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Electrodeposition of Copper in the SPS-PEG-CI Additive
System

|. Kinetic Measurements: Influence of SPS
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The kinetics of copper electrodeposition from an acidified cupric sulfate electrolyte containing SPS-PEG-CI were examined.
Voltammetric and chronoamperometric experiments reveal a competition betweefetipdne glycol (PEGQ and

Nay[ SO;(CH,)3S], (SPS for surface sites. PEG interacts synergistically with @hd Cu to form a passivating film that inhibits

the metal deposition rate by two orders of magnitude. Subsequent adsorption of short chain disulfide or thiol molecules with a
sulfonate-end group) leads to the disruption and/or displacement of the passivating surface complex and acceleration of the metal
deposition rate. The effect of submonolayer quantities of catalytic SPS is sustained even after extensive metal deposition, indi-
cating that the catalyst largely remains segregated on the growth surface. Multicycle voltammetry reveals a significant potential
dependence for SPS adsorption as well as its subsequent deactivation. Catalyst deactivation, or consumption, was examined by
monitoring the quenching of the metal deposition rate occurring on SPS-derivatized electrodes in a SPS-free electrolyte. Catalyst
consumption is a higher order process in terms of its coverage dependence and a maximum deactivation rate is observed near an
overpotential of~0.1 V. Derivatization experiments are shown to be particularly effective in revealing the influence of molecular
functionality in additive electroplating. Specifically, the charged sulfonate end group is shown to be central to effective catalysis.
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In the last three years, a curvature-enhanced accelerator coverage Experimental
(CEAC) mechanism has been shown to quantitatively describe su- g infiyence of electrolyte additives on the copper deposition
perconformal film growth which is responsible for “bottom-up Su-  eaction was examined using a variety of electroanalytical methods.
perfillng” of submicrometer features in damascene procesSihg. Ty distinct sets of experiments were performed. The first involved
The ‘mechanism has also been shown to apply 10 silvergyamining the effect of progressive catalyst additions on the metal
electrodepositichas well as copper chemical vapor deposifioh.  geposition kinetics in a copper plating electrolyte containing poly-
key characteristic of superfilling electrolytes, disclosed to date, iS(ethylene glycol (PEG and Cl-. The second scheme focused on
the competition between inhibitors and accelerators for electrodestdying the kinetics of copper deposition on catalyst-derivatized
surface sites. According to the CEAC model, a thiol or disulfide gjgctrodes in a catalyst-free PEG-Gélectrolyte. The latter set of
accelerator, or catalyst, displaces an inhibiting halide-cuprouseyperiments enabled the effect of the catalyst on the metal deposi-
polyether species from the interface and remains segregated at then rate, along with its consumption, to be examined independent of
surface during metal depositidi:®’ A key consequence of these the dynamics associated with the catalyst adsorption step.
two Stipulations is the pOSS|b|I|ty that local area Change associated The electrochemical measurements were performed at room tem-
with metal deposition on a nonplanar surface may give rise toperature in a separated cell. The working electrode compartment
changes in the local catalyst coverageg, increases on concave contained~900 mL of electrolyte while 50 mL was held in a
sections and decreases on convex segrments thereby supercon-  counter electrode compartment isolated from the main cell by a
formal film growth. This process is particularly important for sur- Nafion 417 membrane. The membrane prevented contamination of
face profiles with dimensions in the submicrometer regime and natuthe working electrode cell by anode products which are known to
rally provides an explanation for the beneficial effects induced by perturb the metal deposition kinetit&lo deaeration was used in the
certain additives known as “brightenerg:® experiments reported herein. The copper plating electrolytes con-

In this first of a series of papers, a more complete assessment ahined 0.25 mol/L CuS@Qand 1.8 mol/L HSO,. The additives were
the electrochemical response of planar electrodes in copper supemixed with the base electrolyte at room temperature either by direct
filling electrolytes is presented. A typical electrolyte contains a di- addition as salt or through dilution from a stock solution. The base
lute,i.e, micromolar, concentration of accelerator in the presence ofelectrolyte used for most of the experiments described in this report
an inhibitor concentration that is usually an order of magnitude contained additions of 1 mmol/L NaGFischej and 88 umol/L
greater. This configuration gives rise to hysteretic voltammetric PEG (3400 Mw; Aldrich), which yield significant inhibition of the
curves, rising chronoamperometric transients, and decreasing chr@opper deposition reaction. The impact of catalyst additions was
nopotentiometric traces, all of which reflect the competitive adsorp-examined by mixing Ng SOy(CH,)3S], (SPS; Rasching, Ingwith
tion dynamics occurring between the two species. An underdevelthe PEG-CT base plating electrolyte. SPS additions were made
oped aspect of this system is a quantitative description of the masgom a 500 umol/L stock solution prepared at room temperature
balance of the additives during plating. Of specific interest is thesing the base PEG-CElectrolyte. Aliquots from the stock solution
partitioning of the catalyst between segregation to the free surfacgere transferred to the working electrode compartment using a mi-
vs. deactivation by either incorporation into the growing deposit or croliter pipette. This permitted easy control of electrolyte composi-
desorption into the electrolyte. Examination of the metal depositiontjon into the submicromolar regime.
kinetics on catalyst-derivatized electrodes in a catalyst-free electro- The electrodes were prepared by polishing oxygen-free high-
lyte is shown to be particularly helpful in quantifying the deactiva- conductivity(OFHC) copper plate with~600 grade SiC paper. For
tion process. These experiments also provide an avenue for explohalide-free studies polishing was performed using 18 Mater.
ing the impact of various additive functional groups on the metal The rolled copper plate had @00 recrystallization texture. The
deposition kinetics. freshly polished electrodes were masked with 3M plater’s tape, leav-

