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CONSPECTUS: State-of-the-art manufacturing of electronics involves the electrodeposition of Cu to form 3-D circuitry of arbitrary complexity. This ranges from nanometers wide interconnects between individual transistors to increasingly large multilevel intermediate and global scale on-chip wiring. At still larger scale similar technology is used to form micrometer-sized high aspect ratio through-silicon-vias (TSV) that facilitate chip stacking and multilevel printed circuit board (PCB) metallization. Common to all these applications is void-free Cu filling of lithographically defined trenches and vias. Significantly, while line-of-sight physical vapor deposition processes are unable to accomplish this feat, the combination of surfactants and electrochemical or chemical vapor deposition enables preferential metal deposition within recessed surface features known as superfilling. The same superconformal film growth processes account for the long-reported but poorly understood smoothing and brightening action provided by certain electroplating additives. 
Prototypical surfactant additives for superconformal Cu deposition from acid-based  electrolytes include a combination of halide, polyether suppressor, sulfonate-terminated disulfide and/or thiol accelerator and in many cases a N-bearing cationic leveler. A variety of competitive and co-adsorption dynamics underlie functional operation of the additives. Upon immersion, Cu surfaces are rapidly covered by a saturated halide layer that makes the interface more hydrophobic, thereby supporting formation of a polyether suppressor layer. At the same time, halide serves as a co-surfactant supporting the adsorption of amphiphilic molecular disulfide species on the surface while inhibiting copper sulfide formation and incorporation into the growing deposit. Further still, the dangling hydrophilic sulfonate end-group of the accelerator enables activated metal deposition by hindering assembly of the polyether suppressor. 
A common thread in superconformal feature filling is additive-derived positive feedback of the metal deposition reaction within recessed, or re-entrant, regions.  For sub-micrometer features or, more generally, optically rough surfaces, area reduction that accompanies motion of concave surface segments results in enrichment of the most strongly bound adsorbates, which for the above suppressor-accelerator systems is the sulfonate-terminated disulfide accelerator species. The superfilling and smoothing process is quantitatively captured by the curvature enhanced adsorbate coverage (CEAC) mechanism.
 For larger features, such as TSV, whose depths approach the thickness of the hydrodynamic boundary layer, significant compositional and electrical gradients couple with the metal deposition process to give rise to a negative differential resistance and related non-linear effects on morphological evolution. Significantly, for certain suppressor-only electrolytes, remarkable bottom-up feature filling occurs where metal deposition disrupts the inhibiting adsorbates at the bottom of the TSV and/or overruns the ability of the suppressor to form due to kinetic and/or transport limitations. Because the electrical response to changes in interface chemistry is far more rapid than mass transport processes, deposition on planar substrates proceeds by bifurcation into passive and active zones giving rise to Turing patterns. In contrast, on patterned substrates active zone development is biased towards the most recessed regions.  Looking to the future, the distinction between packaging and on-chip metallization is blurring as the dimension of the former merge with that of early day on-chip 3D metallization.
