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Abstract

Through-glass vias (TGVs), as key vertical interconnect structures in 2.5-D/3-D advanced
packaging, offer low dielectric loss, low parasitic capacitance, and excellent high-frequency
transmission performance. However, several challenges remain in TGV metallization,
including (1) incontinuity of seed layers in high aspect ratio TGVs; (2) non-uniform distri-
butions of copper-ion concentration and current density, leading to significant differences
in copper deposition rates between the via interior and the via opening; (3) voids, seams,
and double bridging caused by excessively rapid deposition at the via opening or poor
control of the central bridging position; and (4) low filling rate and resulting high cost.
This article reviews the research progress in TGV metallization to address the above issues.
Several electroless plating studies were reported to improve the seed layer continuity
and uniformity. Adjusting the concentrations of copper ions, chloride ions, accelerators,
suppressors, and levelers in the plating bath are the keys to regulating the deposition rates
at the via opening, via walls, and via center. Electroplating strategies, including pulsed
electroplating and multistage electroplating, can optimize the electric-field distribution
inside the vias. Ultrasonic agitation enhances forced convection within the vias and thereby
improves mass-transport conditions. In summary, this paper reviews the research progress
in TGV metallization, with emphasis on these key challenges and corresponding solutions,
and discusses their prospects for high-density interconnects in advanced packaging.

Keywords: through-glass-via (TGV) metallization; butterfly filling; high-aspect-ratio TGVs;
electroplating additives; pulse-reverse electroplating; partial filling

1. Introduction

With the continued development of 5G communications, the Internet of Things, and
artificial intelligence, advanced packaging has become an important means of extending
integration beyond conventional transistor scaling. Through-glass vias (TGVs) are promis-
ing vertical interconnects for 2.5-D and 3-D packaging because glass offers high electrical
resistivity, low parasitic capacitance, favorable high-frequency performance, and a tunable
coefficient of thermal expansion [1-3]. The increasing demand for compact, high-density in-
terconnects has driven reductions in via diameter; when substrate thickness remains largely
unchanged, this correspondingly increases the via aspect ratio [4]. However, reliable metal-
lization of high-aspect-ratio TGVs remains challenging. The electrically insulating glass
requires continuous barrier and seed layers, while restricted mass transport, nonuniform
current distribution, and additive interactions can cause nonuniform Cu deposition, pre-
mature closure, voids, seams, and double bridging. Although complete filling is preferred
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when low electrical resistance and efficient heat conduction are required, conformal, partial,
and bridge-assisted filling may be more suitable for applications prioritizing reduced Cu
consumption, shorter processing time, or thermomechanical reliability [3,5].

This review summarizes recent advances in high-aspect-ratio TGV metallization.
Section 2 discusses barrier- and seed-layer preparation. Section 3 reviews butterfly filling
and the effects of bath composition, additives, current waveforms, and mass transport, as
well as methods for screening and optimizing process parameters. Section 4 examines via
geometry and alternative filling strategies in relation to filling behavior and interconnect
performance. Through this framework, the review clarifies the coupled roles of seed-layer
quality, plating chemistry, additive formulation, current waveform, mass transport, via
geometry, and filling mode in determining TGV filling quality, process efficiency, electrical
performance, and thermomechanical reliability.

2. Seed-Layer Enhancement for High-Aspect-Ratio TGVs

Because glass is intrinsically electrically insulating, metal ions cannot be directly
reduced and deposited onto the highly resistive glass substrate. Therefore, a barrier layer
and a seed layer must be prepared on the glass surface and the via sidewalls before Cu
filling of the TGVs. The barrier layer is used to suppress Cu diffusion into the glass
substrate and improve the interfacial adhesion between the metal layer and the glass
substrate. Common barrier materials include Ta, Ti, and their nitrides. The seed layer
provides a continuous conductive interface for subsequent Cu electroplating.

The existing processes for preparing barrier and seed layers mainly include sputtering,
physical vapor deposition (PVD), chemical vapor deposition (CVD), atomic layer deposition
(ALD), and electroless plating. PVD is widely used because it produces high-purity films
with controllable composition and thickness. Sputtering, a common PVD technique, ejects
target atoms through bombardment by plasma ions, which subsequently deposit on the
substrate; magnetron sputtering increases the deposition rate by enhancing plasma density
near the target [6-8]. The mature equipment, relatively high deposition rate, and scalability
of sputtering make it suitable for barrier- and seed-layer deposition [7-10]. However,
its line-of-sight deposition can cause shadowing by the via opening and upper sidewalls,
resulting in thin or discontinuous coverage near the bottom of high-aspect-ratio vias [11-13].
Substrate rotation or tilting, collimation, ionized PVD, or electroless post-deposition can
improve coverage [12,13].

In contrast, CVD forms films through reactions between gaseous precursors and
the substrate surface. Because the precursors can reach recessed regions from multiple
directions, CVD generally provides better conformality than conventional sputtering and
is suitable for three-dimensional, high-aspect-ratio structures [14-16]. Its application may
nevertheless be constrained by substrate-temperature requirements, precursor chemistry,
and the management of hazardous by-products [15,16].

ALD is a cyclic vapor-phase deposition process based on sequential, self-limiting
surface reactions. In a typical cycle, a first precursor is introduced and adsorbs onto
available surface sites. After excess precursor and gaseous by-products are purged, a
second reactant is introduced to react with the adsorbed species and form the desired solid
compound; a subsequent purge removes residual reactants and products. Because each
half-reaction terminates when the available reactive sites are saturated, repeated cycles
deposit the film in a controlled, layer-by-layer manner [17,18]. Film thickness can therefore
be controlled by adjusting the number of cycles. Moreover, precursor diffusion into narrow
features, combined with the self-limiting nature of the surface reactions, enables highly
conformal coatings with nearly uniform thickness along the via opening, sidewalls, and
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bottom, including in high-aspect-ratio structures [19,20]. The advantages and limitations of
these deposition methods are summarized in Table 1.

