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ABSTRACT

MECHANISM OF SPS ACCELERATION IN A PEG
CONTAINING COPPER PLATING BATH
by
Ashleigh Kreider
University of New Hampshire, May, 2012

Deposition of copper in Through Silicon Vias (TSVs) is achieved by addition of
organic compounds, which act as suppressors and accelerants to copper electroplating
solutions. The focus of this study is on the acceleration effect of bis-(3sodiumsulfopropyl) disulfide (SPS) which is believed to go through an electrochemical
reaction to form sodium 3-mercapto-l-propanesulfonate (MPS), the effective accelerant.
The accelerant is believed to operate by forcing the suppressor off the copper surface
through competitive adsorption. The kinetics of MPS adsorption onto copper was studied
by addition of MPS to solutions containing the suppressor molecule, polyethylene glycol
(PEG), under constant overpotential and measurement of the resulting current increase.
The electrochemical cleavage of SPS to form MPS was also studied. SPS was placed in
an acid solution in the absence of cupric ions and an overpotential was applied to split the
molecule. A new method for measuring MPS concentration was developed and used to
determine the amount of MPS generated.
An improved model for the acceleration effect of SPS on copper deposition was
developed. First SPS diffuses to the metal surface at a rate that can be quantified by
x

Fick's laws of diffusion. When the molecule reaches the electrode, it splits at the sulfursulfur bond in a reaction which is electrochemically driven. Higher overpotentials drive
faster reaction rates. The resulting molecule adsorbs rapidly enough that coverage of the
surface can be considered to be completely mass transfer controlled. The area covered by
one MPS molecule on the saturated metal surface was determined to be 47 ± 9 A2. This
value is higher than would be expected only considering steric hindrance which suggests
that repulsion between negatively charged sulfonate ends contributes to the spacing.

XI

CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1

Introduction

As computers continue to increase in speed and decrease in size, new and better
interconnect or packaging technology needs to be developed. One such area that is
currently progressing is copper plating of Through Silicon Vias (TSVs) which permit
direct chip-to-chip or chip-to-board vertical interconnection. Connections through wafers
offer a number of benefits over currently used wire bonding methods. First, connections
using TSVs are approximately 100 jim long. This is much shorter than wire bonding
where connections can be a few millimeters long. Longer connections lead to higher
resistance, more heat generation as well as longer lag times. The removal of wire
connections saves space and leads to smaller chip designs. Additionally with TSV,
connections are less constrained and better designs are possible.
There are still a number of issues with through silicon via plating, and they are
mostly a result of the fact that this is a relatively new process. Plating copper is an
expensive process due to the complex machinery used to plate wafers as well as to
monitor additive concentrations. Plating solutions are expensive both in initial cost as
well as disposal. Another major drawback is the total plating time of the vias which can
range from 20 minutes to hours. This can be a major issue in a manufacturing setting
where slow plating time results either in low output or use of multiple plating machines
1

to keep up with demand. Minimization of plating time is of major industrial concern and
is actively being researched, but an upper limit is set by mass transfer of copper to the
bottom of the via. A critical problem is current distribution within the vias during plating
to produce reliable interconnects.

1.1.1 Types of Via Fill
The goal of TSV filling is to completely fill the via with metal leaving no void space. The
best way to do this is to only deposit copper only at the bottom of the via. This allows the
via to fill completely from the bottom and leaves a very small overburden to be ground
down after the plating process is completed. Although bottom up filling is the goal, there
are a number of other possible outcomes depending on the conditions of the plating bath
and additive concentrations. These types of filling are illustrated in Figure 1.1. Initially
there is a thin layer of copper on the silicon surface, which was deposited on the silicon
surface by a chemical vapor deposition process. Silicon itself has a high resistivity, and
the copper seed layer is necessary to allow copper deposition.
Bottom up filling is the ideal filling mechanism, but because there is conductive
copper at the top of the via, complete bottom up filling is impossible. Generally the goal
is to achieve superconformal plating, where the plating rate at the bottom of the via is
higher than at the top of the via. If the bottom current to top current ratio is high enough
this will lead to complete filling of the via, and the overburden will be small. To achieve
this superconformal filling, additives must be added to the solution. Conformal plating,
where current at the top and bottom of the via are equal occurs when the plating process
is completely controlled by interfacial kinetics. This may be adequate for low aspect

2

Bottom up

Superconformal

Conformal

Subconformal

Figure 1.1: Types of possible via filling

ratio (height:width) vias, but for higher aspect ratio vias, conformal plating will lead to
voids or seams filled with plating solution. This is a major problem for reliability, and
should be avoided. Subconformal plating occurs when the plating rate at the top of the via
is higher than that at the bottom of the via. This will occur due to differences in mass
transfer rates of copper ions because of differences in diffusion time. Because the
diffusion distance is greater at the bottom of the via, the natural tendency is towards
subconformal filling. This will almost always lead to void formation and should be
avoided in all via filling procedures.

1.1.2

Copper Plating Additives

In order to achieve conformal plating, a number of additives are added to the plating
solution. Terminology differs slightly among publications, so the terminology to be used
must be defined.
A suppressor is defined as a molecule that physically blocks the copper metal
surface and inhibits copper deposition. The suppressor is generally a polyether which
physically adsorbs to the metal surface. Because suppressors are generally large
molecules, they diffuse slowly and adsorb faster at the top of the via than at the bottom.
An accelerant is defined as a molecule which is capable of displacing the suppressor. It is
generally through competitive adsorption that this process occurs. Accelerants are much
smaller than suppressors, and as a result diffuse faster. The third relevant type of additive
is the leveler. A leveler is assumed to physically block copper deposition in the same way
as a suppressor; however it can not be displaced by the accelerant. In industry the exact
composition and concentration of compounds sold as suppressors, accelerants, and
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levelers is proprietary, so research must be performed on similar molecules found in the
open literature.
The two important driving forces for additive interactions are diffusion and
surface kinetics. Both factors are fairly well understood for suppressors, but not for
accelerants. It is unclear whether relevant accelerant reactions take place at the electrode
surface or in solution, and the interaction with the electrode surface is not well
understood.

1.2

Electrochemical Processes

Copper is deposited in the vias by electrochemical deposition of copper ions in a plating
solution. Copper deposition from a Cu2+ solution is a two-step reduction process. The
relevant reactions are shown in Equations 1.1 and 1.2.
Cu 2+ + e~ -±Cu*

(1.1)

Cu + +e~->Cu

(1.2)

The standard reduction potential is 0.153 V vs. the standard hydrogen electrode (SHE)
for Equation 1.1 and 0.521 V vs. SHE for Equation 1.2 [1], Reduction of Cu2+ to Cu+ is
considered to be the rate limiting step and must be driven electrochemically by a potential
drop at the liquid-metal interface. Further reduction to copper metal can reach rates up to
approximately three orders of magnitude faster than Cu2+ reduction when the reduction
isn't limited by the amount of Cu+ available [2]. Because reduction to copper metal is so
fast, Cu+ can be considered to be at equilibrium with copper metal. As the first reaction
proceeds, the rate of second reaction quickly adjusts to equal the rate of the first.

5

At equilibrium there is a potential difference between the copper metal and the
reference electrode, called the open circuit potential. A potential is applied between the
electrode and the solution. The difference between the applied potential and the open
circuit potential is defined as the overpotential. A positive overpotential drives anodic
dissolution of copper metal to copper ions while a negative overpotential drives the
cathodic copper deposition reaction. The overpotential can be broken down as shown in
Equation 1.3 where r\ tota i is the total overpotential, tjc is the concentration overpotential, rj s
is the surface overpotential, and tjQ is the overpotential due to Ohmic resistance.
7,0(fl,=7c+7,+7q

(1-3)

The concentration overpotential is given approximately by Equation 1.4 which takes the
form of the Nernst equation, where F is the Faraday constant, R is the gas constant, T is
the absolute temperature, Cb is the concentration of Cu2+ in solution and C, is the
2+

concentration of Cu

at the interface.

7C =

The reaction rate constant for Cu

RT ( ^ N
-In
C y
nF \^b

(1.4)

reduction can be determined with the Butler-Volmer

equation where rjs is the surface overpotential, k is the reaction rate constant, k° is the
reaction rate constant at the equilibrium potential and a is the transfer coefficient [3].
k - k ° exp(-a

(r) s ))

(1.5)

K1

With Equation 1.5, an equation describing the current-potential relationship of a
particular reaction can be obtained by subtracting the forward reaction rate from the
reverse reaction rate. This relationship is shown in Equation 1.6 where Co is the suface
concentration of the oxidized species (Cu2+), CR is the surface concentration of the

reduced species (Cu), and i is the current. This equation is known as the Butler-Volmer
equation.

(1.6)

At high positive overpotentials the first term in brackets will approach zero and similarly
at large negative overpotentials the second term in brackets will approach zero. The
resulting equation in either case is known as the Tafel equation. This leads to the
exponential rise or fall of current that is characteristic of kinetically limited
electrochemical reactions. Other factors such as impurities in the copper, or grain
structure can also affect the deposition rates, though these effects are less important.