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INTRODUCTION
Since the advent of the microelectronics industry, on-going miniaturization and densification of transistors has been accompanied by development of ever more intricate metallization for multilevel interconnects ranging from nanoscale on-chip wiring to 3-D chip stacking and PCB. Wet chemical processes such as Cu electroplating and chemical mechanical planarization have been central to these developments. Successful fabrication involves void-free filling of lithographically defined trenches and vias by additive-derived superconformal deposition, with two variants, superfilling and extreme bottom-up filling, being widely employed.1-12 Fabrication of on-chip interconnects involves patterning nanometer to micrometer scale trenches and vias in a dielectric, metallizing the surface with a Cu seed layer and filling the recessed features by Cu electroplating.5 The surface is then planarized to leave Cu wires and vias embedded within the dielectric layer. The cycle is repeated as needed to build 3-D circuitry of arbitrary complexity and connectivity. At larger length scales, chip stacking for densification and performance, i.e., to bring logic and memory into closer proximity, depends on Cu TSV interconnects.7 Typical vias,  60 microns in depth with an aspect ratio ≥ 10, are formed by etching Si wafers, passivating with a thin dielectric barrier, metallizing with a thin Cu seed layer and filling with void-free electrodeposited Cu. At still larger dimensions, variants of the same Cu electroplating chemistry are applied to fill blind vias and through holes for PCB and related applications.11,13
Electroplating is the dominant technology for fabricating Cu circuitry by virtue of surfactants that enable void-free filling of recessed surface features followed by recrystallization that yields the desired microstructure and physical properties. The impact of electrolyte additives on electroplating and surface finishing has a long history that includes additives classified as levelers and brighteners that capture their functions in the smoothing of micrometer scale scratches and the generation of optically specular surfaces, respectively. Nevertheless, much remains to be learned about the mechanism(s) by which such additives operate. Recent advances tap the push–pull dynamic that characterizes innovation in science and technology with the high precision, sub-micrometer lithographic patterning tools developed by the microelectronics industry providing an ideal platform for examining “brightening” or smoothing phenomena long associated with additive electroplating. Similarly, filling higher aspect ratio, large scale TSVs has motivated re-examination of “leveling” and its optimization.
In this overview, mechanistic aspects of additive-induced superconformal electrodeposition of Cu are highlighted. The utility of electroanalytical, metallurgical, and surface science measurements, and shape change simulations to understand superconformal film growth is detailed. The generality of the lessons learned and extension to other chemical systems is noted.
[bookmark: _Hlk130221768]ELECTROLYTE ADDITIVES
[bookmark: _Hlk121838174] For electroplating Cu interconnects the dominant industrial electrolyte is  although more expensive methane-sulfonic acid electrolytes that offer higher   solubility have also been explored.14,15 First generation additive packages for on-chip metallization (circa ~1998) derived from circuit board manufacturing had numerous components, with dissemination of the chemistry and detailed processing conditions limited by proprietary concerns.5,6 Initial mechanistic explorations were based on empirical formalisms built upon the notion of transport-limited arrival of an inhibitor or leveler species.5 Subsequent reductionist thinking and experimental work revealed the minimum additive combination required for void-free filling and opened the way for studies of the filling process congruent with observations and physical principles.16,17 Three required additives are chloride, a polyether suppressor (e.g., PEG molecular weight > 2000), and a sulfonate terminated alkyl-disulfide, bis-(3-sodiumsulfopropyle disulfide) (SPS) accelerator. Competition between the suppressor and accelerator for surface sites determines the rate of metal deposition and morphological evolution.1,16-20 For typical additive concentrations, a saturated halide layer quickly forms on the surface followed by assembly of the polyether suppressor layer. The polyether inhibits metal deposition by limiting access of  to the underlying  covered surface. Small leakage currents are associated with dynamic exchange of PEG ligaments with the electrolyte. With exposure to SPS, the polyether layer is disrupted and displaced by the more strongly bound accelerator. The disruption provided by the mobile SPS adsorbates facilitates access of  aquo ions to the Cl- terminated surface thereby accelerating metal deposition.18,21 Surfactant evolution is easily followed by electroanalytical measurements of Cu deposition using different additive concentrations. Hysteretic voltammetry, rising chronoamperometry and depolarizing chronopotentiometry show that potential-dependent SPS adsorption lifts suppression otherwise provided by adsorbed polyether, with adsorbate accumulation providing acceleration that is monotonic in coverage.1,16-20  
[bookmark: _Hlk130220475]Much is revealed by feature filling experiments in electrolytes with the complete additive package, however, important insights can be obtained using self-assembled monolayer films (SAM) to explore the functionality of particular additive molecules. Specifically, Cu derivatization with thiols or disulfide molecules with different tail groups can tailor the hydrophilicity of the interface to gauge its impact on formation of the polyether suppressor layer.1,18,22 A manifestation of the strategy is shown in Figure 1 where a sub-monolayer coverage of terminated propyl disulfide, SPS, or 3-mercapto-1-propanesulfonic acid, MPS, molecules enable sustained Cu deposition despite the presence of suppressor additive in the electrolyte, demonstrating that the accelerator floats on the growing interface.21 Varying SPS derivatization time reveals a monotonic relationship between adsorbate coverage and the rate of Cu deposition.1,22 In contrast, derivatization with a hydrophobic methyl-terminated SAM favors assembly of the polyether suppressor layer that inhibits metal deposition. The central role of hydrophobic/hydrophilic character in mediating additive interactions and thereby metal deposition is clear. 
