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Abstract

Quantitative analysis of the brightener component bis (sodium-sulfopropyl) disulfide (SPS) in acidic copper plating baths poses a real
challenge due to the complex chemical matrix containing large amounts of Cu(ll) ion and sulfuric acid together with other organic additives
and additive decomposition products. We developed a new ion-pair chromatography method to analyze micro-molar amounts of SPS directly
in plating bath samples without the need for sample pre-treatment. Addition oiNetrathylammonium cation as ion-pairing agent to a
methanol—sulfuric acid—water eluent increases the retention time of the aniorfic &@P%$Gg column sufficiently to separate this compound
from Cu(ll) ion and additive by-products.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction voltammetric stripping (CVS) is used almost exclusively for
analysis of the organic additivg$,2]. Current copper plat-
Electrolytic copper plating from sulfuric acid copper plat- ing baths for on chip metallization contain at least two or-
ing baths has become the method of choice for copper film ganic additives, a so-called brightener or accelerator com-
deposition in dual damascene metallization schemes for chippound, and a carrier or suppressor component. Especially
production[1]. In this type of application, narrow trenches the brightener compound has to be monitored on a frequent
(horizontal interconnects) and vias (vertical interconnects) basis due to its decomposition, both during the copper elec-
with widths typically below 100 nm and high aspect ratio ge- troplating process as well as during idle periods when the
ometries have to be reliably filled with high quality copper plating bath is circulated continuously over the copper an-
metal for on-wafer conductor wiring purposes. This poses ode in the plating too[3]. A common brightener used in
stringent requirements on the copper plating bath composi-acidic copper plating baths is the compound 4,5-dithiaoctane-
tion, and frequent chemical analysis of the plating bath for 1,8-disulfonic acid (or its disodium salt), also known as bis
both inorganic and organic components has to be performed.(sodium-sulfopropyl) disulfide or bis (3-sulfopropyl) disul-
Current automated analysis methods for acidic copper plat-fide (disodium salt). This compound is best known under the
ing baths are mainly based on a series of titrations for the acronym SPS, and will be referred to as such in this paper.
inorganic components (C| H,SQO4, CLAY), whereas cyclic  The function of SPS is to promote the so-called bottom-up fill
of narrow features on the wafer and to deposit a good qual-
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widespread acceptance for the analysis of organic additivesplating bath over an extensive time period. Furthermore, ion-
in copper electroplating baths, several disadvantages of thispair chromatography analysis of these copper electroplating
electrochemical analysis technique have to be taken into ac-bath samples provided a fingerprint of some of the decom-
count. Basically, cyclic voltammetric stripping is an indirect position products that accumulate over time in the plating
measurement technigue that determines the combined elecbath.
trochemical effect of the additives (not only from the ac-
tive organic components, but also from some decomposition
products, and chloride ion) on the amount of Cu deposited on2. Experimental
a working electrode. Cyclic voltammetric stripping involves
a lengthy procedure that can take up to several hours for the2.1. Chromatographic set-up
analysis of both SPS and the suppressor. Moreover, this anal-
ysis method is error-prone, and the analysis results become Allanalyses were performed on a Dionex (Sunnyvale, CA,
unreliable when the levels of the two additives are out of USA) DX-500 ion chromatographic system. The set-up con-
the normal working range. Also, cyclic voltammetric strip- sists of a GP50 gradient pump, an LC20 enclosure, and an
ping becomes useless when too high levels of decompositionAD20 absorption detector. Instrument control and data ac-
products have accumulated in the plating bath. Finally, cyclic quisition were handled by the Peaknet 5.1 software package
voltammetric stripping does not provide information on the installed on a personal computer. The column used for analyt-
decomposition products that accumulate in the plating bath in ical separation was an Alltech (Alltech Associates, Inc., Deer-
