











-0.15 V, and a brief suppression effect followed by a slow return to the previous current
at -0.30 V. This suggests that the suppression effect is potential dependent.

3-Mercaptopropionic acid is very similar in structure to MPS, with the sulfonate
end group replaced by a carboxyl group. The number of carbon atoms between end
groups is shorter, but because the end group contains a carbon, the number of carbon
atoms remains the same as does the approximate length of the molecule. The only
noticeable effect of this molecule was additional suppression. At -0.15 V the current
slowly decreased with time suggesting additional adsorption to the surface with no
additional surface reaction. At -0.30 V the suppression effect began, but then decreased,
possible due to a surface reaction. Accelerated copper deposition clearly did not occur at
either potential, so use of this chemical as an accelerant is unlikely.

Thioglycolic acid is similar in structure to 3-mercaptopropionic acid with one
fewer carbon in the carbon chain. The effects however are notably different, as an
acceleration effected is observed at both -0.15 and -0.30 V. At -0.15 V an initial peak is
observed and the current finally reaches a maximum about 200 seconds after addition. At
-0.30 V the acceleration effect is almost immediate. At both potentials the current does
not reach the current obtained with the MPS test, and after reaching a maximum, the
current slowly decreased. The reason for the current decrease is unclear, but because it
occurs at similar rates in both cases it appears to be independent of potential suggesting
that it is a homogeneous reaction.

The dimer of 3-mercaptopropionic acid, 3-3 dithiodipropionic acid showed
nothing but additional suppression effects. At both -0.15 and -0.30 V the current slowly

decayed slowly with increasing time suggesting that the suppression was a function of the
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concentration on the electrode surface. No noticeable change in behavior with changing
potential was observed suggesting that if any electrochemical reaction is occurring
involving this molecule it is occurring very slowly.

The effect of 4,4 dithiodibutyric acid was very similar to that of 3,3
dithiodipropionic acid, as would be suspected because they are very similar molecules.
Additional suppression was observed at both -0.15 and -0.30 V. For the -0.30 V trial the
suppression began to decrease after about 100 seconds, then leveled out. This suggests
some type of electrochemical reaction, possibly the splitting of the sulfur-sulfur bond, but
more work would be needed to confirm this.

The results from mercaptosuccinic acid are unclear. There is an immediate
acceleration effect noted at -0.15 V, but not at -0.30 V. In both cases once the maximum
acceleration is reached, the current slowly begins to decrease. This molecule is
academically interesting as an accelerant, but because the acceleration effect is less than

half that of MPS it is of little industrial use.

4.6.2 Cyclic Voltammetry

An electrolytic cell was set up with 80 mL of solution containing 1.0 M sulfuric acid and
0.06 M cupric sulfate. Additives were added for most solutions. The concentration of
PEG, if added, was 400 ppm, and the concentration of chloride ions was 50 ppm.
Accelerants were also added to the solution at concentrations of 5.61 x 10 M (equivalent
to 100 ppm for MPS) unless otherwise noted. All trials with accelerant added also
contained both chloride ions and PEG. The solution was allowed to come into

equilibrium with the circulating 25 °C heat transfer solution at a rotation speed of 400
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rpm for 40 minutes. A cyclic voltammogram was then performed scanning from an
overpotential of 1.0 V to -0.5 V and back to 1.0 V at a scan rate of 5 mV/s. The working
electrode was then stripped with nitric acid, double rinsed with ultrapure water and
returned to the solution. This process was repeated until consistent cyclic voltammograms
were obtained. Results are shown in Figures 4.22 through Figure 4.30. The cyclic
voltammogram from trial with PEG and CT, as well as the trial with only CI" are provided
for reference.

It is clear from Figure 4.22 that chloride ions alone accelerate copper deposition.
This is the expected result as chloride ions are known to adsorb to the surface and provide
an alternative reaction pathway for Cu®" reduction. It does appear, however that this
increased deposition rate does not occur until after the overpotential reaches -0.15 V.
When PEG is added to the solution copper deposition is suppressed, again as expected.
At an overpotential of about -0.3 V the current begins to rise towards the limiting current.