1.2.1

Mass Transfer

In addition to kinetics at the metal surface, mass transport in solution also governs
deposition rates through its effect on the interfacial concentration in Equation 1.4. The
three major modes of transport which must be considered are migration, convection and
diffusion.
Because Cu2+ ions as well as a number of other species are electrically charged,
they are susceptible to potential driven flux. The general equation for migration is shown
in Equation 1.7 where Jjmig is the flux of species j due to migration, Zj, Dj, Cj, are the
charge, diffusivity and concentration of species j, and V<f> is the gradient of the electrical
potential [3].
J

z.F

=—-—D C /
J'm,S
DT J J

7

V4

(1.7)

In systems with a high concentration of supporting electrolyte, the resistance of the
solution is very low. The electrical potential gradient in solution is very small and
migration forces can be neglected.
The diffusion flux of copper ions cannot be neglected. The general equation
governing diffusion is given in Equation 1.8, where Jjjiff is the flux of species j due to
diffusion.

(1.8)
The general equation governing convection is given in Equation 1.9, where Jj,COn is the
flux of species jdue to convection and v is the velocity vector.
J^on^Cj

(1.9)

Because of the complexity of modeling both convection and diffusion together, the
boundary layer approximation is often applied. This approximation assumes that
variation in concentration exists only in a thin, stagnant boundary layer. The solution
outside the boundary layer is well stirred so the concentration is uniform. In rectilinear,
one dimensional, steady state mass transfer a linear concentration profile in the boundary
layer will result. An illustration of this model is shown in Figure 1.2.
The boundary layer approximation provides a fairly accurate description of the
concentration profile near the electrode surface, but far from the electrode surface it is not
as accurate. For electrochemical reactions, the concentration profile far from the
electrode is not of great concern because reactions take place at the electrode surface, not
in solution. This approximation provides a good description of the system while
removing a number of variables. The boundary layer thickness must be calculated for any
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particular flow system, but this has previously been calculated for a number of systems,
including the rotating disk electrode (RDE).

ii

i
i

j.

CBulk —

^

i

Csurface —
5

]

Actual Concentration

i

Assumed Concentration

i
i
i
i

Distance from Electrode Surface
Figure 1.2: Boundary layer approximation

Because mass transfer is of major importance to copper plating, a more rigorous
treatment of the boundary layer is necessary. The starting point is the equation of
continuity given expressed for Cartesian coordinates in Equation 1.10 where vx, vy and
v 2 represent the velocities in the jc, y and z directions respectively, and ry is the rate of
generation of species j.
dC j
dC i
dC,
— ~ + v —J- + vv —
dt
dx
dy

dC i
(d 2 C, d 2 C ; d 2 C.)
—+
L+
1
v.—- = D.
a.,2
a_2 + r
' dz
dx.2
dy
dz
y
\

(1.10)

J

Because the area of interest for this problem is the stagnant boundary layer, v r, vy and
v: are all zero. Because the diameter of an electrode is very large compared to the
boundary layer thickness, concentration gradients in the y or z directions can be

neglected. Additionally it is assumed that the species of interest is not involved in any
chemical reactions except at the electrode surface. Equation 1.10 then simplifies to
Equation 1.11.

d2Ci

dc Li

— = Di—f
dt
dx

(1.11)

The initial condition and boundary conditions for this problem are given below.
I. C.:

at t <0,

Cj = Cguik

B.C.I:

CltZ = 0,

Cj = CSurface

B.C. 2:

at z = 8,

Cj = Csuik

An exact solution can be obtained by nondimensionalizing time and distance followed by
separation of variables [4], The solution contains a steady state solution in combination
with a transient, time dependant solution. The time dependant portion of the solution
Djt
decays exponentially as a function of ——. Based on this result, the time constant for this

problem is

1.2.2

82

, and this value can easily be calculated for any species.

Rotating Disk Electrode

All electrochemical experiments for this research were conducted using a rotating disk
electrode. The fluid flow of this particular system is therefore of interest and a schematic
of the flow pattern is given in Figure 1.3. Because of the no-slip boundary condition at
the rotating disk, the fluid at the disk surface is forced to rotate with the disk. This forces
fluid to leave the electrode in the radial direction and in turn forces fluid far from the
electrode in the negative y direction, towards the electrode.

10

The mathematical calculations for this flow system have been previously
completed by and can be found in a number of sources [3,5]. The equation of interest is
the Levich equation which allows calculation of the mass transfer limited current, // based
on known, or easily calculated variables. The Levich equation is given in Equation 1.12
where co is the angular frequency of rotation, v is the solution viscosity, and Csuik is the
bulk concentration of the species j.
i, = 0.620nFADj 2n ct) in v~ V6 C Bulk

(1.12)

This equation can be derived by using all three equations of motion in cylindrical
coordinates to solve for the velocity profile. The mass transfer components can then be
solved for using the equation of continuity.
The limiting current for the boundary layer approximation is given in Equation 1.13
where S is the boundary layer thickness. This was derived based on one dimensional
steady state mass transfer.

i, - nFA

o

C Bu!k

(1.13)

By equating Equations 1.10 and 1.11 the boundary layer thickness for the RDE system
can be determined. This is shown in Equation 1.14.
<5 = 1.61Z)/V"V /6

11

(1.14)

Figure 1.3: Schematic of RDE fluid flow pattern

Using this equation, it is possible to adjust the rotation speed of the electrode to simulate
the boundary layer that approximates the depth of a via. The boundary layer thickness at
the top of a via is generally very short, in the range of 10 |im. To approximate the top of
the via, a rotation speed that results in a boundary layer thickness of 10 fim should be
chosen. Similarly, to simulate the bottom of the via, a rotation speed that results in a
boundary layer thickness equal to the via depth plus 10 ^m should be chosen.

12

1.3

Electrochemical Tests

There a large number of possible tests that can be performed on an electrochemical
system. Two of the most commonly performed tests are cyclic voltammetry and
chronoamperometry. Cyclic voltammetry is often used as a screening test for
electrochemical systems. A cyclic voltammogram is executed by sweeping the electrode
potential linearly with respect to time from one potential to another. The scan direction is
then reversed and the entire cycle can be repeated multiple times if desired. The start and
end potentials can be varied as can the scan rate. Figure 1.4 shows a schematic of a cyclic
voltammogram along with one possible result for copper deposition. Generally the
starting point is a positive potential where no copper deposition takes place and the
potential is swept to a negative potential to observe the rate of copper plating.
Numerous conclusions can be drawn based on cyclic voltammograms. A shift in
the current increase to a more cathodic potential suggests a suppression effect. A greater
shift indicates a greater suppression effect, so as more suppressor is added, current rises
only at more negative potentials. If a suppressor is added which completely displaces the
suppressor, the cyclic voltammogram should, in theory, return to the same shape as in the
absence of additives. The accelerant often needs to be activated electrochemically, so the
effects will not be noticed as early in the scan. By varying the negative potential it is
possible to gain insight into what potentials are needed to activate the accelerator. This
activation will be apparent with a large difference in the current obtained from the
forward and reverse scans. Varying the sweep rate is useful to determine mass transfer
effects. With fast sweep rates, for example, the accelerant may not diffuse to the
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electrode surface fast enough to displace the suppressor, and less of an acceleration effect
will be noticed.

Test Parameters

.2
+-»
a
o
o
a,

Possible Results

c
<o

1-1
1-1

-*-»

3

U

Time

Potential

Figure 1.4: Schematic of cyclic voltammetry experiment

The difficulties in interpreting data from cyclic voltammograms come from the
fact that the potential is not fixed, and the current response depends on the scan rate.
Because of this, determination of variables may be difficult, if not impossible based only
on cyclic voltammograms. Nevertheless this method is very useful for drawing broad
conclusions about additive systems.
Chronoamperometry is another useful experiment. At a specified time, the
potential is stepped to a pre-determined point and the current is monitored as a function
of time. These tests are useful study the deposition at steady state conditions in the
presence of both suppressors and accelerants. Figure 1.5 shows a schematic of a generic
14

chronoamperometry experiment along with possible results. In the absence of additives,
when the potential is stepped to a plating potential, the current will immediately rise as
plating starts. Current will then quickly decrease to a steady state as copper ions near the
electrode surface are consumed and steady state mass transfer is established.

Test Parameters

Possible Results

.2

k

C3
b
3
o

c
<D
o
Cu

'

I
to

Time

*

'

'
to

Time

*

Figure 1.5: Schematic of chronoamperometry experiment

One extremely useful chronoamperometry test for studying accelerant kinetics
involves adding an accelerant to a bath already containing a suppressor at a specified time
during an experiment. As the accelerant replaces the suppressor, the current rises. The
current response can be analyzed on the basis of hypothetical mechanisms. Because the
driving force for electrodeposition is constant, more conclusive results can generally be
drawn than with cyclic voltammetry. However, to study the effect at different potentials,
a number of experiments need to be run.
15

CHAPTER 2

LITERATURE REVIEW

2.1

Copper Plating Solutions

Commercial copper plating solutions contain copper as well as a number of other
chemicals to enhance the plating process. The source of copper ions in the acid solutions
used in most plating applications is cupric sulfate which is present in concentrations that
range from approximately 0.1 M to 1.0 M. In semiconductor applications sulfuric acid
typically serves as a supporting electrolyte. The supporting electrolyte increases the
conductivity of the solution and decreases the pH which prevents precipitation of copper
oxides. Chloride ions are added due to their interaction with copper ions at the metal
surface and are present in concentrations between 10 and 100 ppm.
In order to achieve better filling performance, a number of organic compounds,
generally referred to as additives, are added to the solution. The three main categories of
additive are suppressors, accelerants and levelers. Suppressors act by inhibiting copper
deposition, while accelerants counter the effect of the suppressor. A number of additives
are widely used and are the examples most discussed in the literature. One widely used
suppressor is polyethylene glycol which is generally present in the range of 100-1000
ppm. Similarly a widely used accelerant is bis-3-sulfopropyl disulfide which is present in
concentrations between 1 and 10 ppm. The standard leveler is Janus Green B, which is

16

present in concentrations between 1 and 100. These three additives are the main examples
discussed in the open literature.

