[bookmark: _Hlk188529132]Bottom-up Gold Filling of Sub-Micrometer Trenches
D. Josell1, K. Jefimovs2 and L. Romano2,3
1Materials Science and Engineering Division, National Institute of Standards and Technology, Gaithersburg, MD 20899
2 Paul Scherrer Institut, 5232 Villigen PSI, Switzerland 
3 Institute for Biomedical Engineering, ETH Zürich and University of Zürich, Zürich 8092, Switzerland

ABSTRACT
A -stimulated Au electrodeposition process in slightly alkaline  electrolytes has been previously demonstrated for void-free bottom-up filling of progressively deeper and higher aspect trenches in gratings for advanced X-ray imaging technologies. The present work extends this bottom-up Au filling phenomenon to improve filling of small trenches. In particular, electrolytes are examined to reduce passive deposition on the sidewalls, demonstrating the feasibility of filling high aspect ratio features well into the sub-micrometer range. Improved Au fill in dense 1mm pitch gratings with V-shaped trenches is detailed.

Introduction
[bookmark: _Hlk146722432]The development of a bottom-up Au filling process and its extension to high aspect ratio trenches and vias in gratings on 100 mm wafers has been presented in a series of publications in this journal1-9. This includes simulations, based on a mechanistic model, that capture key experimental observables of the process in the -containing sulfite electrolyte10. Electrolytes and processes are detailed for dense, void-free Au fill in Au/Si gratings, including deep and high aspect ratio features needed in X-ray interferometry and imaging applications for which the high absorption contrast between the Au-filled features and surrounding Si is well-suited11-15, including exploration of biomedical applications accomplished to date using gratings filled by other means16-22. Gratings with trenches of aspect ratio (depth/width) exceeding 60 and gratings with trenches as deep as 305 m have been filled void-free across 100 mm Si wafers6,7. Function of the gratings (assessed by visibility as well as X-ray phase contrast imaging6,7) was consistent with fully dense and void-free Au fill. In particular, sensitivity to low-Z materials is significantly improved using X-ray phase-based imaging with respect to conventional X-ray imaging that relies on absorption contrast.
The present effort is aimed at improved filling of gratings with shallower rectangular trenches at smaller pitches than the absorption gratings filled previously. These gratings, after Au filling, are suitable as amplitude gratings23 for differential phase-contrast and darkfield X-ray imaging20 and as phase gratings for higher energy applications with high phase sensitivity23,24. Localized feature filling with minimal deposition on the field of gratings with sub-micrometer wide features is also demonstrated where the trenches exhibit triangular profiles obtained by strong tapering in deep reactive ion etching of the silicon template25. These triangular gratings26,27 can provide structured illumination in transmission X-ray microscopy28 and X-ray interferometry to improve the spatial resolution. To date, absorption consistent with triangular features has been realized by using inclined rectangular Au-filled trenches (i.e., Au lamellae), which substantially complicates positioning27 of the grating in the interferometer and also imposes limitations on grating feature size. Gratings whose templated Si features are truly triangle-shaped do not require tilting or the associated complications. They also have the general advantage of the Au-filled, etched Si templates of low defect density and precise fabrication at smaller feature sizes29. 
The bottom-up Au deposition process has been previously used for the fabrication of phase gratings whose Au-filled trenches were just 0.5 mm wide, but the process was not described23. Bottom-up Au fill in gratings having trenches of triangular cross-sections has not been examined previously at all. Use of  additive-containing electrolytes to fill shallow but moderately high aspect ratio trenches having both rectangular and triangular geometries is described in this study. Electrolytes with lower concentration of the gold source  than those in the literature, as well as varying concentrations of the supporting  salt, are presented. Results of cyclic voltammetry and chronoamperometry employing a Au-coated rotating disk electrode (RDE) are detailed. The electrochemical study is complemented by trench filling experiments. 

