SURFACE CHEMISTRIES—SLURRY

Using surfactants in
iron-based CMP slurries
to minimize residual
particles
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uring recent years, the use of forces between the particles and the sur-
"chemical-mechanical planarization face, with van der Waals and electrostat-
(CMP) to remove excess coating material  ic forces often being the most dominant.
from wafer surfaces has increased dra- Van der Waals force, which is nearly al-
matically, as has the literature on CMP  ways attractive, is a function of the par-
research.1-13 Basically, the CMP process ticle; surface, and separation medium
involves polishing wafers using a slurry  properties and of the separation distance
that combines a chemical component, between the particle and the surface. -

which oxidizes the substrate surface, Electrostatic force, however, is a func-
with a mechanical component that tion of the particle and surface charges or
abrades the oxidized substrate, resulting  potentials, the ionic strength of the sep-
in a very flat surface. The major draw-  aration medium, and the separation dis-
back of the process is that alarge number  tance. (In most literature on adhesion,
. of particles may remain on the wafer the separation distance for particles ad-
T . . . .. . . hering to surfaces is as-

- Testing indicates that cationic surfactants with a sumed to be 4 A.1415) -

Under certain condi-

high tendency to aggregate and adsorb on immersed ;" qiol e

substrates can reduce post-CMP contamination be dependent on hydra-
tion, capillary, or steric
on the wafer surface. forces, or other factors.

""""""""""""""""""""""""""""""""""""""""""" Small particles, particu-
because of the enormous number of ul-  larly those smaller than about 10 pm, are
‘trafine (<2-pm) particles present in the  more difficult to remove than larger ones
slurry. Such residual particles often cause  because attractive forces are typically de-
short-circuiting in the final integrated pendent on the particle radius, whereas
circuits, thereby decreasing product removal forces are usually dependenton
yield. Reducing the number of post- the radius squared. Thus, as particle size A
CMP particles ori the wafer surface is, ~decreases, the decay in the removal force -
therefore, a critical concern of the semi-  is much more rapid than the decay in the
" conductor industry. attraction force. The presence of surfac-
Particle removal from substrate sur-  tant molecules that adsorb on either the
faces is dependent upon the adhesion  particles or the substrate surface can help
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various types of surfactants in CMP processing

Figure 1: Comparison of residual particle counts following CMP with
and without various surfactants present in the iron-based alumina

has been found to present difficulties. The
highly acidic conditions commonly encoun-
tered in CMP solutions, combined with the
natural tendency for the charge on the tungsten
wafer surface to be negative under most acidic
conditions, make cationic surfactants the most
appropriate choice for surface charge modifi-
cation that leads to reduced particle adhesion
forces. However, it should be noted that an-
ionic surfactants can also be effective in reduc-
ing particle adhesion to various surfaces when
the solution chemistry is less acidic and the sur-
face charge is positive. The objective of the
study reported in this article was to evaluate
the use of various surfactants to reduce the level
of ultrafine particles following CMP process-
ing and to better understand the mechanism
of surfactant-enhanced particle removal.

Experimental Procedures

slurry at a 0.18 + 0.02% concentration level. The standard deviations in

the measurements are indicated by error bars.

reduce the attractive force, allowing even small particles to be
removed using typical rinsing processes.

Ionic surfactant molecules have been used in a number of
industrial applications for many years to alter particle adhe-
sion forces by reducing, neutralizing, or reversing surface
charges. Examples include surfactants for removing soil dur-
ing clothes cleaning and agglomerating particles during sep-
aration processes. However, the use of surfactants in wafer
cleaning has only recently been evaluated,!© and the use of