the course of its lifetime. These decomposition products canfield, USA) reversed-phase Prevaddd150 mmx 3.2 mm)
affect the quality of the deposited copper film and the relia- coupledto an Alltech guard column (7.5 mo.6 mm). This
bility of the filling of the narrowest features. Moreover, some column was chosen because of its compatibility with the
decomposition products such as MPS (3-mercaptopropanehighly acidic conditions encountered with copper plating bath
sulfonic acid, the monomeric thiol fragment originating from samples. All separations were conducted in isocratic elution
breaking of the disulfide bond of SPS, are expected to influ- mode (0.7 mL/min) atroom temperature without temperature
ence the cyclic voltammetric stripping measurement becausecontrol of the column. The sample loop volume amounted to
they show similar electrochemically activity under the cyclic 25uL. For standard HPLC analyses, Dionex OnGuard II-
voltammetric conditions used in the analysis of 38JS H cartridges were employed to remove Cu(ll) ion from the
Due to the problems associated with the cyclic voltam- samples before injection.
metric stripping analysis technique, we were interested in the
development of an alternative and more reliable and quanti- 2.2. Chemicals and samples
tative analysis method for SPS that would not suffer from the
disadvantages of cyclic voltammetric stripping, and would Pro Analysis grade chemicals were used throughout
provide us at the same time with information about decom- this study whenever available. Spectrophotometric grade
position product accumulation in the plating bath during ex- methanol was obtained from Sigma-Aldrich (Bornem, Bel-
tended periods of plating activity on a commercial plating gium). TetraN-methylammonium chloride (98 + % purity)
tool. From literature accounts, only a few efforts have been was obtained from Alfa Aesar, Johnson Matthey (Karlsruhe,
described so far to apply HPLC chromatographic separation Germany). Sulfuric acid 0.5M standardized solution and
techniques for analysis of SPS in acidic copper electroplating CuSQ;-5H,0 p.a. were obtained from VWR (Leuven, Bel-
bathg[4—7]. The challenge for these chromatographic meth- gium). The active brightener component SPS was a kind gift
ods is to analyze SPS in the concentration range betweerfrom Raschig GmbH (Germany). The purity of this com-
about 10° and 104 M in a chemical matrix containing very ~ pound was not specified but it proved to contain some MPS.
high levels of both Cu(ll) ion and sulfuric acid. An interesting The SPS-decomposition product MPS80% specified pu-
alternative to HPLC was described by Shohat and Grushkarity, technical grade) was obtained from Fluka (Bornem,
[8]. They used ion-pair reversed-phase chromatography to re-Belgium). Based on an ion-pair chromatographic calibration
tain the SPS anion more strongly on gg€olumn. However, graph for MPS, the concentration of MPS in the SPS product
in their procedure, removal of the excess Cu(ll) ion from the was determined to be 0.022% (w/w). Other minor impurities
plating bath samples prior to injection in the chromatographic present in the SPS product were Gind SQ?2~ ion which
system was still required. amounted together to less than 0.5 % (w/w) as determined by
In this paper the development of an ion-pair chromatog- ion-chromatography analysis. High purity deionized water
raphy method on a g reversed-phase column is presented with a specific resistivity of 18.2 % cm (0.055.S cnt1)
for direct analysis of SPS in an acidic copper plating bath was provided by the IMEC Pline cleanroom purification sys-
without the need for any pre-treatment of the samples. A full tem, and was used to prepare all eluents and standard so-
calibration study with statistical analysis was performed on lutions. Copper plating bath samples were obtained from
the calibration data of SPS analyzed by the new ion-pair chro-an Applied Materials Electra iECF plating tool using
matography method. This information was used to follow-up the Shipley-Ronal Electraplate two-additive chemistry (with
the SPS concentration in a Shipley-Ronal Electraplate copperbrightener Additive-X and suppressor Additive-Y). The tank
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volume was 200 L and the plating bath was continuously re- 0.1 . T . . . . .
circulated through a 0.2 micron filter unit. The plating bath