For 2,3-dimercapto-1-propanesulfonic acid the results from the cyclic
voltammogram (Figure 4.23) reinforces the results from the chronoamperometry trials.
An acceleration effect is noted after an overpotential of about -0.3 V and a large
hysteresis is observed. This suggests that a sufficient driving force is needed to activate
the accelerant, and once it is activated it continues to accelerate the deposition rate. A
large peak is observed at an overpotential of about -0.13 V. The reason for this peak is
unclear and is observed in a number of other cyclic voltammograms for solutions

containing and not containing accelerants.
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Figure 4.22: Cyclic voltammogram for additive free solution
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Figure 4.23: Cyclic voltammogram for 2,3-dimercapto- 1 -propanesulfonic acid

The cyclic voltammogram for 1,3,5-triaza-7-phosphaadamantane (Figure 4.24)
further confirms that this molecule is not an accelerant. In fact the current is suppressed
more so than without its addition. Again a small peak is observed at about -0.11 V. The
results from the -0.15 V chronoamperometry experiment suggest that the 1,3,5-triaza-7-
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phosphaadamantane is slowly replaced by PEG, or consumed by electrochemical
reaction, which would suggest that a hysteresis would be observed. No such effect is
noted.

The addition of L-cysteine did not change the appearance of the cyclic
voltammogram in Figure 4.25. The shape is slightly different than the voltammogram for
a solution containing only PEG and CI’, but no acceleration effect is noted. This suggests
that the molecule is in fact interacting with the copper at the electrode surface, but the
mechanism is unclear. Because amine groups are believed to adsorb more strongly to the
electrode surface it is possible that L-cysteine is adsorbing to the surface and displacing
PEG, leading to a similar, but slightly different suppression effect.

The effect of 3-mercaptopropionic acid is clearly additional suppression. This
suggests that the molecule is not only adsorbing to the copper surface, but physically
blocking copper deposition. Because it is a much smaller molecule than PEG, it may be
filling in gaps in the copper surface that PEG leaves uncovered.

The cyclic voltammogram for thioglycolic acid fits with the expected results
based on chronoamperometry. There is clearly an acceleration effect noted with an
activation potential of about -0.15 V. A hysteresis is observed. However, it appears that
the current is lower than the expected hysteresis. This fits very well with the observed
slow acceleration at -0.15 V followed by the slow decrease in effect. It also fits with the
fast acceleration observed at -0.30 V followed by the slow decrease in effectiveness. This
decrease in acceleration could be due to slow replacement by PEG, or deactivation in

solution, because the phenomena does not seem to be potential dependent.
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Figure 4.24: Cyclic voltammogram for 1,3,5-triaza-7-phosphaadamantane
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Figure 4.25: Cyclic voltammogram for L-cysteine
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Figure 4.26: Cyclic voltammogram for 3-mercaptopropionic acid
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Figure 4.27: Cyclic voltammogram for thioglycolic acid
The negative-going portion of the cyclic voltammogram for 3,3’-

dithiodipropionic (Figure 4.28) acid shows only additional suppression, but the return

scan shows a clear hysteresis. It is very likely that this hysteresis is due to
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" electrochemical sulfur-sulfur bond cleavage. This effect was not noted in the

chronoamperometry experiments because the overpotential only reached -0.30V.

0.008 I I I I I ! ]
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Current (A)
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Overpotential (V)

Figure 4.28: Cyclic voltammogram for 3,3’-dithiodipropionic acid
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The cyclic voltammogram for 4,4 dithiodibutyric acid also shows a slight
hysteresis around -0.35 V, however the most noticeable trend is extreme current

suppression. Any additional trends are difficult to interpret due to the extremely low

current obtained.
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Figure 4.29: Cyclic voltammogram for 4,4’-dithiodibutyric acid
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Figure 4.30: Cyclic voltammogram for mercaptosuccinic acid

The results from the mercaptosuccinic acid voltammogram in Figure 4.30 are
somewhat unclear. There appears to be a slight acceleration effect at slightly negative
overpotentials, but the effect decreases quickly after about -0.30 V and even reaches
additional suppression at about -0.4 V. These results are difficult to interpret, but that was
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to be expected because the molecule has 3 different end groups and their interactions with

the electrode surface are difficult to predict.

