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ABSTRACT 

Superconformal Au deposition is demonstrated in a Na3Au(SO3)2 - Na2SO3 based 

electrolyte using underpotential deposited (upd) Pb to catalyze the reduction of Au(SO3)2
3-. 

Micromolar additions of Pb2+ to the electrolyte give rise to acceleration of the Au deposition rate 

as evidenced by hysteretic voltammetry and rising chronoamperometric transients that convolve 

the diffusion, adsorption kinetics and coverage isotherm of the upd Pb catalyst. The catalytic 

activity on the Au deposition reaction may be quenched, or reset, by stepping the potential to 

more positive values to deactivate or strip the Pb catalyst. Void-free Damascene trench 

superfilling at various fixed potentials and Pb2+ concentration is demonstrated and shown to be 

congruent with the curvature enhanced accelerator model (CEAC) of superconformal growth. 

This includes enhanced deposition due to catalyst enrichment on concave surface segments at the 

bottom corners of the trenches, followed by rapid bottom-up growth and, for certain conditions, 

bump formation above the filled trenches.  

 

INTRODUCTION 

Superconformal film growth by additive-based electrodeposition underlies the successful 

implementation of Cu in state-of-the-art multilevel interconnect metallization for the silicon 

based semiconductor industry.1,2 In the contrast, electrodeposited Au remains the metallization of 
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choice for interconnects and contacts in compound semiconductors and related optoelectronics 

applications as detailed in recent reviews.3,4 To date the majority of these applications  have 

involved through-mask-electrodeposition. However, increasing circuit densification demands a 

move to three-dimensional metallization to enable the fabrication of interconnect networks of 

arbitrary design and complex architectures.1 Implementation of the Damascene process calls for 

a Au electroplating chemistry that can provide void-free filling of recessed surface features. 

Previously two different Au electrolytes have been examined and shown to be capable of void-

free feature filling. The first derives from the original observation of McIntryre and Peck that 

underpotential deposited (upd) Pb catalyzes Au deposition from KAu(CN)2-based electrolytes.5 

When this acceleration is combined with mass conservation of the surfactant in the presence of 

electrode area change, superconformal Au void-free feature filling occurs in accord with the 

CEAC model.6,7  Practically speaking, two short-comings of the system are electrolyte toxicity 

and the aggressive nature of the alkaline media towards photoresist materials.3,4 In order to 

address these challenges a sulfite-based Au electrolyte was evaluated by Hu and Ritzdorf.8 The 

addition of mercaptopropane sulfonic acid (MPS) to a commercial electrolyte comprised of  

Na3Au(SO3)2, Na2SO3, a pH buffer and Tl+ as a “grain refiner” enabled void-free superconformal 

deposition. Electroanalytical measurements indicate that MPS serves as an inhibitor that 

facilitates feature filling in line with traditional leveling concepts9 although no quantitative 

modeling was performed. In this report the utility of upd Pb as a surfactant catalyst for Au 

superfilling of sub-micrometer trenches is revisited using a slightly alkaline Au(SO3)2
3- 

electrolyte. Electroanalytical and feature filling experiments are shown to be in good agreement 

with the CEAC mechanism of superconformal deposition. 
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The CEAC feature filling mechanism derives from the competition between accelerating and 

rate inhibiting adsorbates for available surface sites. Successful filling is ascribed to the 

increasing coverage of the more strongly bound accelerator surface phase (e.g., upd Pb in the 

present case) during area reduction that accompanies deposition on concave recessed surface 

segments. The positive feedback due to coupling of decreasing area and increasing accelerator 

adsorbate coverage at the bottoms of filling features leads to locally increased deposition rate and 

accelerated bottom-up superfilling. Several feature filling models based on the CEAC 

mechanism have been shown to accurately predict superfilling of patterned features. Examples 

can be found ranging from copper deposition in damascene features and microvias from acid 

sulfate-based electrolytes2,10- 15 to the superfilling of trenches and vias with silver16-21 and gold6,7  

deposited from KSCN, SC(NH2)2 or Pb catalyzed cyanide-based electrolytes. The surface 

smoothing capacity and stability22,23 associated with  the  CEAC mechanism has been evaluated 

as has the influence of surface diffusion24 and surface derivatization.2,18, 24-27 

Research on sulfite chemistry for Au electrodeposition reportedly dates back to 1842.28 

Compared to cyanide, sulfite electrolytes are environmental friendly but suffer from 

disproportionation, SO2 formation, and/or dithionnite-based decomposition in acidic media.3,4,29-

