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Accelerator Aging Effects During Copper Electrodeposition
T. P. Moffat,** B. Baker,* D. Wheeler, and D. Josell
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Slow sweep rate voltammetric analysis of the CulQuleposition reaction is shown to be an effective tool for examining aging
effects associated with thiol and disulfide additives that are widely employed as brighteners. Sulfonate-terminated short chain
thiols are spontaneously oxidized by @u to form disulfide molecules with the conversion being complete within a few hours of
electrolyte preparation. An additional aging effect occurs during electrolysis in conventional unseparated electrochemical cells. At
the anode, the disulfide is reduced by(gdorming thiolate complexes which subsequently affect the copper deposition reaction
occurring at the cathode. The latter effect may be avoided by using a cation selective membrane to isolate the anode compartment.
© 2003 The Electrochemical Society.DOI: 10.1149/1.155393@All rights reserved.
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The application of electrodeposition in state of the art manufac-with by using a “bleed and feed” scheme whereby new additives are
turing of microelectronic devices together with advances in analyti-continually added to the electrolyte while used electrolyte is drained
cal methods has revitalized scientific investigations into the role ofto maintain the cell volume. In this paper, the sensitivity of the
organic additives in electroplating. Of particular interest is the com-kinetics of the copper deposition reaction to accelerator chemistry
bined use of rate accelerating and inhibiting species for copper “suwill be exploited in order to examine accelerator aging under con-
perfilling,” or “bottom-up” filling, of submicrometer features in  ditions directly relevant to the superfilling process. It is shown that
dual damascene processth@ulfonate-terminated alkanethiols or these effects can be understood in terms of conversion between
disulfides are representative of a class of accelerators which ardisulfides and thiols and vice-versa. Furthermore, it is demon-
usually present at micromolar concentrations in bright plating strated that significant improvements in process stability can be ob-
baths?® These species adsorb on the copper surface as either thtained by using a cation selective membrane to separate the anode
olates or disulfides and, when combined with a sulfonate end ?roupand cathode compartments.
disrupt the inhibiting function of the polyether-halide{Quayer®
The superconformal growth mode that arises from this competition Experimental

is well Qescribed by the curvature enhanced accelerator coverage gjow sweep cyclic voltammetry was used to examine the aging
mechanism{CEAC) whereby surface area decrease of an advancingeffects associated with thiol and disulfide-based accelerators. For all
surface of concave curvature 593““3 in enrichment of the morghe experiments described herein, the base electrolyte was 0.24
strc_mgly bound_s_urface specﬁééz In th_e th|ol{d|sqlf|de-pol_yether— mol/L CuSQ,, 1.8 moliL H,SO,, 1 mmol/lL NaCl, and 88.M
halide system, it is the accelerating thiol or disulfide species that ar oly(ethylene glycol (PEG, 3,400 M. The catalytic additives,
more _st_rongly chemisorbed; they thus become conce_ntrated plurln aSQ(CH,)sSH, (MPS) and Na[SOy(CH,)sS], (SPS, were
gegosn_lon fFI’IT‘ co_lr_lﬁave Su.g‘?‘ce.s of ttrenche? tf]‘.”d vias lte.ad'lngf_tgdded to the cell either by direct salt addition or by pipette injection
ottom-up Tifing. 1Ne overriding Importance of this geometrical € ¢, 5 concentrated solution of either SPS or MPS dissolved in the
fect in superfilling was recently demonstrated by first derivitizing a matrix. In the latter case. the stock solutions were 500 umol/L SPS
patterned electrode with submonolayer quantities of thiolate or di- : ’ ’

) L 0.24 mol/L CuSQ, 1.8 mol/lL H,SO,, 1 mmol/L NaCl, and 88
sulfide followed by electrodeposition of copper from an electrolyte
containing only the _polyether-halide inhibitor precursors as pmol/L PEG (3,400 Mw), or 1 mmol/L MPS, 0.24 mol/L CuSQ
agditivez? Fﬁaturﬁ fillihn_glproc(?_ed;sf_(?j in a manner ana!og%us to thatﬂ%/i\?v)mlg)g:_ahlztﬁg4éxpl)e??nr?;r!/tlg lt\lhaeccl),rga;nc?ciséxdr}:iovlél_s vF\)/ErC; (:)dggg only
observed when the thiol or disulfide were present in the coppe : e ! J -
plating solution. This indicates that homogeneous thiol/disulfide &fter the acidified cupric sulfate solution had cooled to room tem-
chemistry has little to do with the superconformal feature filling Perature. The MPS was obtained from Aldrich, fhand the SPS
process per se. Nevertheless, evidence of accelerator aging eﬁe&@?w%az(i:f?tlegreﬁpqglljctrochemical cells were used for the aging
Sgﬁ?cr:::/%dbvggz CV?(;T;%? ?,g?gg ivﬁueglsé%'pﬁgggngnsiwepliitgsgé?om%tudies. Early '_studies utilized a cor_wentional ce_II baseql ona round-
occurring between copper, Gy Cu(ll), thiol/disulfide, oxygen, and bottom flask ywth four ports which fixed the relative positions of the
related proc_iuc_tf%f‘15 ::r?]m a practical persrﬂ%:gve these reactions (nggfavr‘]’g”églgp :rlegéhonig,r gggtrr%tgg _(I:_ﬁg)ngee:l {%?éee\”;ecoer:iﬁggge
appear to significantly hamper process contfofr ' -