ing an exposed circular area 6f2.62 cnf. All experiments were

* Electrochemical Society Active Member. @ Disclaimer: Product names are included only for accuracy of experimental descrip-
Z E-mail: thomas.moffat@nist.gov tion. They do not imply NIST endorsement.
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20 T ‘ 4 Table 1. Kinetics parameters.
1 i—ilq i —afn 1 - a)F
s ] =1 i) | TRT PRt
& ] Electrolyte Transfer coefficient Exchange current density
5;; composition a i, (MA/cn?)
2 1 ] Additive-free 0.4-0.45 1.4-11
2 , PEG 0.45 0.9
g Cl 0.5 13
§ PEG-CI 0.5 0.039
s - ] SPS-modified electrode 0.5-0.4 4.5-2.25
- Additive-free . h\ in PEG-CI
-—— 88 umol/L PEG Ny NN
————— 1 mmol/L NaCl AN
— — - 88 umol/L PEG + 1 mmol/L NaCl \\\
s e T os e o o on the copper deposition reaction while the addition of @lone
Overpotential (V) yields a measurable increase in the deposition rate, in agreement

with previous report$®17In contrast, the addition of both PEG and
Figure 1. Inhibition of copper deposition from 0.24 mol/L CugO ClI™ together results in clear inhibition of the copper deposition re-
+ 1.8 M H,SQ, is provided only by the simultaneous addition of Gind action that has been attributed to the formation of a complex layer
PEG. Then-i curves were obtained at 1 mV/s. involving CI-, Cu®, and PEGY

For copper plating at-10 mA/cnf, i.e., half the limiting current,

deposition occurs under mixed control. At higher overpotentials the
reaction is diffusion limited with a hydrodynamic boundary layer.
The boundary layer is defined by free convection driven by the Cu
gradient that develops in front of the vertically oriented working
alectrode. An estimate of the steady-state boundary layer thickness

initiated under quiescent conditions with free-convection being in-
duced by the Cii" gradients which accompany metal deposition. A
saturated calomel reference electrd8€E was used for most ex-
periments, while a copper wire quasi-reference electrode was use o .
for examining the behavior of halide-free electrolytes. The potentialsIS ggﬁm.basgd on th? ]lmltlng currer1t6denr]123|ty of 19.4 mAfcand
reported in this paper correspond to overpotentials for copper depo"f1 Cu™ diffusion cqefﬁuent of 4x ?0 C Is. -
sition. All voltammetric experiments were performed at 1 mV/s. The overpotential-current density\{i) curves shown in Fig. 1
In order to examine the rate of catalyst deactivation, or consump-can be described by the generalized Butler-Volmer equation using
tion, electrodes were derivatized with SPS or Na&iM,),SH  (he transfer coefficientsy, and exchange current densitids,
(MPS: Aldrich) to obtain a given catalyst coverage and then trans-SnOWn in Table I. The fitting procedure was biased to acr(i%krately
ferred for electroplating in the catalyst-free PEG-Qlase electro- describe the behavior for current densities greater than 5 ntA/cm

lyte. Electrode modification was performed by immersion for a con- ggtgﬁ,ﬁ;‘gt _lv_"rﬁ: r;:sceri:%grfsézge d?:smr?)gf\ggce&tjrit fSoT?rl:eO\;ﬁghtly
gﬁgg?opgé'%%lg Stg’nseolrn1am%ﬁ§)I;Tliolglll_:’gs?ﬁesgzggggd%o\?v?;nrlir:\%ed diminished current on the return sweep, which is visible as minor
in water and dried using a tetrafluoroethane duster. Within a few""" hysteresis due to some unknown relaxation process. The elec-

seconds, the derivatized electrode was immersed in the catalyst-fretéOdeS visibly roughen after one voltammetric cycle, although this is

PEG-CI base electrolyte, and copper deposition was monitored unhot reflected in then-i hysteresis. The shapes of all the curves are

der potentiostatic or potentiodynamic conditions. reasonably described by a transfer coefficient between 0.4 and 0.5.

Electrode derivatization experiments were also used to study thd N€ combined addition of PEG and Ciesults in a decrease of the
effect of different terminal groups (-GH -OH, -COOH, -S@) and exchange current by almost two orders of magnitude, frefn4

lkevl chain lenath c talvst iion. Derivatizafi mA/cn? to 0.039 mA/cm, relative to the additive-free case. The
alkyl chain fengt (6.C5.Cro) on catalyst operation. Denvatization g1 yariation in the transfer coefficient suggests that the mecha-
with hydrophobic methyl-terminated thiols, HS(§HCH; (Ald-

! . __ . nism, or rate-limiting step, of the copper reduction reaction remains
rich), HS(CH).sCH; (Aldrich), and a hydrophilic thiol,

- . : . largely unaltered by the PEG-GICu" barrier layer; the blocking
HS(CH,)30H (Aldrich), was performed in ethanolic solutions con- |ayer simply limits access of aquo-cupric ions to the metal surface. A
taining 1 mmol/L of the respective molecule. Derivatization with the gimjjar conclusion based on impedance measurements was previ-

sulfonate and carboxylic acid-terminated molecules was done inyysjy reported® However, little information is available concerning
1.8 M H,SO, containing 1 mmol/L of either SPS, MPS, the thickness, composition, and/or structure of the passivating film.
NaSQ(CH,),SH (Aldrich), or HS(CH),COOH (Avocado Re- The surface active nature of PEG is well known, and significant
search Chemicals, Inc.The influence of the solvent used for the foaming of the electrolyte is evident if sparged. Thus, immersion of
derivatization was examined by comparing the results forcopper into a quiescent PEG-Cplating solution exposes the sur-
S(CH,)3COOH-modified electrodes prepared in 1.8 M3®, with  face to a high concentration of the polyether species. Simulta-
that obtained from an ethanolic solvent; no significant impact wasneously, the surface is oxidized by €y yielding unstable Cl
noted during subsequent metal deposition studies in the PEG-Clyhich is available to form complexes with Cliand PEG. The
containing electrolyte. Likewise, exposure of a fresh polished cop-compination of these effects suggests that immersion of copper un-
per electro_de to ethanol did not significantly alter the metal deposi-ygr open-circuit conditions results in a reactive form of Langmuir-
tion behavior. Blodgett electrode derivatization.