Two cationic surfactants— cetyl pyridini-
um chloride (CPC) and cetyl trimethyl am-
monium bromide (CTAB) —and the nonionic surfactant
Triton X-100 were evaluated in this study. The industrial
tungsten CMP process was simulated using CVD-tungsten-
coated silicon wafers supplied by Sematech, which were scored
using a silicon carbide—tipped knife and broken into 2 X 3-cm
blanks. The wafer blanks were manually polished on Model
CRIC1000-5 polishing pads (Rodel, Phoenix) in a slurry com-
posed of a 1:1 mixture of Semi-Sperse FE-10 solution and a
20% alumina solution consisting of Sumitomo high-purity
alumina in water and various specified quantities
of the respective test surfactants. The temper-
ature was maintained at 26°-27°C to avoid the
Krafft point of CPCin 0.1-M ferric nitrate that
occurs at 25°C. The average alumina particle
diameter was about 1 um. After it had been pol-
ished for 1 minute, each wafer blank was rinsed
in deionized/distilled water for approximately
10 seconds, then allowed to air dry for 15 min-
utes in a vertical position. About 30 locations
on each blank were then examined using a tele-
vision monitor/video camera/microscope
setup, and the number of residual particles was
tallied. Unless otherwise noted, contact angle
measurements were made goniometrically
using carbon tetrachloride droplets approxi-
mately 2 mm in diameter on the CVD-tungsten
surface, which was submersed in water that was
both deionized and distilled.

Results

Figure 2: Residual particle levels as a function of CPC concentration in
the slurry. Standard deviations are indicated by error bars.
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In the initial tests, the three surfactants were
added to the slurry at a 0.18% concentration
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particles (after rinsing/drying) on a tungsten-coated
wafer blank surface when no surfactant was present in
the polishing slurry (100 x).

Figure 4: Typical micrograph of residual alumina
particles (after rinsing/drying) on a tungsten-coated
wafer blank surface when 0.1% CPC was present in the
polishing slurry (100 x).

Figure 5: Typical micrograph of residual alumina
particles (after rinsing/drying) on a tungsten-coated
wafer blank surface when 0.3% CPC was present in the
polishing slurry (100 x).
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Figure 3: Typical micrograph of residual alumina

level to compare their effectiveness in reducing the level of
residual particles on the wafer surface following the CMP
process. As presented in Figure 1, the results from these tests
show that with both of the cationic surfactants, CPC and
CTAB, particle levels were much lower than when no surfac-
tant was present in the slurry. The addition of CPC decreased
the particle level by 90% relative to the control test, while the
presence of CTAB led to a 91% reduction in the particle level.
In contrast, when the nonionic surfactant, Triton X-100, was
present, the number of residual particles was actually higher
than in the control test. The ineffectiveness of this surfactant
is probably due to its lack of charge, which reduces its ability
to adsorb on the tungsten surface and form a stable film.

With the cationic
surfactants, particle levels
were much lower than when
no surfactant was present

in the slurry.

Effect of Surfactant Concentration. Additional tests were
run to determine whether the surfactants’ concentration in
the polishing slurry affected the number of residual particles
present after rinsing. The results for CPC are presented in
graph format in Figure 2, and corresponding micrographs of
the wafer blanks are shown in Figures 3—5. These figures clear-
ly indicate that surfactant concentration strongly influences
particle levels: the number of particles decreases sharply as the
surfactant concentration increases. Thus, a relatively high
concentration of surfactant is necessary to minimize residu-
al particles following CMP processing. As seen in Figure 2, ap-
proximately 0.01% CPC was needed before any appreciable
benefit was observed. However, theeffect of concentration ap-
peared to peak at 0.3% CPC. At this concentration, the resid-
ual particle level was only 5600 + 800 particles/cm?, which is
near the lower limit of reasonable detection (1000 parti-
cles/cm?) for the microscopic evaluation technique used in
the study. At concentrations above 0.3% CPC, the level of
defects did not change significantly.

Effect of Surfactant Adsorption. As discussed above, the
mechanism for reducing the number of residual particles is re-
lated to surfactant concentration. Measurements of the sur-
face contact angle at various concentrations, shown in Figure 6,
indicate that the change in surfactant concentration leads to
a change in surfactant adsorption. As the surfactant concen-
tration increases, the contact angle, which is indicative of
surface hydrophilicity (when using carbon tetrachloride
droplets), decreases. This decrease in the contact angle is at-
tributable to the adsorption of surfactant at the wafer surface.
As shown in Figure 7, additional measurements taken using



ditional surfactant leads to the formation of

Figure 6: Surface contact angle as a function of surfactant concentration.

Fourier transform infrared (FTIR) spectroscopy revealed that
the presence of hydrocarbon on the tungsten surface increases
as the surfactant concentration increases. This is indicated
in the figure by the increasing absorbance values in the
hydrogen-carbon stretching bands at 2925 and 2850 cm™.