[image: ]
Figure 1. The hydrophilic, sulfonate-terminated SPS/MPS accelerator floats on the growing Cu surface and hinders adsorption of the hydrophobic polyether suppressor.
ADSORBATE EVOLUTION DURING AREA CHANGE  
[bookmark: _Hlk121479989] Electrodeposition on non-planar surfaces is accompanied by area change. As the accelerator floats on the advancing interface and is more strongly bound than the polyether, its coverage increases on concave segments and decreases on convex sections.1,23-26 If the growth velocity is a monotonic function of accelerator coverage, , positive feedback gives rise to superconformal filling of recessed surface features. Enrichment and dilution processes become increasingly important at smaller (optical) length scales where an increment of deposition produces greater fractional area change. Given the local  interface curvature   and interface growth velocity , adsorbate mass conservation is given by 

The expression underlies and coins the curvature enhanced adsorbate coverage (CEAC) mechanism of superconformal growth. Interestingly, this mass conservation principle was first addressed in the doctoral thesis work of Schulz-Harder in 1971, but its significance was not appreciated and was lost to the electroplating and microelectronics industry for more than three decades. 27-29	
Quantitative demonstration of the CEAC mechanism is provided by tracking growth profiles during Cu deposition on SPS derivatized trenches.1,22,29 A sequence of distinct shape transitions for superconformal trench filling are shown in Figure 2 for a near optimum initial fractional SPS coverage of 0.054. Area change and SPS enrichment are first evident at the lower corners where accelerated deposition leads to a v-shaped growth profile. Following impingement of the advancing trench corners at the centerline, further SPS enrichment and acceleration of deposition lead to flattening of the concave bottom surface. As the rapidly advancing growth front approaches the trench opening an inversion in curvature occurs yielding dilation of the accelerator coverage as the area of the now convex front expands above the filled trench. For a significantly lower initial accelerator coverage, enrichment by area changes and its impact on the local growth velocity is insufficient for robust superconformal filling. Likewise, for a higher initial accelerator coverage the prospect of substantial area change driven enrichment is limited, subject to saturation, and, combined with substantial SPS stimulation of the metal deposition rate, leads to significant  depletion and formation of a central void within the trench.
                      
      [image: ]
Figure 2 Copper deposition on trenches with five different initial SPS coverages compared to simulated growth contours colorized for the local coverage. Adapted from reference 29 not subject to US. copyright.

More recently, a variant of Raman spectroscopy, known as Shell Isolated Nanoparticle  Enhanced Raman Spectroscopy (SHINERS), has been used to directly study the surface chemistry on the growing interface.30 SHINERS uses plasmonic coupling of Au nanoparticles to laser light to generate field enhancement at the nanoparticle-substrate junction.31 The nanoparticles, covered by a thin silica shell that passivates Au against the additive chemistry, enable interrogation of the vibrational footprint of the additives on the underlying Cu surface.32 Significantly, the silica-coated-Au plasmonic reporters mimic the behavior of the accelerator molecules themselves and float on the growing Cu surface in-line with prior reports for micrometer scale  particles in composite electroplating applications.33-36 Spectral analysis enables tracking of the SPS and Cl surface coverages through the ratio of the Raman bands  /  indicated in Figure 3. X-ray photoelectron spectroscopy (XPS) studies indicate that the  coverage is close to saturation while the accelerator is an order of magnitude lower. Favorable agreement was observed for the  ratio determined by the two methods. 
[image: ]
Figure 3 Silica-coated plasmonic Au nanoparticles float on the surface during Cu electrodeposition enabling surface enhanced Raman spectroscopy of the superfilling additives. Adapted from reference 30 not subject to U.S copyright.