Gold Electrodeposition: Electroanalytical Studies
Gold Electrolytes
[bookmark: _Hlk523236757][bookmark: _Hlk523237431]Non-toxic, near-neutral electrolytes of pH 9.0 to 9.5 containing (80 or 160) mmol∙L−1  + 640 mmol∙L−1  and (10 to 50) mol∙L−1 of  additive have been the subject of previous research detailing filling of deep and high aspect ratio features4-7. This study explores instead electrolytes with 40 mmol∙L−1  + (0 to 640) mmol∙L−1  and (1 to 50) mol∙L−1 of , i.e., electrolytes whose concentration of the  gold ion is only half the lowest value examined before. Gold electrodeposition was conducted at room temperature in a three-electrode electrochemical cell containing 40 mL of electrolyte. The electrolyte pH was maintained at near neutral values of 9.0 or 10.2, as indicated. Potentials were measured relative to a  / /saturated  reference electrode (SSE) separated from the main cell by a Vycor fritted bridge. The electrolytes were derived from 0.32 mol∙L-1  source solution (Technic Gold 25-F replenisher concentrate), with  salt where applicable, diluted in 18 M∙cm water. The  additive was introduced by anodic dissolution of 99.999 mass % fused Bi metal electrode on the assumption of a 100 % efficient  dissolution reaction at -0.45 V SSE (a necessarily more positive potential than was used in earlier studies), making the stated  concentration an upper bound. 
Electroanalytical studies were conducted using a gold-coated RDE of 0.5 cm diameter that was prepared using 1500 grit silicon carbide paper prior to each experiment. Deposition charges were kept below several percent of the ≈ 150 C of charge in the cell for the  deposition reaction given the electrolyte volume and concentration. Drift of solution pH during the experiments was limited, although non-negligible for the unbuffered electrolyte. The electrolyte pH was adjusted using  or , as appropriate, dissolved/prediluted in distilled water. Compensation for ohmic losses relative to the applied potential was as noted.

Cyclic Voltammetry
Characteristics of a low  electrolyte are examined using cyclic voltammetry in Fig. 1a. The electrolyte, including only the Technic Gold 25-F replenisher  source diluted to 40 mmolL−1 in water, without addition of  salt, exhibits significant suppression.[footnoteRef:2] At the 2 mVs-1 scan rate, the addition of even 1 mmol·L-1  results in substantial acceleration, with deposition currents reaching the transport limit on the negative-going scan for all but the most constrained transport of  examined (i.e., 25 rpm and 50 rpm (50). All conditions examined reach limiting currents on the positive-going return scans, with plateaus over broad hysteretic ranges. The plateau currents exhibit a square root dependence on the RDE rotation rate that is consistent with deposition limited by transport of the  across the hydrodynamic boundary layer. Re-passivation on the return scans is rapid, resulting in a steep decrease of current at similar potentials for rotation rates up to 100 rpm. Increased transport at higher rotation rate delays re-passivation to more positive potentials and yields a more gradual decline from the transport limit at 400 rpm. Voltammetry for electrolyte containing 2 mmol·L-1  is overlaid in the same figure. Transport limited currents are achieved earlier on the negative going scans and maintained until later on the return scans, shifting the hysteretic regions positive at all rotation rates. Also, the deposition current now decreases more slowly from the transport limits on the return scan negative of ≈ -0.7 V at both 200 rpm and 400 rpm. Re-passivation at more positive potentials is rapid. [2:  This may indicate stabilization by adsorbed  or, perhaps, free  in the Au source related to processing or stabilization of the Au compound. However, the proprietary source chemical is not examined in this study, and the nominal composition is used throughout the text with this understanding.] 