2.2

Chloride Ions

In the absence of chloride ions, copper deposition takes place in two steps, the slow
reduction of Cu2+ to Cu+, and the fast reduction of Cu+ to copper metal. When chloride is
added to the solution, the copper surface is covered with an ordered layer of chloride ions
[6]. These adsorbed ions add at least one additional pathway for reduction of cuprous
ions. Copper can be reduced to adsorbed CuCl by Equation 2.1 [7] or Equation 2.2 [8].
The CuCl is then further reduced to copper metal and a free chloride ion as shown in
Equation 2.3.
Cu 2+ soln + cr ads + e = CuClads

(2.1)

Cu 2+ so in + 2Cl a ds + e - CuCl a d s + CTJO/„

(2.2)

CuClads + e = Cu + Crsoln

(2.3)

This additional pathway for copper deposition accelerates copper deposition. In addition
to the effects on copper deposition, chloride ions interact with both the suppressor and
accelerant molecules.

2.3

Polyethylene Glycol

A suppressor inhibits deposition by physically blocking the copper surface. A suppressor
that has been the focus of a number of studies is polyethylene glycol (PEG). This is a
simple polyether with the repeating segment CH2CH2O. The generally accepted
mechanism of PEG interaction is physical adsorption to the copper metal surface [9, 10].
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Polyethylene glycol does not significantly suppress the copper deposition rate
unless chloride is also present at a sufficient concentration [11,12,13]. In the presence of
both PEG and chloride ions, the rate of copper deposition at low overpotentials is
suppressed by one or more orders of magnitude when compared to deposition in the
absence of additives. The suppression effect of PEG and chloride is considered to be very
fast. A steady state is generally reached within seconds after the onset of plating. Because
of this, cyclic voltammograms are often used as a technique to quickly gather data for a
range of overpotentials.
At more negative overpotentials, deposition is reactivated and the current attains
the same current as in the absence of additives [14, 15]. The overpotential where the
reactivation of the copper surface is reached is a function of the concentrations of both
chloride ions and PEG. In general, the potentials required to produce reactivation of the
copper surface are not applied in via filling. Plating at these potentials would negate any
benefit of adding PEG to the plating solution. Figure 2.1 illustrates the effect of PEG
suppression on current. With stronger suppression the curve for PEG and chloride
containing solution would be shifted towards a more negative overpotential.
A number of variables contribute to the suppression effect of PEG. The inhibition
effect increases with increasing PEG concentrations up to a critical point at fixed chloride
concentrations [16], This limit corresponds to complete coverage of the electrode surface.
Similarly the inhibition effect increases with increasing chloride concentration up to a
critical point at fixed PEG concentrations [17]. This upper limit of the effect of chloride
can be attributed to reaching the concentration needed to either completely cover the
electrode surface with PEG complexes at a particular PEG concentration.
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Another factor in the degree of suppression is the molecular weight of
polyethylene glycol. It has been determined that low molecular weight PEG does not
suppress copper deposition as strongly as higher molecular weight PEG [18]. The
suppression strength gradually increases with molecular weight and reaches a maximum
suppression at a molecular weight around 6,000 g/mol after which further increasing the
molecular weight has little effect [19]. These effects suggest that the attractive forces
between PEG and chloride may depend on the length and conformation of the suppressor
molecule.

No PEG or CI"
PEG and CI" Present

Overpotential (Negative direction)

Figure 2.1: Example of suppression effect by PEG and chloride ions

19

0

A number of molecules similar to polyethylene glycol have been tested as
suppressors. One focus of study has been polypropylene glycol (PPG) and copolymers
containing segments of both PPG and PEG [20,21]. Additionally a number of molecules
with different organic end groups have been tested [22], These molecules have the same
structure as PEG, but have different organic end groups. In general, these molecules show
stronger suppression when compared to PEG, although there are some noticeable
differences in adsorption strength and adsorption times. The increased suppression effect
may be due to an increase in hydrophobicity due to the addition of hydrocarbon ends.

2.4

MPS and SPS

In addition to a suppressor, an accelerant is usually added to a plating bath. The
accelerant disrupts the effect of the suppressor and allows copper deposition to occur at a
much faster rate than with only suppressor in solution. Two common accelerants are bis(3-sodiumsulfopropyl) disulfide and sodium 3-mercapto-l-propanesulfonate, commonly
referred to as SPS and MPS respectively. Their structures are given below.

SPS
0*
Na+CTSv^V^^S

MPS

s^Jv0_Na+
V0

^

The accelerant, whether it be SPS or MPS is believed to adsorb to the copper
surface and compete for space with the suppressor [23, 24, 25]. As the suppressor is
replaced, copper deposition is no longer inhibited and the current returns to its normal,
uninhibited value. Some investigators state that this current increase is due to a decrease
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in charge transfer resistance [26,27]. Regardless of the exact mechanism MPS can
increase the deposition rate even in the absence of PEG [28]. While this is important, the
more important mechanism of "acceleration" is simply inhibition of suppressor
adsorption. This is generally considered to be due to steric hindrance [29]. Complete
surface coverage of the accelerant is not necessary to block the large suppressor
molecules from adsorbing. The space between adsorbed accelerant molecules only needs
to be slightly less than the diameter of an adsorbed suppressor to completely stop
suppressor adsorption. This mechanism does not require catalytic acceleration of copper
deposition, only a return to the additive free deposition rate.
When compared to PEG where molecular weights are in the thousands, the
molecular weights of MPS (178.2 g/mol) and SPS (354.4 g/mol) are very small. The
difference in molecular weight leads to diffusion coefficients which can be over an order
of magnitude higher than the diffusion coefficient of PEG. Therefore, the accelerant can
reach the bottom of the via much faster than the suppressor.
In addition to differences in diffusion time, adsorption and desorption times differ
between suppressors and accelerants. Polyethylene glycol adsorbs to the copper surface
in the presence of chloride fast enough that the process generally considered mass
transfer limited [30]. SPS is believed to both adsorb and desorb very slowly [24, 31].
Depending on the concentration of SPS, adsorption generally takes between 1 and 10
minutes.
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2.4.1 SPS Activation Mechanism
There is a notable difference in the adsorption behavior of SPS and MPS. The adsorption
of MPS is very quick and not very dependent on potential [32], By comparison, SPS
adsorption is much slower, and extremely potential dependant [33]. At low overpotentials
the adsorption rate of SPS is extremely slow, and at high overpotentials the adsorption
rate of SPS increases towards the rate of adsorption of MPS [25, 30]. Articles based on
experiments in which the overpotential has not been varied note that higher
concentrations of SPS are required to produce an acceleration effect equivalent to that of
MPS [34]. The mechanism of SPS adsorption is not agreed upon. Some authors believe
that SPS itself is adsorbed to the copper surface possibly after undergoing an activation
step [32].
Another possibility that has been suggested is that SPS splits to form either MPS
or a Cu(I)thiolate which then adsorbs to the surface [35]. A number of possible reactions
are shown in Equations 2.4-2.6.
SPS + 2ft + 2e = 2MPS

(2.4)

Cu(I) + MPS = Cu(I)thiolate + Ft

(2.5)

4Cu(I) + SPS = 2 Cu(II) + 2Cu(I)thiolate

(2.6)

The exact mechanism that occurs at the electrode may be impossible to determine
because any characterization would have to be done in situ during an electrodeposition
procedure. It has been determined that SPS can react with Cu(I) to form Cu(I)thiolate
products suggesting that Equation 2.6 is a possible mechanism [36]. This work was not
done at an electrode surface, so it does not prove that SPS splitting occurs during
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electrodeposition, but it does strongly suggest that this is a possible acceleration
mechanism.
A faradaic overpotential-driven reaction is a likely explanation for the
"activation" effect of SPS. It fits very well with the observed phenomena that increased
overpotentials increase the effective coverage of SPS. Additionally the adsorbed
accelerant deposited by both SPS and MPS desorb at similar rates, suggesting that
adsorbed species is the same in both cases.

2.4.2

MPS Mechanism

Chloride ions must be present in plating solutions for the suppressor to adsorb to the
electrode surface, therefore the interactions between chloride and the accelerant are of
. obvious interest. A number of studies have concluded that chloride must be present for
the accelerant to adsorb to the surface, [35, 37, 38, 39].
A study by Tan et al. tested the behavior of molecules similar to MPS in structure.
One molecule that was tested is 1,3-propanedithiol (PDT) which contains two thiol end
groups instead of one thiol and one sulfonate end group. Addition of PDT to a plating
solution produces a suppression effect. This suggests that PDT adsorbs to the surface, and
because only one end group is present, it suggests that the thiol end group is responsible
for the adsorption of MPS. Similarly PDSA, which has two sulfonate end groups was
tested. Upon addition of PDSA, a slight acceleration was noticed, but the effect was
minimal. This suggests that the sulfonate group in MPS is not adsorbed to the copper
surface, and the thiol is the only anchor point [32].
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The role of the negative charge on the sulfonate end of MPS has not been the
focus of much study. Near the cathode surface the negative charge likely has important
effects on the acceleration effect of MPS. The sulfonate end group is obviously unlikely
to adsorb to the negatively charged surface, and if the thiol end does adsorb the sulfonate
end will likely remain at the farthest possible location from the electrode surface due to
electrostatic forces. The negative charge should also repel the sulfonate groups on nearby
MPS molecules. This would lead to a regular array of adsorbed molecules separated by
free surface which is available for copper deposition. At the same time adsorption of PEG
would be prevented due to the small area of the free surface. To determine if this is the
mechanism of MPS acceleration the MPS surface coverage must be experimentally
determined.