31  The instability can be mediated through additive additions, e.g., ethylenediammine, and/or 

electrolyte modification, i.e., thiosulfate, to enable operation to be extended to pH values as low 

as 4.0.28-32 Cyanide and sulfite plating baths both exhibit constrained kinetics at least partly 

associated with the formation of inhibiting  species on the surface. The native inhibition of these 

electrolytes may be lifted by the addition of Pb, Tl, or Sb resulting in depolarization, i.e., 

acceleration of the deposition rate, that when optimized yields bright Au films.3-5, 28-48 
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EXPERIMENTAL DETAILS 

The depositions detailed in this work utilized an industrial sodium gold sulfite source 

(Na3Au(SO3)2, Technic 25*

                                                 
* The use of corporate or product names does not imply NIST endorsement; these details are provided only for 
accuracy of experimental description. 

)  stated to contain 2 troy ounces of gold per liter, equivalent to 0.32 

mol/L (197 g/mol gold and 31.1 g = 1 troy ounce). This solution was diluted to one-fourth its 

original concentration using 18 MΩ·cm water and Na2SO3 was added as a supporting electrolyte. 

Deposition studies were conducted in a cell containing 100 mL of the 0.080 mol/L Na3Au(SO3)2 

– 0.32 mol/L Na2SO3 electrolyte with sequential additions of aliquots drawn from a 1 mmol/L 

Pb(ClO4)2 solution. The electrolyte pH was 9.5, as determined using a pH sensor calibrated to 

buffer solutions of pH 7.0 and pH 10.0. According to Pourbaix’s atlas, Pb(ClO4)2 (s) dissolution 

in pH 9.5 solution results in complex formation with two species present in the ratio  [HPbO2
-

]/[Pb2+] ~ 3.49 The electrolyte was sparged with nitrogen prior to use in order to remove dissolved 

oxygen. Cyclic voltammometry and chronoamperometry were performed using 100 nm thick 

planar Au films prepared by electron beam evaporation on Si wafers. The electroanalytical 

screening studies were performed under quiescent conditions although the vertical orientation of 

stationary substrates results in density-gradient-driven convection as the Au(SO3)2
3- is depleted 

in the electrode boundary layer by deposition. Feature filling experiments were conducted with 

the patterned  specimens held in the same orientation but rotating at 160π rad/s (80 rpm) with the 

rotation axis oriented vertically within the plane of the specimen to enhance and fix the 

Au(SO3)2
3-  transport. The electrolyte was at room temperature (≈ 23 °C) under a covering flow 

of nitrogen during deposition. A saturated Hg/Hg2SO4/saturated K2SO4 reference electrode 

(SSE) was used for all experiments. The reference electrode was connected to the working 

electrode compartment via a fritted salt bridge filled with saturated solution of potassium sulfate 
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while a platinum counter electrode was held in a frit-separated cell immersed within the main 

cell.  

The planar substrates were pieces of a polished silicon wafer coated with 100 nm Au on a 10 

nm Ti adhesion layer by electron beam evaporation. These specimens were masked with plater’s 

tape to expose a circular region 0.54 cm2 in area; current densities are obtained from the 

measured current divided by this area. Studies of superfill in trenches were conducted on 

fragments of patterned wafers at fixed potential. The substrates with an array of trench widths 

were purchased from Sematech with a copper seed and Ta barrier already in place. Depositions 

were performed at fixed potential and each specimen included all the trench sizes studied. 

 

ELECTROCHEMICAL MEASUREMENTS ON PLANAR SUBSTRATES 

Cyclic voltammetry in Fig. 1 shows the current density (i.e., metal deposition rate) as a 

function of the deposition potential for a number of Pb(ClO4)2 concentrations; the scan rates are 

2 mV/s.  The additive increases the deposition rate over a range of potentials on both the 

negative-going and positive-going sweeps. For the additive-free case a slight hysteresis is 

apparent; the film visibly roughened (not shown) indicating that the larger current density is due 

to area expansion. In contrast the voltammetry associated with lead additions resulted in specular 

films. The hysteresis is consistent with Pb upd accumulation during the cycle disrupting the 

native inhibition associated with reduction of the Au(SO3)2
3-. Cycling to -1.8 V yields larger 

deposition rates on the return sweeps than cycling to -1.3 V, indicating higher adsorbate 

coverage is obtained due to the longer cycle time and/or access to more negative potentials.  The 

Au deposition is evidently constrained by transport at potentials negative of -1.5 V, with a 

diffusion limited current density of ≈ 2.8 mA/cm2. The negative going sweeps on subsequent 



  3/7/2013   12:05 PM 

 6 

cycles (not shown) are identical to those during the first cycle, indicating that 

desorption/deactivation of adsorbed species occurs at the less negative potentials.   