Table 1. Comparison of common thin-film preparation processes.

Deposition Method Advantages Disadvantages

Good uniformity; high

Sputteri iti
puttering deposition rate; low cost

Difficult to fill deep vias

Well-established equipment;

Physical vapor deposition simple operation; controllable Poor step coverage
(PVD) film thickness; strong film P 8
adhesion

Well-established equipment;

Chemical vapor deposition ¢00d uniformity; good step

(CVD)

Low deposition rate; high
process temperature

coverage
. - Excellent step coverage; Technology is not yet
Atomic layer deposition (ALD) controllable film thickness mature

Simple operation; good step  Unstable plating bath; poor

Electroless plating coverage adhesion

Because of the limited step coverage of sputtering equipment, some high-aspect-ratio
through-vias are difficult to coat with continuous and uniform metal films [21,22]. In recent
years, electroless plating has been regarded as a potential alternative for preparing metal
seed layers in TGV metallization [5,23,24]. This method enables the deposition of dense
metal films with low porosity at room temperature and under nonvacuum conditions.
Chen et al. proposed a palladium-free, low-cost, and environmentally friendly electroless
Ni-P process for high-aspect-ratio TGVs and obtained a complete and continuous seed
layer in TGVs with an aspect ratio of 10:1 [23]. However, because the redox reactions
involved in electroless plating are accompanied by hydrogen evolution, gas bubbles can
form during the process. These bubbles readily adhere to the cathodic surface and hinder
the deposition of metal ions, resulting in defects such as voids and gaps in the deposited
film and consequently affecting its integrity and uniformity. To address this issue, Huang
et al. proposed a palladium-free activation and electroless silver-plating process based on
the silver-mirror reaction, with glucose used as the reducing agent. Because the solubility
of NHj3 generated during the silver-mirror reaction in water is significantly higher than
that of Hj, this method can reduce gas-bubble-induced skip-plating defects [24]. Overall,
electroless plating can improve the coverage continuity and uniformity of seed layers in
high-aspect-ratio TGVs. However, hydrogen evolution, bubble-induced local skip-plating,
and limited bath stability may still affect seed-layer quality. Therefore, after seed-layer
preparation, the subsequent Cu-filling process requires the coordinated optimization of
plating-bath composition, electroplating waveform, and intravia mass-transport conditions
to achieve uniform and void-free Cu deposition.

3. Butterfly Filling of High-Aspect-Ratio TGVs

The primary Cu-filling mechanisms for glass microvias include bottom-up filling,
conformal filling, and butterfly filling, each of which is applicable to different via geometries.
Butterfly filling is currently the predominant strategy for filling high-aspect-ratio through-
vias. Because TGVs are double-sided open through-vias without a blind-via bottom, the
conventional bottom-up filling mechanism cannot be directly applied. Conformal filling,
which requires comparable Cu deposition rates at the via opening, sidewalls, and interior, is
prone to overgrowth at the opening, premature closure, and internal voids or seams under
high-aspect-ratio conditions because of electric-field concentration and restricted intravia
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(a)

mass transport [25,26]. By contrast, butterfly filling uses additives and electroplating
waveforms to establish a deposition-rate gradient in which Cu deposits preferentially at
the via center, forming a bridge that converts the TGV into two blind vias; subsequent
bottom-up filling then completes the metallization [25-27]. This combination of structural
compatibility, defect suppression, and high-aspect-ratio filling capability has made butterfly
filling a widely adopted strategy for vertical high-aspect-ratio TGVs [26,27].

The butterfly-filling process can be divided into two stages: bridge formation and
bottom-up filling. As described above, TGVs are through-vias open on both sides, whereas
bottom-up filling is commonly used for blind vias. Therefore, during the bridge-formation
stage of butterfly filling, additives and electroplating waveforms are used to regulate the Cu
deposition rates at the middle of the TGV sidewalls and at the via opening. The deposition
rate at the via center is thereby made higher than that at the via opening, resulting in
preferential deposition at the middle of the via. This process continues until the Cu layers
growing from the two sidewalls meet and form a bridge, thereby dividing the TGV into
two blind vias, as shown in Figure 1a,b. The subsequent bottom-up filling stage is similar
to the bottom-up filling mechanism described above. In this stage, additives are used to
control the upward Cu deposition inside the two blind vias. The process is illustrated
in Figure 1c,d.

(b) (c) (d)

Figure 1. Schematic illustration of butterfly filling: (a) straight through-via; (b) bridge formation
stage, in which Cu deposits grow inward from the opposing sidewalls toward the via center (arrows);
(c) bridge reinforcement stage, in which Cu deposition proceeds upward and downward from the
bridge into the two blind vias (arrows); (d) filling stage for complete filling.