The impact of limited sulfite addition is captured in voltammetry with 40 mmol∙L−1  + 80 mmol∙L−1  shown in Fig. 1b. For nominally identical  concentrations, acceleration on the negative-going scans is shifted negative of that in Fig. 1a, deposition thus comparatively suppressed, at all rotation rates. Free  from the  evidently retards  adsorption and the derived activation of Au deposition. This is especially evident from comparison of the 1 mmol·L-1  (solid) cycles for which the currents at all rotation rates remain well below the transport limit at the switching potential. In fact, continuing activation as the applied potential transits positive from the switching potential is reflected in continued increase of the currents and associated negative differential resistance (i.e., , NDR) over an extended range of potentials. This NDR is evident from the switching potential of -1.1 V to -0.93 V for RDE rotation rate of 400 rpm and as positive as -0.87 V for 25 rpm. Re-passivation on the return scan in the presence of the free sulfite with this lower  concentration yields rapid decrease of current from the higher transport limited values and nearly complete passivation by -0.8 V at all rotation rates. Doubling the additive concentration to 2 mmol·L-1  accelerates activation such that transport limited currents obtained at the -1.1 V switching potential absent  are observed once again. The higher additive concentration also shifts re-passivation toward the end of the return scan some 30 mV more positive at the lower rotation rates, with larger positive shifts observed at 200 rpm and 400 rpm. There is also reemergence of more gradual decay from the transport limit, extending until nearly -0.7 V at 400 rpm.
The impact of the supporting sulfite concentration is explored explicitly with fixed 2 mmol·L-1  concentration in Fig. 1c. Increase from 80 mmol∙L−1 to 320 mmol∙L−1  results in a further shift of activation on the negative-going scans to more negative potentials as well as a decrease in the transport limited current for all transport conditions examined. Deactivation on the return scan is also accelerated by the higher free sulfite concentration, the shift toward more negative potentials with higher  concentration being especially evident for 400 rpm at potentials around -0.8 V. 
The impact of  concentration is explored in Fig. 1d for electrolyte with the 640 mmol∙L−1  concentration used in studies with higher  concentrations for filling of larger features. A modestly higher electrolyte pH of 10.2 is used to compensate for slower activation caused by the higher sulfite concentration, increase of pH previously shown to increase the kinetics of the  adsorption4. Despite this, the current density with 1 mmol·L-1  reaches only ≈ -0.6 mA·cm-2 (following NDR on the return scan), less than one-eight that with just 80 mmol∙L−1  for the same additive concentration in Fig. 1b (solid curve, 100 rpm). The transport limit is, however, reached on the negative-going scan even with the higher sulfite concentration electrolyte when the  additive concentration is increased to 5 mmol·L-1. A further ten-fold increase of the additive concentration to 50 mmol·L-1  yields yet more rapid activation, manifest in the substantial positive shift of the current rise on the negative-going scan. The active state is also retained to more positive potentials on the return scan. This includes a gradual decrease from the transport limited value, such as was noted at 400 rpm with lower sulfite concentrations, now to potentials positive of -0.7 V. Significantly, the plateau current density at 100 rpm with 640 mmol∙L−1  is only -4.5 mA·cm-2 (see the higher  concentrations in Fig. 1d), continuing the trend of decrease from -5 mA·cm-2 with 320 mmol∙L−1  (Fig. 1c dashed curve, 100 rpm) and -6 mA·cm-2 with 80 mmol∙L−1  (Fig. 1c solid curve, 100 rpm). The decrease of the plateau current density with sulfite concentration reflects reduced transport due to increased viscosity, the different  concentrations notwithstanding.
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Figure 1: Cyclic voltammograms for electrolytes of pH 9.0 including 40 mmol·L-1  and the indicated RDE rotation rates with: a) the indicated concentrations of the  additive, b) 40 mmol·L-1  and the indicated concentrations of , c) 2 mmol·L-1  and the indicated concentrations of . d) Cyclic voltammograms for electrolyte of pH 10.2 including 40 mmol·L-1  + 640 mmol·L-1  and the indicated  concentrations with the RDE rotating at 100 rpm (200π rad·min-1); note the vertical scale. All voltammograms were conducted at room temperature, with the potential relative to SSE cycled at 2 mV·s-1 from -0.6 V. Data was acquired using software compensation for 80 % of the measured cell resistance with post-experiment correction for potential drop associated with the remainder.

