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The decomposition of sulfopropyl sulfonat8PS, 4,5-dithiaoctane-1,8-disulfonic gcid acid copper electroplating chemistries

was studied using scanning electrochemical micros¢§®BCM), UV-visible spectroscopy, high pressure liquid chromatography,

liquid chromatography mass spectrometry, and electron spin resonance. The primary decomposition product is proposed to be the
thiolsulfonate of SPS. Although this oxidation product can be formed by reaction with hydrogen peroxide, SECM studies of
oxygen reduction on copper showed that there is not a peroxide intermediate and the product of oxygen reduction on copper in
dilute sulfuric acid is water. The data suggests that SPS stabilize$ & this complex is the intermediate. For this scheme,
oxygen reacts with the SPS/@ucomplex in solution to form the thiolsulfonate of SPS andIQu
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Several copper plating bath chemistries currently used by the25 um diam platinum microelectrode were used for scanning elec-
integrated circuitIC) industry contain two additives. Both additives trochemical microscop€éSECM) collection experiments. Ag/AgCI
work together to fill the features from the bottom up; sometimes this(CH Instrumentsand Hg/HgSO, (Radiometer were used as refer-
is referred to as super fitt® Sulfopropyl sulfonate, or SPS, is a ence electrodes. A schematic of the SECM instrument is shown in
commonly used additive for printed wiring board and IC acid copperFig. 1. For liquid chromatography.C) mass spectrometry with
plating applications. Under normal plating conditions SPS has aelectrospray ionization, a Varian LC 9050 with a Wacker Siltronic
half-life on the order of 12 h and is the most unstable of the addi-C18 column coupled to a Finnegan MAT mass spectrometer with a
tives that are currently in use. State-of-the-art plating tools haveLCQ electrospray ionization source were used. All samples were
systems that automatically replenish the additives to maintain someanalyzed in negative mode. The eluents were 0.1% formic acid and
nominal concentration. However, even if the bath additive concen-1% ACN in water(A) and 0.1% formic acid and 90% ACN in water
trations are tightly controlled, the bath life is not indefinite. The (B). Eluent B was ramped from 0-75% in a gradient fashion in 15
plating bath needs to be periodically dumped and replaced, or remin. The flow rate was 5Q.L/min and the injection volume was 20
plenished by a bleed and feed scheme. Bath replacement is requirggl. Electron spin resonancd&ESR was carried out with an IBM
because the SPS decomposes and the decomposition products angtruments ER 300.
detrimental to super fill. The goal of this work was to understand the ] ) o
decomposition mechanism of SPS so that the bath life can be ex- Chemicals—CuSQ - 5H,0 was Analytical Scientific ACS re-
tended. The most detailed work on the decomposition of SPS to dat@gent grade. The sulfuric acid was Ashland Megabit grade. Millipore
is by Healeyet al” who studied the decomposition of SPS at open MilliQ DI water was used to make all solutions. SPS
circuit. Based on extensive electrochemical studies they proposetSOsH(CH,)3-S-S{CH,)3SO;H] was obtained from Raschig. The
that SPS is decomposed to a(Qtthiolate complex in the absence thiolsulfonate is [SO;H(CH,)3-SO-SO{CH,)3SO;H].  MPS
of oxygen. They determined that the decomposition requires thefFluka) is the monomer of SPS and has the formula
presence of SPS, @), and CY and speculated that the @i SO;H(CH,) 3SH.
thlolat(_a complex might be formed by the following reactidfs. 6 Bulk electrolysis of plating chemistrr-Bath aging experiments
and 7 in Ref. 7 ) ) .