The key to butterfly filling is preferential deposition at the middle of the through-via,
whereas conformal filling requires the deposition rates inside the via and at the via opening
to remain comparable. The conformal filling capability is evaluated by the throwing
power, which is defined in Equation (4). The control strategies for butterfly and conformal
filling can be classified into several categories, including optimization of additives and
their concentration ratios, adjustment of the current and potential parameters during
electroplating, application of pulsed electroplating, enhancement of mass transport inside
the TGVs, and optimization of via geometry. The primary difference lies in the direction of
process regulation. In addition, to balance the filling time and filling quality required for
complete filling of high-aspect-ratio TGVs, Fey et al. proposed a multistep electroplating
strategy in which a low current is used for bridge formation and a high current is applied to
accelerate sidewall filling [28]. The research status of these process technologies is discussed
in detail in the following sections.
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3.1. Optimization of Base Plating-Bath Composition and Parameters

Copper electroplating baths mainly include cyanide, pyrophosphate, and acidic sys-
tems. Because cyanide systems are highly toxic and generate difficult-to-treat wastewater,
while pyrophosphate systems suffer from poor coating adhesion and limited bath stability,
acidic copper plating has become dominant owing to its low cost, high current efficiency,
and rapid deposition rate. Acidic baths generally contain a base electrolyte and addi-
tives [27]. The base electrolyte consists mainly of a copper salt and an acid. The copper
salt supplies Cu ions, and its concentration directly affects the cathodic reduction and Cu
deposition rates. The acid increases solution conductivity, lowers the cell voltage, sup-
presses Cu-ion hydrolysis, and improves bath stability [29,30]. These effects are important
for regulating Cu-ion availability and local deposition kinetics during TGV filling.

Copper sulfate is the most widely used acidic plating system, whereas copper methane-
sulfonate (CuMSA) is mainly used for TSV and damascene filling. Using a CuMSA bath
with MTT as the sole organic additive, Fey et al. achieved void-free filling of TGVs with an
aspect ratio of 10:1. Compared with the copper sulfate system, CuMSA provided higher
Cu-ion solubility, faster filling, and fewer additive-derived organic impurities in the de-
posit. This behavior was attributed to the weakly acidic MSA environment, which reduced
formazan formation from MTT reduction and increased its solubility at low pH [28]. Thus,
CuMSA is advantageous for rapid TGV filling, whereas copper sulfate offers more mature
processing technology and greater industrial experience.

Sulfuric acid is the most common acid in copper sulfate baths, although formic, acetic,
and propionic acids have also been investigated. Wang et al. compared these acid systems
under matched hydrogen-ion concentrations and found that only the sulfuric acid bath
achieved void-free TSV filling at a low current density of 0.5 A/dm?. The sulfuric acid
system therefore provided the best filling performance and was particularly suitable for
low-current-density operation [31].

Acid concentration can also interact strongly with the additives. Liang et al. in-
vestigated sulfuric acid concentration in a copper sulfate bath containing NTBC using a
butterfly-filling strategy, in which a bridge formed at the via center before filling proceeded
from both sides. Increasing the sulfuric acid concentration initially increased the filling
rate, reduced defects, and enhanced NTBC suppression. These effects were optimized
at 0.36 mol/L. Further increases caused excessive inhibition of the via wall and reduced
the filling rate [32]. These results show that optimizing the base salt, acid type, and acid
concentration can regulate Cu-ion availability and additive activity, thereby improving
bridge formation and subsequent filling in high-aspect-ratio TGVs.

3.2. State of Research on Additives

As the aspect ratio of TGVs increases and their diameter decreases, mass transfer inside
the vias becomes increasingly restricted. Cu-ion depletion and concentration gradients then
develop, while the current density and deposition rate remain higher near the via opening
than inside the via. Excessive deposition at the opening can cause premature closure
and internal voids, compromising interconnect reliability. Additives are therefore used to
regulate Cu-ion transport and interfacial deposition kinetics, thereby enabling butterfly
or conformal filling. The main additives include chloride ions, accelerators, suppressors,
and levelers.

3.2.1. Chloride Ions

Chloride ions can enhance anode activity, prevent anodic passivation, and serve
as ionic bridges during the Cu?*/Cu™ reaction [33,34]. At an appropriate concentra-
tion, chloride ions can accelerate the Cu-reduction reaction [35,36]. They can also form
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complexes with accelerators and suppressors, thereby providing active sites for additive
adsorption [37]. Through synergistic interactions, chloride ions further regulate the ad-
sorption and desorption behavior of additives [38,39], thereby improving the quality of
through-via filling.

Chloride ions activate the anode, prevent passivation, and regulate Cu electrodeposi-
tion by participating in the Cu?*/Cu™ reaction and promoting additive adsorption [33-39].
Their effect is concentration-dependent. At low concentrations (<10 mM), adsorbed CuCl
intermediates facilitate electron transfer and accelerate deposition. At high concentrations
(>100 mM), soluble copper—chloride complexes and a CuCl precipitate layer hinder Cu?*
reduction and produce an inhibiting effect [35]. Thus, chloride ions have a narrow pro-
cess window and limited direct influence on the plating current. Their primary function
is to provide adsorption sites and regulate the synergistic behavior of accelerators and
suppressors, thereby controlling the deposition-rate distribution required for butterfly and
bottom-up filling.

3.2.2. Accelerators

Accelerators increase the local Cu deposition rate by adsorbing onto the Cu surface,
facilitating interfacial charge transfer, and/or stabilizing reactive Cu(I) intermediates. In
high-aspect-ratio TGV filling, under ideal conditions, the accelerator is preferentially dis-
tributed in the central region of the via, thereby promoting bridge formation at the via center
and subsequent Cu deposition at the via bottom after bridge formation. This preferential
distribution helps compensate for the slower interfacial reaction kinetics in these regions,
establishes a deposition-rate difference between the via opening and the via interior, and
enables butterfly or superconformal filling. Common accelerators include bis(3-sulfopropyl)
disulfide (SPS) and sodium 3-mercapto-1-propanesulfonate (MPS), although their action
mechanisms remain under debate. Stoychev et al. attributed SPS acceleration to sulfur
adsorption and enhanced electron transfer through the electrical double layer [40]. Kim
et al. proposed that SPS first diffuses into the via and is subsequently converted to MPS
through cathodically induced S-S bond cleavage; the generated MPS then catalyzes Cu
reduction [41]. These two mechanisms emphasize either direct interfacial electron transfer
or in situ conversion of SPS to MPS.