4.7 Accelerant Molecules Containing MPS

Three accelerants (including SPS) containing the MPS molecule were tested. It is
believed that the acceleration effect of these molecules, if any, is due to production of
MPS by splitting off the original molecule. Table 4.4 shows the chemical structure as
well as the molecular weight of the molecules of interest. Cyclic voltammograms for
solutions containing these accelerants are shown in Figure 4.31 for MPS, Figure 4.32 for
SPS, Figure 4.33 for ZPS and Figure 4.34 for 3-(2-Nitrophenylthio)-1-propanesulfonic
acid. All solutions that contained an accelerant also contained PEG and chloride ions.
Cyclic voltammograms for the trial with chloride ions only, as well as the trial with
chloride ions and PEG are provided for reference. All solutions contained 0.06 M

cuprous sulfate and 1.0 M sulfuric acid.
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Table 4.4: Accelerant molecules containing MPS segment

Name Chemical Structure Mv%ffg‘ﬂfr
Bis-(3-Sodiumsulfopropyl) 0 Q oNa'
Disulfide I N e Y 354.4
(SPS) Na'0 b 0
Sodium 3-mercapto-1- 9
propanesulfonate HS S. 178.2
(MPS) ~ 1 "ONa
. . 7 N\
Sodium 3-(benzothiazol-2- g~
ythio)-1-propanesulfonate 0 PNy 3114
(ZPS) Nao,s\(’v\s N
O
o
3-(2-Nitrophenylthio)-1- Nag o 200.3
propanesulfonic acid g~ ’
§o e

Addition of MPS to a solution containing PEG and chloride clearly accelerates the
copper deposition rate as shown in Figure 4.31. There is no sudden increase in current at
any concentration suggesting that acceleration is not potential dependent. The
acceleration effect instead appears to increase with time and MPS concentration. This is
the expected result based on results from section 4.1. It implies that acceleration due to
MPS is mass transfer limited, however the effect is not as pronounced with the cyclic
voltammogram due to changing overpotential. Sufficient concentrations of MPS even

accelerate the copper deposition rate higher than with chloride alone. This shows that
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there is a catalytic effect due to the presence of MPS, but it does not suggest any

particular mechanism. The peak at slight negative potentials (~ -0.12 V) is observed for

all three trials, and as before, the reason for its appearance is unclear.

0.008 ; , :

] [ J

0.006

C! Only

Cl and PEG

5.62 x 10" M MPS
5.62 x 10¢ M MPS
— == == 562x10°MMPS

0.004

Current (A)

0.002

-0.5 -04 -0.3 -0.2
Overpotential (V)

Figure 4.31: Cyclic voltammogram for varied concentrations of MPS

Addition of SPS to a solution containing PEG and chlornide also clearly

accelerates the copper deposition rate (Figure 4.32). Note that the concentration of SPS
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used is half that of MPS due to the fact that SPS is a dimer of MPS and the presumed
mechanism of SPS activation is splitting into MPS. The observed acceleration is clearly
less than the acceleration from an equivalent concentration of MPS. Another obvious
trend is the larger hysteresis for the SPS cyclic voltammograms. This large difference in
current is expected for a species which is electrochemically activated. During the
negative going scan the SPS has not been activated and the current remains relatively
low, but during the return scan, some of the SPS has been activated and a much more
pronounced acceleration is noted.

ZPS contains one equivalent of MPS in its structure, but to generate MPS, a
sulfur-carbon bond must be split. This is significantly less likely than a sulfur-sulfur bond
splitting because the bond strength of the sulfur-carbon bond is much greater. Based on
the cyclic voltammetry results, it is difficult to determine if this bond is electrochemically
cleaved or not. A slight acceleration effect is noted, especially at higher concentrations of
ZPS, but it could be caused by at least two different mechanisms. The first possibility is
that the sulfur-carbon bond is broken leading to MPS-like acceleration. The second
possibility is that the nitrogen containing ring in ZPS acts as a leveler, adsorbing strongly
and permanently to the surface. The molecule would then acts as a leveler-accelerant
hybrid displacing PEG, but incorporating itself into the copper metal. This would also
suppress copper deposition because the leveler section of the molecule would block
copper from deposition on the metal surface. It is unclear which of these mechanisms is
responsible for the slight acceleration observed. In either case, using ZPS as an accelerant

is clearly not as useful as using MPS or SPS.
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Figure 4.32: Cyclic voltammogram for varied concentrations of SPS
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Figure 4.33: Cyclic voltammogram for varied concentrations of ZPS

The cyclic voltammogram with 3-(2-nitrophenylthio)-1-propanesulfonic acid
(Figure 4.34) was very clear. At a concentration well above where SPS and MPS show an
effect, this molecule does very little to accelerate, or further suppress the current. Results
for smaller concentrations were not shown to avoid confusion due to overlapping curves.
This lack of effect suggests that the molecule is not active at all in a copper plating

solution. This is not very surprising because the carbon-sulfur bond in this molecule is
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much more difficult to break than that in ZPS. A benzene ring is not likely to adsorb to a
copper surface and neither is a sulfonate end group, so any effect on deposition rate
without changing the molecule is unlikely. It is clear that this molecule is not a good

candidate for use as an accelerant.