were run on a custom-made bench top plating cell. This cell utilized
4CU" + [S(CH2)3SO;H], — 2CPT + 2Cul)S(CH2);SO;H a round chuck designed to hold a 1.5 fite that was cut from a 200
[1] mm wafer. Silicon wafers with 4000 A of thermally grown SiO
were metallized with 250 A of sputtered Ta followed by 1000 A of
followed by the oxidation of this complex by dissolved oxygen sputtered Cu using a Novellus Inova Sputtering tool. The wafers
N were cleaved into square tiles after sputtering. When assembled with
Cu()S(CH,)3SOH + O, — CU#* + S product (2] a wafer tile, the cathode was disk shaped and completely copper
) ) o coated. The anode was a phosphorus-ddpeib%, Nimtek copper
Where S product is not SPS, and is probably an oxidized form ofgisk with the same diameter as the cathode. Both were contained in
mercaptopropanesulfonic aciMPS). a cylindrical cell with an inner diameter just slightly larger than the
electrodes, a standard configuration yielding nearly straight field
lines and uniform current density. Mass transfer was enhanced by
Apparatus—A Dionex high pressure liquid chromatography rotation of the cathode.
(HPLCO) instrument with a NS1 column was used to monitor the
concentration of the SPS and the decomposition product of SPS. A
gradient method with two eluents was used. Both eluents contained
150 mN H2SO04. Eluent A contained 10% acetonit(hCN) and B Analysis of decomposition product with EA commercially
contained no ACN. The gradient ramped linearly from 0.25 to 10 vol available plating bath was used for this study. This plating bath uses
% ACN in 20 min. The absorbance detector was set to 240 nM. TheSPS and although the actual concentration is proprietary, it is prob-
flow rate was 2 mL/min. A CH Instrumentéustin, TX) model 900 ably in the 3 to 5QuM range. The suppress@oolyethylene glycol,
scanning electrochemical microscope and a CH Instruments CH10®EG, or polypropylene glycol, PB@oncentration was the supplier
recommended nominal, as were Q50 ppm), H,SO, (180 g/,
and Cull) (18 g/L). The solution was electrolyzed for 15 min at 12
* Electrochemical Society Fellow. mA/cm® and 100 rpm in the bulk electrolysis cell, with and without
Z E-mail: ajbard@mail.utexas.edu dissolved oxygen. Dissolved oxygen was removed by sparging the
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for a day, there was an 80% conversion to the thiolsulfinate
Microelectrode Bi-potentiostat and (RSOSR and 10% conversion to thiolsulfonate (RSER).

Since the concentration of SPS used in commercial plating baths
is on the order of 3 to 5@M, situations might exist where a large
excess of peroxide is present in the bath. The formation of peroxide
requires dissolved oxygen, protons and an electron source. The two
most likely electron sources are Cuor the cathode.

Typical copper sulfate plating baths comte M sulfuric acid
and 0.28 M Cdl). Since sulfate ion is not a strong complexing
agent for copper, the main form is @), the aquated ion of Gl).

In this system the concentration of Cuis low. When this electro-
lyte is in the presence of copper metal, the following equilibrium

occurs
L I:_

Figure 1. Schematic of scanning electrochemical microscope setup.

Reference Electrode Data Acquisition
Piezo Positioner
and Controller

Cu+ CUW' = 2Cu" K, = [Cut][CUPY] [3]

Tindall and Bruckenstethstudied this equilibrium using ring-

) o ) _disk techniques and determined ti&at, = 5.8 X 10™7. In our so-
copper sulfate solution with nitrogen through a glass frit for 15 min. lution, this produces a Gl concentration of 4 mM. However, in the
After plating, samples of the electrolyte were analyzed with HPLC. giffusion layer close to the anode, the concentration dff Quay be
The results are shown in Fig. 2. The large peak that elutes after ongjgher than in the bulk solution. For example, when the wafer is
minute contains copper sulfate. The small peak at 3.6 min is thgnade anodic, a nonequilibrium condition can exist, leading t)Cu
decomposition product. The peak at 11.38 min is the SPS peak. Notggncentrations near the anode that could be several orders of mag-

that the decomposition product peak for the deaerated electrolytgjtyde higher than the local SPS concentration. Thiél Xpecies is
was much smaller than it was in an experiment where the solutloi?E

. Y ! ermodynamically capable of reducing oxygen to,CH
contained oxygen. Although not shown here, a virgin bath containe °(0,,H,0,) = 0.695 V: EO(C?*,Cu*) = 0.159], so it is pos-
roughly the same amount of _decomposmon produ_ct as the deaerat ble that the concentration of peroxide near the anode is also one or
electrolyzed bath. An experiment was also carried out where th o orders of magnitude higher than the SPS concentration
solution contained 10 times the normal operating concentration o '

accelerator(SP3, i.e, a solution in the 30-50@.M range. The Analysis of by-products and intermediates by LC mass
concentration of all other bath constituents was the same as thgpectrometry—Healey et al. studied the open circuit decomposi-
previous experiment. Hydrogen peroxide was added to this solutiortion of SPS. The controlled variables in their experiments were the
to produce a 10 vol % solution concentration. After mixing, a presence or absence of GCu(ll), O,, and platinum. Platinum was
sample was removed for HPLC analysis. In this experiment, the SP$ncjuded because platinum-coated titanium baskets are used to hold
was completely decomposed and the only peak present in the chrane copper nuggets which serve as the anode in the PCB industry.
matogram(not shown was a large breakdown product peak that The response variable was the half-life of SPS. In the absence of
eluted at the same tim@.6 min as the breakdown product peak in o, ' they found that if C8, Cu(ll), and SPS were present, the SPS