The effects of variation of the PEG and Ctoncentration have
been studied and will be described in a separate publication. Briefly

\Voltammetry—Inhibition. ~Synergistic PEG-halide interac ~Summarizing, for a PEG concentration of g8nol/L, the optimum
tion.—It is well known that the addition of PEG and Clo an CI™ concentration lies between 0.2 and 1 mmol/L. At lower concen-
additive-free copper plating electrolyte results in strong suppressiorirations, CI' consumption becomes significant relative to the kinet-
of the metal deposition rat&!® Significant inhibition occurs only  ics of accumulation at the interface; this is manifest as hystetetic
when both components are present in the electrolyte. This is seen ihehavior*® At higher CI” concentrations, a decrease in inhibition is
Fig. 1 where the addition of PEG alone exerts a negligible influenceobserved coincident with the appearance of an additional redox

Results and Discussion
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Figure 2. Hystereticm-i curves are obtained when SPS is added to the _ . . .

inhibiting PEG-CI electrolyte. The response on the return sweep is effec-Figure 3. Beyond~30 upmol/L SPS, an additional wave is evident-a0.1

tively saturated beyond 2.59mol/L SPS. V. The saturation associated with return sweeps is exceeded when SPS
> 50pmol/L. This is at least partly due to increased surface roughness.

wave and precipitation of CuGf:® For [PEG|] > 8 uM, stable

inhibition is apparent for a sweep rate of 1 mV/s aphdl™]

= 1 mmol/L. Path- and time-dependent hysteretic behavior are evi-

dent at lower PEG concentrations. The latter hysteresis is a consdresent, as demonstrated in a number of rotating ring-disk and re-

quence of potential-dependent disruption of the blocking layer conlated experiments:?4There is also the suggestion of a surface-

voluted with transport-limited access of PEG to the surface. In ordebound  univalent  intermediate  based on  impedance

to minimize or circumvent the effects associated with time- measurements:?° The equilibrium aquo Clion activity (i.e., ig-

dependent phenomenon linked to PEG-CI, theu88ol/L PEG noring complex formationin the additive-free system is on the

— 1 mM CI- additive combination was used in all the experiments order of 0.4 mmol/L5"** which is greater than the combined con-

described herein. Deposition in this electrolyte is understood tocentration of the inhibitor and catalyst used in these experiments.

serve as a reference point characterizing inhibited behavior. However, as the potential is made more negative the equilibrium
cuprous activity(and thus the residence time of the reaction inter-

Influence of SPS-The addition of SPS to the PEG-Celectrolyte  mediate at the electrode interfackeclines, and the reaction channel

results in several notable changesnifi behavior as shown in Fig.  involving homogeneous interactions between the additives arid Cu

2. Adistinct hysteretic response, where the deposition rate increasqg cut off; this is reflected in the peak observed in tpé curves.

substantially during the reverse sweep, is evident for even the mospther possible processes exist as well, such as reaction between

dilute SPS addition shown. This is accompanied by significantSPS_Cd_O2 to yield MPS and related complexes, which prior ex-
brightening of the plated surface; the absence of roughening indi

- ; ; periments indicate to be even more catalytic toward metal deposi-
cates that the hysteretic behavior must derive from a change in infig in the PEG-CI systerd.

trzzfeagta; Cheemn'St(;}t’e;?.t;egnﬂtﬁg ns:rzpee aroeﬁ. Zheeéneférgzggssmqtn The significant increase in current density accompanying the re-
given p : gative-going sweep | Wit sweep fof SPY > 100pumol/L is at least partially associated

increasing SPS concentration, and the area enclosed in the hysterevl\?Ith an increase in surface roughness which develops during ex-

m-i loop also becomes larger. For the scan rate and switching po; R o .
tential employed here, the hysteresis is maximized for a SPS cont-endeOI polarization in the presence of significant Cdepletion.

centration between 0.9 and 2.5%nol/L. Further additions of SPS Ri(s)ggggeejsiner;(yg?jgtgniIlsthyhe re;ndence on SPS concentration is
result in progressively higher deposition rates on the negative-goingjj )

sweep, but the response on the return scan is effectively saturated. Multicycle votammetry—Continued voltammetric cycling in the
The hysteretic response may be understood in terms of disruption 0§PS-PEG-CI electrolytéFig. 4) reveals that the second negative-
the rapidly formed PEG-Cl blocking layer by thiolate or disulfide going sweep does not track the return sweep of the first cycle. This
absorption as suggested previoufSisPS-induced depassivation ef- important observation indicates that significant deactivation of the
fectively accelerates the metal deposition reaction without requiringcatalyzed surface is occurring. Close inspection of Fig. 4 indicates
any change in the Cii/Cu reduction mechanism per se., cata- that the onset of deactivation does not occur until an overpotential of
lytic activation of a blocked electrode. ca. —0.050 V, where the second negative-going sweep clearly de-
When the SPS concentration exceedsp®0ol/L, an additional  parts from the first return sweep. This indicates that catalyst deacti-
wave is evident on the negative-going sweep as shown in Fig. 3. Theation or consumption is potential dependent. Several multicycle
wave, atca. —0.09 V, arises from a combination of two distinct voltammetric experiment&ot shown indicate that the steady-state
processes involving heterogeneous and homogeneous chemistrﬁ-i responsee.g, Fig. 4) is approached after the second negative-
First, at such concentrations SPS is no longer dilute relative to thegoing sweep for all SPS concentrations greater thapehbl/L. Not
PEG-CI" (88 umol/L to 1 mmol/L) concentration, and SPS com- surprisingly, this concentration threshold also corresponds to the
petes directly with PEG-CI for surface sites on a freshly immersedminimum value for which saturation of the hysteretic return sweep
copper electrode. Indeed, at the highest SPS concentrations, the relgtone is reached on the first cycle. Strictly speaking, the precise
tively strong thiol/disulfide/chloride copper interactions can be ex- number of cycles required to reach “steady state” also depends on
pected to dominate the surface chemistry. Second, significant homaother parameters including the switching potential and scan rate. For
geneous interactions can occur between SPS, Cl, and, Cu significantly higher SPS concentratiofise, >50 pmol/L), wider
particularly at low overpotentials where a substantial @ativity is potential range windows, and/or extended scanning, the voltammo-
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Figure 4. Multicycle voltammetry in the SPS-PEG-CI system reflects the (2) Overpotential (V)

convolution of potential-dependent SPS adsorption and deactivation. The
onset of significant deactivation is clearly evident-a0.08 V. For[ SPY

> 2.5umol/L a steady-state response is reached after one cycle. The inse
numbers reflect the scan sequence.
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grams drift due in part to increases in roughness associated witt
significant deposition under diffusion-limited and mixed-controlled
conditions.