Ci Only
|- - Cland PEG -]
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Figure 4.34: Cyclic voltammogram for 3-(2-Nitrophenylthio)-1-propanesulfonic acid
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4.8 Discussion

4.8.1 Mass Transfer-Limited MPS Adsorption
A number of factors point to extremely fast MPS adsorption that is only limited by mass
transfer. The most important is the linear current increase when MPS is added to a plating
bath containing PEG and CI'. Because the linear section is noted for all concentrations of
MPS, it would be difficult to argue that this is simply due to perfectly balanced kinetic
parameters. The only logical explanation is a mass transfer limited adsorption. This slope
increases linearly with concentration of MPS added to the solution, which further
promotes the model. The potential for mass transfer increases linearly with concentration.
In the absence of interfering kinetic factors, the adsorption will increase linearly with the
mass transfer, therefore the adsorption rate will increase linearly with concentration of
MPS. This was shown with a good linear fit of the slope versus concentration. A y-
intercept of zero, or near zero would be expected, and is observed in the data, further
confirming that the model is valid.

The mass transfer rates of MPS to the surface were used with an approximation of
MPS diffusivity to calculate the surface coverage. The results were not exact, but suggest
a coverage of slightly more than steric hindrance, which would be expected due to the
negatively charged sulfonate end group. Although inexact due to the number of
assumptions made for the calculations and the inaccuracy of the calculated results, these
results fit with the mass transfer-limited model.

The model also fits with the results obtained for trials where the temperature,
overpotential, or rotation speed were varied. In the experiments where mass transfer was

increased (raising temperature or rotation speed) the time to saturate the surface of the
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electrode decreased. In the case of increasing overpotential, the time required to saturate
the electrode surface did not vary. If the process was electrochemically driven, changing
the overpotential would drastically change the adsorption time.

All of the tests performed have either further supported the fast MPS adsorption
model or been consistent with it. The inhibition effect of PEG and CI” does play a major
role in inhibiting MPS adsorption at low surface concentrations as demonstrated by the
lag period. After a relatively low surface concentration of MPS is reached this inhibition

is no longer an important factor.

4.8.2 Potential-Dependent SPS Splitting

The activation of SPS can be seen in section 4.4. This activation process was observed in
the absence of either copper or chloride ions, which suggests that they are not required
for the activation process to occur. This shows that while Cu2+, Cu’, or CI' may interact
with SPS or MPS, they are not required for SPS splitting. It can be inferred from this
work that SPS activation is due to the sulfur-sulfur bond splitting. The activated SPS
behaves the same way as that of MPS when added to a PEG containing solution. This
strongly suggests that the acceleration effect of SPS is due to splitting to form MPS and
subsequent adsorption to the copper surface.

The most important observation concerning SPS activation was that it is a
potential dependent reaction. This was shown by varying the negative pulse and
monitoring the concentration of MPS generated. The curve generated shows the same
trends that would be observed with a cyclic voltammogram. As the applied potential

increases, the reaction rate increases to the point of the mass transfer limit.
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4.8.3 Importance of Thiol and Sulfonate End Groups

From the results in section 4.5 it is clear that none of the tested accelerants are of
industrial relevance with the possible exception of 2,3-dimercapto-1-propanesulfonic
acid. Nevertheless a number of important conclusions can be drawn. First, all three
molecules with a sulfur-sulfur bond showed a clear hysteresis. This fits with the believed
SPS acceleration mechanism where SPS breaks at the sulfur-sulfur bond and accelerates
by the same mechanism as MPS.