As noted above, chloride ions can act synergistically with other additives to enable
butterfly and bottom-up filling. Tan et al. demonstrated that C1~ is essential for SPS and
MPS to function as accelerators [42]. Without C1~, these molecules form a blocking organic
film on the Cu surface and suppress Cu?* reduction. Cl~ disrupts this film, while the
displaced sulfonate groups coordinate with Cu** /Cu* and promote electron transfer. SPS
and MPS therefore change from suppressors to accelerators, with the acceleration increasing
as their concentration rises. This Cl™—accelerator synergy is essential for establishing the
deposition-rate gradient required for butterfly and bottom-up filling.

The synergistic effect of C1~ on SPS and MPS is closely related to the molecular
structure of the accelerator. In particular, the alkyl-chain length may affect adsorption and
competition with PEG. To clarify this structure-property relationship, Li et al. compared
SPS, bis(2-sulfoethyl) disulfide (SES), and bis(6-sulfohexyl) disulfide (SHS), whose alkyl
chains contain three, two, and six carbon atoms, respectively [43]. In the absence of Cl1~,
all three accelerators formed blocking films on the Cu surface, and the suppressing effect
increased with chain length. After C1~ was introduced, all three exhibited depolarizing
behavior, with SHS showing the strongest Cl~-dependent acceleration. However, in the
presence of PEG, SPS most effectively competed with and disrupted the PEG-C1~ blocking
film. These results demonstrate that alkyl-chain length is an important parameter in
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accelerator design and help explain why SPS is widely used, particularly in PEG-containing
plating systems.

Conventional accelerators such as MPS and SPS have narrow process windows and
strong dependence on convective mass transport. Novel alternatives include DPS, TBPS,
and the mercaptopropane dicopper complex MA [44—46]. Lan et al. reported a throwing
power of 72% for through-holes with an aspect ratio of 10:1 in PCB test coupons using MA.
Compared with SPS, MA reached adsorption equilibrium and a stable deposition potential
more rapidly, required no intermediate activation reaction, and achieved a comparable
depolarization effect at a lower concentration. MA therefore improves bath efficiency and
reduces the need for frequent replenishment [47].

Restricted mass transport in deep, narrow TGVs can hinder accelerator transport to
the via center, where preferential deposition is required for butterfly filling. To address
this limitation, Chan et al. and Liu et al. reported TBPS, which has a lower dependence
on mass transport than the conventional accelerator SPS, and further investigated the
effects of C1—, sulfuric acid concentration, and PEG on its electrochemical behavior and
filling performance [44,48]. The disulfide bond in SPS can generate MPS and other sulfur-
containing byproducts during bath cycling, whereas TBPS contains a more stable thioether
linkage and exhibits higher resistance to anodic oxidation. TBPS therefore provides better
bath stability and a longer service life. In addition, SPS and MPS may become suppressive
at low concentrations, whereas TBPS retains strong accelerating activity under the low-
concentration conditions inside high-aspect-ratio TGVs. TBPS is therefore more suitable for
promoting preferential deposition at the via center and improving butterfly filling.

Cho et al. showed that DPS, which contains a dithiocarbamate structure, adsorbs
strongly on the Cu surface through the lone-pair electrons of its nitrogen atoms. This
adsorption suppresses Cu-adatom surface diffusion, allowing DPS to function as both an
accelerator and a leveler. Compared with SPS, DPS produces smoother Cu deposits with
lower surface roughness and resistivity while eliminating the need for an additional leveler
and reducing organic contamination [46,49]. Lee et al. attributed the accelerating effect of
DPS to the formation of a stable Cu(I)(DPS), complex, which stabilizes the Cu* intermediate
and facilitates the conversion of Cu?* to Cu*, thereby accelerating Cu electrodeposition [50].

Building on the structure—property relationship of DPS, Wang et al. developed ETPS,
an accelerator containing a dithioester group (—C(=S5)-5-). At the same concentration, ETPS
provided stronger acceleration than MPS, promoted the low-energy Cu(111) orientation
more effectively than SPS, and produced a smoother deposit [51]. The Cu(111)-dominated
and smoother Cu layer is more uniform and stable, which is beneficial for high-frequency
signal transmission and lower resistivity [52-54].

3.2.3. Suppressors

Suppressors are generally species capable of adsorbing onto the Cu surface. Polyethy-
lene glycol (PEG), the most widely used long-chain polyether suppressor, is a representative
example. In PEG-containing baths, interactions between PEG, chloride ions, and interfacial
Cu(I) species promote the formation and stabilization of a PEG-Cu—Cl passivating film,
thereby reducing the local Cu deposition rate and regulating the deposition-rate difference
between the via opening and the via interior. Suppressors are typically long-chain poly-
mers, with polyethylene glycol (PEG) being widely used. PEG suppression depends on
Cl™. PEG adsorption and suppression are potential-dependent both with and without C1~.
The presence of CI~ strengthens PEG adsorption and broadens the potential range over
which suppression is maintained. Adsorbed CI™ interacts electrostatically with PEG-Cu*
species and stabilizes Cu* against reduction, enabling the PEG film to remain stable at high
cathodic overpotentials and form a strongly adherent, well-covered suppressing layer. Feng
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et al. confirmed using in situ surface-enhanced Raman spectroscopy that PEG suppression
involves a ternary PEG-Cu—Cl complex and requires the simultaneous presence of CI~
and Cu* [55]. Hebert further reported that a CI~ concentration above 1 mM is sufficient to
stabilize the PEG suppressing layer [56].