A previous study of the instability of thiols and disulfides in 330 LO 300 mL Offe'ectgf_o'gte- Tdhe Wka'F”g electrode Vlvas agresh'y
copper plating indicates that QL) slowly oxidizes thiols while ~ @brade xli’xé’geﬂ;]ree 'gl con uctiviQFHC) copper plateW ic .
Cu(l) stimulates the decomposition of disulfidésThe report was ~Was masked with 3M plater’s tapéo expose a circular area of
based on examination of the oxidation behavior of these compounds-2-62 cnf. The counter electrode was prepared in a similar fashion
at glassy carbon electrodes in combination with colorimetric studiedeaving an exposed area ef13.3 cnf. In order to examine the
which were generally performed in electrolytes containing high ac-effect of anode reactions on the aging process, a separated cell was
celerator concentration&ip to 1 mmol/l).}?> The high concentra- constructed._T_he working electrode compartment was a cylindrical
tions were used tlcl) providle a strong} analytical signal although plr(]':ltin%es?eé contalrtung~9|00tmlt_j of electrol){te. AtNaflo? 4fﬂner2(§)raneL f
operations usually employ accelerator concentrations in the Ssealed counter electrode compartment containing mL o
wmol/L range. It was anticipated that the effect of concentration accelerator-free electrolyte was placed on one side of the main cy-
might be simply reflected in the kinetics of the stated decompositionlindrical vessel. The reference and working electrodes (2.63 cm
reactions. were fixed in position on the opposite side of the vessel. A watch

From a technological perspective, aging effects are usually dealglass combined with a paraffin sheet was used to cover the cell in
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Potential V(SCE) Figure 2. Chronoamperometric transients revealing the effect of MPS aging.
The transients were initiated sequentially following the addition of MPS salt
Figure 1. Hysteretic i-V curves revealing the aging effect associated with and an elapsed aging period denoted by t.
MPS additions to an acidified cupric sulfate plating solutiExperiments
performed in a conventional cgll

2Cull) + 2MPS — SPS$™ + 2Cul) + 2H" [1]

order to minimize particulate deposition from the laboratory ambi-

ent This is most likely followed by the rapid consumption of ©uby

dissolved oxygen
Results and Discussion .
) ) ) ) 4Cul) + O, + 4H" — 4Cull) + 2H,0 [2]
The hysteretic current density-voltageV) behavior for copper
deposition in electrolytes containing MPS-PEG-CI| and/or SPS-
PEG-CI has been described previousiyThe hysteresis arises from
displacement of an inhibiting PEG-CI-Qulayer by the adsorption S P ) X .
of sulfonate-terminated short chain thiol or disulfide molecules. Awogdx'g?t'vf0:2;2| g;mseurlr]:lig?r re:rﬁgogismiiili:r’ Icr)]bfgrt\’/;\t,i%”rllgn?g;’gvg]ntth?o
detailed description of the dependence of the metal deposition kinet- P y

ics on the accelerator coverage will be published elsewiefbe Cg?é)del@ lﬂf&”ﬂ%ggﬁ?ﬁ:{gf :':n;Ty?icF;rlev\S/g?Rcfg"l%ftht:tl?/\l/ggi;sae\aeoﬁeen
present report focuses on the sensitivity and insight provided b)}1 :

. . . - . the direct measurement of the solution borne precursor, we use the
simple voltammetric analysis of accelerator stability and aging. pronounced impact of the accelerators on the Féopper deposition re-

Instability of MPS—The i-V curve recorded immediately fol- action as a probe of the accelerator chemistry. This is essentially the
lowing the addition of MPS salt is observed to be distinctly different same strategy that underlies the cyclic voltammetric stripping analy-
from that measured after various aging treatments, a typical examplsis (CVS) which has been widely used for process monitofifitf:
is shown in Fig 1. Evidently, a significant decrease in reactivity
accompanies electrolyte aging. The counter and reference electrode