Fig. 2.‘ It i_s possiblg that dissolved oxygen is_cor]verted to hydr.ogendecomposed rapidly and the solution turned green.,lfn@s also
peroxide in the pl%tlng bath. Hydrogen peroxide is known to oxidize  osant the SPS still decomposed rapidly, but the solution remained
the disulfide bond. These hydrogen peroxide/disulfide oxidation |, o | inear sweep voltammettySV) of the green solution yielded
products can have one to four oxygen atoms bonded to the S atomsg o y,ction wave at0.16 Vvs.a saturated Hg/Hg sulfate electrode
of the disulfide group, ylgldlng thlolssulfma(a), thiolsulfonate(2), (SMSB, but this wave was not present in the blue solution. They
sulfinyl sulfone(3), or a-dlsulfone(4_). ) . also mixed a solution of MPS and QL) and found that it turned
Healy et al. showed that the oxidation of SPS by® is slow  green immediately after mixing. They found that the green solution
when the concentrations of the two species are equal, but the prénade in this manner also showed a wave-8t16 VVvs.SMSE. This
ceding experiment showed that the oxidation can occur at a rapidyave occurred at potentials that are consistent with th@)@u(I1)
rate when large excesses 0®} are present. Allen and BroBk  couple. They proposed that SPS decomposition occurred in a two-

carried out a study of oxidation of disulfides to thiolsulfinates by step reaction, where the intermediate species, copper thiolate, is
hydrogen peroxide. In their study they used Snglodecyldi-  formed as follows

sulfide in 500 mL acetic aci¢40—459 and 3.25 g 27.1% hydrogen
peroxide(a 100% excedsWhen the mixture was allowed to react 4CU" + (S(CH,)3SOH), — 2CUWPT + 2CuSCH,),SOH

(4]

The copper thiolate then reacts with, @ give Cull) and “S-
product”. They speculated that S-product was an oxidized form of
MPS such as propane-1,3 disulfonic acid. In this scheme, the disul-
fide bond is reduced by @Qu and thus, broken. They believed that
the intermediate formed by exposing the SPS to th¢ll@Cu’
couple in the absence of oxygen is the same species as that formed
by mixing MPS and Cdl) in the absence of oxygen. To gain addi-
tional insight into these reactions, we repeated these experiments,
but LC mass spectrometry with electrospray ionization was used to
analyze the intermediate and final products. The electrolyte con-
sisted of 0.28 M CuS@Qand 0.2 M HSO,. The SPS concentration
, was 0.14 M. The solution was sparged with fér 20 min through
25 0 75 de ks 10 1is 0 a glass frit prior to adding the SPS. A sample was drawn prior to

Time (m) electrolysis. Next, the solutiofvolume, 150 ml. was electrolyzed

for 30 min at a current density of 26 mA/énin the absence of

Figure 2. Chromatogram of electrolyzed plating bath. oxygen using the cell described earlier. A total of 2700 C were

,,,,,, Non-de-aerated

De-acerated
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Table I. Mass matches. 100 and 80, respectively, so the concentration of the 371.0 species in
this peak is significant. Part A contains data for the starting solution.
Detected Delta Note that at an elution time of 8.9—10.5 min, neither the predomi-
m/z Possible molecule m/z m/z nant or second most predominant species are at mass 371. This
97.1 HSO- 96.93 01, Indicates that the concentration of the 371 species is lower in the
155'1 MPS —4H* 154'9 0'20 starting solution than in the intermediate solution. Comparison of
277'1 SPS— S— H* 276'76 0'34 the mass spectra for the elgctrolyzed “green” solution a_nd t_he_ same
309.1 SPS— H* 308.82 0.28 solution after oxygen sparging show the peak at=8Z1.0 is elimi-
311.0 SPS— H* with one < 310.82 018 nated by the oxygen, while one at m/z 341.0 is formed. The m/z 371
331.1 SPS+ Na* — 2H* 330.80 03 peak has a related peak at 373 amu. The ratios of these two peaks
341.0 SPS+ 201 — H* 340.81 019 are consistent with the _natqrally occurring isotopic ratios of copper
341.0 SPS+ S92 — HY 340.88 012 and sulfur if the species is a complex of SPS andICuSPS
371.0 SPS+ Cutd — 2t 370.74 0.26 + Cu()® — 2H* corresponds to an m/z of 370.74. The measured
406.8 SPS+ HSO; 406.75 0.05 m/z was 371.0 and the difference between these two numbers is 0.26
618.7 2SPS— Hf 618.64 0.06 amu. SPS- l—_|+ has a _m/z of 308.82 w_hile the detecteo_l mass was
679.7 2SPS+ CLA+H®d — 3+ 680.17 0.47 309.1. The difference is 0.28 amu. This serves as an internal cali-