Because of the large difference between active and passive deposition rates and the extreme localization of active deposition to the bottoms of filling features that has been achieved with the -activated electrolytes, the maximum aspect ratio (i.e., height/width) of trenches that have been successfully filled has, to date, been limited only by the supply of feature geometries. That said, limits on the cumulative thickness of the passive deposit on the sidewalls prior to the activation of bottom-up filling are implicit in void-free deposition. At the very least, passive deposition on the opposing sidewalls of features during the incubation period cannot exceed one-half the feature width, i.e., a nonzero width must remain unfilled for bottom-up filling. Considering the incubation time and passive rates to be controlled by the electrolyte composition and feature depth, this places a lower bound on feature widths that can be filled. 
Chronoamperometric transients, which readily capture the incubation period and cumulative deposition charge density, are highly useful in this regard. Although activation of the field is generally delayed relative to activation within recessed features in this electrolyte-additive system (and necessarily so for void-free bottom-up filling), the delay in activation of an RDE surface remains a useful gauge of incubation times preceding bottom-up filling of features. It is also reasonable to expect that such values are a better proxy for activation in shallower trenches such as those of interest here.  

Chronoamperometry
Chronamperometry capturing the incubation period of passive deposition and subsequent activation of the RDE surface at different potentials is shown in Fig. 2. The increase of this incubation period at more positive potential as well as higher metal ion and sulfite ion concentrations has been discussed before8. The transients in Fig. 2a and 2c capture analogous behavior, with the change in slope upon surface activation at a given potential occurring at later times with the addition of 80 mmol·L-1 .  However, from a functional perspective, the deposit thickness accumulated during this period of conformal growth is more important for filling than the incubation time. The deposit thickness upon activation of the RDE surface can be obtained directly from the charge density, the transitions in the charge density transients upon being evident in Fig. 2b and 2d; the benefit of somewhat lower passive deposition rates is, at least for these conditions, offset by the increased incubation time. In Fig. 2e it is seen that increasing the  from 80 mmol·L-1 to 640 mmol·L-1 extends the incubation time at -0.88 V by a multiple of three. However, despite the substantially longer incubation periods, the passive deposit thicknesses upon activation obtained from the charge densities at the transitions from passive to active deposition in Fig. 2f decrease steadily from ≈ 0.04 C·cm-2 (cathodic) with the lowest sulfite concentrations to less than ≈ 0.02 C·cm-2 with the highest. The decreased passive Au deposition despite the longer incubation period results from the substantial reduction of passive current density evident in Fig. 2e prior to activation. Analogous behavior is observed at the other potentials. 
For context, 0.1 C·cm-2, scaling by ΩAu/F with the molar volume of Au ΩAu = 10.2 cm3·mol-1 and Faraday’s constant F = 96,485 C·mol-1 for the essentially 100 % efficient single electron deposition process, corresponds to 106 nm of Au deposit. The 40 mmol·L-1  + 640 mmol·L-1  electrolyte with  additive thus appears to be a candidate for filling of features to sub-1 mm width. Indeed, the short incubation periods and passive deposits ≈ 0.02 C·cm-2 at the more negative potential examined in Fig. 2f suggest filling might be possible even in significantly narrower features; this comes with the caveat that sidewall deposition continues for the duration of the bottom-up filling evolution. This is a potentially significant caveat as the period of active filling for taller features could exceed the incubation period that precedes it.
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Figure 2: Deposition current transients and corresponding deposition charge transients in a,b) 40 mmol·L-1 , c,d) 40 mmol·L-1  + 80 mmol·L-1  and e,f) 40 mmol·L-1  plus the indicated concentration of . All are electrolytes of pH 9.0 containing the indicated 1 mmol·L-1  at room temperature and with the 0.5 cm diameter RDE rotating at 100 rpm. The cumulative Bi adsorption results in rapid, nonlinear acceleration of the deposition rate that yields a clear signal of surface activation in both the current density and cumulative charge density transients. Because the currents are low prior to activation, the data was acquired without compensation for the measured cell resistance. Cathodic currents and charges are shown positive.