The reaction sequence more than likely also involves the formation
and consumption of Gl)MPS-intermediaté®*®

were removed from the cell during all aging series. After a few SPS MPSA (aged)
hours the electrode response is independent of time. This conditior 0.0167 umol/L --------- 0.33 umoliL
was sustained for more than three weeks of aging at which point the 25 T —e—033umolL ----e---- 0.66 umol/L. 7
experiment was terminated. The aging effect was also monitored by - ?;235” um,%'.;,_ el ;;SS ﬂﬂglft

chronoamperometric experiments. In this system rising currentg™
density-time(i-t) transients are observed that correspond to a verti- g 20
cal trajectory across the breadth of the cyclic i-V curve at a given g
potential. A series of transients are shown in Fig. 2 as a function of £
the electrolyte age, defined relative to the moment of MPS addition > 15
(as salt. The characteristic rise time is seen to increase with elec-
trolyte aging time. Eventually the system stabilizes, and character-
istics are obtained that are, roughly speaking, independent of acqui 9
sition time. The above combination of experiments indicates that the §
instability of MPS has a time constant of several hours and that this % 5
particular aging process has little to do with electrolysis.

In sharp contrast to the MPS aging dynamics, similar studies
with freshly prepared SPS solutions revealed no such time depen 0 I
dent behavior. A close comparison between the i-V curves for an
aged MPS solution with that for SPS plating solutions yields some 05 -04 03 ,'0'2 -0.1 0 0.1
insight into what is happening during the MPS aging process. As Potential V(SCE)
shown in Fig. 3, the system response is indistinguishable if the SP%, i . ) .

. . igure 3. A series of hysteretic i-V curves demonstrating that aging of an
results are qompa_red with aged-24 h) MPS SOlu“(_)_nS that were electrolyte containing MPS may be attributed to dimerization of the MPS to
prepared with twice the accelerator concentratioe, [SP3 SPS. The four pairs of curves obtained using electrolytes with SPS and aged
= 1/AMPS]. This convergence provide strong evidence for oxida- MPS, [SPY = 1/{MPS], are practically indistinguishable. The experi-
tive dimerization of MPS to SPS ments were performed in a separated cell.
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tained by using an electrochemical cell where the anode and cathode com-
Figure 4. A series of hysteretic i-V curves showing the effect of electrolysis partments are separated by a Nafion membrane.
on a solution containing 4.p.M SPS. The enhanced reactivity following
6295 sec of electrolysis is ascribed to MPS formation via cuprous reduction
of SPS at the anode. Aging of the electrolyte overnight results in dimeriza-
tion of the MPS back to SPS. ACU(MPS), + O, + (4 + 4n)H" — 4Cull) + 4n MPS

+ 2H,0 (4]

Anode reaction—In conventional practice a copper anode is . . .
used to maintain the copper electrolyte concentration during plating.The so-fo_rmgd MPS. IS _then subject to conversion back to &B:3
A longstanding difficulty with the use of OFHC Cu is the formation £d: s indicated in Fig. 4. _ . . o
of copper powder due to disproportionation of freshly dissolved _1N"€ Proposed reactions scheme is consistent with the diminished
Cu(l). This results in the formation of loosely adherent particulate 29iNg €ffects observed when filmed copper anodes containing
copper on the surface of the anode. These particles can subsequenflyL atom % of phosphorus are used in place of OFHC copper. The
become detached and transferred to other surfaces within the platinghosphorus addition leads to a surface film that minimizes the re-
cell, including the cathode. ease of C(I)Blnto the electrolyte as revealed by rotating ring disc

In the course of this study an additional problem became evidengxperiments® A Nafior? membrane allows the anode driven accel-
during extended plating with thiol or disulfide additives in a conven- €rator aging effect to be surmounted at the expense of having to
tional unseparated cell. The hysteretic i-V curve for a freshly pre-Separately provide for replenishment of the copper content in the
pared SPS-PEG-CI solution is shown in Fig. 4. Following h of ~ Path, a straightforward task.
potentiostatic plating, the i-V response of a freshly prepared elec-
trode was observed to be shifted toward more positive potentials,
indicating the formation of a new species that was more catalytic ~Spontaneous oxidative dimerization of MPS to SPS occurs in the
toward copper deposition than SPS. The shape of the i-V curvecupric sulfate electrolyte via Ql) reduction. An aged MPS elec-
bears close resemblance to the behavior observed for a briefly ageolyte is thus equivalent to an SPS solution of one-half the original
MPS solution. A recent CVS and high performance liquid chroma- MPS concentration. Furthermore, SPS is converted to MPS iy Cu
tography study of electrolyte aging also indicates that an SPS reacgenerated at the anode during electrolysis. A stable processing envi-
tion product leads to increased acceleration of the copper depositiofPnment may thus be established by using SPS as the accelerator in
reaction*® Furthermore, when the electrolyte was aged overnighta membrane-separated cell.
with the counter and reference electrodes removed, the i-V response g National Institute of Science and Technology assisted in meeting the
was found to revert to that of a freshly prepared SPS-PEG-CI elecpypjication costs of this article.
trolyte as shown in Fig. 4. Taken as a whole, these results indicate
that MPS is formed during electrolysis and that it is subsequently References
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