Although the formation of the PEG suppressing film depends on the synergistic in-
teraction of C1~ and Cu®, the effectiveness of PEG in deep vias is also governed by its
molecular transport and adsorption behavior. PEG molecular weight is therefore an impor-
tant parameter because it affects both diffusion into the vias and the resulting suppression
strength. Dow et al. investigated the effect of PEG molecular weight on bottom-up filling
in microblind vias. At a fixed PEG concentration of 200 ppm, the molecular weight was
varied from 200 to 20,000 g/mol. PEG molecular weight strongly affected both suppression
strength and filling performance, with an optimum range of 6000-8000 g/mol. Below
600 g/mol, PEG could not establish effective synergy with the accelerator, preventing
bottom-up filling. Above 8000 g/mo], filling performance deteriorated because the strong
convection dependence of high-molecular-weight PEG caused suppression at the via bot-
tom and weakened the deposition-rate gradient required for bottom-up filling [57]. Because
bridge formation converts a TGV into two blind vias, these results provide guidance for
the subsequent filling stage of butterfly deposition.

In addition to molecular weight, the filling behavior of PEG is strongly influenced by
its competitive interaction with accelerator molecules, particularly SPS. In PEG-CI-SPS
baths, PEG and SPS compete for adsorption sites. PEG first forms a passivating film through
its synergistic interaction with C1~ and interfacial Cu*, whereas SPS can displace this film
and accelerate Cu deposition [43,58].

Because the balance between PEG suppression and SPS acceleration depends on via
geometry, the optimum additive ratio is not universal. Shin et al. identified an optimum
PEG/SPS ratio of 500/5 ppm for TSVs with an aspect ratio of 3:1, whereas Dow et al.
achieved defect-free superfilling of microblind vias using 200 ppm PEG and 1 ppm SPS,
together with CI™ and DB [59,60]. These results show that PEG/SPS formulations must be
tailored to the via geometry, although their competitive and synergistic interaction remains
the basis for process optimization.

To quantitatively describe how PEG-SPS competitive adsorption promotes bottom-
up filling, Moffat et al. described bottom-up superfilling using the curvature-enhanced
adsorbate coverage (CEAC) model [61]. The model combines competitive adsorption
with the change in interfacial area during nonplanar growth and assumes that the local
deposition rate is proportional to the surface coverage of the accelerator. With conservation
of adsorption sites, the coverage parameters of SPS and PEG can be obtained from planar-
electrode data, and the evolution equation for SPS coverage can be derived as Equation (1).

dOspg

T Kads(1 — 0sps)Csps — KincOdps + VkOsps (1)

Equation (1) is the core equation of the CEAC model, where 65pg denotes the SPS
surface coverage 0 < Ogps < 1, t is time, k,gqs and ki, are the rate constants for SPS
adsorption and incorporation/deactivation, respectively, Csps is the SPS concentration
at the electrode interface, q is the reaction order of SPS consumption, v is the normal
interfacial growth rate, and « is the local interfacial curvature. The three terms on the right-
hand side represent SPS adsorption, incorporation/deactivation, and curvature-induced
geometric modulation associated with changes in interfacial area, respectively. The model
assumes that interfacial curvature redistributes SPS, causing it to accumulate preferentially
in concave regions and become relatively diluted in convex regions. During blind-via
filling, the increasing SPS coverage at the via bottom enhances the local copper deposition
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rate, thereby establishing a positive feedback that drives bottom-up filling. The model is
primarily used to explain blind-via filling and may also provide a theoretical basis for the
second stage of butterfly filling in TGVs.

In the PEG-CI-SPS system, C1~ provides the adsorption sites required for PEG and
SPS. However, Cl~ transport is limited inside high-aspect-ratio TGVs. Under low-CI~
conditions, the system may exhibit multiple steady states and hysteresis; once activated,
it is difficult to recover its suppressing behavior, leading to uncontrolled wall deposition,
premature closure at the via opening, and internal voids [56].

The CDA model explains this behavior through the convection-dependent adsorption
of additives. Strong convection near the via opening promotes Cl~ and PEG adsorption
and strengthens suppression, whereas weak convection inside the via reduces suppres-
sion. Additive depletion therefore creates a deposition-rate difference between the via
interior and the opening. Because SPS and PEG cannot be replenished rapidly in deep,
narrow vias, the PEG-CI-SPS system becomes increasingly difficult to control as the aspect
ratio increases.

Two strategies have therefore been proposed: enhancing intravia mass transport
through forced convection and pulse-reverse electroplating and developing suppressors
with stronger inhibition and lower dependence on additive concentration and convection.

To overcome the strong convection dependence and narrow process window of con-
ventional PEG suppressors, EO-PO-based polyethers have been explored as alternatives.
Xiao et al. evaluated EPE2900, an EO-PO-EO triblock copolymer, and found that the
filling defects decreased with increasing concentration and reached a minimum at 100 ppm
but increased again at 200 ppm because the suppression difference between the panel
surface and the via interior became insufficient. Compared with PEG, EPE2900 showed
weaker convection-dependent adsorption and a wider process window [62]. Zhang et al.
compared EO-PO random copolymers with different molecular weights under DC and
PPR electroplating conditions. Like PEG, EO-PO requires C1~ and interfacial Cu(I) for
adsorption and exhibits negligible suppression in chloride-free baths. Under DC conditions,
lower-molecular-weight EO-PO produced stronger suppression because its faster diffusion
and lower steric hindrance enabled greater surface coverage [63]. These studies indicate
that both the concentration and molecular weight of EO-PO-based suppressors must be
optimized to balance suppression strength, intravia diffusion, and deposition-rate control.