Gold Electrodeposition: Trench Filling
Silicon templates with trenches at 1 mm pitch were fabricated for this study by deep reactive ion etching in a silicon substrate using previously reported methods30. Two earlier studies examined bottom-up Au filling of gratings with 1.3 mm pitch trenches2,3. A third study utilized gratings having Au-filled 1 mm pitch trenches, presenting images of filling obtained under various conditions but without detailed electrochemistry23. These earlier studies used electrolytes containing 160 mmol∙L−1  + 640 mmol∙L−1 , plus the accelerating  additive. However, one image of 1 mm pitch trenches filled in electrolyte having an 80 mmol∙L−1 concentration of  was included; it exhibited improved bottom-up filling due to decreased sidewall deposition. Specimens filled in electrolytes including either 160 mmol∙L−1  or 80 mmol∙L−1  under otherwise identical conditions are shown in Fig. 3. The current and charge transients associated with the deposition experiments are included. The current transients indicate activation at roughly 1300 s (≈ 0.4 C∙cm-2) and 2000 s (≈ 1.0 C∙cm-2) for the lower and higher Au concentrations, respectively; the currents increase as bottom-up filling progresses before peaking and then slowing with self-passivation of the process. Decreased sidewall thickness (i.e., charge density) upon activation with the lower Au concentration results from a moderately lower passive metal deposition rate (i.e., current density) during the incubation period coupled with significant shortening of the incubation period itself. The lower passive deposition rate is expected for any deposition reaction whose rate increases with the metal ion concentration in the electrolyte. The shortened incubation period is anticipated given the incubation period on planar RDEs increases with metal ion concentration, consistent with the mechanism whereby the metal ion concentration gradient localizes Bi adsorption toward the bottoms of filling features.10
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[bookmark: _Hlk193281917]Figure 3: Scanning electron microscope (SEM) images of 8.5 mm deep 1 mm pitch trenches cross sectioned after Au filling at -0.83 V while rotating at 300 rpm in electrolytes containing the indicated concentration of the Au source plus 640 mmol∙L−1  and 50 mmol·L-1  additive. A 5 mm scale bar for both cross-sections is adjacent to the left-hand image. The current and charge transients associated with filling, normalized using the 0.3 cm × 0.7 cm patterned areas of the substrates, are also shown. Arrows originating at the (approximate) point of activation on the current transients indicate the deposition charges at the start of the bottom-up filling. 

[bookmark: _Hlk146795406]Based on both the experimental observation and the mechanistic understanding, feature filling experiments were conducted in electrolytes based on the even lower 40 mmol∙L−1  concentration used for the electroanalytic experiments of Fig. 1 and Fig. 2. Fragments of a grating with 17 mm deep trenches approximately half as wide as their 1.3 mm pitch (aspect ratio ≈ 26) were Au filled in 40 mmol∙L−1  + 2 mmol·L-1  electrolyte. Feature filling in cross-sectioned specimens is shown as a function of the deposition potential in Fig. 4. The incubation period is presumably shortened by the reduced concentration of  and the absence of .10 However, feature filling suffers from a higher passive deposition rate, given the latter, coupled with comparatively long incubation periods given the low concentration of the accelerating additive. The associated current transients, shown in Fig. 5, capture the longer incubation period before activation of localized deposition within the trenches at more positive potentials as well as the self-passivation of filling that ultimately follows. Both phenomena are well detailed for feature filling in electrolytes with higher  concentrations and 640 mmol∙L−1 of  salt2-7.
The decrease of void size for filling at more positive potentials that is evident in Fig. 4 is well described in previous studies2,5-7. Interestingly, voids entrapped during deposition in electrolytes with higher Au concentration shrink from both above and below; i.e., a downward shift of the deposit above the void accompanies increased Au growth from the bottom of the feature. Here activation occurs only above the void; there is no deposit on the trench bottom. Although deposition can be induced to activate very close to it, and subsequently fill upward from that location, active deposition does not initiate at the trench bottom at any of the potentials examined here. The relatively high passive deposition rates coupled with activated deposition, when it occurs, presumably induces a substantial fractional drop of the metal ion concentration down the trenches, and thus sidewall activation, given the low concentration. The use of more positive potential to shift activation the last micrometer(s) down is not feasible in light of the deposit thickness on the sidewalls at -0.72 V and given the substantially longer incubation time that will accompany a shift to more positive potential.
Self-passivation of the bottom-up deposition is evident in reversion of the current transients in Fig. 5 toward zero that ultimately follows the increase of current associated with activation. Consistent with trends noted in higher concentration -containing electrolytes4-6, passivation in the cross-sectioned specimens occurs farther from the trench openings at more positive potentials. Current densities prior to activation and after passivation are higher than those on the passive RDE in this sulfite-free electrolyte (Fig. 2a) but not by nearly as much as might be expected given that the area of the patterned surfaces is more than 30× the nominal substrate area. The result, as well as the origin, of the passive current is nonetheless evident in increasingly thick and rough passive deposits with the increased deposition times at more positive potentials. The passive deposition rate at -0.72 V is estimated at ≈ 0.02 mm·h-1 based on the rough ≈ 0.2 mm thick deposits accrued on the sidewalls during the 12 h process. This value lies within the (0.01 to 0.04) mm·h-1 range of passive deposition rates obtained from features filled at similar potentials in electrolytes with higher Au concentrations, added sulfite and significantly higher  concentrations5.
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[bookmark: _Hlk193281548]Figure 4: SEM images of gratings that have been cross sectioned after Au deposition. The 17 mm deep trenches at 1.3 mm pitch are shown with a 10 mm scale bar. Higher magnification (5×) images shown beneath capture the passive deposits on the sidewalls above and the Au fill beneath the bottom-up filled region; the scale bar is 2 mm for these images. Depositions times and applied potentials relative to SSE are as indicated. The specimens were filled at room temperature in 40 mmol·L-1  electrolyte of pH 9.0 containing 2 mmol·L-1  at a rotation rate of 200 rpm. 

