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- PROCESS FOR MONITORING THE CONCENTRATION OF
METALLIC IMPURITIES IN A WAFER CLEANING SOLUTION

BACKGROUND OF THE INVENTION

The process of the present invention relates
generally to the cleaning of silicon wafers. More
particularly, the present invention relates to a process -
for continuously sampling and analyzing a silicon wafer
cleaning bath solution in order to determine the
concentration of trace alkali, alkaline earth and
transition metals contained therein. '

Semiconductor wafers suitable for the fabrication of
integrated circuits are produced by slicing thin wafers
from a single crystal silicon ingot. After slicing, the
wafers undergo a lapping process to give them a somewhat
uniform thickness. The wafers are then etched to remove
damage and produce a smooth surface. The next step in a
conventional wafer shaping process is a polishing step to
produce a highly reflective and damage—free surface on at
least one face of the wafer? It is upon this polished
face that electrical device fabrication takes place.

At various stages in the silicon wafer production
process, such as following the polishing step, the wafer
is subjected to a cleaning process in order to remove
various contaminants, such as organics and other
particulate contaminants, which are present on the
surface of the wafer. Removal of these contaminants is
typically achieved by immersing the wafer for several
minutes in a series of chemicél baths which act to
dissolve the particulate. However, while this standard
cleaning method is generally successful in removing
surface particulate, it also acts to contaminate the
wafer surface with metallic impurities that are present
in the cleaning baths.
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After polishing, silicon wafers typically have a
very low surface concentration of metallic impurities.
For example, wafers may have surface concentrations which
are as low as about 0.1 x 10* atoms/cm?®. In contrast,
after these wafers have undérgoneia standard cleaning
process required to remove particulate contaminants, the
surface concent:ations‘of many of the metallic impurities
may have increased to aslhigh as about 2 to about 2.5 x
10 atomS/an.. This re-contamination of the wafer '
surface is a result of the fact thét, prior to the wafer
being immersed in the'cleaning'bath solutions, the
concentratioh of metalliq impurities in such solutions is
much higher than the concentration of these impurities on
the wafer surface. '

The presence of metallic impuritiés on the wafer
surface can act to greatly diminish the guality and
performance of_integrated'Circuits fabricated from the
wafer. As a result, integrated circuit manufacturers
continues to place increasingly more stringent
limitations on the surface concentrations of these
impurities. For example,_it is possible that within the
next 5 years integrated circuit manufacturers will

require that surface concentrations of metallic

impurities be as low as 0.25 x 10%° atoms/cm?. It is
therefore important that this re-contamination of the
wafer surface be prevenfed. '

Preventing re-contamination of the wafer surface
means wafer cleaning solutions must be prepared to have
far lower concentratibns of such metals than exist
presently. In order to prepare such c¢leaning solutions,
the sources of these impurities must be identified and
eliminated. This means that each reagent used in the
preparation of a particular cleanihg solution must be
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analyzed and the concentration of these metals

determined. However, successfully identifying the source
of a metallic impurity is dependent upon the accuracy and
reliability of the analytical data tﬁat is obtained. 1In

~addition, because even very low levels of a metal can

results in wafer surface contamination, the sensitivity
of the analytical method is alsoc critical. '

Traditionally, the type and concentration of a
metallic impurity in a cleaning bath solution has been
monitored through the use of a manual sampling technique,
commonly referred to as an "off-line" method of sampling,
wherein a human operator collects a sample of the
cleaning bath solution. The sample is then transported
to a laboratory for analysis. There are, however,
several disadvantages to this "off-line" method of
sampling and analysis of the cleaning bath solutions.

One disadvantage of this off-line method is that it
is prone to the introduction of additional contaminants
from outside sources. For example, human contact with
the sample often leads to the introduction of metallic
contaminants such as aluminum, iron, calcium, and sodium.
In addition, the vial or container which holds the
collected sample, as well as the pipette or other
sampling device used to collect the sample, typically
cannot be sufficiently cleaned such that the introduction
of outside contaminants into the sample is avoided. As a
result, experience has shown that it is generally not
possible to accurately and reproducibly detect metal
concentrations at levels which are less than about 100
parts per trillion (ppt). '
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In addition to the difficulties in obtaining
accurate and reproducible results, due to the likelihood
of outside contamination, this off-line method also lack
the sensitivity needed in order to accurately detect

" metal concentrations of less than about 100 ppt. _Since

this conventional method lacks the ability to detect the
presence of metals at such low concentrations, the wafer
may still be contaminated by metallic impurities even
though, based on the results obtained from such a
conventional analysis, the solution appears to be
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acceptable. Such poor sensitivity also makes it
difficult to determine the source of such impurities, as
well. : .

