts reported data for a particle size distribution
corresponding to the spectral transmission data of FIG. 7;

FIG. 9 depicts the calculated spectral transmission data
effects of varying a distribution size bin factor to adjust the
particle size distribution data shown 1n FIG. 10;

FIG. 10 depicts the calculated concentration data eflects
of varying a distribution size bin;

FIG. 11 depicts a schematic process diagram for use in
operating the probe shown in FIG. 11;

FIG. 12 illustrates a CMP slurry quality control system
constructed according to the invention;
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FIG. 12A 1illustrates representative transmission versus
wavelength curves generated 1n accord with the imnvention to
detect “good” versus “bad” CMP slurries during quality
control;

FIG. 12B depicts representative extinction versus particle
s1ze data used to evaluate particle sizes in real time 1n a
manufacturing process, in accord with the ivention;

FIG. 13 schematically illustrates a process tlow of the
invention for detecting and informing users of unacceptable
CMP slurry particulate distributions, 1n near real-time; and

FIG. 14 schematically shows one CMP slurry quality
control process and particle distribution measuring system
constructed according to the invention.

DETAILED DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an optical system schematic of a CMP slurry
particle size distribution probe 100. A deuterium source 102
supplies ultraviolet radiation, while a quartz tungsten halo-
gen source 104 supplies visible and infrared radiation. The
light from each of sources 102 and 104 1s collimated by a
combination of a corresponding lens 106 and 108, and a
corresponding a mirror 110 and 112, which provide respec-
tive collimated beams 114 and 116. A long pass filter 118
combines the two collimated beams 114 and 116 into a
single collimated beam 120.

A motor-driven rotational chopper blade 122 intersects
the combined collimated beam 120 and provides three
different measurements 1n quick succession. As shown 1n
FIG. 2, chopper blade 122 contains three ellipsoid features,
namely, aperture 200, mirror 202, and solid, non-reflective
disk 204. Aperture 200 permits transmission of light through
chopper blade 122 for passage of collimated beam 120 onto
pathway 124 (see FIG. 1). Mirror 202 allows measurement
of source 1rradiance, which drifts with temperature and time,
by reflecting light onto pathway 126. The solid disk 204
allows measurement of electronic offsets by preventing light
from reaching the charge coupled device detector arrays
within two mimature, fixed grating, linear detector array
spectrometers 128 and 130. These electronic oflsets are a
substantial source of error for the detector arrays, if
uncorrected, and the oflsets drift with temperature and time.

Use of the mechanical chopper 122 permits real time
calibration of probe 100 interspersed with actual measure-
ment data, as facilitated by the respective optical pathways
that are described below. Use of the mechanical chopper 122
also allows signal-to-noise enhancement associated with
lock-1n detection and signal processing techniques.

Light passing through hole 200 of chopper blade 122
travels on pathway 124 towards a long pass filter 132, which
1s used as a beam-splitter. For oxide CMP slurries, long
wavelengths greater than about 0.55 microns pass through
the long pass filter 132 onto pathway 134 while shorter
wavelengths are reflected onto pathway 136. For metal CMP
slurries, long pass filter 132 alternatively provides wave-
length division at approximately 1.0 to 1.25 microns.

Light that 1s reflected from chopper blade 122 by mirror
202 travels along path 126 towards a 50/50 beam-splitter
138 for splitting of the light on pathway 126 into two beams
140 and 142 of equal intensity. Beam 140 travels through an
order sorting or blocking filter 144 and gathering lens 146
towards the fixed grating spectrophotometer 128. Beam 142
travels through an order sorting or blocking filter 148 and
gathering lens 150 towards the fixed grating spectrophotom-
eter 130. Order sorting filters 144 and 148 prohibit higher
order diflraction of the fundamental wavelength by gratings
within the spectrometers 128, 130, respectively. It 1s antici-
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pated that the wavelength coverage of the two spectrometers
128 and 130 will be approximately be 0.20 to 0.50 microns
and 0.50 to 1.0 microns respectively for oxide CMP slurries,
and 0.5 to 1.0 microns and 1.25 to 2.5 microns respectively
for metal CMP slurries. Spectrometers operating at wave-
lengths shorter than 1.0 micron can utilize S1 detector arrays,
and those operating at longer wavelengths can utilize
InGaAs detector arrays.