2.4.3 Accelerant Model Gaps
A successful model to explain the mechanism of SPS accelerant behavior completely has
yet to be developed. A model would first need to incorporate the diffusion of SPS to the
copper metal surface, which is relatively simple to calculate. Most importantly, the
mechanism of MPS formation is somewhat unclear, and the potential-dependent nature of
the reaction is of interest. Finally the model needs to incorporate the competitive
adsorption of the accelerant and the suppressor. The area in which knowledge is most
lacking is the MPS formation reaction and further study is needed to fully understand this
process.
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2.5

Additive Diffusion-Adsorption Model

There are a number of important differences in specific properties of accelerant and
suppressor molecules. The diffusivity of the suppressor is approximately an order of
magnitude less than that of the accelerant, depending on difference in the molecular
weights. The adsorption and desorption kinetics of the suppressor are generally much
faster than that of the accelerant. Based on these principles a bottom up mechanism can
be described by a diffusion-adsorption model. This mechanism is demonstrated in Figure

2.2.
Before an overpotential is applied, (1), the suppressor and accelerant are both
present in the via at their respective bulk concentrations. When an overpotential is
applied, (2), the suppressor quickly adsorbs to the via walls, and the accelerant begins to
adsorb slowly. At the top of the via where the boundary layer is thin, the suppressor
covers the surface quickly before the accelerant can adsorb. The suppressor is not present
in concentrations high enough to saturate the bottom and walls of the via and is therefore
quickly depleted. The accelerant adsorbs slowly to the walls of the via where the
suppressor has not yet adsorbed, but does not adsorb to the top of the via due to
suppressor coverage. Because the diffusion coefficient of the accelerant is relatively
large, the concentration of accelerant in the via is not depleted. This leads to a gradient in
surface coverage where the top of the via has high surface concentrations of suppressor
and low surface concentrations of accelerant while the opposite is true at the bottom of
the via. This leads to preferential growth at the bottom of the via (3), and superconformal
plating is obtained. Superconformal plating will fill a via provided the aspect ratio (height
: width) of the via is not too high.
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O Accelerant
® Suppressor

Figure 2.2: Illustration of the additive diffusion-adsorption model
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A number of variables need to be in the correct range for this mechanism to work.
The concentration of suppressor must be low enough that it will be depleted in the via,
but high enough to quickly cover the top of the via. The molecular weight of the
suppressor must be sufficiently high that it diffuses slowly into the via. Similarly the
accelerant concentration must be high enough to cover the sides and bottom of the via,
but not high enough to compete with the suppressor at the top of the via.
This process can be modeled to a good first approximation by assuming that the
fraction of surface covered by the suppressor, denoted 0, is completely blocked. It
follows that the current density will be proportional to (1-0). Diffusion rates can be
calculated by assuming simple one dimensional flux for both species and the surface
concentrations can be calculated as functions of time and position. A numerical
simulation of via fill can then be executed. To obtain better models, parameters like side
wall adsorption, diffusion of Cu2+ ions, and desoiption of additives can be accounted for.
West et al, for example modeled copper plating in the presence of PEG, SPS and the
leveler called Janus Green B (JGB) [40]. This model is a demonstration of the principles
of the mechanism, but has not been confirmed with experimental results. Models have
been proposed by Akolkar and Landau using the PEG and SPS system where parameters
were determined experimentally before modeling the system [41]. Very similar models of
generic suppressor and accelerant systems have been developed taking into account
phenomena such as side wall adsorption and, in one study, the effects of a leveler [42,
43].
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2.6

Curvature Enhanced Adsorbate Coverage (CEAC) Model

A phenomena associated with via filling is the overfill of vias where copper deposition
continues at an accelerated rate after the via has been filled. This results in bump
formation above the via. It was suggested by Moffat et al. that this "overfill" of vias was
not consistent with the diffusion limited inhibition model [44]. This article argues that the
previously proposed model predicts a slowed rate of deposition in the via as level reaches
the via top. Any protrusion above the surface would be completely covered with
suppressor, and deposition would be slowed.
A new model was proposed independently by Josell et al. as well as West et al. to
explain the overfill [45,46]. The proposed model points to the decreasing surface area of
the via bottom. The rate of accumulation of the accelerant on the copper surface is
dependent on the concentration of accelerant in solution for flat surfaces. At concave
surfaces the surface area decreases as plating occurs and the result is an increased surface
concentration of accelerant. The opposite is true at convex surfaces and the surface
concentration of accelerant decreases. Because the bottom of the via is a concave surface
and the top of the via is a convex surface, the accelerant is concentrated at the bottom of
the via while the concentration at the top of the via is decreased. The result is bottom up
filling similar to the diffusion limited model.
As the copper surface reaches the top of the via, the surface concentration of
accelerant in the via is still much higher than in the area surrounding the via. The
suppressor will not adsorb to the surface, and accelerated growth continues above the via
resulting in the bump formation. A simplified representation of the CEAC model is
shown in Figure 2.3. This figure shows only the accelerant. It is assumed that any surface
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not covered by accelerant is covered by suppressor. The model also assumes that no
accelerant adsorption or desorption takes place, and that initially the surface coverage of
accelerant is uniform. Neither of these assumptions is necessarily correct, but they are
made for demonstration purposes only. More realistically the concentration of accelerant
at the via bottom will be higher than that at the top due to mass transfer differences
already discussed in the diffusion limited model.

O Adsorbed Accelerant

Continued
Accelerated
Deposition

Figure 2.3: Simplified schematic of CEAC model.
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Because this mechanism explains the bump formation obtained with experimental
results, a number of more in depth articles have been published in attempts to model the
system. The difficulty with all these models, as with the diffusion limited model, is the
complexity of the system. Exact solutions have been obtained by making a number of
assumptions about the system in order to understand the process better [47]. Work has
also been performed using leveler in addition to the accelerant and suppressor already
present in an attempt to prevent overfill [48,49],

2.7

Discussion of Models

The effects of the two models discussed differ depending on the size of a via. For large
vias (more than one micron) the change in curvature of the copper surface will not have
much of an effect on deposition rates. This is because the maximum rate of copper
deposition is limited by mass transfer to the bottom of the via. In addition, because the
vias are so large, the change in surface area with respect to time is minimal. The
accelerant will not accumulate to a large degree on the copper surface, and because of the
long times needed to fill the via, the accelerant will have time to desorb or diffuse on the
copper surface.
Similarly, the effects of the additive diffusion-adsorption model are not as
important for small (less than 1 micron) vias. For small vias, the boundary layer above
the via is much thicker than the depth of the via itself. The difference in diffusion times
between the top and bottom of the via become less important, and the effect of this model
becomes less noticeable.
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The difficulty with any model of copper deposition is the complexity of the
system. There are a number of reactions occurring both in solution and at the copper
surface that may or may not have been well studied. In addition, mass transfer to and
from the copper surface needs to be accounted for. There is yet to be a model proposed
which can successfully predict via filling over a wide range of concentrations and
voltages. Because of the complexity of the system the lack of a mathematic model can
not be considered evidence for or against any proposed model.
Although proof of any model is beyond reasonable research goals, it is clear that
the diffusion limited model is at least in part responsible for bottom up via filling,
although some of the finer details are still unclear. Even without experimental work, it is
well known that a molecule with a high molecular weight will have a lower diffusivity.
The adsorption speeds of both PEG and SPS have been extensively tested and all seem to
agree, again with small discrepancies in the finer details.
There are, however, a number of issues in demonstrating the CEAC model. The
difficulty is that it works in conjunction with the diffusion limited model. In order to
show that the CEAC model is not necessary to fill vias, it was demonstrated in two
similar articles that accelerated growth can be achieved in the absence of a surface
curvature [50, 51]. This was done by using a resistive layer for the via walls while the top
and bottom of the via remained conductive. Because the via did not change in size, the
surface area did not change, yet the growth rate was still accelerated. This does not
disprove the CEAC model, it only shows that it is not necessary to achieve preferential
growth at the bottom of a via.
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The CEAC model assumes the accelerant "floats" above the copper surface, and
will not be incorporated into the copper metal. If accelerant is incorporated the curvature
enhanced concentration will be minimal. Secondary ion mass spectrometry has been
performed on copper electrodeposited in the presence of additives. It was determined that
PEG was not incorporated into the copper metal but SPS was [29]. This suggests that SPS
is permanently adsorbed to the copper surface and will not increase in surface coverage
with decreasing copper area. It is possible that not all of the SPS is incorporated into the
copper metal, so this study does not disprove the CEAC mechanism.