The relationship between surfactant adsorption as evidenced
by contact angle measurements and the number of residual par-
ticles is very distinct, as shown in Figure 8. As the contact angle
increases, which indicates that the quantity of adsorbed surfac-
tant is decreasing, the number of residual parti-
cles increases. Stated another way, an increase in
surfactant adsorption clearly leads to a reduction
in the number of residual particles.

Effects of Surfactant Properties. The ability
of a surfactant to adsorb on an interface is close-
ly linked to the solution chemistry, the surfac-
tant charge, and the tendency for the surfactant
to aggregate as micelles in solution (or hemi-
micelles at the surface). Solution chemistry is
important because anionic surfactants are inef-
fective in very acidic solutions, where they react
with the abundant hydrogen ions. Solution
chemistry can also affect surfactant solubility.
The importance of surfactant charge is readily
apparent from the data presented earlier in this
article: the nonionic surfactant being evaluated
did not improve particle removal because of its
lack of charge. The importance of surfactant
aggregation is best illustrated by describing the
tendency of surfactant molecules to assemble at
the air/water interface as a function of surfactant
concentration. Aggregation at the interface caus-
es a decrease in the surface tension, until the ag-
gregation is complete and the presence of ad-

Figure 7: Multiple reflection FTIR spectra of CVD-tungsten-coated
wafer blank surface after 1-minute exposure to specified polishing
slurry and subsequent rinsing with purified water. The absorption
bands at 2925 and 2850 cm™! are the asymmetric and symmetric carbon-
hydrogen stretching bands, respectively.'¢

dissolved spherical aggregates (i.e., micelles) at
concentrations above the critical micelle concen-
tration (CMC). Thus it can be said that surfac-
tants that decrease surface tension at low concen-
trations or have low CMCs have a high tendency
toward aggregation and are therefore more like-
ly to adsorb on an immersed solid surface.

The effect of surfactant concentration on
surface tension at the air/water interface for
CTAB and CPC is shown in Figure 9. These
data indicate that CPC reduces surface tension
at lower concentrations than CTAB does; thus
CPC is more likely to adsorb at those concen-
trations. However, because the concentrations
of CPC and CTAB used in the study were much
higher than the CMCs of the compounds, it is
difficult to observe this difference in aggrega-
tion tendencies in the particle data.

As the hydrocarbon chain of a surfactant
molecule lengthens, it is more likely to aggre-
gate at interfaces because of its increased hy-
drophobic nature. (Hydrophobic surfactant
molecules combine readily with other surfactant molecules
as interfacial or solution aggregates in order to reduce their
contact with water.) This effect is easily observed in Table I for
alkyl trimethyl ammonium bromide; the compounds’ CMC
decreases rapidly as chain length grows, indicating that the ag-
gregation tendency increases with longer chain lengths. In
terms of using surfactants in order to enhance particle re-
moval —which is dependent upon surfactant aggrega-
tion/adsorption at the surface— those surfactants with long

0.32% CPCIN 0.1-M FERRIC NITRATE

0.096% CPC IN 0.1-M FERRIC NITRATE

0.032% CPC IN 0.1-M FERRIC NITRATE
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hydrocarbon chains should be more effective
than those with short ones. The data shown in
Figures 10 and 11 confirm this prediction. The
differences in concentration necessary for the

Surfactants with
long hydrocarbon
chains should be
more effective
than those with
short ones.

surfactant molecules with chains of various
lengths to achieve a given level of particle re-
moval are similar to the differences in CMCs
shown in Table I. Unfortunately, the solubilities
of the cetyl (C-16) and myristyl (C-14) trim-
ethyl ammonium bromide compounds limited the study to

f
I
|

8 1.4 10!
10 6.8%1072
12 1.6x 1072
14 3.6%x107
16 9.2x 104

Table I: Effect of hydrocarbon chain length on the CMC of
alkyl trimethyl ammonium bromide compounds at 25°C

in water.!?

the values shown in Figure 11. It is believed that if CTAB were
more soluble, its effectiveness in particle re- s
moval would have been similar to that of CPC.