- Another disadvantage of this off-line method is that
it can take several hours for a laboratory to complete
the analysis of the sample and provide the results to
those in the wafer production area who are responsible
for wafer cleaning. 1In the interim period, if wafer
cleaning continues, a bath that is ultimately found to Be
contaminated can produce hundreds of unacceptable wafers;
when this occurs, the wafers must be recalled and cleaned
again before further processing can occur. To avoid such
problems, use of the bath may be halted while the
operator waits for the results. 1In either case, the net
effect is an increase in production cost and a decrease
in overall efficiency of the cleaning process, due to the
introduction of such unnecessary delays. o

To avoid the time consuming and potentially costly
process of off-line laboratory sampling and analysis, it
has become common practice to simply discard the cleaning
solution after a pre-determined period of time, such as
about every 2 to 6 hours. However, the many variables
which dictate the useful life of a cleaning bath
solution, including the quélity of the chemical reagents,
the quality of the process water, and the precautions
taken to prevent contamination by human operators, are
not taken into account by such an approach. Therefore,
without the benefit of an analysis for metallic
impurities, a portion of the useful life of the bath is
likely wasted. Discarding solutions before it becomes

necessary also increases production costs due to the lost

chemicals and the increase in the amount of waste
solution that must be handled and removed.
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In view of the forgoing, a need continues to exist
for a process for determining the concentration of
metallic impurities in a wafer cleaning solution which
does not act to delay wafer cleaning, which does not act
to contaminate the sample, and which allows for the
reliable, reproducible, and accurate detection of such
impurities at level far below 100 ppt.

' SUMMARY OF THE INVENTION

' Among the objects of the present invention,
therefore, are the provision of a process which allows
for continuous sampling of the cleaning bath solution;
the provision of such a process which efficiently
determines the concentration of metallic contaminants in
the cleaning solution in near real time; the provision of
such a process which enables the efficient detection of
wafers having unacceptéble surface concentrations of
metallic contaminants by means of analyzing the cleaning
solutions in which the wafers have been treated; and, the
provision of such a process which maximizes the useful

~life of a cleaning bath solution by efficiently

determining the concentration of metallic contaminants
contained therein.

Briefly, therefore, the present invention is
directed to a process for determining the concentration
of metallic impurities in a silicon wafer cleaning
solution, the solution being maintained in continuous
flow through a bath. The process comprises continuously
delivering from said flow a portion of the cleaning bath
solution to and through a sample cell. A sample of the
solution is then withdrawn a from the sample cell and
analyzed in order to determine the concentration of trace
alkali, alkaline earth or transition metal impurities in
the cleaning bath solution.
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The present invention is further directed to a
process for determining whether the concentration of
metallic inmpurities on a surface of a silicon wafer
exceeds an acceptable limit. The process comprises
immersing the silicon wafer in a cleaning solution which
is maintained in continuous flow through a bath. A
portion of this flow of solution is continuously
delivered to and through a sample cell. A sample of the
solution is then withdrawn from the sample cell and .
analyzed to determine the concentration of trace alkali,
alkaline earth or transition metal impurities in the
cleaning bath solution. A comparison is then made
between the concentration of impurities in the cleaning
solution and an empirically determined correlation. in
order to determine if the concentration of impurities on
the silicon wafer surface exceeds about 1 x 10%°
atoms/cm®.

Other objects and features of this invention will be

in part apparent and in part pointed out hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS _

FIG. 1 is a schematic view of an on—line wafer
cleaning system, including on-line sample collector and
analytical instrumentation, in accordance with the
process of the present invention.

FIG. 2 is a perspective view of a preferred
embodiment of a sample collector, or cell.

FIG. ‘3 is a sectional view taken along the plane of
line 3-3 of FIG. 2.

FIG. 4 is a sectional view taken along the plane of
line 4-4 of FIG. 2.
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FIG. 5 is a plot showing a correlation between the
log of the concentration of sodium in a SC-2 cleaning
bath solution and the log of the concentration of sodium,
minus 10, on the surface of a number of silicon wafers.

FIG. 6 is a plot showing a correlation between the
log of the concentration of nickel in a SC-2 cleaning
bath solution and the log of the concentration of nickel,
minus 10, on the surface of a number of silicon wafers.