Figure 2 shows rising chronoamperometric transients for a range of additive concentrations at 

two different deposition potentials. The films grown in the presence of the additive were specular 

indicating that the increasing current is not due to area expansion. The asymptotic transients are 

consistent with adsorption (upd) of the accelerating Pb species reaching steady-state coverage. 

Such transients are observed at potentials where voltammetric hysteresis is also evident in Fig. 1. 

Asymptotic chronoamperometric behavior is also congruent with the expectations of the CEAC 

adsorbate evolution equation 

( ) ( ) ( )θθθθθκθ vkCkv
dt
d i

Pb −+ −−+= 1 .    [1] 

The first term relates change of the adsorbate coverage θ to locally changing surface area 

through the curvature κ and growth velocity v. With an explicit form for v(θ) this term captures 

the full CEAC mechanism10-11 as found in all subsequently derived models. This first term is 

zero for a planar surface (κ = 0). The second term models adsorption from the electrolyte given 

the electrolyte concentration at the interface Ci
Pb ; it predicts adsorption from the electrolyte up to 

the unity (normalized) saturation value, yielding the asymptotic behavior observed in the 

chronoamperometric results; the reverse reaction is straightforward to add. The third term 

models adsorbate consumption during deposition, reflecting any nonideality as a surfactant. The 

kinetic factors k+ and k- and the function v(θ) at a particular deposition potential can be obtained 

from the chronoamperometric measurements. 

Evolution of the boundary layer is convolved with the increasing metal deposition that 

accompanies increasing adsorbate coverage, particularly evident in the first several tens of 
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seconds as the density gradient that drives the fluid flow first develops. The current density 

approaches an asymptotic value more rapidly for higher additive concentration, consistent with 

the dependence on additive concentration (albeit at the interface) in Eq. 1. Deposition exhibiting 

this behavior creates mirror-like deposits despite deposition rates approaching substantial 

fractions of the transport limit. This is in accord with modeling that quantifies the substantial 

surface stabilization that can arise from the CEAC mechanism22,23 (bottom-up filling is 

effectively a “brightening” process that flattens surfaces by removing micrometer to nanometer 

size “scratches”).  

Increase of the additive concentration in the electrolyte yields a larger steady-state current 

density, from which an increase of the maximum adsorbate coverage is inferred. This suggests 

some consumption of the adsorbate during Au deposition and/or a concentration-dependent 

equilibrium coverage. While the former was demonstrated and quantified for lead additive in 

cyanide-based superfilling electrolyte (preadsorbed lead gradually consumed during deposition 

in lead-free electrolyte7), the latter evidently plays a substantial role here. 

Figure 3A shows the deposition history of a specimen subjected to 10 minute depositions at -

1.2 V interleaved with a series of 20 s potential pulses to -0.3 V to -1.0 V in electrolyte 

containing 5 µmol/L Pb(ClO4)2; the corresponding potential history is overlaid.  Figure 3B 

replots these transients so that all start at zero time. Figure 4 shows similar data for a specimen 

subjected to 3 minute depositions at -1.2 V interleaved with the same series of 20 s pulses in 

electrolyte containing 25 µmol/L Pb(ClO4)2. The overlaid data in Figs. 3B and 4B shows that, 

aside from deposition on the fresh substrates, the transients during the -1.2 V depositions are 

repeatable. The current densities approach steady state values of ≈ 0.8 mA/cm2 and ≈ 2.0 

mA/cm2, with 5 µmol/L Pb(ClO4)2 and 25 µmol/L Pb(ClO4)2 respectively, that are consistent 
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with the corresponding chronomperometric results in Fig. 2A. The substantial decrease of current 

density following the -0.7 V pulse (Figs. 3B and 4B) indicates correspondingly decreased 

coverage of active adsorbate; the relative timescales of the subsequent increase of the current 

density at the different concentrations are consistent with its readsorbtion. Pulsing to less 

negative potentials is followed by unaccelerated deposition rate and transient increase to the 

steady state values. Pulsing to more negative potentials is followed by unchanged deposition 

rate, aside from a very short transient associated with capacitive charging and evolution of the 

boundary layer. 

The results in Figs. 3 and 4 are consistent with the current densities in successive negative-

going sweeps of multicycle voltammograms (not shown) that duplicate the first negative-going 

sweeps (shown in Fig. 1). Specifically, the data in all three figures indicate the impact of Pb 

adsorbate coverage is substantially reduced at -0.7 V from that at -1.2 V and entirely eliminated 

at -0.6 V and above.  