Applying SHINERS to Cu deposition on trench patterned electrodes reveals sustained  particle segregation on the active growth front. Analogous to the accelerator, enrichment occurs on advancing concave surface segments and vice versa on convex regions in Figure 4. In a self-assembly variant, area change concentrates reporters in regions where superconformal growth occurs. Analysis of nanoparticle coverage evolution by scanning electron microscope (SEM) and Au energy dispersive spectroscopy (EDS) measurements reveals good agreement with the conservation stipulation of the CEAC mechanism.  Most powerfully, Raman microscopy is used to map the ratio /  across trench arrays of differing aspect ratio. Good agreement with CEAC predictions of accelerator coverage is observed based on a geometric assessment of accelerator conservation as well as more detailed shape evolution simulations that also consider SPS consumption. 
 [image: ]
Figure 4. As with the adsorbed accelerator, SHINERS respond to area change by enrichment on concave surfaces  enabling vibrational mapping of the adsorbates, / . Adapted from reference 30 not subject to U.S copyright.
[bookmark: _Hlk130221790]ADDITIVE CHEMISTRY AND FUNCTIONALITY 
Halide Adsorption
To gain more insight into suppressor and accelerator operation, surface analytical measurements were used to study co-adsorption and competitive adsorption, albeit in the absence of Cu deposition. Chloride on its own catalyzes the inner sphere  to  electron transfer reaction,37 but more importantly it is necessary for effective operation of the other additives. In additive-free  electrolyte, Cu is covered with a sulfate adlayer at potentials where superfilling occurs, with an ordered sulfate-water adlayer formed on Cu (111).38 Upon addition of 1 mmol/L  the sulfate layer is displaced and ordered halide adlayers form on the three low index surfaces as revealed by electrochemical scanning tunneling microscopy (ECSTM), X-ray scattering and vibrational spectroscopy.3,39-42 Surface enhanced infrared absorption spectroscopy (SEIRAS) measurements, Figure 5, reveal the halide adlayer alters interfacial water structure with an increase in non-hydrogen bonded water at 3600 cm-1, a marker for hydrophobic interactions.3 Anion adsorption is potential dependent, with desorption at negative potentials strongly impacting operation of the other additives. Depending on the surface plane, the halide phase transitions involve some combination of electro-compression, order-disorder, step faceting and/or surface reconstruction.39-42 The distinct adlayer structures guide microstructural development ranging from step faceting to defect generation such as twin formation, etc, all subjects of ongoing interest. 
Suppressor Phase
[bookmark: _Hlk130220881]Electroanalytical, quartz crystal mass spectrometry (EQCM), and surface enhanced Raman (SERS) studies of Cu deposition with additive titration all show that formation of the polyether suppressor phase requires halide co-adsorption.43-46 Ellipsometry and SEIRAS studies, albeit in the absence of metal deposition, also show PEG adsorption occurs only in the presence of adsorbed halide.3,47 The polymeric overlayer is thin and supports outer sphere redox reactions such as  but inhibits the inner sphere  to  electron transfer and  to Cu ion transfer reactions.45,47 Voltammetry of  phase transitions on Cu (100) and Cu (110) indicate PEG stabilizes the respective ordered halide adlayers by  -0.05 V.21 As revealed by SEIRAS, adsorption increases the hydrophobic character of the Cu surface, facilitating polyether adsorption evident in the backbone and methylene modes, quenching of non-hydrogen bounded water, and broad decrease in water modes in Figure 5.3 Ethylene segments are biased toward the hydrophobic  terminated surface, with an inverse crown ether like interaction, while lone pair electrons of the ether oxygens are available for hydrogen bonding with water in the adjacent electrolyte consistent with recent molecular dynamics simulations.3,46,48 These experimental studies give no indication that  is required to form the suppressor phase despite earlier proposals. Nevertheless, further work is warranted to assess interactions between the  reaction intermediate and additives.43,48, 49 

Figure 5. Difference SEIRAS spectra show (a.) addition makes the Cu surface more hydrophobic that facilitates (b.) adsorption of the polyether suppressor. Adapted from reference 3 not subject to U.S copyright. 