temperature is controlled at 8. Plating bath samples were I S T S . 2g/L Cu(l)

collected in PE vials via an external sampling port on the

—SPS (2.82 10™ M)

CDU that was connected to the main plating bath tank, and § 0.06 |-
injected after temperature equilibration by means of a syringe 3
into the injection port of the chromatographic system without § 0.04 |-
filtration or any other pre-treatment step. <

2.3. Calibration procedure

o

o

o N
T

Calibration of SPS by ion-pair chromatography was [\
performed in the relevant concentration range between oo . .
1.4x 107° and 1.41x 10~% M. However, it was established o 05 1 15
that the linear response range for the calibration graph ex-
3 . _
terldcejd. toth]'-}( tlczj |\4.hHI|gher ?Ziée\llelslwebre nOtdeYalth Fig. 1. Overlay chromatograms of Cu(ll) ion (2g/L) and SPS @8~*
uag In this stu y e lowes _%\/e observed In the M) after elution over Alltech Prevail {g column with an eluent containing
plating bath was situated around k207> M. As a conse- 70% (v/v) methanol and 30% (v/v) DI water with 0.005 M sulfuric acid.
quence, it was deemed unnecessary for this study to extend
Fo clallb;atlcfm %ralph t:ﬁlovsvptge l>410_t '\:I level, which d dand SPSin water (2.8 10~* M) eluted over an Alltech Pre-
IS already 1ar below the concentration recommenced, C15 column with an acidic methanol-water eluent (70%
for obtaining goqd quality copper fl!llng Wlth Shlpl_ey-RonaI MeOH—-30% HO with 0.005 M HSQy) mobile phase with
Electraplate platmg bat2]. The callbratpn study |nvolveq UV absorption detection at a wavelength of 205 nm. Clearly,
? SF;S goncentrat;]on Ievgls ang 9 rephc;st?s. Th? Cal'bra('jthe SPS peak elutes at almost the same time as the fast elut-
o e ot e v, ec2ng Cul) on A  coneqence,analss o S5 i copper
1.4%10-5 and 8.5x 10-5M pThe design was c?)mpleted plating bath samp_les by standard HPLC methods overga C
.'th the 1.13 1(')_4 d1 41>< 10-4M levels. F h type column requires the removal of the excess Cu(ll) ions
with the L.15x 1 and L.4. . evels. ror eac by means of e.g. solid phase extraction (SPE) prior to in-
replicate analysis of these calibration standards, a new stoc ection in the chromatographic system. However, due to the
ZOIUI'on Of.tS.PS |fnthwater was protlaparec:r:n :)rdert.to a\t/r?'? t??y extremely high level of Cu(ll) ion encountered in acidic cop-
te(ijonlpoi' |ondot € cI:o(;npolﬁm ov_glr €longime 3 nis per plating baths, the bath samples have to be diluted before
study ook, and 1o Inciude all possible error sources dunng gpe treatment, requiring several Cu-specific SPE cartridges
preparation of the calibration solutlo_ns. The concen_tratlons for each sample due to their limited capacity. The result of a
of Slz)Stwere kept)t as (t:l;)se ashposslllbli tc(; thet n((j).r;lna}: V.al'standard HPLC analysis of a production copper plating bath
ues, h'u were lrllo exact orfeg;srtle:p Ica ehuellg |t.|cu ylln sample is presented iRig. 2 In this example, the sample
Welghing smail amounts o - For each callbration Solu- 1, 4 14 pe diluted ten times before SPE removal of Cu(ll) ion.
tion, two repeat injections were done, and the average of the
measured peak area values was used as the response at each

2 25 3 3.5 4
Elution time (minutes)

concentration level and for each replicate. Statistical evalua-  o0.028 [ ' ' ' ' '
tion was performed with the statistical software package JMP
5.1 (SAS Institute, Inc., Cary, NC, USA). 0024
Q 0.02
% 0.016 |
3. Results and discussion <
§ 0.012 |
3.1. Method development 0.008 [
Due to the strongly ionic nature of SPS[9], this anion 0.004 S8
is almost not retained when eluted over reversed-phage C 0
column using a methanol-water—sulfuric acid eluent. Evenin 1\1
such alow pH eluent, this anion s fully dissociated in solution 0.004 0

0.5 1 1.5 2 25 3
and no retention mechanism with ag&olumn is available. Elution time (minutes)
As a consequence, SPS in acidic copper plating bath samples _ '
is found to elute with almost the same retention time as the Flg._ 2. HPLC chromatogrgm of a Shipley-Ronal Electraplate production
large excess of Cu(ll) ions. This is exemplifiediig. 1which plating bath sample (20 diluted) after copper removal by SPE. Altech