Light passing through long pass filter 132 onto pathway
134 1s directed towards a first mirror 152 for reflection
through a first sample cell 154. Light that has been trans-
mitted through first sample cell 154 1s reflected by a second
mirror 156 along pathway 158 through long pass filter 160.
Long pass filter 160 1s preferably 1dentical to long pass filter
132, and both filters may be changed to provide appropriate
instrument sensitivity in the intended environment of use.
Light on pathway 158 passes through long pass filter 160,
and 1s eventually split 50/50 by beam splitter 138 for
delivery to spectrophotometers 128 and 130.

Light reflected by long pass filter 132 onto pathway 136
travels through a second sample cell 162. Light that has been
transmitted through the second sample cell 162 1s reflected
by long pass filter 160 towards beam-splitter 138 for 50/50
delivery of light to spectrophotometers 128 and 130. The use
of multiple sample cells yields measurements of greater
accuracy by tuning the optical path length (window spacing)
of each cell to a different wavelength regime. Tuning 1s
accomplished by maintaining transmission through the cells
in a range between about 0.10 to 0.90.

Spectrometers 128 and 130 are collectively referred to
herein as a detector or detector group. Each spectrometer
preferably includes an internal fixed grating to enhance
speed of measurement and reliability, 1.e.; the preferred
spectrometers are not scanning spectrometers having a mov-
able grating. The internal fixed grating (not shown) 1is
configured to place dispersed light having selected wave-
lengths on an internal array of conventional detector ele-
ments concealed within each spectrometer. Thus, each spec-
trometer 1s operable to detect a range of wavelengths. A
computer 164 receives signals from the detector group
including spectrophotometers 128 and 130, and uses these
signals to either (a) calculate a particle size distribution
corresponding to the CMP slurry being measured and/or (b)
detect changes 1n the particle size distribution for quality
control purposes.

In embodiments where the slurry 1s not optically dense,
sample cells 154 and 162 may be removed to provide an
open pathway adapted to receive a pharmaceutical muist,
such as a mist from a medical nebulizer for delivery of
medication to asthmatics. The sample cells may also be
replaced by an open tube or chamber. In this manner, probe
100 1s used to measure (a) the particle size distribution of
aerosol mists and/or (b) changes in the particle size distri-
bution for quality control purposes.

FIG. 3 gives a detailed assembly view of a preferred CMP
slurry sample cell 162 (see FIG. 1), which 1s intended for use
with optically dense slurries. Both cells 154 and 162 share
the same basic features, but the depth of the cells may be
selectively adjusted to accommodate increasing transmis-
s1vity of longer wavelength radiation 1n cell 154 (see FIG.
1).

A housing 1s formed of top plate 300 and bottom plate
302, which are each machined from a solid block of chemi-
cally resistant material such as Kel-F, polyvinyldifluoride

(“PVDF”) or polyvinyldichloride (“PVDC”). Sample cell
inlet line 303 1s connected with an inlet port (not depicted)
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through which undiluted CMP slurry from main CMP slurry
line 304 enters the interior space 306 of sample cell 162.
Outlet port 308 drains the slurry from space 306 into outlet
line 310. Each of top late 300 and bottom plate 302 are
provided with an opposed pair of triangular tapered ramps,
e.g., ramps 312 and 314. These ramps are thickest at their
respective tips proximate the corresponding port, e.g., tip
316 proximate outlet port 308, and which widen and narrow
towards a base remote from the port, e.g., base 318.

Each of top and bottom plates 300 and 302 are respec-
tively provided with centrally located circular apertures 320
and 322. The interior portions of plates 300 and 302 contain
a groove 324, for receipt of corresponding elastomeric
O-rings 326 and 328. A bevel 330 receives sapphire win-
dows 332 and 334. A pair of opposed spacers 336 and 338
are retained against flow by corresponding retaining pins,
e.g., retaining pins 340 and 342, and fit between sapphire

windows 332 and 334.

Sapphire windows 332 and 334 and opposed spacers 336
and 338 define the optical viewing area available to path 136
(see FIG. 1). The optical viewing area preferably ranges
between 50 and 250 microns 1n thickness between windows
332 and 334 for use with optically dense slurries. In one
embodiment, the optical viewing area can be upwards of
1900 microns. Slurry fills the space between the two sap-
phire windows 332,334, and the transmission path length
through sample cell 162 equals the thickness of spacers 336
and 338. The tapered ramps 312 and 314 are caretully
machined into the respective plates 300 and 302 to provide
a smooth transition between the input/output lines 303 and
310, and the optical viewing area. This smooth transition
prevents slurry agglomeration. Also the inside edges of
sapphire windows 332,334 have been beveled, as at bevels
344 and 346 to prevent slurry accumulation and agglomera-
tion.