Accelerator Phase
Accelerator surface coverage following electrodeposition with the full complement of superfilling additives has been assayed by XPS. The SPS (or MPS) coverage on planar surfaces is about a tenth that of the underlying halide layer. Similar results are obtained for metal deposition on accelerator derivatized specimens grown in the presence of suppressor components only.30 Accelerator coverage was quantified by the intensity of low binding energy S(2p) thiol and disulfide states, subject to dispersion associated with emersion, rinsing and exposure to the laboratory ambient.  Sampling at different potentials and times during cyclic voltammetry and chronoamperometry, respectively, reveals a monotonic relationship between accelerator coverage and Cu deposition rate, Figure 6. The potential dependence of the accelerator coverage, modelled as exponential, reflects that of the underlying halide layer. ECSTM studies performed under similar condition, but in the absence of , reveal the small steady-state coverage of SPS on the otherwise fully  covered surface, Figure 7.21 At least three different variants are observed, reflecting different SPS binding geometries and the thiolate monomer, MPS.21,50,51 Molecular displacements between images enable estimation of the surface diffusion coefficient. Values scattered between 10-13 cm2/s and 10-16 cm2/s overlap those reported for video rate STM studies of S adatoms diffusing within the c(2×2)  adlayer on Cu(100).52,53 Lateral mobility of the accelerator counters variation through the area change dynamic of the CEAC mechanism. Comparison of simulated growth contours and experimental cross sections indicates a diffusion coefficient of 10-13 cm2/s, or less, and negligible impact for the feature size and filling times considered here.54

                 
Figure 6. Hysteretic voltammetry (a.) and XPS measurements (b.,c.) reflect accelerator accumulation. The same is true for rising chronoamperometry (d.).
           
Figure 7. Following SPS accelerator adsorption the molecules diffuse on the  covered surface enabling evaluation of the surface diffusion coefficient for inclusion in the CEAC shape change simulations for comparison with feature filling experiments. Adapted from reference 21 and 54 not subject to U.S copyright. 
[bookmark: _Hlk130221273] 	It remains an open question as to what binds amphiphilic SPS to the  covered surface. Direct interactions between the hydrophobic disulfide alkane and Cl- adlayer are possible while binding of disulfide to mono-vacancies in the  adlayer on Cu (100) and Cu (111) terraces is sterically limited.21 The monomeric variant MPS is not subject to this constraint and exposure results in quick exchange with  vacancies to yield steady-state MPS coverages that substantially exceed those associated with optimized feature filling.21,50,51 In addition to the above, metal adatom mediated binding between coinage metals and sulfur bearing molecules are well known.55,56 In a related fashion, disruption of the  adlayer by polarization at more negative potential enables direct disulfide - Cu interaction that results in irreversible sulfidation.21 This correlates with XPS S(2p) measurements where, following voltammetry and emersion at more negative potentials, S coverages are much greater than those observed at more positive potentials used for feature filling. Studies of Cu films deposited in the presence of accelerator without halide reveal significant deterioration of the electrical and mechanical properties due to sulfidation.16 Thus, in addition to its role supporting accelerator and suppressor function, the halide adlayer also minimizes detrimental sulfidation of the growing Cu. 
Turning attention to the accelerator tail group, derivatization experiments with a series of thiol and disulfide molecules with methyl, hydroxyl, carboxyl acid, and sulfonate terminal groups reveal the importance of the tail and specifically its hydrophilic nature.18  Accelerator function derives from the disulfide or thiol head group tethering the molecule to the  covered surface more strongly than the individual ligaments of the polyether suppressor while the sulfonate tail group creates a hydrophilic atmosphere that blocks PEG adsorption. Its solvated anionic and hydrophilic character also contributes to the ability of the SPS molecule to float on the growing surface, while modest binding of the head group to the  covered surface enables lateral motion that enhances disruption and blocking of polyether adsorption.