L Prevail Gg column, 86.4% (v/v) methanol and 13.6% (v/v) DI water with
shows overlay chromatograms of Cu(ll) ion in water (29/L) .02 m sulfuric acid.
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Although the SPE was able to remove all interfering Cu(ll) first observation is that the peak attributed to SPS has shifted
ions, this type of analysis proved unsatisfactory because ofconsiderably to longer retention time under the ion-pair chro-
detection limit problems. Indeed, the resulting SPS peak at matography elution conditions, and secondly, the peak shape
tr ~1.25 min was barely discernable above the backgroundfor SPS has improved substantially as compared to the stan-
signal. As a consequence, SPS analysis in copper plating batldard HPLC chromatogram of the same sample. Further op-
samples by standard HPLC methodology was deemed un-timization of the eluent composition in view of SPS peak
suitable due to the need for a time-consuming and costly retention time was performed in order to obtain the best pos-
pre-treatment procedure for the plating bath samples. Con-sible detection of SPSin real plating bath samples where SPS
sequently, an improved and more sensitive chromatographicneeds to be separated from the large amount of Cu(ll) ion.
analysis method is required for direct analysis of the SPS The influence of the eluent composition on the retention time
brightener additive in acidic copper plating baths. of SPS was studied by changing the concentrations of the dif-
Based on the findings of Shohat and Grus[$ait was ferent eluent components over suitable concentration ranges
known that addition of a bulky hydrophobic ion-pairing agent while maintaining the other components at a constant con-
such as the tetrB-butylammonium cation to the mobile centrationFig. 4shows the influence of the concentration of
phase resulted in an improved retention of the highly ionic the organic solventin the eluent mixture. These test were per-
SPS$~ on a standard  type column. Consequently, we formed with mobile phases containing 0.02 M sulfuric acid
have investigated the elution behavior of the 3P&nion and 40 mM of TMAC in water whereas the methanol con-
on an acid compatible Alltech Prevaih&column when an  centration was varied between 3 and 30% (v/v). The concen-
oppositely charged ion-pairing agent such as a quarternarytration of methanol has a pronounced effect on the SPS peak
ammonium cation is added to the eluent. The goal was to retention time, with higher methanol concentrations result-
sufficiently retard the elution of anionic SPSspecies (and  ing in shorter retention times for SPS. Under the conditions
other anionic species presentin the plating bath samples) withused, & of SPS ranges from about 2—20 min. The peak shape
respect to the large excess of fast eluting Cu(ll) ion in order becomes more symmetrical for the shorter retention times.
to make quantitative analysis feasible. Preliminary experi- The SPS peak positions turn out to be inversely proportional
ments with addition of tetr&-methylammonium chloride  to the methanol concentration. In contrast to the effect of
(TMAC) to an eluent composed of methanol-water—sulfuric methanol on the SPS retention time, neither sulfuric acid nor
acid showed that SBS is indeed retained on the gcolumn. TMAC showed any pronounced effect on the peak position
Thiswas tested with a genuine sample of SPS dissolved in wa-of SPS when the other components in the eluent were kept at
ter and eluted with an eluent with the composition 20% (v/v) constant concentration (figures not included). A ranggin
methanol-0.02 M BSO,—40 mM TMAC in DI water.Fig. 3 for SPS of less than 1.5 min was observed for sulfuric acid
shows the chromatograms of a sample of k10 ~3 M SPS levels between 0 and 0.025 M, or when the TMAC concen-
in water eluted with both an optimized standard HPLC eluent tration was varied between 30 and 50 mM. For these tests,
containing methanol—sulfuric acid—water and the new ion- the methanol concentration was kept at 5% (v/v). The reten-
pair chromatography eluent with the addition of TMAC. A tion behavior of SPS for different methanol concentrations in

the mobile phase could be indicative of the elution of neutral
ion-pairs formed between (GH4N*-ions and SP%- that are

0.4
035k [ CH30H - H2504 - H20 ] 0.25
. —— CH30H - H2S04 - TMAC -H20 N
o3l sps” ] SPS N ——3 % MeOH (6.8 10" M SPS)
. 02 L SPS ~=5%MeOH (1.7 10° MsPs) | ]
S o025F N M 10 % MeOH (1.7 10° M SPS)
g H == 30 % MeOH (1.7 10° M SPS)
£ 02 sPs? 8 0.15 ]
<} 2 0. |
o H 2 1
<o0.15} i 5 i
='=- 2 o |
0.1 t < !
i i
P ] 0.05 [ i sPs* ]
Al !
N T L .
Retention tiem (minutes) 0 — X . X
0 5 10 15 20 25
Fig. 3. Overlay chromatograms of SPS (14403 M in DI water) ob- Retention time (min)

tained by (1) HPLC over an Altech Prevaij£column with a 86.4% (v/v)
methanol and 13.6% (v/v) DI water with 0.02 M sulfuric acid eluent (dotted Fig. 4. Influence of the methanol concentration in the ion-pair chromatogra-

trace) and (2) by ion-pair chromatography over the same column using a phy eluent mixture on the retention behavior of SPS over an Alltech Prevail
20% (v/v) methanol and 80% (v/v) DI water with 0.02 M sulfuric acid and  Cjg column. Conditions: methanol concentrations of 3, 5, 10 or 30% (v/v)