[image: ]
Figure 5: Current transients associated with Au deposition in the specimens shown in Fig. 4. Depositions, at the indicated potentials relative to SSE, were conducted at room temperature in 40 mmol·L-1  electrolyte of pH 9.0 containing 2 mmol·L-1  with the substrate rotating at 200 rpm. No attempt was made to compensate for the cell resistance during filling; based on the 30 Ω cell resistance, the maximum potential shift for the voided specimen filled at -0.78 V is +20 mV while the potential shift for the specimen filled at -0.72 V does not exceed +5 mV. The active area of each specimen is approximately 0.3 cm × 1 cm, but deposition in the holder may contribute to the measured current density. 

Analogous filling as a function of potential is shown for narrower, triangularly etched trenches of 1 mm pitch in Fig. 6. The triangular profile is obtained by tuning the duration of the alternating deposition and etching steps in the Bosch deep reactive ion etching process31. The electrolyte now includes 640 mmol·L-1  with the 40 mmol·L-1  to reduce the passive deposition rate, consistent with the chronoamperometry in Fig. 2 as well as use of this higher concentration of supporting electrolyte in studies with higher Au concentrations. Due to the increase of incubation times that would accompany this change alone, the pH has been raised from 9.0 to 10.2 and the  concentration increased from 2 mmol·L-1 to 50 mmol·L-1 to shorten the incubation period in compensation and prevent significant depletion of the additive within the trenches. A modest increase from 200 rpm to 300 rpm helps maintain suppression on the field1. The downward shift of the Au fill toward the trench bottom at more positive potentials is analogous to that noted with Fig. 4, and, once again, reduction of the occluded void does not involve increased filling from below that is observed with higher Au concentrations. However, deeper recess from the field at more positive potentials after self-passivation is evidently characteristic of this electrolyte-additive system for all these compositions. 
Significantly, deposition on the field and sidewalls above the deposits on the tapered sidewalls in Fig. 6 is much thinner than that in Fig. 4 at the same potentials. This may be attributed in part to the shorter deposition times, with essentially void-free bottom-up deposition obtained at -0.76 V in only slightly over 2 h in this electrolyte. However, the irregular deposits on the sidewalls of the voids suggest reduced nucleation rate on the Pt as well. Whether this is an impact of the electrolyte (e.g., concentration or pH) or the narrowing of trenches of this particular grating, the roughness evidently underlies the irregular voiding at the trench bottoms.
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Figure 6: SEM images of gratings with trenches having a triangular cross sectioned after Au deposition. Deposition times and applied potentials relative to SSE are as indicated. The four specimens were all filled at room temperature in 40 mmol·L-1  + 640 mmol·L-1  electrolyte containing 50 mmol·L-1  of pH 10.2 at a rotation rate of 200 rpm. 