Multicycle voltammetry also reveals the influence of potential on
the kinetics of catalyst adsorption. A series of voltammograms was 5 [
collected for different switching overpotentials, ; the sweep rate © 5
(1 mV/s) and total scan tim€2400 3 were held constant. As shown [
in Fig. 5a(top) it is clear that the high metal deposition rates that
characterize the return sweep f8f = —0.45V are not accessible 0 b e,
for switching overpotentials just 0.2 V lowgre., —0.25 V). Volta- 05 04 03 02 01 0
mmograms for two intermediate switching potentials, shown in Fig. (b) )
5b (bottom) are consistent with this trend. These results demonstrate Overpotential (V)

that the kinetics of displacement of the inhibiting PEG-€QI~ Figure 5. The strong potential dependence of SPS activation is revealed by

Iaygr by SPS/M PS adso!’ptlon are an increasing functlon. of OVerPOyarying the switching potentiak, . A marked increase in hysteresis is evi-

tential; voltammetric cycling to larger overpotentials permits a larger gent for g, > |—~0.29 V. The voltammograms were collected for a fixed

increase in the catalyst surface coverage which manifests as highggriod of 2400 s. ForE, = —0.45V, an activated statge.g, i

currents on the return sweep. = 17 mAlcn? at —0.2 V) is obtained on the return sweep after 700 s. In
One consequence of the potential-dependent competition becontrast, a maximum current of 5 mA/érat —0.2 V is observed after 2400

tween catalyst accumulation and consumption is that the “true”s of cyclic polarization folE, = —0.25 V.

steady-state-i curve(i.e., for an infinitely slow sweep ratenust

lie somewhere between the return sweepper boung and the

2nd" negative-going sweefower bound observed for finite sweep

rates.

ent Density (mA/cmz)

Chronoamperometry—The response of the SPS-PEG-CI system
to potentiostatic polarization was investigated over a range of SPS
concentration and applied overpotential. In the absence of SPS, th
PEG-CI current transients, shown in Fig. 6, are characterized by
~30 s decay associated with relaxation of the boundary layer thai
accompanies copper deposition under mixed control. An additional
slow decline in the current density is apparent at low overpotentials.
This is ascribed to consolidation of the inhibiting overlayer and is
analogous to the subtle relaxation observed invhie experiments
in Fig. 1. [

In contrast, electrolytes containing SPS exhibit rising current 3 [
transients, as shown in Fig. 7. As with the SPS-free electrolyte an ° &\**b_~

2,

urrent Density (mA/ecm’)

initial period (~30 9 of current decay is required to establish the &; x
hydrodynamic boundary layer. The subsequent rise in current even e - , i
tually reaches a steady state. The time required to attain steady sta o SH A s i s Siin s PRAERREIEEREEERS |
decreases monotonically with SPS concentration. The current tran Time(s)

sients correspond, qualitatively, to following a vertical trajectory
across the hysteretig-i curves. However, it is evident that the Figure 6. Current transients for copper deposition from the PEG-CI electro-
steady-state chronoamperometric current is a function of SPS coniyte as a function of overpotential. The steady-state currents are congruent
centration. This dependence is distinct from the convergence of thaith the slow scan, “steady-statej-i response shown in Fig. 1.
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Figure 7. Rising current transients are observed in the SPS-PEG-CI eIectro-Fi ure 9. The m-i response for cobper deposition on SPS- or MPS-
lyte due to activation of PEG-CI inhibited electrodes induced by SPS adsorp-de%ivatizéd elec?rodes i?] 2 PEG-CI elgz‘itrol tepis compared with that ocour-
tion. Qualitatively the transients correspond to following a trajectory acrossring on a freshlv abraded surface. The ca)lltal i bet?avior associated with
the hysteretim-i curves shown in Fig. 2. In contrast to the saturated current SPS- and MPS-ymodified electrodés is ascribgd to the sulfonate end-group
that characterizes the return sweep of the voltammetric data shown in Fig. zhinderin formation of the blocking PEG-CI laver

the steady-state chronoamperometric current is a function of the SPS con- 9 9 Yer.

centration.

return sweem-i data for different SPS concentrations, as shown in  Voltammetry—The n-i characteristics of electrodes that were
Fig. 2. This difference is a result of the potential-dependent catalysglerivatized for 60 s in either 1 mmol/L MPS or 0.5 mmol/L SPS are
adsorption and consumption which can yield higher catalyst covercompared in Fig. 9 to the behavior exhibited by a freshly polished
ages at the higher overpotentials associated with voltammetric cy€lectrode during plating in a PEG-Clelectrolyte. Derivatization
cling. The observed chronoamperometric time constant also deleads to substantial acceleration of the copper deposition rate at low
creases with increasing overpotential, as shown in Fig. 8. This isoverpotentials. The thiol/disulfide monolayer film clearly prevents
consistent with an increase in the rate of catalyst accumulation atormation of the PEG-CI blocking layer under these conditions.
higher overpotentials. The peak atta. —0.05 V reflects the onset of significant catalyst
) o ) ) deactivation(discussed earligrThis is followed by the transition to

Consumption kinetics-The preceeding experiments convolve 5, exponential increase in current while the electrode is subject to a