Additionally the only molecules that showed any sort of acceleration effect
contained a thiol end group. This fits with the model that the thiol end of MPS adsorbs to
the copper surface and the molecule displaces the PEG-CI species. The molecules with
carboxyl end groups were chosen in order to determine if the negatively charged
sulfonate end group was important to the MPS acceleration effect. None of the carboxyl
containing molecules showed nearly the same acceleration effect as either SPS or MPS
although a number of candidates were tried. This suggests that the sulfonate group is of

major importance to the mechanism.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

A model for the diffusion, reaction and adsorption of SPS was determined for the acidic,
additive-containing copper deposition system. The diffusion rate to the electrode surface
can be quantified using Fick’s laws of diffusion, although to a good approximation the
transient phase can be neglected. At the electrode surface, SPS is electrochemically split
to form MPS. This reaction is an electrochemically-driven reaction that does not require
the presence of copper or chloride ions. The newly formed MPS is an extremely fast
adsorbing species and will immediately adsorb to any free copper surface. The adsorption
of MPS to a free copper surface is only limited by mass transfer but like cupric ions, it
can be physically blocked by adsorbed suppressor species. The maximum MPS surface
coverage was determined to be 47 + 9 A” which is slightly higher than expected for steric
hindrance alone. This suggests that the repulsive effect from the negatively charged
sulfonate end groups contributes to the spacing.

Tests on a number of molecules similar to MPS and SPS also suggest the
importance of this sulfonate group. Of the molecules tested, the only ones demonstrating
any acceleration effect contained the sulfonate group. Molecules with a carboxyl group
replacing the sulfonate end showed a greatly reduced acceleration effect, if any. This
suggests that the additional spacing from the negative charge on MPS allows copper ions

to plate more freely than with a more tightly spaced accelerant coverage.
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The logical next step is to use this knowledge to develop new plating procedures
designed to achieve better filling performance in the PEG, SPS, CI system. For example,
at the onset of plating it is desirable to immediately generate MPS at any surface not
occupied by PEG. This can be done simply by applying a higher overpotential to split
SPS. The time required to saturate the copper surface with MPS can be estimated for a set
via depth by using mass transfer equations for SPS in conjunction with the surface
concentration of MPS reported in this work. This procedure can be tested and optimized
using a rotating disk electrode by varying experimental parameters around the calculated
estimates. After demonstrating proof of concept in a rotating disk setup, via filling in an
overpotential controlled plating system would follow.

In addition to the PEG, SPS, CI' system, this knowledge can be applied to many
commercially available systems due to the fact that they generally consist of similar
molecules. Tests similar to those done in this work can be performed to confirm that a
similar mechanism is at work. Again the procedure can be optimized using calculated

estimates as starting points.
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NOMENCLATURE

Area (cmz)

Bulk concentration (mol/L)

Concentration of species j (mol/L)

Diffusivity of species j (cm’/s)

Faraday constant (96485 C/mol)

Final current (A)

Limiting current (A)

Molecular flux of species j (mol/cm?-s)

Molecular flux of species j due to convection (mol/cm’-s)
Molecular flux of species j due to diffusion (mol/cm®-s)
Molecular flux of species j due to migration (moVem?-s)
Reaction rate constant

Reaction rate constant at equilibrium potential
Boltzmann Constant (1.38 - 10 J/K)

Slope

Molecular weight (g/mol)

Number of electrons transferred

Avogadro’s number

Stokes radius (cm)

Ideal gas constant (8.314 J/mol-K)

Temperature (K)

Time (s)

Lag time (s)

Saturation time (s)

Volume (cm3 )

Velocity vector

Ion charge (C)
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Greek Letters

a Transfer coefficient

0 Boundary layer thickness (um)
n Overpotential (V)

Ntotal Total overpotential (V)

Ne Concentration overpotential (V)
s Surface overpotential (V)

ne Ohmic overpotential (V)

¢ Electrical potential (V)

v Viscosity (g/cm-s)

p Density (g/cm’)

o Angular frequency (rad/s)

ABBREVIATIONS
TSV Through Silicon Via
PEG Polyethylene Glycol
ZPS Sodium 3-(benzothiazol-2-ythio)-1-propanesulfonate
MPS Sodium 3-mercapto-1-propanesulfonate
SPS Bis-(3-Sodiumsulfopropyl) disulfide

SHE Standard Hydrogen Electrode
RDE Rotating Disk Electrode
CEAC Curvature Enhanced Adsorbate Coverage
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