Corresponding reference characters indicate .
corresponding parts throughout the drawings.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

In accordance with the present invention, the
concentration of metallic impurities in a cleaning bath
solution is determined by an on-line process which allows
for the sampling and analysis of the cleéhing solution in
a substantially metal-free environment. It is to be
noted that, as used herein, the term "on-line" shall
refer to a process wherein solution sampling and analysis
occurs as a single, integrated process in conjunction
with wafer cleaning. Stated another way, the term "on-
line" shall refer to a process wherein a sample may be
removed from a wafer cleaning solution and analyzed
without being exposed to direct, or intimate, contact
with a human operator or other outside source of metallic
impurities. It is also to be noted that, as used herein,
the phrase "substantially metal-free environment," as
well as variations thereof, shall refer to a process
wherein solution sampling and analysis may be performed
such that an accurate and reproducible detection limit
for alkali, alkaline earth and transition metals of less
than about 100 parts per trillion (ppt), and as low as
about 1 ppt, may be achieved. Stated another way, this
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phrase shall refer to a process wherein solution sampling
and analysis may be performed in such'a way that the
sample is not exposed to outside sources of metallic
impurities, such as sample collection containers or human
operators, thus allowing for concentrations of metallic
impurities as low as about 1 ppt to be accurately and
reproducibly detected. It is to be further noted that
the term "automated," as well as variations thereof,
shall refer to a process which is capable of being
substantially performed without the aid of human
operators. Stated another way, the term "automated" as
used herein shall refer to a process for sampling and
analyzing a cleaning bath solution which generally
requires the involvement of a human operator only to
routinely calibrate the instrumentation.

Conventionally, organic and other particulate
contaminants are removed from the surfaces of a single
crystal silicon wafer by immersing the wafer for several
minutes in each of a series of cleaning bath solutions. .
Unfortunately, while this method is successful in
removing. such contaminants, it also results in thé
deposition of metallic impurities which are contained
within the cleaning solutions onto the surface of the
wafer. The process of the present invention provides a
way to more accurately and consistently identify the
source or sources of these impurities so that they can be
eliminated, thus affording the means by which to prepare
cleaning solutions which are substantially free of such
impurities. For example, the present process may be used

‘to test reagents directly, prior to their use in the

cleaning solutions, thus aiding in the preparation of
solutions which are substantially metal-free (i.e.,
solutions having metal concentrations which are less than
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about 100 ppt, preferably less than about 50 ppt, more
preferably less than about 25 ppt, still more preferably
less than about 10 ppt, and most preferably less than —
about 1 ppt);'fIn additibn; once sudh cleaning solutions
have been prepared,'the process of the preSent iavention
affords the meéns by which to continually monitor each-of
the cleaning solutions in use to more consistently and
‘efficiently determine the concentration of metallic
impuritiés,'sﬁCh as alkali,'alkéline earth or transition
metals. In this way the use of a pérticular cleaning
solution, once it becomes uhacceptably'contaminated, can
be halted before wafers are contaminated by the solution
and further processed. S

The process of the present invention involves the
use of on-linéiinstrumentation for sampling and analysis.
This process affords more accurate and reliable results
because it significantly reduces the potential for
contamination of the sample to be analyzed from outside
sources, such as through-direct human contact or through
the use of sampling devices or containers which are -
contaminated. This process also allows for a significant
reduction on the time required to sample and analyze a
cleaning solution, as compared to existing "off-line"
methods wherein the sample is collected and transported
to another locate, often a site not proximate to the
wafer production area, in order for the analysis -to be
performed.

In a typical wafer cleaning process, a wafer is
immersed in a series of cleaning bath solutions. : These
cleaning solutions include S8C-1.-{a solution comprising
ammonium hydroxide, hydrogen peroxide and water,
typically in'a 1:1:5 ratio), SC-2 (a solution comprising
water, hydrogen peroxide and hydrochloric acid, or_gitric
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acid, in a 5:1:1 ratio), as well as :Other acidic
solutions (including solution of hydrogen fluoride,
nitric acid, sulfuric acid, and phosphoric acid),
ozonated water, as well as deionized water for rinsing.
Each cleaning bath solution in a series is typically
recirculated continuously, by means of a recirculation
line, filter and pump, while a wafer, or cassette of
wafers, is immersed in the solution. Recirculation
through a filter aids in the removal of organic and other
particulate contaminants from the solution and helps
prevent such contaminants from being redeposited on the
wafer surface. '

Referring now to Fig. 1, in a preferred embodiment
of the present process, on-line sampling and analysis are
achieved by connecting in series, by means common to the
art, a sampling cell or collector, indicated generally at
1, an analytical instrumentation 4, and a cleaning bath
8; the sampling cell, analytical instrument and cleaning
bath each being proximate to the others. The collector 1
is connected to a recirculation line 6 of the cleaning
bath 8 by a suitable bleed line 12. As recirculation
pump. 10 continuously circulates the cleaning solution
through the cleaning bath, a small portion of the
cleaning solution in the cleaning bath is bled off into
the bleed line 12 for delivery to the collector 1.