The current and charge transients obtained during filling of the specimens shown in Fig. 6 are shown in Fig. 7. The longer incubation time at more positive potential is obvious. The deposition charge increases modestly for deposition potential positive of -0.82 V but remain well below the 4.25 C·cm-2 value calculated for void-free filling of d = 9 mm deep rectangular trenches whose widths equal one-half their pitch with fully dense Au deposits (Fd/2ΩAu). This is not surprising given the cross-sections, where it is seen that the downward shift of the inception of filling is accompanied by a downward shift of the passivation, which limits filling.

[image: ][image: ]
Figure 7: The current and charge transients associated with Au filling of the specimens shown in Fig. 6; the transients have been scaled by the 0.3 cm × 1 cm active area of the substrates. Depositions, at the indicated potentials relative to SSE, were conducted at room temperature in 40 mmol·L-1  + 640 mmol·L-1  electrolyte of pH 10.2 containing 50 mmol·L-1  with the substrate rotating at 300 rpm. No attempt was made to compensate for the 12 Ω cell resistance during filling. Based on this value, the maximum potential shift for the deposition at -0.82 V is +24 mV, but the deviation is < 1 mV prior to activation and returns to a similarly small value with self-passivation. The potential shift for the specimen that bottom-up filled at -0.76 V does not exceed +6 mV. 

[bookmark: _Hlk189051251]Deposition with a higher concentration of the accelerator would be anticipated to activate more quickly. Transients are shown in Fig. 8 for deposition in the triangular trenches in nominally identical electrolyte of pH 10.2 containing 100 mmol·L-1 . It is evident from comparison with the transients in Fig. 7 that the incubation and filling times are indeed decreased by doubling of the additive concentration, but the incubation times are clearly not halved. Analogous limiting behavior at these higher additive concentrations has been noted previously for incubation periods on RDE in electrolytes with higher Au concentrations10. The substantial impact of pH noted previously is captured explicitly in the same figure; decrease of the pH to 10.1 yields incubation times with 100 mmol·L-1  that are longer than those observed with 50 mmol·L-1  and pH 10.2 in Fig. 7. Feature filling as a function of potential is not shown for either 100 mmol·L-1  electrolyte as the trends are essentially the same as that captured in Fig. 6. They differ only in that self-passivation at -0.76 V shifts ≈ 1 mm higher, with smaller upward displacements at the more negative potentials. 
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Figure 8: Current and charge transients associated with Au filling of triangular trench specimens; the transients have been scaled by the 0.3 cm × 1 cm active area of the substrates. Deposition, at the indicated potentials relative to SSE, was conducted at room temperature in 40 mmol·L-1  + 640 mmol·L-1  electrolyte of the indicated pH containing 100 mmol·L-1  with the substrate rotating at 300 rpm. No attempt was made to compensate for the 12 Ω cell resistance during filling.

More complete filling can be obtained by initiating deposition closer to the trench bottoms using a more positive potential and then stepping the potential to more negative potentials during the filling process (subject to remaining in the range that still yields localized deposition). This approach has been utilized previously with Bi-accelerated electrolytes of higher Au concentration7. Trench filling and the associated current and charge transients are shown in Fig. 9 for an example where the potential was stepped from -0.76 V to -0.82 V in -20 mV increments for the electrolyte containing 50 mmol·L-1 . Filling is void-free aside from small defects in the narrow bottoms of some trenches, and deposition on the field is minimal.
The potential changes for this example were imposed based on the cumulative deposition charge (i.e., the volume fraction filled) rather than elapsed deposition time. This criterion was used in light of the variation of experimental activation times for different specimens under nominally identical conditions; the stepped-potential specimen is itself an example in that the current increase signifying activation at -0.76 V occurs ≈ 20 min later than the specimen in Fig. 7 that was deposited at the same potential. Appropriate for the improved filling, the deposition charge is substantially higher than those in Fig. 6 for the fractionally-filled specimens. In fact, it exceeds the 4.25 C·cm-2 value anticipated for rectangular trenches of equivalent (9 mm) depth and width equal to one-half the pitch. The higher value reflects increased trench width toward the trench openings that offsets decreased width farther down. It also includes contributions from deposition extending onto the field near the leading edge of the substrate and adjacent to where the specimen attaches to the rotator; eddies at these locations reduce fluid flow across the field and, with the flow, suppression at the field1.
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Figure 9: The Au deposition process shown on the left is for the grating imaged on the right by SEM after being cross-sectioned. The current and charge transients associated with filling of the specimen are shown with the cathodic values positive. Filling was accomplished over the potential range -0.76 V to -0.82 V using -20 mV potential steps with the transitions at deposition charges of -0.7 C (i.e., -2.3 C·cm-2 at 141 min), -0.9 C (i.e., -3 C·cm-2 at 147 min) and -1.1 C (i.e., -3.7 C·cm-2 at 155 min), respectively. The current jump at each of the three potential steps is indicated by an arrow. Deposition was conducted in 40 mmol·L-1  + 640 mmol·L-1  electrolyte of pH 10.2 containing 50 mmol·L-1  at room temperature with the substrate rotating at 300 rpm.