An ultrasonic generator or disrupter 348 1s optionally
coupled with the sample cell input line 303 for disruption of
soit slurry agglomerates. CMP slurry can contain both hard
and soft agglomerates, and the solt agglomerates are
believed not to scratch semiconductor waters. Ultrasonic
disrupter 348 breaks up the soft agglomerates before slurry
enters the sample cell.

Slurry enters the space defined by spacers 336 and 338
and between windows 332 and 334. Cell 162 1s referred to
herein as a non-volumetric sample cell for the reason that
some leakage may escape into the cavity 350 surrounding
the opening 322, e.g., through non-sealed openings at 352,
354, 356, and 358. This leakage, as well as the flow between
windows 332 and 334, 1s collected by ramp 312 and cell
output line 310. Slurry between windows 332 and 334 is
exposed to light or electromagnetic radiation from pathways
134 or 136 for particle sensing and analysis by CPU 164 (see
FIG. 1).

FIG. 4 depicts a second and most preferred volumetric
sample cell 400 for use as Aid in alternative to, or in
combination with, sample cells 162 or 154 of FIGS. 1 and
3. A housing 1s formed of top plate 402 and bottom plate
404, which are each machined from a solid, slightly deform-
able block of chemically resistant material such as TFE
Teflon. Sample cell inlet line 406 1s connected with an inlet
port (not depicted) through which undiluted CMP slurry
from the main CMP slurry line enters the interior space 408
of sample cell 400. Outlet port 410 drains the slurry from
space 408 into outlet line 412. Each of top plate 402 and
bottom plate 404 are provided with an opposed pair of
triangular tapered ramps, e.g., ramps 414 and 416. These
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ramps are thickest at their respective tips proximate the
corresponding port, e.g., tip 418 proximate outlet port 416,
and which widen and narrow towards a base remote from the
port, e.g., base 420. Ramp 414 contains a conical opening
having a maximum volume proximate cell inlet line 406.
This volume decreases towards ramp 416 with decreasing
volume 1n the conical opening 422 being equally compen-
sated by increased volume in the portion of ramp 414
surrounding conical opening 422. Conical opening 422
terminates at tip 424 proximate a wedge 426 of increasing
narrow width and steepness leading to an interior opening
428. Ramp 416 has a similar conical opeming 430 with tip
432 pomnting towards ramp 414 and terminating prior to

wedge 434.

Each of top and bottom plates 402 and 404 are respec-
tively provided with centrally located circular apertures 428
and 436, which are slightly offset along the flmd flow axis.
The 1nterior portions of plates 402 and 404 each contain a
first step surrounding the corresponding opening, €.g., first
step 438 surrounding opening 428, for receipt of a corre-
sponding sapphire window. For example, a flat sapphire
window 440 1s recerved 1n sealing engagement against step
438. Flat sapphire window 442 i1dentical to window 440 1s
similarly received in sealing engagement against step 444. A
pair of opposed spacers 446 and 448 are retained against
flow by corresponding retaining pins, €.g., retaining pins 450
and 452, and fit between the sapphire windows 440 and 442.
Each spacer 1s retained within the confines of a correspond-
ingly sized recess, e.g., as spacer 448 1s retained within
recess 454. A deformable elastomeric wall 456 sealingly
engages top late 402 and bottom plate 404 to prevent leakage
from sample cell 400. Wedges 426 and 434 extend wide
enough to meet the spacers 448 and 446. Spacers 446, 448
cach sealingly engage both windows 440 and 442. Thus,
there 1s no slurry leakage from the space between windows
440 and 442, 1.e., cell 400 1s a volumetric cell because 1t does
not leak into space 458 circumscribing windows 440 and
442. The optical viewing area between windows 440 and
442 preferably ranges between 50 and 250 microns (and up
to about 2000 microns in certain embodiments) 1n thickness
for use with optically dense slurries.

Sample cell 400 operates 1n a similar manner with respect
to cell 162, shown i FIG. 3, though there are volumetric
flow differences between the two cells 162,400 with respect
to leakage from the space between the windows. The sap-
phire windows 440 and 442 together with opposed spacers
446 and 448 define the optical viewing area available to path
134 or 136 (see FIG. 1). The slurry fills the space between
the two sapphire windows, and the transmission path length
through sample cell 400 equals the thickness of spacers 446
and 448. The tapered ramps 414 and 416 are carefully
machined into the corresponding plates 402 and 404 to
provide a smooth transition between the input/output lines
406 and 412 relative to the optical viewing area between
windows 440 and 442. This smooth transition prevents
slurry agglomeration.