bration in this mass range and is further evidence that the 371.0

mass is an SPS @u complex. Although the 371/341 signal is rather

weak, differences in the three chromatograms are apparent.
passed. During electrolysis the solution was sparged wjthA¢$ a Similar experiments were carried out with MPS. The same elec-
result of the electrolysis, the solution became green. A sample of thisrolyte as in the previous experiments was used and was sparged
solution was removed and maintained under. Rinally, the elec-  with N, for 20 min, and then 0.28 M MPS was added. When the
trolyzed solution was sparged with oxygen until it turned from green MPS was added, the solution became black and cloudy. After a short
back to blue. time it turned green. A sample of this solution was taken and bottled

The chromatograms and mass spectra for the three solutions ai a N, atmosphere. When the parent solution was sparged with

not shown. Table | lists the most likely matches for the masses thabxygen, it turned from green back to blue. The predominant species
are present in these three spectra. Masses 113.1, 226.8, and 262d} the entire mass spectfaot shown is 309.1, SPS minus one
are background residuals left over from the previous experiment$yroton. The species with the second highest abundance is 371.0/
run on the instrument and are only present in significant concentra373.0 m/z, most likely the Ql)/SPS complex. The 371.0 m/z peak
tions in the first run. The most significant difference between thejs not present in the chromatografmot shown for this solution
starting and electrolyzed solutions are masses 155.1 and 277.hfter sparging with oxygen. The starting and oxidized MPS solutions
which are present in the starting solution but not the electrolyzedhoth have peaks at 341.0 m/z. While the size of these peaks did not
“green” solution. These are probably MPS and SPS minus one suHook significantly different, note that the quantities of each species
fur or two oxygen atoms, respectively. The predominant masses irare referenced to the predominant species. Thus, it can be mislead-
each peak are listed in Table II. Part B contains data for the electroing to compare the size of the 341.0 m/z signal in each spectrum,
lyzed oxygen-free SPS solution. In this table, at an elution time ofsince the green solution has a significant signal from both the 309.1
10.6, the relative intensity of the signals for 309.1 and 371.0 m/z areand 371.0 m/z. The 371.0 species is almost totally absent from the
oxidized MPS solution. The oxygen probably not only oxidizes the
Cu(l) but it also liberates SPS and therefore, makes the concentra-
tion of the 309.1 m/z species larger. Since every other species is
referenced to the 309.1 species, the magnitude of their signal be-
comes smaller. Parts D and E of Table Il provide details about the

Table Il. Mass spectrometry results of SPS and MPS solutions.

A. SPS solution prior to electrolysis

Elution time, min Predominant mass Secondary mass SPectra within each chromatographic peak. o

The MPS and SPS spectra both show a 371.0 m/z species in the
5.01 226.8 1131 green unoxidized solution. The relative abundance of this species is
5.69 277.1 226.9 greatly reduced in the oxidized solution compared to part D, the
2'?5:3'% ggg'i gig'; green unoxidized soluti_on. Both the MPS an_d SP_S spectra also show
2277 300.1 618.1 a 341.0 mass present in greater concentrations in the oxidized solu-
782-8.9 309.1 618.7 tions compared to the green unoxidized solutions. The mass spectra
8.89-10.49 300.1 113.1 suggest that SPS stabilizes the(Gspecies. This QU)/SPS com-
B. SPS solution after electrolysis plex probably reacts with oxygen to form @, SPS, and thiolsul-
5.44-554 401.9/403.9 594.7/596.7 fonate.
6.40 309.1/311.1 406.7 In MPS solutions the reduction of Qu) to Cul) could be at-
7.93 309.1/311.1 618.7/620.7 tributed to the HS group as follows
10.6 309.1/311.1 371.0/373.0
11.19-17.72 309.1/311.1 618.7/620.7 3CUP" + 4HS(CH,);SO;H
C. Electrolyzed SPS solution after oxygen sparging
2.48 401.9/403.9 594.7/596.7 — 2Cu" + CW + 2(S(CH,)3SO;H), [5]
3.28 309.1/311.1 618.7/620.7
4.15-4.44 341.0/343.0 309.1/311.1 or
5.38-8.38 309.1/311.1 618.7/620.7
?I?..Sl\ilng/Cu solutiongreen SOluu%?m,]_ 43114010 ACRY + 4HS(CH,)5SOH — 4CU" + 2(S(CH,)5SO3H)
6.0-7.5 309.1 371.0/373.0 [6]
7.5-8.4 371.0/373.0 309.1
8.4-10.2 309.1 371.0/373.0
10.6-15.2 309.1 371.0/373.0 or
E. MPS/Cu solution after Dsparging
5.4-5.9 309.1 371.0/373.0 2CUE" + 4HS(CH,);SO;H + 2H*
6.4-9.1 309.1 618.7/620.7

11.4-14.6 341.0 309.1 — 2CU" + 2(S(CH,)3SO;H), + H, (7]
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Figure 4. CV plots on 25um Pt microelectrode, 2 M §80, with and
without 2 mM H,0,.