To improve the adsorption and transport behavior of polyether suppressors, Han
et al. developed alkyl-terminated methoxy polyethylene glycol (MPEG-AC), including
butyl-terminated MPEG-Bu, by replacing the terminal hydroxyl groups of MPEG with alkyl
groups. Compared with conventional MPEG, MPEG-Bu exhibited stronger adsorption
on the Cu surface because its hydrophobic butyl groups interacted favorably with the
hydrophobic interface formed by adsorbed C1~. Both adsorption and suppression increased
with alkyl-chain length [64]. Han et al. subsequently compared MPEG and MPEG-Bu with
molecular weights of 1000, 2000, and 5000 Da. Among the tested MPEG-Bu suppressors,
the 1000 Da variant provided the highest throwing power in PCB through-holes with
aspect ratios of 6:1 and 10:1, exceeding 80% in both cases. These results from PCB through-
hole electroplating suggest that low-molecular-weight MPEG-Bu may also be a promising
suppressor for high-aspect-ratio TGV electroplating, although its applicability to TGVs
requires direct experimental validation.

Tetrazole-based levelers are widely used to induce butterfly filling and are discussed
in the following section. Polyether suppressors provide an alternative approach. Jin et al.
achieved void-free butterfly filling of TGVs with an aspect ratio of 5:1 using a PEG-SPS-PVP
bath [65]. The S-NDR model employed by Braun et al. explains how polyether suppressors
establish the deposition-rate gradient required for butterfly filling. At sufficiently negative
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potentials, the CI™—polyether-suppressing film breaks down. Because convection is weak at
the via center, C1~ and suppressor molecules cannot be replenished effectively, preventing
film re-formation and leaving the center in an activated state. Near the via opening,
stronger convection enables rapid replenishment and re-formation of the suppressing film,
keeping this region passivated. Consequently, Cu deposits preferentially at the via center
while deposition near the opening is suppressed, leading to butterfly filling. The different
potentials for film breakdown and re-formation produce a hysteresis loop during reverse
potential scanning, providing evidence for the S-NDR mechanism [66].

3.2.4. Levelers

Levelers are organic additives that preferentially adsorb at protrusions and via open-
ings, where the local current density or cathodic overpotential is typically high. By blocking
active Cu-reduction sites and/or restricting surface diffusion, levelers selectively suppress
localized overgrowth, improve deposit uniformity, and help establish a deposition-rate
distribution favorable for bridge formation and bottom-up filling. However, excessive
leveler concentration or overly strong adsorption may inhibit deposition inside the via and
reduce the filling rate. Therefore, the molecular structure, concentration, molecular weight,
chloride-ion concentration, and interactions between levelers and other additives should be
optimized comprehensively. Although both levelers and suppressors can reduce the local
Cu deposition rate, they differ in their selectivity and mass-transfer behavior. Suppressors
generally have higher molecular weights and stronger convection dependence, whereas
low-molecular-weight levelers can enter through-vias more readily and preferentially ad-
sorb at protrusions and via-opening regions characterized by high local current density
and relatively negative cathodic potentials. They thereby inhibit localized rapid deposition
and reduce surface protrusions.

Levelers are generally classified into two categories: dye-based levelers and novel
dye-free levelers. Representative dye-based levelers include Janus green B (JGB) and its
derivative diazine black (DB). JGB contains quaternary ammonium groups and azo bonds.
Mao et al. proposed that cathodic polarization cleaves the azo bonds, generating fragments
that form a dense organic blocking layer. This layer covers active Cu sites, strongly sup-
presses deposition, and produces a leveling effect. JGB can also form a ternary suppressing
film with PEG-C], further enhancing inhibition [67]. DB is a hydroxylated derivative of
JGB. Dow et al. found that DB and Cl~ alone produced only a weak depolarizing effect,
whereas effective void-free filling required the simultaneous presence of DB, PEG, SPS,
and CI~ [60]. This result demonstrates that DB-induced filling depends on the synergistic
interaction of the leveler, suppressor, accelerator, and chloride ions.

Traditional dye-based levelers are limited by poor thermal stability, high cost, toxicity,
environmental concerns, and unsatisfactory deposit quality, motivating the development
of dye-free alternatives. Dye-free levelers mainly include nitrogen-containing heterocyclic
compounds, such as small molecules, polymers, and tetrazolium salts, as well as nonhetero-
cyclic aromatic compounds. Representative examples include 2-mercaptopyridine (2-MP),
4,6-dimethyl-2-mercaptopyrimidine (DMP), tricyclazole (TCA), 1-(4-hydroxyphenyl)-2H-
tetrazole-5-thione (HPTT), 4-aminopyrazolo[3,4-d]pyrimidine (PPA), and 2-mercapto-1-
methylimidazole. Polymeric levelers include poly(1-vinylimidazole-co-1,4-butanediol
diglycidyl ether) (VIBDGE), poly(pyrrole-co-1,4-butanediol diglycidyl ether) (PBDGE).
Tetrazolium-based levelers include tetranitro blue tetrazolium chloride (TNBT) and nitro
blue tetrazolium chloride (NTBC) and triphenylmethane leveler-1 (TPM-1) [68-76], and the
synthetic route for PBDGE is illustrated in Figure 2.
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Figure 2. Schematic illustration of the reaction between pyrrole and 1,4-butanediol diglycidyl
ether to form copolymers, and the arrows indicate successive reaction steps, the ellipsis (.. .) indi-
cates further reactions leading to copolymer formation, and the red labels highlight nitrogen and
oxygen atoms [75].

Among these dye-free levelers, polymeric levelers are particularly relevant to TGV
butterfly filling because their molecular weight affects both adsorption-layer compactness
and intravia transport. Nitrogen-containing polymeric levelers such as polyvinylpyrroli-
done (PVP) have therefore been investigated in TGV electroplating. Jin et al. studied PVP
with molecular weights of 10,000-1,300,000 g/mol in a PEG-SPS-CI1~ copper sulfate bath
for 10:1 TGVs. PVP molecular weight directly controlled the compactness of the adsorption
layer. The 10,000 g/mol PVP formed a dense, defect-free suppressing layer on the Cu
surface and at the via opening, promoting butterfly deposition and void-free filling [65].