The various optical pathways depicted in FIG. 1 comprise
a distance along which light may ftravel. In alternative
embodiments, the pathways 114, 116, 120, 124, 126, 134,
40, 142, and 158 may be constructed of optical fibers. In this
alternative embodiment, mirrors 152 and 156 are not
required. Long pass filters 118, 132, and 160 may be
replaced by 1:2 fiber optic couplers. A 1:2 fiber optic coupler
may also replace the 50:50 beam splitter 138.

Measurement of light scattering as a function of angle 1s
also a sensitive measurement technique for CMP slurry
particle size distribution. A major disadvantage of this
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approach 1s that significant multiple scattering errors appear
when the optical depth exceeds 0.1-0.2, where the optical
depth 1s the product of the extinction per unit length times
the sample cell thickness. This measurement technique
relies upon an unambiguous defimition of the scattering
angle for each photon. For a doubly scattered photon, the
scattering angle for each scattering event 1s undefined. This
limitation necessitates a batch sampling mode of operation,
with large amounts of dilution.

By comparison, the spectral transmission measurement
technique can operate at optical depths as large as approxi-
mately 3.0, allowing one to sample undiluted slurry in a
continuous, real time mode, which realistic sample cell
dimensions. The spectral transmission measurement tech-
nique does not sufler from multiple scattering errors until the
diffuse radiation field intercepted by the sensor’s narrow
field of view (typically about 1°), becomes a significant
percentage of that remaining in the direct beam.

Mie scattering gives a complete theoretical description of
optical extinction by homogeneous spheres. Although par-
ticles in all of the CMP slurries are chemically
homogeneous, 1.e., they are composed of a single known
compound, most particles are not spherical. Even so, Mie
theory has demonstrated success by modeling the optical
extinction of naturally occurring, non-spherical particles 1n
terms of optically equivalent spheres. Furthermore, extinc-
tion 1s the sum of scattering over all angles plus absorption,
and 1s not as sensitive to particle shape as 1s the scattering
phase function (the angular scattering pattern).

The slurry particle size distribution (PSD) is retrieved
from the spectral transmission measurements through utili-
zation of a modified Twomey/Chahine nonlinear inversion
algorithm. Equation (1) expresses the measured transmis-
sion (T) as a function of wavelength (A) 1n terms of the
transmission of sample cell windows (T;,), the transmission
of the liquid portion of the slurry (T;), and the transmission
of the slurry particles (T ,).

T=TwMT*WT,M) (1)

By first measuring the transmission of the sample cell
filled only with the liquid portion of the slurry, then dividing
that into the transmission expressed in Equation (1), one can
1solate T o(A), which 1s the quantity of interest. Beer’s Law
1s then solved for the particle volume extinction coellicient
(PE(A)), as shown 1n Equation (2), where L 1s the transmis-
sion path length or sample cell width. Equation (3) repre-
sents the formula for calculating the particle volume extinc-
tion coeflicient 1n terms of the particle radius (r), the Mie
extinction efliciency (Qx), and the PSD (N(r)), where m 1s

the particle’s complex refractive index.

Pe(M)=—In(Tp(A))/L

Bz(N)=[mur?Q(27t/A)N(r)dr

(2)
(3)

Equation (3) 1s imverted to solve for the particle size
distribution. One class of iversion algorithms 1s the linear
inversion, which provides a less preferred model for reasons
that are explained below. The less preferred inversion
method transforms the measurement equation into a linear
system of equations by replacing the integral with a sum-
mation and by representing the collection of equations in the
matrix form given by Equation (4). In this latter equation,
elements of matrix Q consist of mir°Q,.. The Q matrix has m
rows, one for each wavelength, and n columns, one for each
radius; m must be greater than or equal to n. The N matrix
1s n by 1, and the elements consist of the particle size
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distribution. The 3 matrix 1s m by 1, and the elements consist
of the measured spectral volume extinction coeflicients.