O, + 2H" + 2¢ J H,0,

U Ta, and 1000 A Cu, with both metals deposited using a Novellus
Inova HCM plasma vapor deposition tool. Figure 5 shows an oxy-

gen reduction wave witle, = —0.925 V. This wave was highly
Cu SUbStrate irreproducible. A rolled copper sheet never exhibited this wave,

electroplated copper sometimes exhibited this wave, and sputtered
copper usually exhibited this wave.

Figure 3. SG/TC experiment. One problem that was encountered in doing these measurements
was due to a background current from(Quions in solution. Al-
though Cudll) was not intentionally added, it was present as the

Cathodic reduction of oxygen on coppetAlthough reduction  product of copper corrosion. The background current was often
of oxygen on different metals is one of the most widely studied much larger than current due to the reduction of oxygen and masked
electrochemical reactions, only one referéfider oxygen reduction  the oxygen reduction wave. The @, and therefore the back-

on copper was found. In this paper, the authors used a ring dislground current, can be removed by holding the substrate580

electrode(RDE) and reported that oxygen reduction on copper pro- mV vs. Hg/Hg,SO, before taking an LSV scan. Figure 6 is a graph

duces water without a peroxide intermediate. We repeated the studyith several LSV traces fo2 M H,SQ, solutions. Trace 1 is for a

of oxygen reduction on copper using the SEENFin the substrate  solution that was sparged with oxygen through a glass frit and has

(Cu) generation/tip collectiotSG/TC mode. The aim of these ex- one wave that has a half wave potential of roughl§.66 V. This is

periments was to see if hydrogen peroxide generated by reduction ahe copper reduction wave. Trace 2 represents a scan in 290OH

oxygen at the copper substrate would be collected at a Pt tip byyith “ambient” concentrations of dissolved oxygen. The copper re-
oxidizing the peroxide back to O The tip was positioned about 20  duction wave is still present. It also has a second wave at roughly

pm from the substrate in the SECM apparatus. Figure 3 shows .9 v with respect to the Hg/H§O, reference. This wave is not
schematic of the collection experiment.

The tip potential for HO, oxidation was determined by cyclic

voltammetry(CV). Figure 4 shows overlays of two CV plots using a 90 . , , L )
25 um platinum microelectrodéCH Instruments The flat trace is a : : : : :
solution containing 2 M HSQ, (Ashland Megabit Graden deion- 80 |

ized (DI) water (Millipore milliQ). The curve with larger current 70 1

excursions is a CV plot with the addition of 2 mM,8,. The peak

current at 0.6 V is the result of oxidation of,8, (H,O, = O, 60

+ 2H" + 2€7). Therefore, we can determine the presence of .~ 50 1

H,O, by holding the tip at 0.6 Ws.Ag/AgCI or by doing tip CV < 40 1

and looking for the peroxide oxidation wave. LSV was used to de- 5

termine the potential range for oxygen reduction on the copper sub- . 30 1

strate. This occurs at potentials where(ICuis also reduced to cop- 20 1

per metal. In a typical plating bath solution, the(@Tuconcentration

is much larger than that of the dissolved oxygen, so the current from 10 1

Cu(ll) reduction will be much larger than that from, OTo avoid 01

this problem, a solution containing only 2 M,8B0, with ambient 10 - » S
oxygen concentrations was used for LSV. For experiments detailed 05 -06 -07 08 09 10 -1
in the rest of this paper, the Hg/EH80, (SMSE reference electrode

was used to prevent excursions in the” @oncentration. For the Potential (V vs. Hg/Hg,SO,)

voltammogram shown, the electrode was taken from an 8 in. silicon
wafer. The film stack consisted of 4000 A of thermal $i@50 A Figure 5. LSV plots on Cu electrode, 2 M }$0, vs.Hg/Hg, SO, reference.
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0.5 06 -0.7 -0.8 <09 -10 -1.1 -1.2 Figure 7. SECM collection experiment with the substrate poised at the open

circuit potential,—370, —320, —270, and—220 mV vs. Hg/Hg,SO, .
Potential ( V vs. Hg/Hg,SO,)