40 mM of TMAC as ion-pairing agent. with 0.02 M of sulfuric acid and 40 mM of TMAC as ion-pairing agent.
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more strongly retained on the &£column than the charged  without any pre-treatment. The new ion-pair chromatography
SPS~ anion. When the organic content of the mobile phase method for SPS allows a complete analysis in about 15 min
is increased, the retention time is expected to decrease due téor copper plating bath samples. Moreover, the method is
a more favorable distribution of SPS in the mobile phase. The sufficiently sensitive to detect the expected low levels of SPS
fact that the concentration of TMAC does not play a major presentin actual plating bath samples (see further). A freshly
role in the retention behavior of SPS indicates that a mini- prepared plating bath sample shows, except for the SPS and
mum amount of the ion-pairing agent is sufficient to induce Cu(ll) ion related peaks, two other major peal¢s3.24 and
the retardation effect, and that, once the ion pairs have beem.44 min) and some minor peakg @.05, 4.74, 5.20, 7.42,
formed, addition of excess ion-pairing agent does not lead 9.28, and 11.7 min). These peaks are suspected to be due to
to any further retardation. Another possible retention mecha- either impurities or decomposition products of the additives
nism involving derivatization of the column packing material presentin the plating bath. Currently, no information is avail-
with the quarternary ammonium group is less likely because able about the nature of these compounds. During the normal
the retention behavior observed when the methanol concen-working lifetime of the plating bath, the major change ob-
tration is varied in the eluent mixture is not compatible with served in the ion-pair chromatograms of copper plating bath
the expected ion-exchange mechanism whereby anionic SP$amples is an increase in intensity of the two major peaks
would interact with the derivatized column material. (tr 3.24 and 4.44 min) together with a slight increase in peak
No major sensitivity effects for the peak area of SPS were height of the bands at 4.05 and 5.13 min. Two new peaks at
observed between the different eluent compositions during retention times of respectively 2.65 (shoulder on the Cu(ll)
this study. As a consequence, the final choice of the eluention peak) and 8.07 min are found after several months of use
for the ion-pair chromatography method was only determined of the plating bath pointing the accumulation of some new
by the required shift in peak position of SPS compared to the decomposition products in the plating bath.
Cu(ll) ion peak and to peaks due to decomposition prod-  One issue that remains to be solved with the current ion-
ucts present in plating bath samplégy. 5 shows a typical pair chromatography method is a slow shift to shorter times
ion-pair chromatography chromatogram for an actual produc- of the SPS retention time over working periods of several
tion plating bath sample obtained during the normal work- months. This effect is believed to be due to the influence of
ing lifetime of the plating bath. For comparison purposes, sulfuric acid on column behavior. Although the Alltech Pre-
the chromatogram of a freshly prepared plating bath samplevail C1g column should be compatible with the acidic con-
is included. These chromatograms, obtained with the opti- ditions present in the plating bath samples and the mobile
mized eluent containing 5% (v/v) methanol, 0.02 M sulfuric phase used in this study, some modification of the column
acid, and 40 mM TMAC, show excellent separation of 3PS packing material seems to happen over extensive periods of
(tr ~ 14.4 min) from a series of other compounds detected at time. However, these shifts in retention time do not affect the
205 nm by UV absorbance measurement, and from the excessensitivity of the measurement method. No major changes in
Cu(ll) ion that elutes immediately after the void and prior to peak area values were observed although the retention time
the other components. The plating bath sample was injectedshifted from almost 14 min to about 10.5 min after several
directly into the injection port of the chromatographic set-up months of use of the same column. Also, this effect is ob-
served to a lesser extent for the by-product peaks, thus still
allowing to follow-up the by-product build-up.

3.2. SPS calibration diagnostics
— fresh bath
----- used bathl

In order to obtain meaningful statistical information about
the ion-pair chromatography analysis method for SPS, an ex-
tensive calibration study was performed. The calibration pro-
cedure used in this study was described in the experimental
section. A calibration design with 8 concentration levels be-
tween 1.4x 107° and 1.4x 10~4 M, and 9 replicate calibra-

Absorbance

sps? tion curves was performed over a period of about 2 months.
I . In the design all possible handling errors are taken into ac-
count, also the variations in the actual SPS weighed for each
0 5 10 15 20 calibration stock solution.
Retention time (min) In determining an appropriate model and fitting technique

for a set of calibration data, the first step is to investigate the
Fig. 5. lon-pair chromatography chromatogram of a production sam- hehavior of the standard deviation of the responses (i.e., peak
ple of the Shipley-Ronal electraplate bath compared to a freshly pre- 5655) However, this procedure requires that the replicate
pared plating bath. Conditions: Alltech PrevaihgCcolumn with 5% .

measurements at each concentration be of exact concentra-

(v/iv) methanol-0.02M sulfuric acid-40mM TMAC eluent. Flow rate °; - : .
0.7 mL/min. tion replicates. In this research, such standards are not avail-
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able, although each concentration is known exactly (i.e., with 3 1¢* . : . : . : .
small uncertainty). Therefore, a modified statistical strategy °
was devised and implemented, as described below. 52 10* |

First, each group of concentrations had to be evaluated to . o . .
determine if the peak areas trended upwards as the conceng 110* | e 8 ¢ .
tration values increased. If such a phenomenon were foundS . . % . .
to be the case, then the spread of the concentrationswouldb¢g ~ of 8 3 ¢ 3 . o o o
too wide to be considered to be one level. To make this deter—% ! L . ? .
mination, the data were grouped by target concentration (i.e.,3 -1 10* | ¢ . LY
1.4x10°5,2.8x 10°%,4.2x 1075,5.6x 1075, 7.1x 1075, @8 .« o .