2.8

Research Direction

The goal of this research was to obtain a better accelerant model than currently exists.
Although a number of articles have been published on accelerant models, understanding
of the mechanism can still be improved upon. A two part approach was used in this
research. First, an in-depth study of MPS was conducted. Because MPS is not used in
industry it has not attracted as much attention. However, because it is an intermediate in
the acceleration process, further information can be extremely useful. The study of MPS
consisted mainly of chronoamperometry experiments in which MPS was added to a
plating solution containing PEG and CI" while depositing copper at a constant
overpotential. The resulting rise in current could then be analyzed. By varying test
parameters information on the kinetics of MPS adsorption could be determined.
Secondly, a study of SPS splitting to form MPS was conducted. Solutions
containing high concentrations of SPS were reacted at various test conditions. The
concentration of MPS was then measured in order to obtain kinetic information of the
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SPS activation mechanism. By combining the results of the two parts, a more complete
model for the acceleration effect of SPS was constructed. This model can be used to
obtain good filling performance in through silicon via plating procedures.
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CHAPTER 3

EXPERIMENTAL APPARATUS AND PROCEDURES

3.1

Introduction

The mechanism of the acceleration effect of several additives on copper plating baths
containing polyethylene glycol was studied. The standard three-electrode system with a
rotating disc electrode (RDE) was used for all experiments. The mass transfer and fluid
dynamics of the RDE are well known and therefore well suited for electrochemical
experiments.
The bulk of tests performed consisted of either cyclic voltammetry or
chronoamperometry. In cyclic voltammetry experiments, the applied potential is varied
linearly with respect to time from a positive potential to a negative potential and back to
the starting potential and the current response is recorded. This type of experiment
quickly gathers a wealth of information on potential-dependent effects. However,
determination of kinetic parameters may be difficult due to the fact that the applied
potential changes during the experiment.
Before chronoamperometry experiments were performed, the working electrode
was electrochemically plated with a thin layer of copper metal. This was done in order to
eliminate interactions with the platinum electrode. The experiments consisted of adding a
known concentration of accelerant to a PEG and chloride-containing solution while the
applied potential was held constant. The resulting change in current was then recorded.
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The rate of current increase, final current, and shape of the current versus time curve can
be used to determine kinetic information about the accelerant. A schematic of this
procedure is shown in Figure 3.1. Because the applied potential is held constant, more
quantitative results can be obtained than with cyclic voltammetry.

Deposit copper on
platinum electrode

Add PEG, Cl-

At 900 s, add

Begin experiment

accelerant

before experiment
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Cu2+
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•
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Platinum electrode

•

Copper deposited
on platinum

PEG

c

OJ
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Accelerant

1—

D
U

1

>

900 s

Time

Figure 3.1: Chronoamperometry experiment procedure
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3.2

Experimental Setup and Apparatus

The experimental setup is shown in Figure 3.2. A jacketed reactor was filled with plating
solution and a three electrode system was used. Unless otherwise noted, the volume used
was 80 mL. The counter electrode was contained in a fritted tube to isolate it from the test
solution. The reference and counter electrodes were both submerged about 1 cm below
the solution surface. The working electrode was connected to the rotator which controlled
the rotation speed. Heat transfer fluid was pumped through the jacket of the reactor by a
circulating bath to control the temperature. All experiments took place open to air at
atmospheric pressure.

Jacketed Reactor
An Ace Glass three neck jacketed flask with tapered walls was used. The central neck
was larger (24/40) than the two angled outer necks (14/20). The center neck allowed for
the RDE to be inserted into the cell. One of the outer necks allowed a fritted tube
containing the counter electrode to be inserted while the reference electrode was inserted
into the other outer neck. The hose connections to the jacketed section of the flask were
connected to a circulating bath via rubber hosing.

Circulating Baths
Two circulating baths were used to control the temperature of the reactor. A Fisher
Scientific Isotemp Refrigerated Circulator (Model 9100) was used to control the
temperature of all copper plating solutions. A Cole-Parmer Polystat CC1080 Sealed
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Circulator was used to maintain the temperature of cells containing accelerants but no
copper. Both circulating baths allowed for control of temperature to ±0.1 °C.

Potentiostat

Working
Electrode
Counter
Electrode
Reference
EIectrode^"*~^>.

Heat transfer
fluid out

Heat Transfer
Fluid In

Figure 3.2: Experimental setup

Potentiostat
The potentiostat used for all experiments was an EG&G Instruments, Princeton Applied
Research VersaStat II. This was used to control the overpotential and measure the current
for chronoamperometry, cyclic voltammetry, and recurrent potential pulse experiments.
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Electrodes
A Pine E5 Series Platinum RDE tip was use in conjunction with a Pine shaft for an MSR
rotator. The diameter of the electrode was 5 mm, and it was composed of 99.99% pure,
mirror polished platinum.
A 99.99% pure platinum wire was used as a counter electrode. It was isolated from the
main test solution in a glass fritted tube. Both pieces of equipment are part of the Pine
Platinum Counter Electrode Assembly.
A Radio Shack 22-gauge insulated copper wire was used as a reference electrode.

Rotator
A Pine MSR Electrode Rotator was used to rotate the working electrode.

Software
The Princeton Applied Research PowerSuite program (Version 2.58) was used in
conjunction with the potentiostat. The modules of PowerSuite used were PowerPULSE,
PowerSTEP, and PowerCV. This program serves as the user interface for the potentiostat
and allows for control and monitoring of wave forms used in experiments.

Water Purification
A Millipore Direct-Q UV3 was used to provide ultrapure water for all solutions. The
resistivity of the water was 18.6 m£2cm.
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Pipettor
A Thermo Scientific Finnpipette F2 Single Channel Variable Volume pipettor was used
to measure volumes of solution. This has a range of 1-10 mL and a maximum error of
0.06 mL.

Chemical Reagents
Solutions were prepared using sulfuric acid, H2SO4 (J. T. Baker, 96.6%) and cupric
sulfate pentahydrate, CUSO4 5H2O (J. T. Baker, ACS). Chloride ions were added in the
form of sodium chloride (J. T. Baker, ACS). The suppressor used was poly(ethylene
glycol) 3400 (Sigma-Aldrich). Accelerants containing a sulfonate end group included bis(3-sodiumsulfopropyl)disulfide (Raschig), sodium 3-mercapto-l-propanesulfonate
(Sigma-Aldrich, 90%), sodium 2-mercaptoethane sulfonate (Sigma-Aldrich, 98%),
sodium 2,3-dimercaptopropanesulfonate (Sigma-Aldrich, 95%), sodium 3-(benzothiazol2-ylthio)-l-propanesulfonate (Sigma-Aldrich, 90%), and 3-(2-nitrophenylthio)-lpropanesulfonic acid sodium salt (Sigma-Aldrich). Other accelerants used were lcysteine (Sigma-Aldrich, 97%), l,3,5-triaza-7-phosphaadamantane (Strem Chemicals,
97%), 3-mercaptopropionic acid (Sigma-Aldrich, 99%), thioglycolic acid (SigmaAldrich, 98%), 3,3'-dithiodipropionic acid (Sigma-Aldrich, 99%), 4,4'-dithiodibutyric
acid (Sigma-Aldrich, 95%), and mercaptosuccinic acid (Sigma-Aldrich, 97%). Nitric
acid, HNO3 (VWR, ACS) was used to clean the working electrode.
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3.3

Experimental Procedure

Cleaning
Prior to use, the jacketed reactor was washed with Alconox detergent glass cleaner, and
rinsed thoroughly (~5 times) with tap water. It was then rinsed at least three times with
ultrapure water. The reactor was then dried using house air. Fritted tubes were not
washed with detergent due to the fact that the glass frit could trap detergent, leading to
solution contamination. The tubes were rinsed with ultrapure water twice, filled with
ultrapure water and allowed to drain through the frit twice with the help of slight positive
pressure provided by house air. The tubes were then dried using house air. The end of the
reference electrode (~1 mm) was cut off, and both the reference and counter electrodes
were rinsed thoroughly with ultrapure water. The working electrode was cleaned of any
contamination using concentrated (75% by volume) nitric acid. It was then rinsed twice
with ultrapure water.

Cell Setup and Experimentation
Cupric sulfate pentahydrate was added to the reactor along with already prepared 1 M
sulfuric acid solution. Additional additives were also introduced into the solution
depending on the experiment. Concentrated solutions containing PEG, or sodium chloride
were prepared in advance in a 1 M sulfuric acid solution. Solutions containing accelerants
were prepared the day of experimentation to avoid any aging effect. All additive
concentrations were prepared in a 50 fold concentrated solution in order to add only 2%
to the test solution volume.
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The fritted tube was added to the solution along with the reference, counter, and
working electrodes. The electrodes were connected to the potentiostat. The solution was
allowed to come to steady state with the circulating heat transfer fluid for 45 minutes
with the working electrode rotating at 400 rpm. The experiment was then performed and
monitored using PowerSuite. In a number of experiments, a small volume of highly
concentrated additive solution was added to the test solution using the Themo Scientific
Pipettor. The volume of additive solution was equal to 2% of the test solution volume.
After the experiment was complete, all glassware and electrodes were washed.
The fritted tubes were stored in ultrapure water.

Plating Copper on Working Electrode
Before all chronoamperometry experiments the working electrode was plated with copper
to avoid any interactions between the platinum electrode surface and the test solution.
This was done at a rotation speed of 1000 rpm and a current of 4 mA (20.4 mA/cm ) for
ten minutes in the test solution. At the concentrations used for experiments, the depletion
of Cu2+ in solution was negligible.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1

Introduction

A number of experiments were performed in order to better understand the acceleration
mechanism of SPS. MPS, the monomer of the dimer SPS was added to a suppressorcontaining solution to study the mass transfer and kinetic effects of MPS. The effect of
rotation speed, temperature and applied potential were studied as well. The
electrochemical behavior of SPS splitting was studied in a solution containing no copper
in order to understand MPS formation, and the amount of MPS formed was quantified by
a new method. Additionally a number of tests were performed to better understand the
nature of MPS adsorption. This was done using molecules similar in structure to MPS or
SPS.