Figure 6. LSV plots for copper substrate in 2 M,80, vs. Hg/Hg,SO, 1. C¢¥" +e =Cu" E°=0.16 [8]
reference,(1) O, sparged,(2) “ambient” O,, (3) 15 m Ar sparged,4) B 0
solution 3 after 30 m under Ar blanket and held at 0.9 V. 2. Cv" +2e =cCu" E®=034 (9]

3.Cu+e =Cu E°=052 [10]

i (nA)

i(uA)

1.0 08 06 04 02 0 -02 -04

At a copper anode, a one-electron oxidation produce)@thich

then disproportionates in solution near the anode surface to produce
apparent in the top voltammogram. For trace 3, the same solutioopper metal and Gl). Black films are known to form on copper
was sparged with argon using a glass frit for 15 min prior to bring- anodes= For the chemistry studied here, the film contains particles
ing it in contact with the copper. The copper reduction wave is of single atoms of copper metal and also whole grains of copper
absent because the solution did not corrode the copper to a signifiwhich have been preferentially etched along the grain boundaries. It
cant extent. The oxygen reduction wave is still present indicatingprobably also contains some Cuspecies and possibly chloride ion.
that there was still residual oxygen in solution. Trace 4 was takenln general, while cuprous ion can thermodynamically reduce dis-
from the same solution 30 min later. During the time that elapsedsolved oxygen to hydrogen peroxide in weakly complexing solu-
between the first and second scan in this solution, the cell was maintions, the rate of this reaction is probably slow. This is because the
tained under argon, and the copper substrate was held at a potenti@he-electron intermediate couple, superoxide/oxygen occurs at po-
of —0.55 V vs. Hg/Hg,SO;. The peak aE, = —0.95 V is now tentials negative of the Cu/@u couple. However, since it is known
absent. in the industry that the copper anode plays a role in the SPS decom-
position, we investigated the possibility that the anode film was

To determine if the oxygen reduction product wasChl, an tcapable of making peroside through the reaction

SG/TC SECM experiment was carried out. The tip was positioned al
~25 um from the substrate and the electrolyte was 2 VB8, . 2Cu" + O, + 2H" = 2CU¥¢* + H,0, [11]
Prior to the collection experiment it was necessary to verify that the
substrate was reducing oxygen. LSV confirmed that this substrat&ve used the SECM in the SG/TC mode to investigate the formation
was capable of reducing oxygen. For the collection experiment, thesf Cu(l) and H,0, from a Cu anode. The substrate was 99.999%
substrate was held at0.95 V and CV was done on the microelec- pure copper sheet from Aldrich. The microelectrode was.2b Pt
trode tip. If peroxide was present, the tip CV should have shown apositioned 25um from the Cu substrate. In these experiments, the
wave corresponding to J@, oxidation. A control with the substrate solution was the standard plating electrolyte consisting of 2 M
at open circuit and therefore not generating anyDiwas used for ~ H,SO;, 0.28 M C¢*, and 50 ppm Ct. The counter electrode was
comparison. No wave for 5D, was seen in these experiments. The & 99.999% copper roghldrich). CV was performed with a platinum
two CV scans essentially superimposed on one another. In an earlidfP With a potential scan range that included peroxide oxidation to
experiment we showed that it was necessary to remove excess cofxYgen. Figure 7 was taken from a collection experiment with the
per ions from solution to see the oxygen reduction wave@®5 v, ~ Substrate poised at the open circuit potentiag70, —320, —270,
It is possible that a small amount of @) was introduced into ~ @nd—220 mVvs.Hg/HgSO,. The solution wa 2 M H,S0,, 0.28
solution by oxidation of copper. However, since the substrate wag¥! Cu**, and 50 ppm CI. Note that as the substrate potential be-
held at—0.95 V during the experiment, any GL) would have been ~ came more positive, the tip curref@nodio increased. This current
removed by deposition on the substrate. is probably due to the oxidation of QUi to Cull), so the results
suggest an increase in the concentration ofl Cim the vicinity of
Reduction of oxygen by cuprous ierSince cathodic reduction  the electrode. Similar results have been found using a EDE.
of oxygen to peroxide does not occur, the source of the peroxide, if When this experiment was repeated in the absence of oxygen
peroxide is actually involved in the SPS decomposition reaction, is(removed by sparging with Ar for 20 min and maintaining an Ar
either in solution or on the anode. On copper anodes the dissolutioatmosphere for a substrate potential-6€820 mV vs. Hg/Hg,SO,),
of copper produces some @y The potentials of the three important the results were essentially the same as in the presence of oxygen
half-cell reactions for copper are (Fig. 8). This suggests that the anodic tip current does not have a
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Figure 8. SECM SG/TC experiment with and without dissolved oxygen,