8.5x 1072, 1.13x 104, and 1.41x 10~*M). Within each 210* [ S ]

group, the actual peak areas were plotted versus the actua

concentrations. Each set of data was fitted with a straight -3 10* L

line, using ordinary least squares as the fitting technique. If 010" 210

thep-value for the slope of any line were found to be signif-

icant (i.e., less than 1%), then an upward trend in the peakig g Residuals plotfor straight-line regression of raw peak area data versus

area was deemed to exist. However, at all concentrations, tharue SPS concentration.

p-value was well above the cut-off value of 1% (the actual

p-values ranged from 0.2210 to 0.7654). Thus, it was ap- Coefficients, an additional SL/WLS curve was constructed

propriate to consider each set of concentrations as a definedvith the scaled peak area data. This second plot was used

group for purposes of modeling the standard deviation. solely for the purpose of performing a lack-of-fit test (the co-
The second step was to determine an appropriate concenefficients were not used). Tipevalue for this testwas 0.7269,

tration value to represent each group. The mean is such dndicating that there was no evidence of lack of fit with the

statistic and was chosen here. SL model[12]. While this is not an exagi-value (due to the
Third, the peak areas were scaled to each mean. Althoughuse of scaled data), there were two reasons to be confident

there was no upward trend of peak areas within each group,in the decision: (1) the relative variation within each set of

the overall trend was upward as concentration levels in- standards was small compared to the range of concentrations

creased (as is expected for calibration data). To determinein the standards; (2) the-value was much greater than any

an appropriate scaling factor, the raw data were fitted with threshold that would be considered for determining statistical

a straight line, using OLS (i.e., with a reasonable first-order significance.

approximation curve). The slope of this line was used toscale  In step 3, the scaling process was conducted by assuming

each measured peak area to its respective mean. that a SL/OLS model/fit was a reasonable combination for
Fourth, the standard deviation of the peak areas was mod-these peak area data. The above paragraph has shown that the

eled by grouping the data by mean concentration, and thenSL assumption was correct. However, since WLS was found

determining the standard deviation of the scaled peak areado be the appropriate fitting technique, the scaling process

for each group. A Straight-Line/OLS modelffit of these data technically should be carried out using WLS. This iteration

showed that thp-value for the slope was 0.0006, well below was performed; the new weights were different from the first

the 1% cut-off value. Thus, the standard deviation was seenones by no more than 0.0027, an amount considered to be

to be changing with concentration, meaning that WLS was insignificant.

needed. Weights were calculated using the equation for this A final check on the adequacy of a straight-line fit was

straight-line fit[10]. made by fitting a quadratic to the data, again using WLS.
Once the appropriate fitting technique (WLS) had been Thep-value for the quadratic term was 0.2768, meaning that

selected, the proposed straight-line model could be tested;this term was insignificant and therefore over-fitting the data.

the above-calculated weights were used in the regression ofThus, a straight-line with WLS fitting was chosen as an ad-

the raw peak area data versus true concentrations. The tradiequate model for these data. A plot of the curve, along with

tional lack-of-fit test (LOF) was not available for these data, the upper and lower 95% prediction intervals, is presented in

again because of the inexactness of the replicates. The firsFig. 7.

alternative approach was to rely on evaluation of residual

patterns. If the residuals for the proposed calibration curve 3.3. lon-pair chromatography follow-up of SPS in a

are plotted versus the target concentrations, the mean of eaclproduction copper plating bath

group should fall approximately on the zero line; otherwise,

at least one term is lacking from the modi#l]. As can be Based on the calibration graph obtained in the previous

seen irnFig. 6, this phenomenon appeared to be the case with section, the ion-pair chromatography method was first used

these data. A second alternative approach allowed the use ofo determine the SPS concentration in the stock solution of

a formal LOF test. Although the original data were used (and the brightener additive (Add-X) after adequate dilution to

should be used) for the WLS that provided final calibration bring the resulting SPS concentration within the range of
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SPS concentration (M)
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Fig. 8. Follow-up of the SPS concentration in a production plating bath
Fig. 7. Calibration graph (solid line) for SPS with straight-line regression (Shipley-Ronal Electraplate) over an extensive working period by ion-pair
(using weighted least squares) of raw peak area data versus true SPS conchromatography. lon-pair chromatography conditions: Alltech Prevail C
centrations. Also shown are the upper and lower prediction intervals (at 95% column with 5% (v/v) methanol—0.02 M sulfuric acid—40 mM TMAC eluent.
confidence; dotted lines). Flow rate 0.7 mL/min.