4.2

MPS Addition Chronoamperometry

The current response to addition of MPS to solutions containing PEG and chloride was
recorded for differing concentrations of MPS. This was done using a chronoamperometry
experiment where the overpotential was held constant for the duration of the experiment.
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4.2.1

Experimental Procedure

An electrolytic cell was set up with 75.2 mL (to be diluted to 80 mL) of solution
containing 1.0 M sulfuric acid and 0.064 M cupric sulfate at 25 °C. Additive solutions
contained no cupric sulfate and their addition reduced the concentration of cupric sulfate
to 0.06 M. The acid concentration remained constant because the additive solutions also
contained 1.0 M sulfuric acid. The platinum electrode was pre-plated with copper to
avoid interaction of the additives with platinum. This was done at a rotation speed of
1000 RPM and a current of 4 mA (20.4 mA/cm2) for ten minutes. After the electrode was
plated, 400 ppm PEG and 50 ppm chloride were added to the solution. A
chronoamperometry experiment was then run at 400 rpm, and -0.15 V for 2000 seconds.
At 900 seconds MPS was added to the solution. The results are shown only for times
after 900 seconds as the data before that time only shows the PEG-suppressed current.
This experiment was repeated 21 times with various MPS concentrations.

4.2.2

Results

The MPS concentrations used and the experiment order are shown in Table 4.1. Figure
4.1 shows the current versus time for all 21 trials after MPS was added to the solution.
The arrow indicates increasing MPS concentration.
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Table 4.1: Experimental layout for MPS addition experiments

Trial
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

MPS
concentration
(ppm)
0.010
0.014
0.020
0.028
0.040
0.056
0.079
0.112
0.158
0.224
0.316
0.447
0.631
0.891
1.259
1.778
2.512
3.548
5.012
7.079
10.000
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Experiment
sequence
12
7
6
16
9
21
5
1
13
4
20
19
10
11
17
15
18
8
14
2
3
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Figure 4.1: Current versus time for various MPS additions
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2000

All 21 trials share the same basic response illustrated in Figure 4.2. First, there
was a brief lag period. The duration of this lag period varied with MPS concentration and
ranged from under 10 seconds to over 2 minutes. After the lag period, the current
increased linearly with time until it approached the final current. The current then slowly
plateaued at the final current value and stayed relatively constant for the remainder of the
trial.
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Figure 4.2: Current versus time for 0.028 ppm MPS trial
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The slope of each curve in the linear section was calculated by linear regression
using Microsoft Excel. The calculated slopes were then plotted as a function of MPS
concentration (Figure 4.3) up to MPS concentrations of 1.0 ppm. The slope appears to
increase linearly with increasing concentration of MPS. At high MPS concentrations
(above ~1 ppm), the linear section becomes short enough that it is comparable to the
mixing time. The slope is then difficult to determine because the current has already
reached the plateau period by the time the linear trend can be observed.
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Figure 4.3: Slope of current increase versus MPS concentration
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The lag time, defined as the time required for the current to reach a linear
increase, was also plotted as a function of MPS concentration in Figure 4.4. Above a
concentration of 0.5 ppm the lag period becomes short enough that it can not be
accurately measured. The lag time drops as the MPS concentration increases.
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Figure 4.4: Lag time versus MPS concentration
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Figure 4.5 shows the inverse squared lag time as a function of MPS concentration.
A clear linear correlation can be seen.
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Figure 4.5: Inverse squared lag time versus MPS concentration

In addition, the final current was plotted as a function of MPS concentration in
Figure 4.6. These points were calculated by averaging the last 20 points for each trial.
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Figure 4.6: Final current versus MPS concentration

4.2.3

MPS Kinetics

Before a model can be developed, two important points need to be made. First, the
relevant time constant for MPS diffusion to the reference electrode is 82/DMps- The
diffusivity of MPS (Dmps) is ~510"6 cm2/s (see section 4.2.4), and the boundary layer
thickness (<5) is -0.0025 cm for a rotation speed of 400 rpm. The relevant time constant is
then about 1.2 seconds which means that after 5 seconds, a steady state is almost
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completely achieved. The trends for all of the data collected take place over hundreds of
seconds so 5 seconds can be considered close to instantaneous.
Secondly, it can be assumed that any portion of the surface not covered by PEG
has the same current density as that in an additive free solution. In a PEG and MPS
containing solution, the copper surface not covered by PEG is almost completely covered
by MPS with only a very small fraction of the surface uncovered. The surface
concentration of MPS is therefore very nearly proportional to the current.
Almost all of the trends in the data can be explained by a fast adsorbing MPS
molecule. For fast kinetics, the concentration of MPS at the electrode surface stays at
zero and the concentration of MPS quickly sets up a steady state linear profile. Equation
4.1 where J is the molar flux to the surface and z is the spatial dimension perpendicular to
the electrode surface results from Fick's first law of diffusion.
J=

=

(4.1)

Because the flux to the surface is constant, the current increase will also be constant. The
fast adsorbing MPS molecule explains the observed linear section.
Fast adsorption kinetics can also be used to explain the linear increase in Figure
4.3. Because the flux of MPS is proportional to the bulk MPS concentration, and the
slope of the current increase is proportional to the MPS flux, the slope will be
proportional to the concentration of MPS. For example, doubling the concentration of
MPS will double the mass transfer rate of MPS to the surface and therefore double the
rate of current increase.
This model can also be expanded to explain the slow plateau. As the surface
concentration of MPS increases, adsorbed MPS and PEG approach simultaneous
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equilibrium. Not all of the MPS that reaches the surface will be adsorbed and the MPS
concentration in solution at the surface will no longer be zero. The flux to the surface will
begin to decrease due to a decreased driving force, which will lead to a leveling out of the
current versus time curve. The current will finally reach a plateau when the surface has
reached equilibrium.
The value of the plateau depends on MPS concentration because of the adsorption
equilibrium on the electrode surface. With the assumption that both adsorbed MPS and
PEG species are in equilibrium with the free electrode surface, the observed trends can be
predicted. The resulting equation is mathematically equivalent to Michaelis-Menten
kinetics and fitting the data is simple. The fit is provided with the experimental data in
Figure 4.6 to demonstrate that the data conforms with the expected trend. The
experimental data start to rise above the curve fit as the bulk concentration of MPS
reaches higher values. This suggests that at high concentrations, MPS may have a
catalytic effect.
This fast adsorption model does not account for the lag period. The long lag time
(> 50 s) for the trials with low MPS concentrations suggest that the lag period is not
simply due to mass transfer which only takes ~5 seconds to establish a steady state. One
possibility is that a minimum MPS concentration must be established on the electrode
surface before the MPS can displace the PEG. During this time the concentration at the
electrode surface is equal to that of the bulk concentration due to the fact that mass
transfer reaches steady state in less than 5 seconds. Once the adsorbed MPS reaches a
critical concentration, the mass transfer can no longer keep up with adsorption and the
linear section begins.
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4.2.4

Estimation of MPS Surface Coverage

The flux of MPS molecules to the surface can be calculated with Equation 4.1. An
estimate of the diffusion coefficient is needed to calculate the boundary layer thickness
and then the molecular flux. For a reasonably accurate estimate of the diffusivity the
Stokes radius can be used as shown in Equation 4.2 where Rh is the Stokes radius, kg is
the Boltzmann constant, T is absolute temperature and v is the fluid viscosity.
k T
RH=-°—
" bnvD

(4.2)

Because MPS has a negatively charged end group, the molecule carries a hydration shell
of a few water molecules. The Stokes radius can be calculated by assuming that the MPS
molecule and hydration shell are spherical. The volume of the sphere can then be simply
calculated using Equation 4.3 where M„ is the molecular weight of the MPS molecule
including hydrated water molecules, Vis the volume, NA is Avogadro's number and p is
the density.

» _k_
=

V

(43)

V-NA

Because the hydrated water molecules will be close to the MPS molecule, a density of
1.4, which is slightly greater than that of water, will be assumed. The Stokes radius can
then easily be calculated from the volume of the assumed sphere. Table 4.2 shows the
resulting diffusivities assuming various numbers of hydrating water molecules.
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Table 4.2: Calculated MPS diffusivities
Number of water molecules in
hydration sphere
0
5
20

MN (g/mol)

DMPS (cm2/s)

178.21
268.26
538.41

5.81610"*
5.063-10"*
4.045-lO*

The number of hydrating water molecules is unknown, but it is probably more than zero
and less than 20. An MPS diffusivity of 5-10"6 cm2/s is a good approximation and will be
used for further calculations.
Once the Diffusivity is determined, the boundary layer thickness can be calculated
using Equation 1.11 and the maximum molecular flux can be calculated using Equation
4.1. It is assumed that the deposition current density is proportional to the MPS surface
coverage. The time required to saturate the electrode surface for any of the experimental
concentrations of MPS can then be calculated using Equation 4.4 where tsa, is the time
required to saturate the electrode, if is the final current and m is the slope.

<«=-

<4-4)

m
This equation represents the time it would take to saturate the electrode surface in the
absence of PEG blocking the surface during the lag period. The electrode, of course, does
not reach complete surface coverage in that time, and in the case of lower MPS
concentration does not reach complete surface coverage at all. By multiplying the
saturation time and the molecular flux to the electrode surface, an estimate of the number
of molecules on a saturated copper surface can be determined. The area covered by one
MPS molecule can then be calculated by dividing the electrode area by the number of
molecules. This is shown in Figure 4.7, note the logarithmic scale on the x axis.
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Figure 4.7: Surface area covered by single MPS molecule versus concentration

The average area covered by one MPS molecule is 47 ± 9 A2. Although this value
has a large error associated with it, the order of magnitude of the result is expected based
on the mass transfer limited model proposed. A much smaller area would suggest that the
surface is covered my more than one monolayer of MPS, which is unlikely for an
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acceleration effect. A larger area would suggest that an additional mechanism is at work
because PEG would still be able to adsorb to the copper surface.
The area covered by one MPS molecule considering only steric hindrance can be
approximated by assuming that the molecule is anchored by the thiol end and stands
straight up. The largest part of the molecule is the sulfonate group. The diameter can be
approximated by adding two sulfur-oxygen bonds (-1.5 A each) and the covalent radius
of two oxygen atoms (-.7 A each). This gives a diameter of approximately 4.4 A and an
area of approximately 15 A2 assuming a circular molecule. The calculated area covered
by one MPS molecule is significantly more than this 15 A2. This suggests that there is an
additional force separating the adsorbed molecules. One possibility is the charge-charge
repulsion resulting from two negatively charged end groups. This additional free area
surrounding the MPS molecule is available for copper deposition.