 

FEATURE FILLING 

All feature filling was initiated with a 5 s pulse at -1.5 V, to obtain high nucleation density 

and protect the Cu seed from corrosion, followed immediately by deposition at the indicated 

potential for the indicated time. Without the initial step the Cu seed corroded through galvanic 

displacement.  

Figures 5 and 6 show the evolution of Au deposition at -1.2 V in different width trenches 

with concentrations of 5 µmol/L Pb(ClO4)2 and 25 µmol/L Pb(ClO4)2, respectively. Figures 7 

and 8 show the evolution of Au deposition at -1.3 V with concentrations of 5 µmol/L Pb(ClO4)2 

and 25 µmol/L Pb(ClO4)2, respectively. Deposition times were adjusted to capture trench filling 



  3/7/2013   12:05 PM 

 9 

given the faster deposition at more negative potential and/or higher additive concentration. 

Variable voiding within the narrower trenches is, in part, due to roughness associated with 

instability in the filling process. 

All predicted and previously observed manifestations of the CEAC mechanism in multiple 

superfilling systems are evident: an “incubation period” of conformal growth (appropriate for no 

initial adsorbate coverage), inception of superfill through enhanced deposition at the bottom 

corners of the trench (locations of highest curvature), the signature bottom-up filling that earned 

the process its moniker and the overfill bumps referred to as “momentum plating”.  Deposition at 

-1.2 V also yields deposits consistent with CEAC smoothing.  

Faceted dendrites indicative of morphological instability are evident at the shortest 

deposition times for all four conditions (Figs. 5 – 8), although relatively few are evident for 

lower driving force and higher additive concentration (Fig. 6). The dendrites have disappeared 

by the longest deposition times, except at the higher driving force and lower additive 

concentration (Fig. 7).  These results are consistent with, and explain, the current transients in 

Fig. 2. Specifically, the asymptotic behavior manifests deposition accelerating with adsorbate 

coverage to steady state values on stabilized planar surfaces; the non-asymptotic behavior 

reflects surface roughening arising from failure to fully suppress the instability.  Thus, the 

deposits initially roughen under the small gold ion concentration gradients (at the initially slow 

deposition rates) then smoothen with accumulation of adsorbate despite the substantially larger 

concentration gradients induced by the correspondingly faster deposition. This is an additional 

demonstration of CEAC stabilization of planar growth during deposition that is broadly general 

although the topic of only two studies22,23. 
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Superfilling is most evident for conditions where there is both substantial hysteresis in the 

cyclic voltammetry (Fig. 1) and asymptotic behavior in the chronoamperometry (Fig. 2). 

Superfilling at -1.3 V with 5 µmol/L Pb(ClO4)2 (Fig. 7), conditions for which there is minimal 

hysteresis and any asymptotic behavior is masked by the instability, is only obvious in the widest 

trench at the longest deposition time. Consistent with the CEAC mechanism, the possibility of 

accelerated and non-accelerated surfaces as well as conditions (i.e., additive concentrations and 

feature filling times) that permit adsorption and area change to achieve this differentiation during 

feature filling are necessary for superfill. 

 

DISCUSSION 

It is noteworthy that the deposition times for feature filling were generally such that 

corresponding current densities on planar substrates were significantly below the gold ion 

transport limit (Fig. 2). This is because interface kinetics must dominate if superfilling by the 

CEAC mechanism is to occur. It is also significant that the additive concentrations are of the 

same order as those in other superfilling chemistries for similar feature sizes and filling times. 

This is because a fraction of a monolayer of additive must adsorb on the surface over the course 

of feature fill for effective CEAC-based superfill. 

Surface diffusion of the CEAC-redistributed adsorbate, previously shown24 to explain the 

rounded contours of Au superfilling in cyanide electrolyte6,7 as opposed to the sharp corners 

observed in Cu superfill might also be surmised to explain the more limited rounding evident in 

Figs. 5 - 8. However, the potential- and concentration-dependent saturation coverage of the 

adsorbate indicated by the data in Figs. 1 - 4 might also explain these more subtle aspects of the 

feature filling. While well recognized in the cited studies on planar substrates, such behavior has 



  3/7/2013   12:05 PM 

 11 

not been previously included in CEAC superfilling models. Additional measurements and 

quantitative modeling are required to evaluate the relative influences of surface diffusion and 

concentration-dependent saturation coverage on these feature filling results.  

Significantly, optimizing adsorbate coverage for superfill requires additive concentration 

scale inverse to feature size in order to compensate for the feature size-dependent fill time. With 

the lower additive concentration required for larger features, CEAC-induced coverage increase 

might be countered by desorbtion where the enhanced coverage exceeds the correspondingly low 

equilibrium coverage, diminishing or eliminating CEAC-induced superfilling.  