It is to be noted in this regard that while such a
configuration is preferred, suitable alternatives are
possible and are intended to be within the scope of the
present invention. For example, the sample may be
obtained either directly from the cleaning bath (i.e.,
the bleed line 12 may be directly plumbed from the bath 8
to the analytical instrument 4, with suitable valving in
order to control flow as necessary), or from any position
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along the recirculation line 6 (i.e., the bleed line 12
may be connected at any pbsition-to the recirculation
line 6). _

The bath which contains the cleaning solution, the
recirculation and bleed lines, as well as all the'parts
of the pump 10, collector 1 and analytical instrument 4
which contact the solution are preferably constructed,
lined or coated with a material which, after thorough
cleaning, will not leach metallic impurities into the
solution and, therefore, cause inaccurate and :
inconsistent results to be obtained upon analysis of the
solution. For example, the bath is typically constructed
of quartz, while the bleed line 12 is preferably
constructed from Teflon (i.e., polytetrafluoro-ethylene).
Alternatively, however, the bleed line may be constructed
from poly(vinylidene fluoride) or other comparable -
materials, depending upon the composition of the cleaning
solution being sampled and analyzed. For example, high
purity polypropylene has been found to be suitable for
use with acidic solutions in which hydrochloric acid is
the acidic component. '

The cleaning solution may be diverted through the
bleed line 12 either continuously or intermittently. If
the solution is to be diverted intermittently, a valve
(not shown) may be inserted between the recirculation
line 6 and the bleed line 12. Preferably, however, the
solution is diverted continuously in order to ensure that
at all times the solution being fed to the collector 1 is
representative of the solution within the bath 8. This
continuous flow of solution enables near real time
analysis of the cleaning solution of interest; that is,
the continuous flow ensures that. the sample will, at the
moment of collection'and analysis, be representative of
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the solution in the cleaning bath itself. Furthermore,
such a continuous flow acts to minimize or prevent
contamination of the solution itself as a result of
leaching of metallic impurities from the bleed line 12 or
collector 1, which may occur if the solution is allowed
to become stagnant.

To avoid the possibility of contaminants becoming
re-introduced into the cleaning solution, typically the
solution that is diverted through the bleed line 12 is -
not returned to the cleaning bath. As a result, in order
to avoid the excessive depletién of cleaning solution

~ from the bath, the diameter of the bleed line is

preferably as small as the system configuration and

" process conditions will allow. Typically, the diameter

of the bleed line is less than about one-quarter inch in
diameter, preferably about one-eighth inch in diameter,
and more preferably about one-sixteenth inch in diameter.
Referring now to Figs. 2-4, a preferred embodiment
the collector 1 will be further described. Note that a
more detailed description of this preferred embodiment
may be found in the co-assigned U.S. application,
incorporated herein by reference, filed the same date as
the present application, naming Kenneth A. Ruth and
Philip R. Schmidt as inventors, which is entitled
"Collector for an Automated on-Line Bath Analysis
System." The collector 1 comprises a generally
rectangular block 25 constructed from, as noted above, a
material which will not leach metallic impurities into
the solution after having been thoroughly cleaned. For
example, the block 25 of the illustrated embodiment is
preferably constructed from Teflon. It is to be noted,
however, that materials having similar properties may

also be used without departing from the scope of this

This Sheet Has Been Replaced
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invention. It is to be further noted that the form,
shape, or design of the collector may differ from the
preferred embodiment disclosed herein without departing
from the scope of this invention.

The block 25 has a central waste trough 11 extendihg
longitudinally within the upper surface of the block and
multiple receptacle overflow spillways or troughs 7 ’
extending laterally within the upper surface of the block
in communication with the central waste trough. The '
waste trough 11 and spillways 7 are designated generally
by their reference numbers. The receptacle spillways 7
each have a floor 27, an outer end 29 disposed generally
adjacent a lateral edge margin of the upper surface of
the block and an inner end 31 opening into the central
waste trough 11. The floor 27 of each receptacle
spillway 7 slopes downward from the outer end 29 to the

"inner end 31 of the receptacle trough for delivering.

liquid in the receptacle trough to the central waste
trough 11 (Fig. 3). _
Vertically oriented receptacle 3 are formed in the
block at the laterally outer end 29 of each spillway 7.
The receptacles 3 open at their upper ends into the
spillways 7 to allow overflow liquid from the receptacles
to drain to the central waste trough 11. The diameter of
each receptacle is sized to permit a sample collector 41
of the automated analytical instrumentation 4 (Fig. 1) to
be dipped down into the receptacle 3 for collecting a
sample to be ahalyzed. Each receptacle 3 also has an

- inlet 17 generally adjacent the bottom of the receptacle

for receiving fluid into the receptacle (Fig. 3). The
inlet 17 communicates with a respective inlet port 9 in a
gide wall of the block. The diameter of the inlet 17 is
substantially reduced at an inner portion adjacent the
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receptacle for controlling the flow rate of liquid into
the receptacle. The inlet port 9 communicates with the
cleaning bath 8 (Fig. 1) by the bleed line 12 for

receiving the liquid into the collector 1 to analyze the

- 1liquid.