Leveler-Accelerator Interactions
In practical applications, the “momentum plating” or overshoot bump that forms above filled features significantly hinders subsequent planarization efforts. To tame this phenomenon an additional leveler additive can be added to the electrolyte to quench the accelerator activity after filling is complete. Leveler molecules are typically cationic N-bearing surfactants, such as dodecyltrimethylammonium chloride (DTAC),57 polyethyleneimine (PEI),58 Janus green B and Safranine,59 and polyvinylpyrrolidones,60 where unsaturated N bonds in the latter examples are subject to significant interactions with  and . For simpler levelers, e.g. DTAC, non-covalent interactions with SPS/MPS, such as ion pairing of  , and hydrophobic interactions between the respective alkane segments account for quenching of the activity of adsorbed accelerator. Within the CEAC construct the leveler is subject to the same adsorption, desorption, consumption and area change terms as the other additives along with, at least, one additional cross term to capture leveler-accelerator interactions and incorporation of S and N within the deposit microstructure.61,62
[bookmark: _Hlk130221969]GENERALITY OF CEAC FEATURE FILLING
Superfilling with other metals demonstrates the generality of the CEAC mechanism with the simplest and most common extension involving a monotonic relationship between accelerator coverage and metal deposition rate. For Ag, whose room temperature conductivity is greater than Cu,  accelerates electrodeposition from the intrinsically suppressed  electrolyte and yields superfilling of sub-micrometer features.63 For Au, the metallization of choice for compound semiconductors,  additions accelerate Au deposition from both cyanide and sulfite electrolytes.64 Even more expansively, CEAC superfilling has been successfully implemented in other chemically-mediated deposition processes such as iodine catalyzed Cu chemical vapor deposition.65
LARGER FEATURE SIZES AND CRITICAL PHENOMENA
For higher aspect ratio and larger scale TSV and PCB features with dimensions similar to or greater than the hydrodynamic boundary layer, transport and the kinetics of adsorption, desorption and/or consumption on advancing interfaces exert an important role in feature filling. This is particularly so for a subset of accelerator-free additive systems that display critical behavior where positive feedback, from disruption of the suppressor phase by metal deposition, results in the system jumping from the passive to the active state over a narrow potential window.2,43,66,67 For copper electroplating, the difference between active and passive deposition can be amplified to great effect by adding hydrophobic secondary structure to the polyether suppressor, e.g. poloxamers, poloxamines, etc.2,4,68 Given a modest concentration of either the polyether or halide, critical behavior manifests with suppression breakdown when transport and/or kinetic effects limit the ability of the passive state to re-form. For highly conductive electrolytes the breakdown to fully activated deposition can be particularly sharp and not easily controlled by potentiostatic regulation.2,67 Significantly, the presence of substantial ohmic resistance will attenuate the criticality whereby, for a fixed applied potential, the driving force is distributed dynamically between the interface potential, which determines the rate of metal deposition and additive adsorption, and the ohmic losses in the electrolyte. Voltammetry with ohmic compensation, Figure 8, is used to reveal the obscured S-shaped negative differential resistance (S-NDR) in the Cu polyether- suppressed system. Most importantly, for uncompensated systems the mismatch between the nearly instantaneous electrical response and the slower response of chemical kinetics and/or mass transport leads to path dependent morphological evolution. Excursions in the S-NDR regime yield electrode bifurcation into zones of active and passive deposition and Turing patterns.2,69 Importantly, when the applied potential falls within the passive S-NDR range defined for a planar surface during deposition on a substrate with recessed regions, active zones selectively develop within the recessed features, enabling bottom-up filling.
     [image: ]
Figure 8. For dilute concentrations the two-component polyether- suppressor phase exhibits critical behavior with bifurcation into regions of passive and active deposition. Ohmic losses obscure the electroanalytical signature of criticality but enable the filling of recessed surface features at a fixed applied potential. Adapted from reference 2 not subject to U.S copyright.