Tetrazolium salts are classical levelers for inducing butterfly filling in TGVs. Dow
et al. achieved void-free DC filling of through-vias with an aspect ratio of approximately
1.53:1 using TNBT as the sole suppressing additive. CI™ adsorbs on the Cu surface and
provides negatively charged sites for TNBT adsorption. The resulting TNBT layer reduces
the active area for Cu reduction and suppresses deposition. Sulfuric acid enhances TNBT
chemisorption but decreases the TNBT concentration difference between the via opening
and center, weakening the deposition-rate gradient required for butterfly filling. Excessive
sulfuric acid also causes TNBT precipitation and loss of suppression [77]. Building on
Dow’s work, Ogutu et al. applied TNBT and NTBC to TGVs with aspect ratios of 6:1
and 10:1 and achieved void-free DC filling of 10:1 TGVs [25]. The molecular structures of
the two tetrazolium salts are shown in Figure 3, and the electroplating filling results of
10:1 TGVs using TNBT and NTBC are shown in Figures 4 and 5.
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Figure 3. Molecular structures of NTBC and TNBT: (a) NTBC; (b) TNBT [25].
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Figure 4. Cross sections of images of superfilled TGVs of aspect ratio 10 at different current densities:
(a) 25 mA cm~2 for 5 h; (b) 1.5 mA cm 2 for 7.5 h; (¢) 1.0 mA cm~2 for 12.5 h. Plating bath: 0.88 M
CuS0y, 0.3 M CH3COOH and 80 ppm TNBT in all cases plus (a) 60 ppm CI~; (b) 40 ppm CI~;
(c) 120 ppm C1~ [25].

Figure 5. OM images of cross-sections of 10:1 AR TGVs plated with NTBC. Bath composition: 0.88 M
CuSOy, 45 ppm NTBC, 80 ppm Cl~, and 0.6 M H,;SO4. (a) 1.0 mA cm 2, 13 h; (b) 1.5 mA cm 2,
12 h [25].

Because tetrazolium salts have relatively high molecular weights and low diffusion
rates, their concentration is higher near the via opening and lower at the via center. This
distribution suppresses opening deposition while allowing preferential nucleation and
growth at the center, where a bridge forms. The bridged via then becomes two blind vias
that are filled toward both ends, completing the butterfly-filling process. However, TNBT
and NTBC required approximately 3 h to fill 6:1 TGVs and up to 12.5 h for 10:1 TGVs,
resulting in low productivity and high reagent costs. Fey et al. therefore introduced MTT
as a single-component leveler. Combined with multistage electroplating, the MTT bath
enabled void-free butterfly filling in approximately 1 h for 6:1 TGVs and 4 h for 10:1 TGVs
while reducing material costs [28].
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3.2.5. Methods for Screening Additive Types and Formulations

Because additive performance depends strongly on molecular structure, concentration,
and interactions with other bath components, selecting suitable additives and formulations
is challenging. The development of vertical 2.5-D/3-D packaging has increased the demand
for glass interconnects with smaller diameters, higher aspect ratios, lower electrical loss,
higher thermal conductivity, and greater reliability. These requirements have led to the
development of numerous functional additives for TGV electroplating. Although electro-
plating experiments directly evaluate additive performance, they are time-consuming and
costly. Rapid screening methods are therefore needed to predict suitable additives and
formulations before experimental validation. The main approaches include electrochemical
characterization, numerical simulation, and molecular-dynamics simulation. These meth-
ods can help identify additive systems that establish the deposition-rate gradients required
for void-free butterfly filling.

Electrochemical screening methods include rotating-disk-electrode (RDE) convec-
tion characterization, cyclic voltammetry, and microelectrode monitoring. Based on the
convection-dependent adsorption (CDA) mechanism, Dow et al. developed a constant-
current RDE method for rapidly screening microvia-plating formulations [78]. An effective
plating bath should exhibit stronger suppressor/leveler inhibition under high convec-
tion than under low convection, thereby establishing a deposition-rate gradient favorable
for preferential growth at the via center or bottom. Using Cu-coated Pt RDEs rotated at
100 and 1000 rpm to simulate low and high convection, respectively, Dow et al. identified
CDA behavior from the corresponding cathodic-potential response. They then screened
JGB, DB, ABPV, and BTA in a C1~-PEG-SPS bath and determined suitable process windows
for the leveler and SPS. Because multiple formulations can be tested with a small bath
volume, this method reduces screening time and cost, and its predictions were validated by
complete electroplating experiments [26]. As an alternative to the relatively bulky RDE, Xie
et al. proposed a microelectrode-based cyclic-voltammetric stripping method for additive
analysis. By establishing an equivalent-mass-transfer relationship between the radius of a
stationary microelectrode and the RDE rotation speed, this method enables quantitative
additive screening and online monitoring with a smaller electrolyte volume, as expressed
in Equation (2).

w = 4.22D?/3y1/3;~2 2)

Here, w denotes the angular velocity of the RDE (rad/s), D is the ion diffusion
coefficient, v is the kinematic viscosity of the plating bath, and r is the radius of the
stationary microelectrode. Using this conversion equation, Xie et al. calculated that
a platinum microelectrode with a radius of 12.5 um and a platinum RDE rotating at
1730 rpm have the same mass-transfer coefficient and experimentally verified this result.
The experimental results showed that the additive-concentration profile measured with
the microelectrode exhibited almost no deviation from that measured with the RDE. These
results verified that the microelectrode can replace the relatively bulky RDE for quantitative
screening and online monitoring of additives in through-via plating baths [79].