With particular reference to Fig. 4, the central
waste trough 11 slopes downward from a rear end of the
block 25 toward a front end of the block to direct liquid
in the waste trough 11 to a waste drain 13. The waste
drain 13 has an outlet 23 generally adjacent the bottom
of the waste drain for discharging ligquid from the waste
drain. The outlet 23 extends to an outlet port 15 in the
front end of the block 25 for discharging liquid from the
collector 1 to a suitable drainage éystem (not shown) or
sewer (not shown) of the type well known to those.of
ordinary skill in the art.

. Analysis of the sample, once collected, is achieved
using instrumentation common in the art for detecting
trace amounts of metallic impurities. Such
instrumentation includes atomic absorption, inductively-
coupled plasma mass spectrometry (ICP/MS), capillary
electrophoresis, and ion chromatography, among others.
Common metallic impurities of particular interest include
alkali, alkaline earth and transition metals, such as
sodium, nickel, iron, copper, aluminum, zinc, and
calcium, as well as titanium, potassium, cobalt,
chromium, molybdenum and manganese. The precise
instrument selected is in part a function of the
sensitivity of the instrument for the particular metallic
impurity, or impurities, for which a cleaning solution is
being monitored. For example, often a rinse bath,
containing only deionized water, will be at the end of a
cleaning sequence. . Such a bath may be connected to a
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capillary electrophore81s or an ion chromatography
instrument in order to monitor the concentration of,
among other things, chlqude, fluoride or ammonium ions,
as well as sulfates or nitrates.

In a preferred embodiment, the.analytical instrument
4 (Fig. 1) is automated, possessing a sample collecting
device 40 and a syrlnge, or other suitable sampling
device, 41 Wthh may 'be inserted into the receptacle 3
through its opening 5 by a robotic arm or similar
automated mechanism. Again through automation, the
syringe extracts a sample of the cleaning solution from
the receptacle. The syringe is then withdrawn from the
receptacle and the COnténts'bf the syringe are analyzed.
Common automated instrumentation which are acceptable for
use as the coilecting device 40 include an autosampler
designed for ICP/MS instrumentation (e.g., Cetac 500,
commercially available from Cetac of Omaha; Gilson 222,
commercially available from Gilson of England). Common
analytical instrumentation 4 include a HP4500 ICP/MS
(commercially available from Hewlitt Packard; Sunnyvale,
cA), and a Varian 400 AA (commercially available from
Varian; Sunnyvale, CA).

An automated analytical instrumentation is preferred
because it allows for the more frequent.analysis of a
given cleaning bath solution. For example, using a
conventional sampling and analysis method in a typical
wafer production facility, it is not uncommon for a
cleaning solution to be sampled and analyzed only about
once over the course of a standard eight hour production
shift, if at all. 1In contrast, the process of the
present invention allows for such a solution to be
sampled and analyzed on a much more frequent basis. For
exémple, using a preferred embodiment of the collector 1
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generally allo&é for essentially coﬁ-%huous.sampling of a
cleaning bath solution. Likewise, through means of
automation, analysis of the solution may be performed as
frequently as the analytical instrumentation of choice,
and the design or configuration of the system; will
allow. However, typically a solution will be sampled and
analyzed using the present process on an interval of '
about 60 minutes to about 90 minutes, preferably about 30
minutes to about 50 minutes, more preferably about 15 '
minutes to about 25 minutes, and most preferably about §
minutes to about 10 minutes. It is to be noted, however,
that the frequency with which a solution is test may be
other than that herein described without departing from
the scope of the present invention.

In a preferred embodiment, the collector 1 comprises
more than one receptacle so that a plurality of cleaning
baths and/or cleaning lines can be connected to the
collector at the same time. As shown in Fig. 2, the
collector 1 has two sets of ten receptacles 3, one set
being on each side of the central waste trough 11. The.
receptacles 3 of each set are arranged in series, which
in the illustrated embodiment is a line of equally spaced
receptacles, to permit the instrumentation 4 to

progressively dip into the receptacles one after another

in a predetermined order. Each receptacle 3 would be
connected to its own bleed line (not shown) in order to

‘received liquid from a different cleaning bath (not

shown). It is understood, however, that the arrangement
and number of receptacles 3 in the collector 1 may vary
without departing from the scope of this invention.
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In operation, the recirculation pump 10 draws
cleaning bath solution from the cleaning bath 8 and pumps
the solution through the recirculation line 6. The
recirculation pﬁmp 10 creates sufficient pressure in the
recirculation line 6 such that a small portion of the
cleaning solution is continuously diverted from the
recirculation line, through the bleed line 12 for
delivery to the collector 1. The solution then flows
through the inlet port 9 of the block 25 into the inlet
17. The inlet 17 meters the solution into the receptacle
3. Since the solution diverted through the inlet 17 is
typically not returned to the cleaning bath 8, the
diameter of thé inlet is preferable minimized to prevent
excessive depletion of the'cleanihg solution from the
bath. For example, the inlet 17 of the illustrated

embodiment is preferably less than about one-quarter inch

in diameter, and more preferably less than about one-
eighth inch in diameter.