Effect of Using Surfactant in the Rinse So- |
lution. The results discussed above show that
the adsorption of surfactant molecules present
in a CMP slurry can reduce the number of
residual particles at the wafer surface. Addi-
tional testing revealed that a reduction in sur-
face particles can also be achieved by adding
CPC to the rinse solution rather than to the
CMP slurry. These results are shown in Figure
12. As with the use of surfactant in the slurry,
particle removal depended on the surfactant
concentration. However, it should be noted
that the surfactants are more effective in the
CMP slurry than in the rinse solution.

Discussion

Clearly, surfactant adsorption at the tung-  Figure 9: Su

sten wafer surface can play a key role in reduc-
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Figure 8: Residual particle levels as a function of contact angle.!¢

ing the number of residual particles following polishing in
CMP slurries. The adsorption of surfactant molecules may af-
fect van der Waals, steric, electrostatic, and hydration forces.
Van der Waals forces are attractive rather than repulsive (ex-
cept in extremely rare cases) and would not tend to be af-
fected significantly by adsorbed surfactant molecules. How-
ever, the molecules’ presence may significantly affect the
separation distance over which these forces operate by pre-
venting close direct contact between the wafer surface and
the slurry particles. Because van der Waals forces are very
sensitive to separation distance, the presence of surfactant
may significantly alter these forces by changing the effective
separation distance through steric intervention. Elec-
trophoretic measurements of a tungsten surface in 0.1-M fer-
ric nitrate solutions have shown that the tungsten surface

T
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rface tension as a function of surfactant concentration for
CTAB and CPC.
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holds a positive charge, as does the surface of alumina parti-
cles; thus, even without surfactant present, there is a natural
electrostatic repulsive force between the particles and the sur-
face. However, because of the high ionic strength of the fer-
ric nitrate solution, this electrostatic repulsion is extremely
short range and is overshadowed in magnitude by the van
der Waals attractive force. It is believed, therefore, that the ef-
fect of surfactant adsorption on electrostatic forces is negli-
gible. The effects of hydration forces in this system are not
known, although generally such forces contribute to the at-

tractive rather than the repulsive forces and would not be
likely to facilitate particle removal. Thus, the only likely
mechanism for surfactants to enhance particle removal is
through steric intervention or steric forces that extend the
separation distance between the surfaces and limit the ac-
companying van der Waals forces.

Surfactants are already being used in CMP processes to
lower the surface tension of the slurry, thereby reducing the
force and related material stresses that result when the wafers
are removed from the polishing surface. The substitution of
cationic surfactants such as CPC for those cur-

16 carbon atoms in the alkyl chain, respectively.

Figure 10: Effect of chain length and surfactant concentration on
particle removal for alkyl pyridinium chloride compounds with 12 and

rently used could reduce particle adhesion as
well as surface tension. However, it should be
noted that CPC’s chloride counter ion should
be replaced with a nitrate counter ion to min-
imize corrosion of stainless-steel components.
During this study, extensive testing in nitrate
media has shown that cetyl pyridinium ions
are not limited with respect to solubility or ef-
fectiveness in 0.3-M nitrate solutions at
26°-27°C. Other testing was conducted using
contact angle measurements and FTIR spec-
troscopy.16 These studies indicated that ad-
sorbed cetyl pyridinium ions are easily re-
moved from CVD-tungsten surfaces using
ammonium hydroxide, potassium hydroxide,
and other compounds, provided that the sur-
factant concentration is at the low levels that
would likely be encountered in rinsing opera-
tions. Ammonium hydroxide is commonly
used during rinsing/scrubbing operations; thus
residual surfactant removal could be accom-
plished using current industry practices.

Conclusion

Comparative testing revealed that the use
of cationic surfactants in CMP slurries can re-
duce the number of residual alumina particles
on processed CVD-tungsten wafer surfaces by
nearly three orders of magnitude compared
with control samples. The surfactants’ effec-
tiveness was found to be closely related to their
tendency to aggregate in solution or on sub-
strates, and surfactant adsorption was shown
to be the dominant factor in reducing partic-
ulate contamination. It is believed that the role
of the adsorbed surfactant is to present a ster-
ic barrier to particle adhesion.
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