Suppressor formation and breakdown may occur by a number of  mechanisms. The simplest involves adsorption subject to transport constraint for dilute additive concentrations balanced by additive incorporation into the growing deposit at a rate that scales with the local coverage and metal deposition rate.3,8,66,70,71 A more sophisticated approach recognizes explicitly the role of halide co-adsorption in forming the suppressor phase.3,4,43,72-74 Beyond additive consumption mechanisms, another avenue for generating positive feedback during suppressor disruption involves solubilization of the local polymer ligaments by the waters of hydration released during reduction of  at defect sites in the blocking polymer layer.2,3,72,73  Accelerated metal deposition further disturbs the polymer-halide layer, disrupting the hydrophobic character of the static  surface.2,3,72,73 Analytically this effect is captured by adding a negative growth velocity dependence to the adsorption kinetics coupled with a simple desorption term to support an equilibrium coverage in the absence of metal deposition. The net result is that a recessed surface segment once in motion will prefer to stay in motion. This mechanism leads to a strong dependence of feature filling on the immersion process that establishes the initial adsorbate distribution.
Verification of any feature filling model involves comparison with experimental growth contours, microstructure and additive incorporation. The rate constants for the additive adsorption used in S-NDR based feature filling models are determined by fitting voltammetry for different additive concentrations with a focus on capturing potential thresholds for suppressor breakdown and re-passivation on planar electrodes.74 Although a locus of values may describe the limited experimental results, shape change simulations based on these rate constants agree favorably with observed bottom-up growth contours, providing processing maps for experimental variables, such as the applied potential and additive concentration in Figure 9.8,9 
           [image: ]
Figure 9. Bottom-up filling of annular TSV using a poloxamine- suppressor yields a (110) growth texture. Simulations of TSV filling based on a single suppressor additive consumed within the growing deposit are consistent with successful bottom-up filling experiments (black dots in the green zone). Adapted from reference 8, 75, 76 not subject to U.S copyright.
TSV filling experiments for different polyether- concentrations reveal different deposition modes and growth front geometries. The differences stem from variation in the suppressor formation and breakdown processes detailed above but also the additive and  depletion gradients that are potential dependent and sensitive to workpiece immersion procedures.
	 For higher additive concentrations, e.g.  ≥ 100 mmol/L and poloxamine ≥ 20 mmol/L, suppressor breakdown occurs at more negative potentials where the overpotential for metal deposition is large so that substantial  depletion occurs adjacent to the active bottom-up growth front and constrains the growth velocity. Bottom-up growth initiates near the bottom of 6 mm wide by 60 mm deep annular vias and propagates upwards, with the growth front changing from concave to flat or convex profiles depending on conditions and sampling point in the evolution, Figure 9 and Figure 10.2,8,9,75 For larger TSVs, 125 mm diameter  and 625 mm deep, the convex shape is even more pronounced.77 A trend towards <110> texture develops normal to the active growth front reflecting the influence of  on the polymer-disrupted and/or -denuded growth surface.76 Models based on transport-constrained suppressor motion and consumption, Figure 9, can capture the general bottom-up filling behavior based on additive consumption.8,9 Limited quantitative information is available on the fate of the polymeric additives in the solid, however, a noteworthy Auger electron spectroscopy study reveals notable enrichment of C along the TSV side walls attributed to overgrowth of the suppressor passivated sidewalls.78 Congruent with this, via filling simulations based on interface motion disrupting polymer adsorption capture bottom-up deposition with a significant  depletion gradient  and evolution from a concave to convex growth front geometry with negligible sidewall deposition, all in line with experimental observation, as shown in Figure 10.    

[image: ]
Figure 10. (a.,b.) Bottom-up filling of annular vias with a slightly convex growth front, significant  depletion gradient, and negligible sidewall deposition. (c.) Simulations with the polyether adsorption kinetics disrupted and attenuated by metal deposition are in good agreement with the observed filling contours and Cu2+ depletion gradient. (d.-g.) For larger vias the convex growth front is accentuated. Adapted from reference 2 and 77 not subject to U.S copyright.