the calibration graph. From this measurement, the starting#-44 min) whereas only some minor changes are observed in
level of SPS in a freshly made plating bath was calculated to Other peaks. _ _ _

be around 5.& 10~°M (taking into account the dilution of Interestingly, when the plating bath is used beyond its
the brightener stock solution during the plating bath make- Normal working lifetime (as recommended by the vendor),
up procedure). As a consequence, this SPS concentration irProgressively more peaks d_ue to new anionic decomposition
the plating bath is expected to be maintained within some Products appear in the plating bath sample chromatograms.
preset limits by the automated cyclic voltammetric stripping T1is is exemplified inFig. 9 where a comparison is made
measurement and subsequent automatic replenishment. ABetween two ion-pair chromatography chromatograms ob-
a consequence, most plating bath samples were expected t&ined from respectively a fresh and an exhaustively used
be within the targeted SPS range according to cyclic voltam- Plating bath (this bath was used substantially longer than the
metric stripping analysis. Because the sampling of the plating "écommended lifetime expectancy as defined by the vendor).
bath was done within 4 h of the cyclic voltammetric stripping A Whole range of new anionic decomposition products can
measurement for the brightener additive, the level of SPS P€ detected by ion-pair chromatography after extensive use
should be close to the SPS level set after cyclic voltammetric ©f the plating bath as is evidenced by the appearance of five
stripping measurement and brightener addition to the plat- "€W peaks in the chromatograms of the overused plating bath

ing bath. However, when the actual SPS concentrations were

followed-up over an extensive working period, both very low 0.1 |
and very high levels of SPS were measured, as can be in- §
ferred fromFig. 8 Only in the case of the 7.810°°M SPS 0.08 . fresh bath | 1

level data point, it was known that too much brightener ad-

ditive had been added to the plating bath by mistake, and § 0.06 | |
this fact was indeed detected by the ion-pair chromatogra- 8 :

phy analysis. These first results indicate that SPS levels in § 0.04l 1
this plating bath were varying over a much wider range than < =

expected. Clearly, the standard cyclic voltammetric stripping 000

measurement method did not detect these variations, indi-
cating that other components present in the plating bath do
indeed influence the cyclic voltammetric stripping results for 0
SPS measurement. : ‘ :
lon-pair chromatography was also used to follow-up the
build-up of additive decomposition products over the life-
time of a plating bath. Typical changes in the chromatograms Fig. 9. Comparison ofthe ion-pair chromatography chromatograms of an ex-
of plating bath samples during the normal working lifetime haustively used production plating bath and a freshly prepared plating bath.
of the plating bath were already discussed earkég.(5). Major new peak_s in the chromatogra_\m of the overused platip_g bath are in-
Typical changes in the chromatograms over time involve dicated with vertical markers. lon-pair chromatography conditions: Alltech

. S . . Prevail Gg column with 5% (v/v) methanol-0.02 M sulfuric acid—40 mM
the increase in intensity of two major peaks 8.24 and  TpAC eluent. Flow rate 0.7 mL/min.