4.2.5

Method for Determination of MPS Concentration

In Figure 4.3, a very good linear fit can be obtained by linear regression with an R2 value
above 0.99. A rearranged linear fit for an MPS concentration up to 0.5 ppm is given in
Equation 4.5, where m is the slope of the linear section.

<«>

s

1.180-10

Based on the results from these trials, a procedure to determine an unknown
concentration of MPS was devised. The same experimental conditions were applied, and
instead of adding a known concentration of MPS, the unknown sample was added. The
slope of the resulting current versus time graph was calculated. Using Equation 4.1, the
concentration of MPS in the unknown sample could be calculated.
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This method for calculating MPS concentration does make the assumption that
nothing else in the solution affects the copper deposition, so a sample known not to
contain any MPS must be tested to confirm this assumption. This method does not make
any assumptions about the kinetics of MPS.
A good linear fit of the inverse squared lag time versus MPS concentration can be
made using data up to about 0.2 ppm MPS. At concentrations above 0.2 ppm, the lag time
drops below 30 seconds and an accurate measurement of the lag time is not possible due
to the mixing time of ~10 seconds. The rearranged linear fit of Figure 4.5 is given in
Equation 4.6. This fit has an R2 value of 0.998.

C»=

=

( t , Y 2 + (6.014 10~5)

<4<S>

This presents an alternative method to calculate the MPS concentration. Again the same
experimental conditions need to be applied. The lag time can be measured and used with
Equation 4.2 to calculate the MPS concentration. This method makes the same
assumption that nothing else in the solution affects the copper deposition. It also does not
make any assumptions about the kinetics of MPS.
The good linear fit obtained in both equations suggests an accurate concentration
estimate. Additionally both methods can be used, and the results compared. If another
species in the unknown sample affects the copper deposition rate, it is unlikely that the
two independent methods would lead to the same result.

4.3

Effect of Various Parameters on MPS Acceleration

Addition of MPS to a PEG and chloride containing solution was used to determine the
effect of rotation speed, temperature and applied potential on MPS acceleration. Unless
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otherwise noted, the experiments took place at 25 °C, -0.15 V, and 400 rpm. An MPS
concentration of 0.05 ppm was used.

4.3.1 Effect of Rotation Speed
The effect of rotation speed can be seen in Figure 4.8. As rotation speed increased, the
rate of mass transfer increased because the boundary layer thickness was decreased,
while the diffusivities of all species in solution remained constant. The final current
increased with increasing rotation speed due to the effect of the decreasing boundary
^I

layer thickness on transport of Cu . If the copper deposition process was completely
mass transfer limited, the final current would double with a quadrupling rotation speed
based on equation 1.12. That result was not seen in this experiment because the potential
of this experiment (-0.15 V) was not negative enough to attain the mass-transfer limited
deposition current.
One observation is that both the lag time and the time of the linear section
decreased with increasing rotation speed. This is consistent with the view that the process
of replacing PEG or a PEG-chloride compound with MPS is a mass transfer controlled
process. As the rotation speed was increased, MPS reached the electrode surface faster
and the steady state current was reached more quickly. If the process is completely mass
transfer controlled, the time to saturate the electrode surface should decrease by a factor
of 2 with a quadrupling of rotation speed. The time to saturate the electrode surface did
not quite double between the 400 and 1600 rpm trials suggesting the process is not
completely mass transfer controlled. Between lower rotation speed trials the saturation
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time was reduced by a factor of two between trials differing in rotation speed by a factor
of 4. This suggests that kinetics may need to be accounted for.
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Figure 4.8: Current versus time, effect of rotation speed

4.3.2

Effect of Temperature

The effect of temperature can be seen in Figure 4.9. As the temperature increased, the
diffusivities of all species in solution increased which increased the mass transfer. The
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expected result was an increasing final current with increasing temperature due to
increased Cu2+ mass transfer. This trend is clearly shown in Figure 4.9. In addition, the
mass transfer of MPS increased with increasing temperature decreasing the time required
to saturate the electrode surface as was observed. The trend could also be explained by
pointing out that reaction rate constants increase with temperature. By increasing the
temperature of the solution, the kinetics of MPS adsorption would also be increased. The
general rule of thumb is that reaction rates double with every 10 °C increase in
temperature. The change is not quite that dramatic, but this explanation is equally
supported by this experiment.

4.3.3

Effect of Overpotential

The effect of overpotential can be seen in Figure 4.10. As overpotential becomes more
negative, the driving force for the reduction of Cu2+ to Cu° is increased, and the final
current increases. The driving force for MPS adsorption will also be affected. If the
adsorption process is potential limited, the time to reach the limiting current should
decrease with decreasing potential. For all but the -0.30 V trial, no change in saturation
time is observed. This fits with the mass transfer limited model.
The anomaly is the -0.3 V trial which has a starting current much higher than the
other trials. This could have been predicted by looking at a cyclic voltammogram of a
copper solution containing PEG and chloride. At an overpotential of a little above -0.2 V,
the suppression effect of PEG decreases. This decreased suppression may have allowed
MPS to adsorb to the electrode surface sooner.
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Figure 4.10: Current versus time, effect of overpotential

4.4

SPS Kinetics

Study of the breakdown of SPS to MPS is of interest both academically and industrially.
If the sulfur-sulfur bond is cleaved by a faradaic reduction at the metal surface the rate
should be potential dependent. Therefore, experiments intended to study the splitting of
SPS were designed.
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A 40 mL solution containing 500 ppm SPS in 1 M sulfuric acid was prepared.
This solution was then conditioned with successive positive and negative pulses. The
negative pulse is intended to split the SPS molecule at the sulfur-sulfur bond reductively
to form MPS. However, at a constant negative potential, the current decreases with time
presumably due to a surface coverage of MPS. The purpose of the positive pulse is to
remove MPS molecules from the electrode surface. This two potential pulse procedure
was repeated 100 times for all experiments in order to generate MPS concentrations high
enough to be measured.
Because there is currently no procedure to measure the concentration of MPS in
situ, an indirect method was used. After conditioning the SPS, the working electrode was
pre-plated with copper. After the addition of PEG and chloride a chronoamperometry
experiment was run at 400 rpm and -0.15 V for 2000 seconds. At 900 seconds, the SPS
solution was added. This 500 ppm solution was diluted to 10 ppm when added to
solution. This procedure is the same as in section 4.1.1. In order to determine the
concentration of MPS the procedure outlined in section 4.1.3 was used. This required
determining the slope of the current versus time graph and using equation 4.5 to quantify
the concentration of MPS in solution.

4.4.1

Effect of Positive Pulse Magnitude

SPS was conditioned with a 10 second, -0.6 V potential pulse followed by a 10 second
pulse ranging from 0.5 V to -0.1 V. This two potential pulse procedure was repeated 100
times in order to create concentrations of MPS high enough to measure. The results when
this was added to the PEG and chloride containing solution can be seen in Figure 4.11..
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Figure 4.11: Current versus time, effect of positive pulse overpotential

The slope of the linear section was calculated and used with Equation 4.1 to
calculate the concentration of MPS in the solution. The MPS concentration is plotted as a
function of the positive pulse in Figure 4.12. The maximum clearly lies around 0.1V.
This suggests that at more negative potentials, the MPS generated from SPS splitting is
not removed from the surface. Higher (anodic) potentials are sufficient to remove MPS
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from the surface, but may also deactivate some of the MPS generated. This could be due
to recombination to form SPS or possibly an additional, as of now unknown reaction
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Figure 4.12: MPS Concentration versus positive pulse overpotential
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4.4.2

Effect of Positive Pulse Time

SPS was conditioned with a 10 second, -0.6 V potential pulse followed by a 0.5 V pulse
which varied in time between trials. This two potential pulse procedure was repeated 100
times. The results when added to the PEG and chloride containing solution can be seen in
Figure 4.13.
The slope of the linear section was calculated and used with Equation 4.1 to
calculate concentration of MPS in the solution. The MPS concentration is plotted as a
fimction of the positive pulse time in Figure 4.14. The maximum concentration occurs at
1 second. This suggests that 1 second is enough to remove most or all MPS on the
electrode surface. After the short time required to remove the MPS, any additional time
deactivates the MPS. This is consistent with the results from Figure 4.12. It appears that a
positive pulse is needed to remove MPS from the electrode surface, but too long a pulse
can deactivate MPS.
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Figure 4.14: MPS concentration versus positive pulse time

4.4.3

Effect of Negative Pulse

SPS was conditioned with a 10 second negative potential pulse which varied between
trials, followed by a 10 second, 0.5 V pulse. This two potential pulse procedure was
repeated 100 times. The results when added to the PEG and chloride containing solution
can be seen in Figure 4.15.
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Figure 4.15: Current versus time, effect of negative pulse