'~ The receptacle inlet 17 delivers liquid to the
receptacle 3 at the bottom of the receptacle so that the
liquid flows upward from the bottom of the receptacle.
Filling the recéptacle 3 from the bottom prevents
stagnation of the solution in the receptacle 3. Further,
by eliminating stagnation of the cleaning solution, the
solution within the receptacle 3 at all times remains
representative of the cleaning solution contained within
the cleaning bath 8. Moreover, any impurities which
might be introduced from the syringe 41 of the sample
collector device 40 are prevented from entering the
cleaning bath 8.

A continuing flow of solution into the receptacle 3
causes the solution to overflow the receptacle into the
spillway 7. The sloped floor 27 of the spillway 7
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directs the o@éfflow solution downward, away from the
receptacle 3 and into the waste trough 11. The waste
trough 11 receives the overflow liquid and directs the

‘waste solution to the waste drain 13. The overflow
" solution exits the waste drain through the outlet 23, and

is ultimately discharged from the block 25 to a suitable
drainage system or sewer via the outlet port 15. '

The syringe 41, or other sampling means of the
automated analytical instrumentation 4, is selectively
inserted into the upper end of one of the receptacles 3
by a robotic arm 40 or the like. The syringe
automatically extracts a sample of the cleaning solution
from the receptacle and then is withdrawn. The contents
of the syringe 41 are then injected into the automated
analytical instrumentation 4 for analysis.

By utilizing on-line sampling and analysis, the
process of the present invention acts to eliminate
potential sources of outside contamination. Experience
to-date has shown that the present process therefore
allows for more consistent and reproducible results to be
obtained. For example, if a conventional method of
sampling and analysis are used, experience has shown that
results which indicate the concentration of a given
metallic impurity is less than 100 ppt are suspect.
Generally speaking, such results from a conventional
method would likely prompt one to obtain another sample
and perform the analysis again for confirmation.

In contrast, the process of the present invention
enables one to consistently and reproducible detect
metallic impurities at concentration of less than about
100 ppt, preferably less than about 50 ppt, more
preferably less than about 25 ppt, still more preferably
less than about 10 ppt, and most preferably less than
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about 1 ppt. The reproducibility and consistency of the
results obtained from the present process are due to a
number of features. First, the equipment is constructed
of high purity materials. Second, automation allows for
the elimination of most -common outside sources of
contamination. Third, the very nature of such a "closed
system" allows for in-situ cleaning, which generally '
enables a more thorough and consistent cleaning of the
system before wafer. cleaniné begins. For example, if the
system becomes ‘contaminated with sodium, the system may
be drained and repeatedly flush with deionized water
until the water tests below the desired upper limit.
Likewise, if the system becomes contaminated with iron, a
strongly acid solution, such as a solution of nitric
acid, may be used to clearn and flush the system.

| It is to be noted in this regard that the solution
which is used to flush the system is in part a function

- of the solubility of the metal, or metals, to be removed.

In addition, materials of construction will also factor
into determining what type of cleaning solution, as well
as the cleaning sequence, is needed. For example, if
particular components of the system are fabricated of
Teflon, an extremely pure, concentrated acid will need to
be heated and recirculated through the system to leach
out. and remove any metals which are present. This is
primarily due to the porous nature of the material. 1In
contrast, quartz is not porous and, therefore, may be
much more easily cleaned.

Finally, more consistent and reproducible results
may be obtained as a result of the continuous flow of the
solution to be analyzed into and through the sample
collector or cell. As notéd, such a process acts to
prevent stagnation ahd; thus, prevent the possibility of
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contaminationwffom any leaching of metallic impurities
which may otherwise occur. Furthermore, this continuous
flow enables an "equilibrium" of sorts to be reached
between the system itself and the solution which is to be
analyzed. This is an important feature because often the
system will initially be cleaned with a solution having a
composition different from the composition of the wafer
cleaning bath solution to be analyzed. As a result, it
is possible that certain metallic impurities may be 1ef£
behind after the initial system cleaning is complete.
Such impurities may then become solubilized or suspended
in the wafer cleaning solution and cause inaccurate
results to be obtained.