For more dilute additive concentrations, e.g.  ≤ 100 mmol/L and poloxamine ≤ 20 mmol/L, suppressor breakdown occurs at a narrow passive-active transition on the via sidewalls as evident in Figure 11.74 The location of the breakdown transition is determined by transport limited flux of halide or polymer and is dependent on potential, hydrodynamics, and specimen emersion conditions. For modest reduction potentials, -0.52 V,  depletion is minor and active deposition below the transition is conformal until a narrow microstructural seam with occasional small voids forms along the midline of the v-notch growth front; its shape reflects the  adsorption-consumption balance. At more negative applied potentials, -0.54 V,  depletion is more significant and substantial void formation occurs below the transition. The same dynamics apply to larger 125 mm diameter and 625 mm deep vias, with  consumption and depletion determining the location and shape of the passive-active sidewall transition.77 Importantly, given the passive-active transition, filling of the vias requires decreasing the applied potential to more negative values to move the transition and associated active deposition upwards but slowly enough that  depletion does not result in void formation. Simulations, including forced hydrodynamics in the 625 mm deep vias, capture the observed evolution of the growth front geometry and filling trends, although more detailed comparison of filling in these largest vias awaits experiments with well-defined hydrodynamics.79  
     [image: ] 
Figure 11. (a.,b.) For dilute  concentrations, disruption of the polyether- suppressor phase occurs through  incorporation in the growing deposit with a passive to active transition on the sidewall whose depth is dependent on potential and chloride concentration. The halide depletion gradient results in a v-notched growth front with either conformal or sub-conformal deposition below the transition depending on the applied potential. (c.,d.,e.) Where deposition remains conformal, void-free filling can be obtained by increasing the applied overpotential to advance the location of the passive-active sidewall transition to the free surface. Adapted from reference 74 and 77 not subject to U.S copyright.
The principle of transport defined passive-active transition coupled with a stepped applied potential has been applied to simulate filling of through holes.4 Suppressor breakdown initiates at the mid-point of the via sidewall followed by impingement with growth from the opposite side to form a butterfly shape in the cross-section with subsequent filling, Figure 12, similar to that observed with blind vias. Simulations show that judicious selection of galvanostatic control conditions can generate a similar result with the prospect of simpler process control albeit without self-termination of filling.4	     [image: ]
Figure 12. Through holes can be filled by S-NDR suppressor breakdown with the passive-active sidewall transition initially localized at the midpoint of the through hole followed by stepping of the potential to more negative values. Adapted from reference 4 not subject to U.S copyright.
 
In the preceding studies the supporting electrolyte concentration was such that migration was of secondary importance to the feature filling dynamics. For packaging applications where filling time is an important criterion, electromigration can accelerate filling by strengthening process criticality and more strongly localizing deposition within features. In weakly acidic but concentrated  electrolytes, migration can significantly increase the flux of  towards, and  away from, the growth front during bottom-up via filling as shown in Figure 13. The effect is so significant that a decrease in  concentration from 0.6 mol/L to 0.4 mol/l can trigger a shift from conformal deposition to butterfly filling of PCB through holes.80
              
Figure 13. For weakly acidic but concentrated  electrolyte, migration enhances the criticality and rate of S-NDR based feature filling as indicated by the size of the ion flux vectors. Adapted from reference 80 not subject to U.S copyright.
CONCLUSIONS and OUTLOOK
Superconformal electrodeposition derives from the impact of adsorbates on metal electrodeposition reactions. Electrochemical and surface science measurements combined with feature filling experiments and simulations reveal the functional role of suppressor and accelerator additives on metal deposition kinetics and morphological evolution. In filling nanometer to micrometer scale features, the importance of area change in the competitive adsorption dynamics is captured by the CEAC construct. For filling of larger features concentration and electrical gradients bear significantly on the filling process especially when coupled with disruption of the suppressor phase by the metal deposition itself. The resulting positive feedback leads to the emergence of S-NDR critical behavior that underlies localized deposition in recessed features and enables the fabrication of complex 3-D structures.  Although this article has focused on Cu surface chemistry, many of the lessons learned explain behaviors seen in other chemical  systems and deposition  processes. Further work promises to deepen our understanding of these important processes and motivate new discoveries and applications.
[bookmark: _Hlk121477254]
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