Q' zrNz=Py (4)

Equation (4) can be formally inverted to solve for the
particle size distribution, utilizing conventional i1nversion
algorithms which constrain the solution to wvarious
conditions, such as smoothing (minimize the first or second
derivative), or minimize the departure from a first guess,
according to Twomey, Comparison of constrained linear
inversion and an iterative nonlinear algorithm applied to the
indirect estimation of particle size distributions, J. comp.
Phys., Vol. 18, No. 2, pp. 188-200 (1975), which 1s hereby
incorporated by reference to the same extent as though fully
disclosed herein.

Constraints are required in all inversion algorithms
because the existence of measurement error and quadrature
error (replacing the integral with a sum) result 1n the fact that
a family of partide size distributions will satisty the mea-
surement equation. For any inversion method, the uncer-
tainty 1n the retrieved solution can be reduced by: (a)
choosing a more sensitive measurement technique, (b)
reducing the measurement error, (¢) increasing the number
of measurements, which reduces the eflects of quadrature
error.

Linear inversion techniques are computationally eflicient,
but they are a poor choice for the CMP slurry problem
because the most popular constraint, 1.e., that of smoothing,
1s a poor choice for slurry particle size distributions. These
distributions are not necessarilly smooth or continuous.
Additionally, linear 1nversion algorithms can be unstable to
an extent that produces physically unrealistic answers.

The CMP slurry measurement problem consists of detect-
ing departures from the normal or specified particle size
distribution, which makes a non-linear, iterative, inversion
algorithm a natural choice and a more preferred model for
use 1n practicing the invention. With the iterative approach,
one can start with the normal particle size distribution as a
first guess. The 1terative calculations converge toward a final
solution 1n an orderly fashion, where convergence 1s based
upon a difference between the measured spectral extinction
and that calculated from the last guess particles size distri-
bution. Alternatively, one can start with a delta function as
a first guess. Iteration 1s halted when this difference becomes
less than some predetermined error bound. This preferred
method of inverting equation (4) 1s based on previous work
in the field of atmospheric remote sensing by Cermi, Aircraft-
based remote sensing or tropospheric profiles for meoscale
studies, Advances 1n Remote Sensing Retrievals, pp. 339-
347 A. Deepak Publ., Hampton, Va. (1985); and Chahine,
Inverse problems in radiative transifer: Determination of
atmospheric parameters, J. Atmos. Sci., Vol. 27, pp 960-967
(1970) and Twomey (1975, referenced earlier), which are
incorporated by reference herein to the same extent as
though fully disclosed herein.

The algorithm given in Equations (5) and (6) 1s a preferred
means of iverting the spectral transmission data to retrieve
the particle size distribution. The superscripts I and I-1 refer
to successive numbers of iterations. The subscripts P refer to
different wavelengths, and indicate that all the measure-
ments are utilized 1n adjusting the partide size distribution at
a single r value. Additionally, one can improve the accuracy
of the retrieval by adding conservation of mass (slurry
percent solids by weight), and summing Equation (5) over
all wavelengths.

NoO@ =14+ V-1 Q- 2ar/ A, m) IN Y V(1)
18 V=R (W[ [ 1r* Qz(2mr/ hm)N ¥ (r)dr]

EXAMPLE 1 VERIFICATION OF THE MODEL
WITH EXPERIMENTAL RESULILS

Mie theory optical model results were verified with the
use of an Acton SP-305 spectrometer system retrofitted with

(3)
(6)
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a sample cell according to FIG. 3. The sample cell was
constructed to provide sapphire windows having a 40 mm
diameter with the windows being held approximately 100
microns apart mn a PVDF chemically resistant block. The
detector module utilized one S1 and one InGaAs photodiode
to cover the broad 0.20-2.5 micron spectral range.

FIG. § shows a comparison between optical model pre-
dictions and experimental data for Solution Technology
Klebosol 30N50 oxide slurry, which consists of S10, par-
ticles immersed 1n a weak NH,OH solution with a pH of
10.9. The product as tested contained 30% solids by weight,
which 1s the basic product produced by Solution Technol-
ogy. The product 1t 1s typically diluted to 18% solids by
weight just prior to use in CMP watler planarization. Thus,
the tested product was even more optically dense than an
actual CMP slurry using the product. As an input, the optical
model utilized a particle size distribution provided by Solu-
tion Technology, shown in FIG. 6, which the manufacturer
purports to have been measured with an electron micro-
scope. The comparison shown i FIG. 5 demonstrates a
remarkably good agreement between measured transmission
data and optical model predictions.

Possible reasons for the observed small differences
between the two curves (theoretical a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>