SPS adsorption and consumption; this complicates modeling of thenore subtle deactivation process reflected in the decreased current

electrical response, making results ambiguous. In order to separaig, the return sweep. Approximately five voltammetric cycles are
the relative contribution of each process, a series of plating experizequired before the electrode behavior converges with that of a
ments using SPS/MPS-derivatized electrodes in catalyst-free elegreghly polished electrode. This amounts to passage3§ Clcn?,
trolyte were performed; these enable the kinetics of catalyst deactizqyivalent to deposition of a10 wm thick copper film. Thus, a

vation, or consumption, to be measured independent of the catalys{pstantial copper deposit is formed before complete deactivation of
adsorption process. the catalyzed electrode occurs.
The onset of significant catalyst consumption at small overpoten-
tials is consistent with that noted earlier for multicycle voltammetry
. of a freshly polished electrode in the SPS-PEG-CI electrolye,
] Fig. 5. The peak shape in Fig. 9 suggests that the deactivation pro-
] cess is the dominant process fr@a —0.05 V until an inflection is
observed ata. —0.09 V, followed by much slower attenuation of
i the deposition kinetics at higher overpotentials. Multiple voltammet-
1 ric cycles using a derivatized electro@tet shown further demon-
strates that the most significant decrease in reactivity occurs at small
] overpotentials. The identity of the precursor, MESSPS, does not
| affect the results, indicating that the final state of the modified elec-
1 trode is independent of the differences between the precursors. This
is similar to reports that the properties of alkyl monolayer films
) formed on gold were independent of whether the films were made
. from thiol or disulfide precursor&:?’
1 A reasonable first estimate of the extent of catalysis provided by
| a SPS monolayer modified electrode may be determined by fitting
N the firstca. —-0.05V of_then-i curve in Fig: 9 to the Butler-Volmer
o 1000 2000 2000 4000 5000 forma_lllsm_and assuming negllglble deactivation of the catglysts oc-
Time(s) curs in this range. This _ylelds an exchange current densmyaof_
4.5-2.25 mA/cr, assuming a transfer coefficient of 0.5-0.4. This
Figure 8. The apparent time constant of the rising chronoamperometric tran-COrresponds to an increase in the deposition rate-dforders of
sients increases with overpotential, reflecting the potential dependence fofagnitude over that experienced by a freshly polished electrode in
SPS adsorption on PEG-CI blocked electrodes. the same PEG-CI electrolytsee Table)l

20

Current Density (mA/cmz)
=

6.4 umol/l. SPS
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be used to evaluate the catalyst coverage derived from a given modificatior Copper deposition at -0.25 V in PEG-CI electrolyte
treatment.
----&--- Freshly abraded electrode B
20 —m— SPS derivatized electrode ]
. ) < :
The magnitude of the voltammetric wave observed-8t05 V 3
was dependent on the derivatization time and SPS concentratior £ 15 - ]
i.e, the initial catalyst coverage. The maximum or saturation peak £ . .
current was between 4 and 6 mA/%;miepending on the details of § r
the experiment. In a umol/L SPS solution, saturation of the peak & 10 —
current is observed after20 min of derivatization(Fig. 10. A g [
similar wave is observed for copper electrodes that are aged unde © [
open-circuit conditions in a conventional SPS-PEG-CI plating elec- 5 8
trolyte and can be used for monitoring catalyst accumulation under kb——-——.—-— ------------------------------------------------------------------- i
such circumstances. i 1
L 1 T - T TR T TR T TR EY S W N Y
Chronamperometry—The potential dependence of catalyst con- 0 1000 2000 3000 4000 5000
sumption was examined using samples derivatized for 60 s in eithe
1 mmol/L MPS or 0.5 mmol/L SPS followed by copper plating in a (b) Time (s)

PEG-CI electrolyte(Fig. 11a, top and b, bottomTransients for the
freshly abraded electroddge., the same as Fig.)&epresent the
baseline toward which the modified electrodes evolve as the cataly
is consumed or deactivated. The derivatized electrodes exhibit no
table resilience against passivation by PEG-CDeactivation at
—0.05 V (Fig. 113 occurs with a time constant 6f200 s, while at
—0.25 V(Fig. 11b catalyst consumption occurs at a rate which is at
least an order of magnitude slower. Importantly, the low deactiva-

tion rate at—0.25 V is congruent with a basic tenet of the CEAC (which is clearly not the case, particularly for higher overpotentials,
model of superfilling and brightening, namely, a significant quantity Fig. 11b. This yields an upper bound 6f1 ppm SPS4 ppm S
of catalyst floats, or remains segregated, on the surface during copncorporated during growth at0.25 V compared te-50 ppm SPS
per deposition. The relevant time scale for submicrometer featurg200 ppm $ for deposition at—0.05 V. The calculated impurity
filling is <100 s during which negligible attenuation of the deposi- |evel and its dependence on potential compare favorably to pub-
tion rate occurs at-0.25 V. In a related fashion, the thick film [ished secondary ion mass spectrosc(pMS) analysis of copper
grown at—0.25 V was bright and specular while the much thinner deposits grown from related industrial electrolyfésthe O, S, C,
deposit grown at-0.05 V was visibly rough. and Cl concentration levels are reported to decrease fd0 to
If electrode deactivation is a manifestation of catalyst consump-~1 ppm as the metal deposition ratée. current density,
tion alone, then integration of the transients allows an upper boundncreased® Similar potential-dependent behavior, as well as a sig-
estimate of catalyst incorporation in the film for a given set of pro- nificant dependence on hydrodynamics, was reported for another
cessing conditions. Consider 5000 s of growth-#.25 V which  copper plating systeri. If the entire SPS molecule is incorporated,
results in a 3Qum thick film vs. growth at—0.05 V which yields a  the C/O/S ratio would be 3/3/2, which compares favorably with
film less than 0.5um thick. Assume the derivatized electrodes have S|MS data?®3!
an initial disulfide coverage of 6.38 1071° mol/cn?,?®" and that The deactivation process was studied over a wide range of po-
the catalyst is completely consumed after 5000 s of electrolysistential as shown in Fig. 12. These experiments were repeated on
three different occasions and notable dispersion of the time con-
b Based on literature reports of defected ¢(22) and c(2x 6) structures of short  Stants was observed; the trends shown in Fig. 12 remain unaffered.
alkane thiols on C{L00) in vacuum (Ref. 28a and b Saturation fractional surface ~ The dispersion is most likely due to variations in the derivatization
coverage of a derivatizedi%lectrlod;zestimated to be 0.5 for MPSﬁgnd Ol.Zr?]zfor SPS basqglrocess that may be associated with halide “contamination.” This
8?252%3%3??& 1205§15">r<n§|(/)cmzr.n;</a$:en’t w%?l(cRoe\zlfl.arZag()e:sulg.SZsTsh?at ;Ignce tﬁioleslnvf/iith possi_bility is furthel: complicated bY the dynamics assoc_iateq with
bulkier or charged end-groups may exhibit less well-ordered and lower density struc.ChlOride - coadsorption accompanying subsequent plating in the
tures. Thus, these numbers should be treated as an upper bound. PEG-CI electrolyte. It may well be that the catalyst consumption