In addition to affording a means by which to monitor
a cleaning bath solution on a more frequent and efficient
basis, and to consistently detect metallic impurities at
concentrations not here-to-for attainable by conventional
methods of sample collection and analysis, the present
invention also affords the means by which to determine
whether the concentration of a particular metallic
impurity on the surface of a silicon wafer exceeds some

‘predetermined limit. As a result, the acceptability of
- the wafer may be evaluated. Thus, the present invention

affords an alternative to standard vapor phase
decomposition (VPD) or acid drop methods of analysis.
(See, e.g., U.S. Pat. Nos.'5,633,172 and 4,990,459.)
Generally, VPD and acid drop methods of analysis
involve the application of an acid onto the surface of
the silicon wafer in order to dissolve metallic
impurities which are present. The surface of the wafer
is rinsed, and then the rinse water is collected and
analyzed by conventional means, in order to identify and
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determine the concentration of metallic impurities

" contained therein. ' The résulting metallic impurities

present are attributable to the wafer surface.

As an alternative to these conventional methods, in
accordance with another preferred embodiment of the
present invention,=the'concéntration_of‘metallic
impurities on the surface of a wafer may be approximated
by analyzing the appropriate wafer cleaning solution in
which the wafer has been treated. Stated another way, by
analyzing a-given cleaning solution, a correlation may be
made between the concentration of the metallic impurity
in the cleaning solution and the concentration of the
metallic impurity on the wafer surface. Generally, this
correlation may be'empiricaily determined by first
treating a number of. silicon wafers in a given cleaning
solution. Thé-solution may then be tested using the on-
line process of the present invention, while each wafer
may is analyzed using the standard acid drop method. A
correlation may then be made between the concentration of
the metallic impurity in the cleaning solution and the
concentration of the same impurity on the wafer surface.
As the concentration of the metallic impurity increases
in the solution, eventually a level will be reach which
results in the production of a wafer which is
contaminated with an unacceptably high surface
concentration of the specific metallic impurity of
interest. By correlation of the solution concentration
with the surface concentration of the wafer, an
observation may thus be made that when the cleaning
solution concentration éxceed this particular limit, all
wafers subsequently cleaned in the solution will be
unacceptably contaminated. Stated another way, the
observation may be made that as long as the concentration
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of the partiéﬁiar metallic impurityﬁpf interest in the
solution is below the targeted limit, each wafer that is
cleaned in the solution will contain an acceptable

‘concentration of that metallic impurity.

In this regard, referring now to Figs. 5 and 6, such
an empirically determined correlation may be shown for
sodium and nickel, respectively, in a SC-2 bath which is
part of a standard cleaning sequence. In this process,
the bath was configured for continuous recirculation or
flow. Multiple samples of the solution were collected
and analyzed using the present process. Likewise,
multiple samples were taken from the wafers which were
processed through this bath and analyzed using a
conventional acid drop method. The data collected from
these analyses was then used to plot the log of the
concentration (in ppt) of sodium and nickel in the rinse
bath versus the log of the concentration (in atoms/cm?),
minus 10, of these metals on the surfaces of the wafers
(see Figs. 5 and 6). -

In reviewing these plots, it can be seen that a
"best-£fit" line may be drawn and used to establish a
correlation between the concentration of sodium or nickel
in the rinse bath and the concentration of sodium or
nickel on the surfaces of the wafers. As a result,
observations may be madé about the surface concentration
of these metals given a particular solution
concentration. For example, following the best-fit line
of Fig. 5, it may be observed that when the concentration
of sodium in the solution is about 100 ppt, the
concentration of sodium on the surface of a wafer is

"about ‘1.2 x 10 atoms/cm?, while a solution concentration

of about 25 ppt correlates to a surface concentration of
about 0.3 x 10 atoms/cm?. Likewise, following the best
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fit line of Fig. 6, it may be observed that when the
concentration of nickel in the solution is about 25 ppt,
the concentration of nickel on the surface of a wafer is
about 1 x 10%° atoms/cm, whlle a solution concentratlon

S of about 10 ppt correlates to a surface concentration of
about 0.3 x 10° atoms/cm?. '

Accordingly, by means of this correlation data, the

acceptability or unacceptability of a wafer may be

_ determined by sampling and analyzing a given cleaning

io solution. - It is to be noted in this regard that the
"acceptability" or "acceptability“ of a wafer is
dependent upon the specifie end application, as well as
the limitations imposed by integrated circuit
manufactures for a given metallic impurity. For example,

15 . typical integrated circuit manufacturers have impose
limitations which currently require the surface
concentration of metals such as aluminum and calcium not
exceed about 1 x 10* atoms/cm?. The limitation on most
‘other metals is currently about 1 x 10 atoms/cm?.

20 . Preferably, however, it is desirable that the

: concentration of metallic impurities not exceed about

i _ ' 0.75 x 10*° atoms/cm’, more preferably about 0.5 x 10%¢

j atoms/cm?, and still more preferably about 0.25 x 10

? atoms/cm?. Most preferably, it is desirable that the

| 25 concentration of such impurities not exceed about 0.1 x
10 atoms/cm?.