Retention time (min)
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sample. For clarity these new peaks have been labeled withalso be monitored with this method, thus providing a finger-
vertical markers (retention times of 2.48, 3.50 (sh), 6.06, print of by-product build-up. A surprising result of this study
12.19, and 13.00 min). The latter peaks are not detected towas that the suspected MPS decomposition product of SPS
any extent during the normal working lifetime of the plat- cannot exist in copper plating baths because it is converted
ing bath Fig. 5. Especially the appearance of the intense quantitatively to SPS in the presence of Cu(ll) ions. A full
peak with a retention time of 2.48 min could, in principle, be calibration study was performed for the analysis of 3PS
used as a decision point to replace the plating bath before tooin the relevant concentration range betweenxl > and
many by-products accumulate which are expected to have al.4x 10-* M. A new statistical approach was implemented
detrimental effect on the quality of the plated copper film in order to account for the “inexactness” of the SPS concen-
and the copper filling characteristics. Consequently, ion-pair trations in the replicate calibration experiments. This method
chromatography can be used to obtain a fingerprint of the ac-allowed us to calculate the weight factors needed for the WLS
cumulation of decomposition products during the lifetime of regression analysis. Application of the ion-pair chromatogra-
a plating bath. So far, no assignation of the unknown peaks inphy analysis method to determine SPS in production plating
the chromatogram has been attempted. This would require,bath samples revealed that the SPS levels in a commercial
e.g. the coupling of the chromatographic method with a tech- copper plating bath varied over a wide range although the
nigue such as mass spectrometry. SPS concentration in these samples was controlled indepen-
Contrary to expectations, none of the peaks observed in thedently by cyclic voltammetric stripping measurement, and
ion-pair chromatograms of copper plating bath samples couldwas supposed to be at target level. This could have reper-
be assigned to 3-(mercaptopropane) sulfonic acid (MPS), cussions on the quality of the deposited copper films and the
a suspected thiol decomposition product of SPS brightenerfilling characteristics in narrow features. Consequently, re-
molecule, because the typical peak of MPS with a retention liance on cyclic voltammetric stripping as the only analysis
time of 3.73 min could not be detected in the plating bath sam- technique for SPS, as is mostly practiced in the plating indus-
ples even after extensive use. The reason for the absence dfry, could result in unreliable copper plating. Support from
MPS (at least to a detectable level) was found to be due to thean analysis technique such as the one presented in this pa-
quantitative conversion of MPS to SPS in aqueous solution per could help to elucidate possible problems with the cyclic
in the presence of Cu(ll) ions. This reaction occurs as well in voltammetric stripping measurement method and give more
the presence as in the absence of sulfuric acid. This hithertoreliable SPS analysis data.
unknown reaction was proved by the ion-chromatography
method when an MPS sample in agueous solution was mixed
with Cu(ll) ions. In the absence of Cu(ll) ions, the presence Acknowledgements
of MPS was confirmed by its peak at 3.73 min retention time.
However, in the presence of Cu(ll) ions, this peak did not ~ We thank J.-N. Schlicklin from Raschig GmbH for the
appear; instead the typical peak of $PSvas found. The kind donation of SPS, and L. Carbonell for help with plating
conversion efficiency was calculated to be above 99%. As tests and cyclic voltammetric stripping measurement evalu-
a consequence, MPS is unlikely to be a major decomposi-ation. We are grateful to D. Jensen from Dionex for helpful
tion product of SPS in copper plating baths. This was indeed discussions on ion-pairing mechanisms.
proved by spiking a plating bath sample with MPS; only an
increase in the SPS peak was observed whereas no MPS peak
could be detected. References

[1] Z-W. Sun, G. Dixit, Solid State Technol. (2001) 97.
[2] Y. Dordi, P. Hey, Semiconductor Fabtech, 11th ed., 2000, p. 273
http://www.semiconductorfabtech.com/journals/edition.11/section7.shtml.

. . [3] J.P. Healy, D. Pletcher, J. Electroanal. Chem. 338 (1992) 167.
A new and reliable chromatographic method for the (4] k. Hong, H-K. Choi, Solid State Tech. 10 (2002) 57.

determination of the brightener additive SPS in acidic [5] B. Newton, E. Kaiser, in: D.G. Seiler (Ed.), Characterization and
copper plating baths was developed. Using tétra- Metrology for ULSI Technology: 2003 International Conference, AIP
methylammonium ion as ion-pairing agent in an eluent con- _ onference Proceedings no. 683, 2003, p. 514.
taining methanol—sulfuric acid—water, the anionic 3PS [6] J. Reid, PC Fab. 10 (1987) 65.

g . ! [7] K. Hong, J. Korean Phys. Soc. 43 (2) (2003) 286.
could be retained on ajgcolumn and separated from Cu(ll)  (g] s. Shohat, E. Grushka, J. Chromatogr. 452 (1988) 503.
ion that is present in large quantities in these plating baths. [9] L.R. Snyder, J.J. Kirkland, J.L. Glajch, Practical HPLC Method De-
No sample pre-treatment was necessary. The method proved velopment, second ed., Wiley, New York, 1997, p. 302.
sufficiently sensitive to measure SPS directly in plating bath [19] D- Coleman, L. Vanatta, Am. Lab. Nov. (2003) 40.

L [11] D. Coleman, L. Vanatta, Am. Lab. Feb. (2004) 64.

samples. Moreover, some decomposition products that accus;

. . . . o [12] D. Coleman, L. Vanatta, Am. Lab. Mar. (2004) 46.
mulate in the plating bath during its working lifetime, can

4. Conclusions



	Ion-pair chromatography of bis (sodium-sulfopropyl) disulfide brightener in acidic copper plating baths
	Introduction
	Experimental
	Chromatographic set-up
	Chemicals and samples
	Calibration procedure

	Results and discussion
	Method development
	SPS calibration diagnostics
	Ion-pair chromatography follow-up of SPS in a production copper plating bath

	Conclusions
	Acknowledgements
	References