Figure 11. Chronoamperometry reveals the catalytic effect of SPS derivati-
5z[ation. (a) At smaller overpotentials the derivatized electrode is subject to
rapid deactivation(b) In contrast, at higher overpotentials that correspond to
practical plating conditions the catalytic effect is sustained for thousands of
seconds.
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0 1000 2000 3000 4000 5000 potential-step experiments during copper deposition in the PEG-CI electro-

Time (s) lyte. Coppgr was deposited on MPS—modified electrodes for variable times at
—0.1 V. This was followed by stepping back t60.3 V to measure the extent

of deactivation. The transients reveal a monotonic decrease in reactivity with

Figure 12. Chronoamperometry detailing the potential dependence of cop-_; ’ L .
per deposition on derivatized electrodes. The catalytic effect of derivatizationtlme spent at-0.1 V. Catalytic behavior is effectively quenched after 1000 s

; oo . . - at —0.1 V. For reference the potentiostatic transients for growth@tl V

af‘d Its 5”0’.‘9 depender_lce on potential is rea(_jl_ly e_wden_t by comparison tcZrapid deactivationand —0.3 V (slow deactivatiopare shown along with an

Z'g' aer.esto discernable difference between modification with S&MPS is arrow denoting the steady-state current density for an unactivaédpol-
PP . ished electrode at-0.3 V in the PEG-CI electrolyte.

with the more qualitative conclusion drawn from voltammetric
process is hindered by coadsorbed chloride. Other authors have olgnalysis(i.e., Fig. 9.
served irreproducibility in similar modification processes used for  The ability of a submonolayer quantity of an adsorbed surfactant
studying Cu underpotential depositiqtyPD) on modified gold  to impact the film growth processes is well known across a range of
substrates® Nonetheless, comparison of results from derivatized deposition technologies. For example, an interesting study of the
and underivatized electrodéfig. 6, 11, and 12 unambiguously leveling effect of thiourea on copper deposition ascribes stable
reveals that convergence of the respective transients occurs mogrowth to a small coverage of deposition rate, suppressing thiourea
rapidly at smaller overpotentials, reflecting the enhanced catalystnolecules operating in a gas-like surface stafEhis adsorbed state
consumption under these conditions. Quantitative analysis of thds similar to that envisioned here, although in the present case the
transients indicates that consumption is higher order than linear in
the catalyst coverage, suggesting the importance of nearest neighbor

interactions’? No significant dependence on the catalyst precursor 40 | [ | | : l l
identity (SPSvs. MPS) was observed, as shown for deposition at P | ]
-0.25 V. 35 L — — - opclor600sec/-0.3V _i
The potential dependence of catalyst consumption is also readily [ ... -0.3V for 600 sec / opc for 600 sec /-0.3 V : 3
observed in potential pulse experiments. The potential of a deriva- a0 b -0.3V for 600 sec / 0.1V for 600 sec/ 0.3 V E

tized electrode was first set t00.3 V, followed by stepping te-0.1
V for a period of time, after which it was returned t60.3 V. The
polarization time at-0.1 V varied between 15 and 1500 s, as shown
in Fig. 13. The difference between the current observed @B V
after potential pulsings.that for unperturbed deposition at0.3 V
clearly reveals that more rapid consumption of the catalyst occurs a
lower overpotentials. After polarization at0.1 V for more than
~1000 s the subsequent electrode response®@8 V approaches
that of a catalyst-free or deactivated electrode. The increase in con
sumption with decreasing overpotential indicated by Fig. 13 is con-
sistent with the conclusions derived from Fig. 11.

A variant of the pulse experiment involves studying the effect of . ; f
aging a derivatized electrode under open-circuit conditions. The 0 : : ' . : ! '

%)

Current Density (mA/cm

similarity of all the deposition transient&ig. 14 during the first 0 200 400 600 800 1000 1200 1400
few hundred seconds shows that idling at the rest potential in a Time (sec)

PEG-CI electrolyte for 600 s prior to deposition at0.3 V induces

negligible deactivation of the modified electrode. Likewise, deposi- Figure 14. Results of potential-step experiments using an MPS-derivatized
tion at —0.3 V for 600 s followed by a 600 s open-circuit interrup- electrod_e. Agln_g_ of the dgrlva_tlzed elec_trode at the open-circuit potential
tion results in negligible attenuation of the rate during subsequenf;zw:ﬁ ;jg%jl%bﬁkgsv?ggvsyhoenﬁ Sng\éliﬂﬁﬂta% gh\e/ 'iss“?nsti?r‘tep':; dc?(t)?lyzed
dep0$ltlon a_t—_O.3 V. Thus, aging under Open'C'rC.u't condition re- aging at open-circuit condifion, minimal deactivation is noted during subse-
§u|t$ in negligible consumption. In contrast, th.e.re Isa markeq deaCExuent deposition at-0.3 V. In contrast, significant deactivation of the elec-
tivation observed at-0.3 V after 600 s of deposition at0.1 V. This trode (as measured at0.3 V) is evident after metal deposition at0.1 V.

finding demonstrates that the potential-dependent consumption ratghus, the potential dependence of catalyst deactivation, or consumption,
exhibits a maximum at intermediate overpotentials, in agreemenpasses through a maximum at intermediate overpotentials.



Journal of The Electrochemical Societys1 (4) C262-C271(2004) C269

25 e which the catalyst functions. Modification with a variety of alterna-
E- 025V +$ggsecgumo:;t§g§ ] tive thiol compounds was used to examine the influence of different
= -Q. —— sec 5 umol . H
— = 120sec5umolLSPS | terminal groups (-CH, -OH, -COOH, -SQ) and alkyl chain
20 e e ] lengths (G,Cs,C,e on catalytic behavior. The various end groups

—+—30sec5umoll 8PS exhibit different qualities ranging from hydrophobic -gHto hy-
— Freshly abraded electrode | drophilic -OH, charged -SD, and reactive -COOH which com-
plexes Ca*"* .29 \oltammetry and chronoamperometry were used
to evaluate the efficacy of the different terminal groups for prevent-
ing the formation of the inhibiting PEG-CICu”" film.