The slope of the linear section was calculated and used with Equation 4.1 to
determine the concentration of MPS in the solution. The MPS concentration is plotted as
a function of the negative pulse potential in Figure 4.16. The amount of MPS generated is
directly proportional to the current produced by reducing SPS to MPS, so Figure 4.15 can
be thought of as a cyclic voltammogram of SPS. This appears to have a standard
reduction potential of around -0.1 V.
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Figure 4.16: MPS concentration versus negative pulse overpotential

4.4.4 Effect of Temperature
A 500 ppm solution of SPS in 1.0 M sulfuric acid was conditioned with a 10 second -0.8
V pulse followed by a 10 second 0.5 V pulse. This was repeated 100 times. The
temperature of the conditioning was varied. The results are shown in Figure 4.17.
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The concentration of MPS for each trial was calculated with Equation 4.1. Because the
concentration of SPS was nearly constant during conditioning, the concentration of MPS
is directly proportional to the rate constant. The natural logarithm of MPS concentration
was plotted against inverse temperature in Figure 4.18. The linearity of this graph shows
how well the data fit with the Arrhenius equation, and suggests that the reaction behaves
like an elementary reaction.
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4.5

SPS Ageing

The effect of ageing on SPS was measured over a three week period. A 40 mL solution of
500 ppm SPS in 1.0 M sulfuric acid was prepared and allowed to age. The solution was
then added to a solution containing 400 ppm PEG, 50 ppm chloride ions, 0.06 M cupric
sulfate, and 1.0 M sulfuric acid according to the chronoamperometry procedure described
above. The SPS solution was added to the solution after 1200 seconds. Upon addition the
SPS solution was diluted to 10 ppm. Figure 4.19 shows the current versus time for these
trials.
Ageing time has a dramatic effect on the acceleration effect of the SPS solution.
The shape of the current increase has many similarities with MPS alone, but it is clearly a
different shape. The lag period appears to be similar, however the linear section is not
nearly as well defined as with MPS alone. The different shape suggests that MPS may not
be responsible for the acceleration effect, and therefore is not present in large quantities
in solution, however, because the shape of the curve is similar it is likely that something
closely related to MPS is present. It is also possible that a different chemical is being
produced in the SPS solution and electrochemically converted to MPS. The absence of
MPS is expected because in an acidic solution the sulfur-sulfur bond in SPS is unlikely to
break.
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4.6

Similar Accelerant Molecules

Molecules similar to SPS and MPS were tested to gain insight into the acceleration effect.
Table 4.3 lists the molecules used along with their molecular weights.

4.6.1

Chronoamperometry

An electrolytic cell was set up with a solution containing 1.0 M sulfuric acid and 0.0638
M cupric sulfate (to be diluted to 0.06 M after additive solutions have been added). After
coming to equilibrium at 25 °C, the electrode was pre-plating with copper. Concentrated
additive solutions were then added to obtain 400 ppm PEG and 50 ppm chloride. A
chronoamperometry experiment was then run at 400 rpm for 2000 seconds. At 900
seconds one of the accelerants was added to the solution. The concentration used for all
accelerant additions was 5.61 x 10"4 M which is equivalent to 100 ppm MPS. This
experiment was run with all potential accelerants at overpotentials of -0.15 V and -0.30
V. The results for the -0.15 V trials are shown in Figure 4.20 and the results for the -0.30
V trial are shown in Figure 4.21. Note the logarithmic scale in both figures.
As expected, addition of MPS leads to near immediate current acceleration at both
-0.15 and -0.30 V. The acceleration effect for SPS is less rapid at -0.15 V, and does not
reach the acceleration effect shown by MPS even after 10 minutes. The effect is much
faster at -0.3 V, reaching a steady state at the same current as the MPS trial in about a
minute. This potential dependence of SPS "activation" is well known and consistent with
the SPS conditioning tests performed in section 4.3.
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Table 4.3: Accelerant molecules tested

Name

Molecular
Weight

Chemical Structure

2,3-Dimercapto-1Propanesulfonic Acid,
Sodium Salt

228.29

&

l,3,5-Triaza-7Phosphaadamantane

354.4

o
hs-^Y^"oh

L-Cysteine

121.16

NHo2
HS^-^OH
O
HS^OH

3-Mercaptopropionic
Acid

Thioglycolic Acid

157.15

106.14

o
3,3'Dithiodipropionic
Acid

92.12

0

4,4'-Dithiodibutyric
Acid

210.27

o
Mercaptosuccinic
Acid

o

V-«
O SH

HOY
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Figure 4.20: Current versus time for all potential accelerants, overpotential of-0.15 V
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Figure 4.21: Current versus time for all potential accelerants, overpotential of-0.30 V
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Because 2,3-dimercapto-l-propanesulfonic acid has the same structure as MPS,
with one additional thiol, the results of tests are expected to be similar. This is clearly not
the case at either -0.15 or -0.30 V. The behavior is similar to that of SPS, where a slow
acceleration is observed, however the effect is not as rapid. This suggests some sort of
slow activation process, possibly because the second thiol interferes with adsorption of
the first thiol, or even adsorption of the second thiol. This activation is shown more
clearly at -0.3 V where the process begins slowly, then rapidly increases towards the
same final current as with MPS. Additional research would be needed to determine
exactly what reactions are occurring. This molecule could potentially be used as an
accelerant, but the mechanism is clearly different than that of MPS or SPS.
The potential accelerant l,3,5-triaza-7-phosphaadamantane was chosen because it
has nitrogen containing rings as well as phosphorus, either of which may undergo a
surface reaction at the copper electrode. Unfortunately it is clear that at both -0.15 and 0.30 V only an additional suppression effect is noted. This is not surprising considering a
number of levelers known to physically block the electrode surface have nitrogen
containing rings in their structure. It would appear based on the results of the -0.15 V trial
that whatever suppression effect is responsible for decreasing the current is subject to
electrochemical reaction at the electrode surface.
L-cysteine was chosen because it has a thiol, amine and carboxyl group. The
intent was to test whether one of these groups could provide an acceleration effect. It is
clear, however that no such effect is obtained. There is an additional suppression effect at
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-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"4 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 CI", 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 Cu2+ 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-l-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 4.23: Cyclic voltammogram for 2,3-dimercapto-l-propanesulfonic acid

The cyclic voltammogram for l,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 l,3,5-triaza-784
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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 l,3,5-triaza-7-phosphaadamantane
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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.
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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
91

0

0.008

Mercaptosuccinic Acid
CI Only
CI and PEG
0.006

<
•+-*

jjj 0.004

D

o

0.002

\\

w

-0.5

-0.4

-0.3

-0.2

-0.1

0

Overpotential (V)
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)-l-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

Bis-(3-Sodiumsulfopropyl)
Disulfide
(SPS)

o%

3-(2-Nitrophenylthio)-1propanesulfonic acid

354.4

Na+0"s*^~^s

^

'o

0

Sodium 3-mercapto-lpropanesulfonate
(MPS)

Sodium 3-(benzothiazol-2ythio)-1-propanesulfonate
(ZPS)

Molecular
Weight

Chemical Structure

ij
0

ONa

178.2

s<}

311.4
%\^san

(VS

299.3

0
g

Na-

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.
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Figure 4.31: Cyclic voltammogram for varied concentrations of MPS

Addition of SPS to a solution containing PEG and chloride 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 4.33: Cyclic voltammogram for varied concentrations of ZPS

The cyclic voltammogram with 3-(2-nitrophenylthio)-l-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.
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Figure 4.34: Cyclic voltammogram for 3-(2-Nitrophenylthio)-l-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 yintercept 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 difiusivity 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-l-propanesulfonic
acid. Nevertheless a number of important conclusions can be drawn. First, all three
molecules with a sulfiir-sulfur bond showed a clear hysteresis. This fits with the believed
SPS acceleration mechanism where SPS breaks at the sulfiir-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-C1 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 A2 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

A

Area (cm2)

Cbuiic

Bulk concentration (mol/L)

Cj

Concentration of species j (mol/L)

Dj

Diffusivity of species j (cm /s)

F

Faraday constant (96485 C/mol)

if

Final current (A)

ii

Limiting current (A)

Jj

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

Jj.con

Molecular flux of species j due to convection (mol/cm -s)

Jjjiff

Molecular flux of species j due to diffusion (mol/cm -s)

Jj.mig

Molecular flux of species j due to migration (mol/cm -s)

k

Reaction rate constant

k°

Reaction rate constant at equilibrium potential

ks

Boltzmann Constant (1.38 • 10"23 J/K)

m

Slope

M„

Molecular weight (g/mol)

n

Number of electrons transferred

Na

Avogadro's number

Rh

Stokes radius (cm)

R

Ideal gas constant (8.314 J/mol-K)

T

Temperature (K)

t

Time (s)

hag

Lag time (s)

tsat

Saturation time (s)

V

Volume (cm3)

v

Velocity vector

Zj

Ion charge (C)

-j

4
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Greek Letters
a

Transfer coefficient

6

Boundary layer thickness (nm)

tj

Overpotential (V)

T]total

Total overpotential (V)

rj c

Concentration overpotential (V)

ris

Surface overpotential (V)

t\q

Ohmic overpotential (V)

<f>

Electrical potential (V)

v

Viscosity (g/cm-s)

p

Density (g/cm3)

o)

Angular frequency (rad/s)

ABBREVIATIONS
TSV

Through Silicon Via

PEG

Polyethylene Glycol

ZPS

Sodium 3-(benzothiazol-2-ythio)-l-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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