substrate held at 320 mVvs. Hg/Hg, SO, reference. the 400—450 range shifts toward the visible region. The color dif-

ferences can be attributed to a change in the ligands or to an oxida-
tion state change of Gli) to Cul). The aquo complex of GU) is

component attributable to peroxide oxidation and that the black an1°t Very stable; this implies that the formation of (Qus also ac-
odic film did not reduce dissolved oxygen to peroxide. The standarocompan'ed by a change in the coordination sphere. For example, the
anode material in industrial acid copper sulfate plating baths is phosCU(ll)-MPS complex could be GRS), . Analysis of the data shows
phorized coppe(0.05% B. The addition of phosphorus gives rise to that the MPS:CuS@ratio in the new complex is 2:1. This is con-
formation of a black film on the copper surface during anodic dis- Sistent with a C(RS), complex. However, the prominent feature of
solution. Rashkov and Vuchk&¥have used X-ray diffraction to  the “green” MPS:CuSQ chromatogram was the large peak with an
show that this film contains Cland cuprous phosphate. In Ref. 15, m/z of 371.0. The closest match to this mass is for SPS
the authors investigated the effect of the addition of phosphorus to+ Cu(l)(®® — 2H™ corresponding to an m/z of 370.74. The
the copper anode with a ring/disk electrode collection experiment.Cu(RS), complex would have a m/z of 371.74, off by0.75 amu
They showed that the phosphorus significantly reduces th#) Cu from the reported mass and off by over 1 amu taking the internal
concentration in solution near the anode. Similar SG/TC experi-calibration into account. This is further confirmation that the 371.0
ments were performed with a phosphorized copper af@@encen-  species, and the new complex, containgICuFormation of Cdl)
tration 0.05%, Nimtek The substrate potentials were open circuit, requires some electron dona,g, MPS, that can be oxidized to
—150, and—300 mVvs.the Hg/HgSO, reference. In all cases, the form SPS.
tip current was in the nanoamp range and flat with no waves until
0.9 V indicating that peroxide is not formed on phosphorus doped 2(SO;H-(CH,)5-S-H) — 2e~
copper anodes. N

The CV curves were nearly identical for all substrate potentials. — SO;H-(CHy)3-S-S{CH,)3-SO;H + 2H [12]
Reference 13 shows that the phosphorus dopant keeps tiig Cu
contained in the anode film. This decreases the concentration of |n this experiment, the MPS:Cu mole ratio found to eliminate the
Cu(l) present in solution near the anode. In contrast, on phosphorusquo complex was in fact 2:1. If the MPS s oxidized to SPS in the
free copper the tip current increased as the substrate potential wasrocess, the SPS:Cu ratio is 1:1. This is consistent with the LC mass
made more positive because the(lZwoncentration increased with spec experiment where the complex was found to bé)(3PS.
increasingly anodic substrate potentials. However, MPS and Qii) can not be the only participants in this

The anode film studied in these experiments did not reduce disreaction since the electrons do not balance, there must be another
solved oxygen to peroxide. The available complexing agents weres|ectron acceptor besides Cu.

water, sulfate ion, chloride, and phosphofasode filn). In actual ) o
plating baths, organic additives are also present. The organic addi- ESR analysis of the new complexThe oxidation state of the

tives may alter the stability of the cuprous ion and therefore yield COPPer in the new complex can be verified using ESR(ICis
different results. diamagnetic while Cdl) is paramagnetic. We thus sought to inves-

tigate the ESR behavior of Qu)-MPS solutions. To allow tuning of

UV VIS analysis of théIPS/C#* mixture—Solutions contain-  the ESR instrument, it was necessary to decrease the conductivity of
ing 0.28 M CuSQ and 2 M H,SO, were prepared as described the solution. The KHSO, concentration was therefore reduced to 0.2
earlier. Various MPS concentrations were added. Immediately aftem, with a CuSQ concentration of 0.28 M. MPS was added as
the MPS was added the solution turned from blue to black and thertequired to make solutions containing no MPS, and 0.28 and 0.56 M
from black to various shades of green or yellow depending on themPS. To further reduce the conductivity, the samples were diluted
MPS concentration. For ratios of 1:1 MPS:CuS@Ghe solution was by a factor of 10 with Millipore milliQ DI water. Finally, the solu-
green while 2:1 MPS:CuSQsolutions were yellow. The color tion was injected into glass capillaries using a glass pipette. Figure
change is due to the ratio of absorption at 400—450 nm and 60010 shows the ESR spectra for these solutions. The curve with the
900 nm. In Fig. 9, note that h0 M MPScurve has no absorption in  largest amplitude corresponds to no MPS, the curve with the inter-
the 350 to 475 nm range. When MPS is added, there is strongnediate amplitude to 0.28 M MPS and the flat curve to 0.56 M
absorption in the 350 to 475 range and the absorption in the 600-MPS. This is consistent with an oxidation state+of for copper in
900 nm rangethe absorption peak of CuSO 5H,0) decreases. the new complex. ESR studies by Rataczak and Pajddfvakih
When the MPS concentration is increased, the absorption peak iiCU/*" and thiourea in nitric acid solutions produced similar results.
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could then oxidize the copper metal to©uThe mass spectrometry
work shows that Cii) is stabilized by SPS. The scheme with oxy-
gen as the electron acceptor could be