Current Density (mA/cmz)

Voltammetry—After derivatization for 60 s in 1 mmol/L solution

H of the respective thiol&or 0.5 mmol/L for SP§ the electrodes were

5 k‘ i dried and transferred to the PEG-Gélectrolyte for copper deposi-
tion. As shown in Fig. 9 and 16a-c, only electrodes modified with

thiols (or disulfide bearing the -S© end group exhibit catalytic

\ T — \ s \ ‘ behavior relative to a freshly abraded electrode. Differences attrib-

0 200 400 600 800 1000 1200 utable to the disulfides. thiol head group or variations in the alkyl

Time(s) chain length from gto C; represent a minor perturbations relative

Figure 15. The influence of catalyst coverage on the copper deposition rateto the effects induced by the_ Charged. ->@rminal grpup.
at —0.25 V in the PEG-CI electrolyte. Initial coverage was varied by con- [N contrast to the catalytic behavior of -$@erminated mol-
trolling the derivatization time. ecules, modification with -S(ChHl,CHjs results in a substantial in-
crease in inhibition of the copper deposition reaction, well beyond
that associated with formation of the blocking PEG-@Gyer (Fig.
activated species exerts a catalytic influence on the deposition rate.6g. Only a very small current is passed untiD.42 V, at which
The extent of catalysis provided by submonolayer coverage, alongoint fresh copper nucleates on top of the monolayer. Once this
with the associated deactivation dynamics, was examined by varytayer coalesces and the underlying monolayer film is buried, the
ing the electrode derivatization time. As shown in Fig. 15, the cop-electrode reverts to the behavior exhibited by a freshly abraded elec-
per deposition kinetics in a PEG-Clelectrolyte increased mono- trode. The -S(CH);OH and -S(CH),-CH; (Fig. 16b and
tonically with electrode derivatization time in a fmol/L SPS  _g(cH,),COOH (Fig. 160 derivatized electrodes also exhibit in-
solution. A doubling of the metal deposition rate is accomplished by creased’ inhibition, although much weaker than that provided by
derivatization for only 30 s in 5 umol/L SPS, which, as suggested by-S(CI—b)ZCHe,. Likewise, copper deposition on -S(GHCOOH

Fig. 10, corresponds to a small fraction of a monolayer coverage, -S(CH):CHs modified electrodes converges with that of a

The transients are characterized by a 30-50 s decay due to relaxati ' AP ey
of the hydrodynamic boundary layer. A measurable decrease in r(3_Peshly abraded electrode after the first negative-going sweep, indi

L -cating that the monolayer is consumed,, buried.
activity is apparent over the next 1200 s. Nevertheless, for deposi- . o . .
tion at —0.25 V the extent of deactivation is inconsequential on the by Tg((e(?:be)atgabl?:ign% E?a; tgse gg%%zrggﬁgs'tg(ra;ag'_‘on (ngded
~ i illi i i - 23 : - s M3 .

60 s time scale relevant o filing submicrometer features, agam_leb) is of interest. This is ascribed to a higher defect density in the

reflecting the propensity of the SPS-derived catalyst to remain seg . o . .
regated at the growing interface. -S(CH,) 1sCHj5 layer associated with its slower, incomplete ordering

In general terms, the adsorbed catalyst faces the challenge diuring the 1 min derivatization treatment. Simil_ar effects haye peen
“swimming or sinking” as copper is being deposited on the surface. reported for Cu UPD on gold where,@ims provided greater inhi-
The observed maxima in catalyst consumption at low overpotentialspition compared to gor Cs thiols* The differences observed be-
which corresponds to lower deposition rates, is perhaps counterintween the hydrophilic -S(C§);OH (Fig. 160 and hydrophobic
tuitive given that the rate of surface segregation must be finite. In--S(CH,),CH; (Fig. 16a modified electrodes draws attention to pos-
deed, recent models of additive incorporation have postulated thagible interactions between the monolayer film and PEG in solution.
additive incorporation should be proportional to the current However, similar experimentsot shown performed in the absence
density®® a result not borne out for SPS consumption under theof PEG reveal the same intrinsic behavior, whereby the hydrophobic
present circumstance. An inverse dependence between additive ifim -S(CH,),CHj, alone accounts for the remarkable resistance to
corporation and the metal deposition rate has been reported fopetal deposition. Analysis of the -S(GHCOOH modified elec-
nickel plating frorrg electrolytes which contain a dilute concentration troge response is significantly complicated by the well-known reac-
of leveling agenf' However, in these Ievellng systems _the iNVerse gyity between the -COOH end group and @GR "% In any case,
dependence Was sl & consequence of difusionImied sCcuMline ransint nhibion provided by the -GE1-COOK, and -OF
contrast, the experiments outlined above provide a direct meas're fprminated th-IOIS s 1n g_o_od agreement with prior reports of bulk

' periments outiinéd above p Neasure Qlynner and silver deposition on derivatized gold surfadé%42
the rate constant of incorporation independent of any limitations
associated with the adsorption step. Chronoamperometry—Similar trends are evident during poten-
tiostatic deposition under conditions directly relevant to superfilling

. : . P, : experiments. As shown in Fig. 17, only electrodes modified with
ditions on copper plating from a simple acidified cupric sulfate elec- SO--terminated thiol disulfid hibit sianificant catalvti
trolyte has been previously examin¥® Anionic sulfonate- ~SCs-terminated thiols(or disulfides exhibit significant catalytic

terminated molecules were generally found to slightly perturb the@ctivity. Interestingly, the longer alkyl chain gof SPS and MPS
copper deposition rate, while diaryl- additions with cationic amino €xhibits slower deactivation kinetics compared to -S¢ISO;
groups resulted in significant inhibition of the metal deposition re- (C,), and thus they are more effective catalysts for damascene pro-
action. In the present work, electrode modification is used to studycessing. As noted before, no discernable difference is observed be-
the behavior of the disulfide and thiol-based catalyst during coppeitween electrodes modified with SRS. MPS. In contrast, derivati-
deposition in the presence of PEG-CI. As with the deactivation ex-zation with -S(CH);OH and -S(CH),COOH results in a transient
periments, catalyst derivatization allows the complications associincrease in inhibition which subsequently decreases, yielding behav-
ated with adsorption from the electrolyte to be avoided and thusior typical of a freshly abraded electrode. This relaxation occurs
represents a powerful method for interrogating the mechanism byafter the deposition of ~50 nm of copper for the