Such concerns notwithstanding, the potential-dependent saturation coverage indicated by 

Figs. 3 and 4 suggests a means to obtain uniform coverage of adsorbate on a substrate of 

arbitrary geometry, accompanied by minimal metal deposition, before feature filling begins. A 

two-step derivatization process that eliminates the incubation period of conformal growth by first 

adsorbing the accelerator in additive-containing electrolyte prior to metal deposition in a second 

electrolyte has previously been demonstrated for both silver and copper superfilling systems18,25. 

However, the transport-limiting nature of that derivatization process suggests limitations to the 

size and aspect ratios of features for which it might be used, and transfer between the two 

electrolytes complicates processing. In contrast, pulsing to an appropriate potential, e.g., -0.7 V 

in the electrolyte of this study, will yield uniform, saturation adsorbate coverage throughout even 

the tallest Through Silicon Via. Feature filling could then be achieved at a more negative 

potential. One might also consider pulses during deposition to reset adsorbate coverage, for 

example, to reduce associated metal ion depletion or overfill bump formation. 

 

CONCLUSIONS  
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Bottom-up superfill of Au has been demonstrated in sub-micrometer trenches using Pb upd 

as an accelerator in a Na3Au(SO3)2 electrolyte. The system exhibits rising chronoamperometric 

transients and hysteretic voltammetry that are ubiquitous characteristics of superfilling 

electrolytes. Feature filling is accompanied by surface evolution that reflects enrichment of the 

Pb upd accelerator on surface segments where area reduction occurs, including growth from the 

bottom trench corners, v-notch formation, upward accelerating flat bottom surface and bump 

formation.  For application beyond the Damascene feature filling demonstrated herein pulse 

plating might be used to reset the accelerated gold deposition to specific accelerated, or 

unaccelerated, rates by stepping the potential to appropriate values. This has straightforward 

implications for processing across other materials systems. 
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FIGURE CAPTIONS 

Figure 1 Cyclic voltammograms showing deposition current as a function of applied potential 

during the course of  potential cycling: (A) from -0.5 V to -1.8 V and back and (B) from -0.5 V 

to -1.3 V and back (all potentials relative to SSE). Deposition currents are shown for the 

indicated lead perchlorate additive concentrations for voltage cycling at 2 mV/s scan rate. 

Positive going scans exhibit higher current densities than negative going scans. Deposition is at 

room temperature without agitation of the electrolyte.  

Figure 2 Current density transients at (A) -1.2 V and (B) -1.3 V for the indicated concentrations 

of lead perchlorate additive. Depositions were without agitation, at the indicated potentials.  

Figure 3 (A) Current density observed during potential pulsing experiments in electrolyte 

containing 5 µmol/L Pb(ClO4)2 with the applied potential history overlaid. The 10 min transients 

at -1.2 V following each 20 s pulse at the indicated potentials manifest the impact of the pulse on 

lead adsorbed during the previous transient. (B) The transients at -1.2 V are overlaid starting at 

zero time.  

Figure 4 (A) Current density observed during potential pulsing experiments in electrolyte 

containing 25 µmol/L Pb(ClO4)2 with the applied potential history overlaid. The 3 min transients 

at -1.2 V following each 20 s pulse at the indicated potentials manifest the impact of the pulse on 

lead adsorbed during the previous transient. (B) The transients at -1.2 V are overlaid starting at 

zero time. 

Figure 5 Sequential filling of trenches ranging from > 1 µm to ≈ 0.2 µm wide at -1.2 V with 5 

µmol/L Pb(ClO4)2 are shown. Deposition times (from top to bottom) are indicated on the figure.  

Figure 6 Sequential filling of trenches ranging from > 1 µm to ≈ 0.2 µm wide at -1.2 V with 25 

µmol/L Pb(ClO4)2 are shown. Deposition times (from top to bottom) are indicated on the figure.  
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Figure 7 Sequential filling of trenches ranging from > 1 µm to ≈ 0.2 µm wide at -1.3 V with 5 

µmol/L Pb(ClO4)2 are shown. Deposition times (from top to bottom) are indicated on the figure.  

Figure 8 Sequential filling of trenches ranging from > 1 µm to ≈ 0.2 µm wide at -1.3 V with 25 

µmol/L Pb(ClO4)2 are shown. Deposition times (from top to bottom) are indicated on the figure.  
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Figure 1 a 

 

Figure 1b 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 7 
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