However, it is also to be noted that this same
empirical process may be employed to determine the
maximum concentration of a metallic impurity within a

30 given bath that is acceptable in order to ensure that the
concentration of this same impurity on the wafer surface
‘does not exceed the desired limit. - As a result, it is to

This Sheet Has Been Replaced
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In additfgﬁ.to providing inforéﬁ%gon as to the
concentration of metallic impurities_oﬁ:the wafer
surface, the present process may also afford the means by
which to extend the useful life of a given cleaning
solution. The useful life a éleaning solution may be
extended, once such a correlation is determined, because
now the solution may remain in the cleaning bath sequencé
until, as noted above, it becomes unacceptably .
contaminated. For example, rather than simply discarding
the solution after about 2 to 6 hours, use of the
solution may continue for about 8 hours, 10 hours, 12
hours, 14 hours or more. '

As a result of extending the useful life of the
cleaning solution, production costs may be reduced, as
well as the amount of waste solution generated, because
the solution will no longer simply be discarded after .an
arbitrarily determined period of time. Accordingly,
depending upon the concentration of impurities which are
acceptable on the wafer surface, a cleaning solution may
be monitored using the process of the present invention
and allowed to remain in use until the level or
concentration of metallic impurities in the solution is
found to be in excess of about 100 ppt, preferably about
75 ppt, more preferably about 50 ppt, and still more
preferably about 25 ppt. In order to ensure the
preparation of wafers having very low surface
concentrations of metallic impurities, most preferably
the solution is monitored and allowed to remain in use
only until the concentration of metallic impurities in
solution exceeds about 10 ppt. '

In view of the above, it will be seen that the
several objects of the invention are achieved.



WO 99/64855 : : PCT/US99/12529

26

As various changes could be made in the above-
described process without departing from the scope of the
invention, it is intended that all matter contained in
the above description be interpreted as illustrative and
not in a limiting sense. o
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what is claimed is: _

1. A process for determining the concentration of
metallic impurities in a silicon wafer cleaning solution
which is maintained in continuous flow through a bath,
the process comprising:

5 continuously delivering from said flow a portion of
the cleaning bath solution to and through a sample cell;.
withdrawing a sample of the cleaning solution from

the sample cell; and,

analyzing the withdrawn sample to determine the

10 concentration of trace alkali, alkaline earth or

transition metal impurities in the cleaning bath
solution.

2. The process as set forth in claim 1 wherein the
trace alkali, alkaline earth or transition metal
impurities for which the withdrawn sample is analyzed is
selected from the group consisting essentially of sodium,

S nickel, iron, copper, aluminum, zinc, calcium, titanium,
potassium, cobalt, chromium, molybdenum and manganese.

3. The process as set forth in claim 1 wherein
analysis of the withdrawn sample is automated.

4. The process as set forth in claim 1 wherein the
sample cell is proximate to the analytical
instrumentation, such that the sample may be withdrawn

and analyzed without transporting the sample cell to the
5 analytical instrumentation.

5. The process as set forth in claim 1 wherein a
sample is withdrawn from the sample cell and analyzed at
intervals of about 5 to about 10 minutes.

S — A g g
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6. A process for determining whether the
concentration of metallic impurities on a surface of a
silicon wafer éxceeds an acceptable limit, the process
comprising: | _

immersing a silicon wafer in a cleaning solution
which is maintained in continuous flow through a bath;

continuously delivering from said flow a portion of
the cleaning bath solution to and through a sample cell;

withdrawing a sample of the cleaning solution from
the sample cell;

analyzing.the withdrawn sample to determine the
concentration of trace alkéli, alkaline earth or
transition metal impurities in the cleaning bath
solution; and,

comparing the concentration of impurities in the
cleaning solution to an empirically determined
correlation in order to determine if the concentration of
impurities on the silicon wafer surface exceeds about 1 x
10* atoms/cm?.

7. The process as set forth in claim 6 wherein
sample collection and analysis occurs while the wafer is
immersed in the solution.

8. The process as set forth in claim 6 wherein the
comparison between the impurities in the cleaning
solution to the empirically determined correlation is
made in order to determine if the concentration of
impurities on the silicon wafer surface exceeds about 0.5
x 10*® atoms/cm?.

_\
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9. The p%géess as set forth inﬁ@féim 6 wherein the
- trace alkali, alkaline earth or transition metal
impurities for which the withdrawn sample is analyzed is
selected from the group consisting essentially of sodium,
nickel, iron, copper, aluminum, zinc, calcium, titanium,
potassium, cobalt, chromium, molybdenum and manganese.

10. The process as set forth in claim 6 wherein
analysis of the withdrawn sample is automated.
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