Discussion
Faster activation of Au deposition from -accelerated electrolytes having lower  concentrations, an important factor in Au bottom-up filling of recessed features, has been noted previously10. Improved bottom-up filling of shallower features was pursued here using electrolytes containing 40 mmol·L-1 , half the lowest concentration used in any previous study. This choice accentuates the fractional decrease of the  concentration induced by lower passive current densities during deposition in shallow features. 
The impact of the  supporting electrolyte was examined as well. It was observed that the 640 mmol·L-1  used in previous studies could be eliminated without loss of the bottom-up filling phenomenon as deposition was substantially suppressed even with just the Au sulfite in the electrolyte. Quantitatively, cyclic voltammograms for electrolyte without additional sulfite exhibited substantially accelerated deposition and broad hysteresis at much lower  concentrations than electrolytes containing 80 mmol·L-1 and higher concentrations of . Furthermore, and of direct relevance to feature filling, chronoamperometric measurements indicated that the thickness of the passive deposit accrued during the incubation period was strongly impacted by the free-sulfite concentration. Specifically, the passive deposit thickness decreased as the  concentration was increased from 0 mmol·L-1 to 80 mmol·L-1, 160 mmol·L-1, 320 mmol·L-1 and 640 mmol·L-1. Evidently the slowing of additive adsorption with increase of the free sulfite concentration is less substantial than the concurrent reduction of the passive deposition rate, the thickness of the passive deposit prior to activation being the product of the two.
Bottom-up Au filling was examined in narrow and strongly tapered trenches of moderately high aspect ratio suitable for grating-based X-ray imaging applications. Substantially void-free Au filling of these small trenches was obtained over a range of  concentrations. Filling in electrolytes including 40 mmol·L-1  manifested through activation that originated on the sidewalls progressively farther from the trench openings, and thus closer to their bottoms, at more positive potentials. This behavior is consistent with activation dictated by significant fractional  depletion in the shallow features even with the slower passive deposition rates obtained at more positive potentials, which was the goal of the concentration reduction. Significantly, self-passivation of deposition in the trenches at a potential-dependent distance from the field, a well-detailed feature of the process in more concentrated electrolytes7, again enabled well-controlled filling using potential stepping. The results suggest that Au concentration can be tuned to accommodate filling of substantially finer features in terms of depth and/or aspect ratio than even those examined here. 

CONCLUSION
[bookmark: _Hlk193283380]Previous studies have detailed the ability of -catalyzed Au-sulfite electrolytes to achieve bottom-up Au filling in extremely high aspect ratio features. However, an incubation period of conformal filling precluded its application to features significantly below 1 mm in width. This work has demonstrated the use of electrolytes with lower concentrations of the Au-sulfite source, as well as higher pH and additive concentration, to shorten the incubation period for such applications. The importance of having a high enough concentration of the  supporting electrolyte to suppress the passive deposition rate was also detailed. Bottom-up Au filling was thereby demonstrated in 0.5 mm wide trenches, with minimal sidewall deposition indicating the possibility of filling substantially narrower features.
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