Catalyst function—The effect of dialkyl- and diaryl-disulfide ad-
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-+ Freshly abraded electrode 1 Figure 17. The key role of the catalyst terminal group is also evident in

— — - Derlvatizedfor 1 minin 1 mmolL HS(CH,),,CH, | chronoamperometric studies. The electrodes were derivatized and then trans-
Derivatized for 1 min in fmmolfl. HS(CH,),0H ] ferred for plating in a PEG-CI electrolyte at0.25 V. Of the molecules

— studied, only those with a sulfonate terminal group are capable of preventing
formation of the passivating PEG-Cfilm. Molecules with the hydrophilic

-OH and reactive -COOH end groups are rapidly consumed during metal
, deposition, while the hydrophobic -GHnodified electrode exhibits signifi-

- cantly greater inhibition than that provided by PEG-CI.

Current Density (mA/cmz)
3
T

-S(CH,)3OH-modified electrode and ~150 nm for the

-S(CH,),COOH-derivatized electrode. The -S(QHCH;-modified

electrode exhibits significantly greater inhibition toward copper

deposition which is sustained for several hundreds of seconds. The

utility of combining the blocking attributes of -S(GHCH; with

0 the catalytic properties of the -§Omolecules for catalyzed
through-mask plating, particularly using contact printing and/or re-
lated technologies, is a topic worthy of further attention.

D These experiments unambiguously reveal the importance of the

PR 1 -SG; terminal group to the catalytic function of the accelerator. It is

(b) Overpotential, V

e Freshly abraded electrode ] R .-
Derivatzed for 1min n 1 mimollL HS(GH ) GOOH | presumed that the charged end group disrupts the ability of PEG to

| form an effective rate-suppressing film on the surface of the copper
. electrode. The thiol, or disulfide, head group primarily tethers the

1 -SO; end group to the surface. The charged end-group is also cen-
tral to the molecules’ ability to floai,e., segregate, on the growth
surface during rapid~30 ML/s) metal deposition. The importance

- of these heterogeneous interactions in superconformal film growth
| has been demonstrated in a related paper detailing bottom-up super-
filling of trenches mediated by SPS-derivatized electrddes.

Conventional wisdom associates brightening with grain refine-
ment. On a more speculative front, the competitive adsorption
model provides new avenues for thinking about the absence of crys-
talline anisotropy during film growth in the SPS-PEG-CI system. If
rate control for metal deposition resides with the tethered,;- 8ad
group opening up prospective sites or channels in the blocking PEG

05 -0.4 -03 -02 -0.1 Y layer, then the crystalline anisotropy evident during growth in
(©) Overpotential, V additive-free systems might be further obscured. This would account
for the smooth isotropic surfaces observed for metal films grown in
the SPS-PRG-CI system. It is also congruent with the success of the
CEAC mechanism in describing shape evolution into the nanometer
regime by simply tracking the local catalyst coverage.

A separate paper presents a quantitative description of the com-
petitive adsorption dynamics between SPS and PEG-CI and its in-
fluence on the copper deposition kinetics over a wide range of pa-
rameter spacé

Current Density (mA/ecm?)

Figure 16. Then-i response for copper deposition on electrodes modified
with different thiol molecules. Comparison with Fig. 9 demonstrates that
catalytic activity is evident only for electrodes modified with thigds dis-
ulfides having the S@ terminal group. In contrast, derivatization with the
other thiols initially results in greater hindrance to copper deposition than
that provided by formation of the PEG-Cblocking layer. This effect is
evident only on the first negative-going sweep because the molecules are

rapidly consumed and the electrode reverts to behavior characteristic of a The kinetics of copper electrodeposition from an acidified cupric
freshly abraded electrode in the PEG-CI electrolyte. sulfate electrolyte containing SPS-PEG-CI were examined over a

Conclusions
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wide range of parameters. Electroanalytical experiments reveal a4.
|15.
16.

competition between PEG and SPS for surface sites. PEG and C
interact synergistically with Cuto form a passivating film that can

inhibit the metal deposition rate by two orders of magnitude. Sub-17.

sequent adsorption of short chain disulfide or thiol molecules with

sulfonate end group) leads to the disruption and/or displacement of 18-

the passivating surface complex and acceleration of the metal depol-
sition rate, as evidenced by hysteretic voltammetry and rising chro-

noamperometric transients. Experiments with SPS-derivatized eleczo.

trodes demonstrate that under conditions relevant to damascene

processing, submonolayer quantities of catalyst remain segregatet}- )
2. A. Molodov, G. N. Markosyan, and V. V. Loselectrochim. Actal7, 701(1972.

. M. Yokoi, S. Konishi, and T. HayasHbenki Kagaku oyobi Kogyo Butsuri Kagaku,

on the growth surface even after extensive metal deposition. Th
sulfonate end-group plays an important role in the surface segrega—

tion process. Multicycle voltammetry reveals a strong potential de-24.
pendence for SPS adsorption as well as its subsequent deactivatio?p-

The rate of displacement of the blocking PEG layer by SPS adsorp-
tion increases with overpotential. Monitoring of the quenching of
metal deposition rates on SPS-modified electrodes in a catalyst-free

electrolyte permitted examination of catalyst deactivation, or con-2s.

sumption, without the complications of simultaneous catalyst accu-
mulation. Catalyst consumption is a higher order process in catalyst
coverage and exhibits a maximum rate near an overpotential o
—0.1 V. Such derivatization experiments were found to be a particu-
larly effective method for studying the role of molecular functional-
ity in additive plating.

30.
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