2CUE*" + 4HS(CH,);SO;H + 2H" + O,
— 2(Cu()((S(CH,)3SO;H),) + H,0,

[13]

In another step, dissolved oxygen oxidizes thglCto Cu(ll),
with the oxygen reduced to superoxide oy@®J. The addition of
dissolved oxygen is concurrent with the formation of thiolsulfonate.
Although it is not possible to make quantitative measurements based
on the MS results reported here, it appears that the conversion of the
Cu(l):SPS complex to thiolsulfonate is probably incomplete. Much
of the SPS may just be liberated from the cuprous complex without
being oxidized. Future studies using alternative techniques are re-
quired to learn more about the @ucomplex. The studies should be
aimed at determining which portion of the SPS molecule is involved
) - . in the complex.

The primary decomposition product appears to be the thiolsul-  The open and closed circuit decomposition reactions are prob-
fonate form of SPS. HPLC with UV detection suggests that the sameypy the same. Making the copper metal anodic simply increases the
compound is formed by adding excesgQd to SPS. The electro-  rate at which Cd) is introduced into solution and therefore in-
chemical studies done here show thatG4l is not formed at the  creases the decomposition rate. Although this suggests that changing
cathode or anode even at potentials outside the normal range ab a phosphorized copper anode should slow the decomposition rate,
operation for typical electroplating processes. The decompositiorunpublished work showed that the phosphorus-doped copper does
happens in solution as Hedlghowed. Cd) drives the decomposi-  not change the decomposition rate significantly. Future work might
tion and is present when copper metal is introduced into these acidllow one to devise schemes to increase the bathdifg, by addi-
copper formulations. The LC MS work suggests thafiCdoes not  tion of antioxidants that could decompose any peroxide or superox-
reduce the disulfide but instead forms and SP8/)Czomplex. LC ide species present. Another would be to add an additional oxidizing
MS showed that the same complex is formed when MPS is mixedagent, other than dissolved oxygen, to oxidize thelChack to
with the acid copper sulfate electrolyte. Care must be taken wherCu(ll) and liberate SPS without creating thiolsulfonate.
drawing conclusions for thiols and disulfides, since the MPS could . . . I
be oxidized to SPS in the electrospray portion of the LC MS instru- O_ne o_f the authors, A. J. Bard, assisted in meeting the publication costs

o ; of this article.
ment. The electrospray source is, in effect, an electrochemical cell:

200

Figure 10. ESR Spectra of 0, .28, and .56 M MPS in a .28 M CySO
solution.

Discussion

UV Vis spectroscopy shows that the CuSO5H,0 is removed by
MPS and the ESR work demonstrates thaf Cis reduced to C{i)
at the same time. Since this reduction is brought about by the addi- "
tion of MPS to solution, the MPS must oxidize, so the MPS was 2.
probably oxidized to SPS prior to injecting it into the electrospray 3:
source. Note that the oxidation of MPS by%Cwot consistent with a
the copper thiolate intermediate proposed by He&leythe copper
thiolate molecule the copper is reduced (Guelative to CG*, but 5.
the MPS portion is not oxidized. The UV visible absorption results
show that the ratio of MPS to Cu is 2:1 in the new complex and the
ESR work shows that the oxidation state of the copper in the new 7.
complex is+1. The 2:1 MPS:Cu stoichiometry coupled with a cop-
per oxidation state of-1 suggests that there may be another elec-

clue is the fact that immediately after mixing the MPS with the acid 11.

copper sulfate electrolyte, the color turned cloudy black. A short12.
while later the color changed to a green or yellow color depending}3: - . Rashkov and L. Vuchkogurt. Technol.14 309 (1983,
on the MPS:CdlI) ratio. The cloudy black species may have been j5

metallic copper particles suspended in solution. Dissolved oxygeruse.
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