Numerical simulations commonly combine the finite-element method with multi-
physics governing equations to predict deposit uniformity and defect formation. In a
typical model, the Navier-Stokes equation calculates electrolyte convection, the Nernst-
Planck equation determines the local concentrations of suppressors and accelerators, and
the Langmuir equation calculates their surface coverage on the cathode. The Butler—Volmer
equation then yields the local deposition current density, which is converted into the normal
growth velocity through Faraday’s law. This velocity is applied to an arbitrary Lagrangian—
Eulerian moving mesh in COMSOL to simulate the evolution of the via geometry during
electroplating. Zhao et al. evaluated plating-bath performance using two criteria: a lower
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deposition rate at the via opening than inside the via and void-free filling. They optimized
the PEG concentration, agitation flow rate, and current density through one-factor simula-
tions and validated the predictions experimentally [80]. Wang et al. developed four models
describing additive adsorption/desorption, additive consumption, accelerator replacement
of the suppressor, and competition between additives. These models clarified how ad-
sorption and consumption kinetics affect filling and identified the most sensitive additive
parameters, enabling plating formulations to be screened by numerical simulation [81].
These numerical models provide a quantitative basis for screening additive formulations
and process parameters that establish the deposition-rate gradient required for controlled
butterfly filling.

In addition to the two methods described above, molecular-dynamics simulations
can also be used for additive screening. This method constructs a microscopic model
comprising additive molecules, a Cu surface, and a solvent environment, and employs
force fields such as COMPASS to calculate the interactions between the additive molecules
and the Cu surface, thereby enabling dynamic adsorption simulations at the molecular scale.
By analyzing the adsorption capability of the additives and their ability to form compact
blocking layers, their potential for use as levelers or suppressors can be evaluated [82-84].

3.3. Optimization of Electroplating-Current Strategies

Electroplating-current strategies can be classified as direct-current (DC), multistage-
current, and periodic pulse-reverse methods. DC electroplating is widely used because of
its simple operation and controllable process window. At relatively low current densities,
it produces uniform, fine-grained, and dense Cu deposits with a low risk of void formation.
Jayaraman et al. predicted an optimum DC current density of 0.01 ASD, which Qiao et al.
subsequently evaluated experimentally for 10:1 TGVs [85,86]. Although 0.1 ASD produced
dense, defect-free filling, 0.15 ASD provided higher efficiency while maintaining void-free
deposition and was therefore identified as the optimum critical current density. However,
low-current DC electroplating requires a long processing time and becomes increasingly
vulnerable to edge and tip effects as the aspect ratio increases. Electric-field concentration
near the via opening produces a much higher local current density than at the via bottom,
leading to excessive opening deposition and premature closure [87]. Multistage-current
strategies can shorten the filling time, whereas pulse-reverse electroplating can suppress
opening overgrowth and premature closure.

3.3.1. Multistage Direct-Current Electroplating

Multistage-current electroplating generally uses a low current for bridge formation and
reinforcement, followed by a higher current for subsequent filling. Fey et al. developed a
three-stage strategy. An initial current of 0.003 ASD thickened the seed layer and established
a deposition-rate gradient. A low current was then used to form the central bridge: 0.1 ASD
for 12 min left a narrow seam, whereas 0.025 ASD for 30 min produced a defect-free bridge.
Finally, the current was increased to 0.12 ASD to accelerate subsequent filling. Combined
with a single additive, this strategy improved the filling rate and enabled successful filling
of 6:1 and 10:1 TGVs [28].

3.3.2. Pulse-Reverse Electroplating

As the TGV aspect ratio increases and the via diameter decreases, DC electroplating
suffers from stronger edge and tip effects and restricted intravia mass transport. The
resulting nonuniform current density and Cu-ion depletion cause excessive deposition
near the opening, insufficient deposition at the bottom, premature closure, and internal
voids [88,89]. PPR electroplating addresses these problems by periodically reversing the
electrode polarity. During the reverse pulse, the Cu deposit becomes anodic and dissolves
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back into Cu?*. Because the opening, corners, and protrusions have higher current densities,
they dissolve preferentially, suppressing excessive opening growth and premature closure.
The dissolved Cu?* simultaneously replenishes the ion concentration inside the via. The
reverse and off-time periods also promote additive desorption, diffusion, and readsorption,
thereby redistributing additives and correcting the concentration and current-density
gradients generated during DC electroplating.

The main process parameters of periodic pulse-reverse electroplating include the for-
ward current density, reverse current density, reverse pulse duration, and current-off time.
The forward-pulse stage promotes Cu-ion transport and accelerates deposition, ensuring an
adequate supply of Cu ions at the via center. The reverse-pulse stage dissolves protrusions
near the via opening and reduces the risk of void formation. During the current-off stage,
Cu?* ions can diffuse and redistribute sufficiently inside the via, thereby maintaining
the concentration difference established during the forward-current stage. Liang et al.
investigated the effects of these four parameters on periodic pulse-reverse electroplating
through one-factor experiments. The results showed that the forward current density was
positively correlated with the size of defects at the via center, consistent with the results
obtained by DC electroplating. The reverse current density exhibited a nonmonotonic effect
on void defects inside the vias. As the reverse current density increased, the severity of
void defects first decreased and then increased, with an optimum reverse current density
of 0.8 ASD. Because the reverse current regulates the local morphology by dissolving
protruding regions, the reverse pulse duration determines the cumulative amount of Cu
dissolved from the protrusions. The defect size inside the vias gradually decreased as the
reverse pulse duration increased. Defect-free filling was achieved when the reverse pulse
duration reached 20 ms. Based on these results, Liang et al. proposed an optimized multi-
stage periodic pulse-reverse electroplating strategy. The first stage lasted 120 min, with a
forward current density of 0.1 ASD, a reverse current density twice the forward value, and
a pulse-time ratio of t_on:t_rev:t_off = 100:20:100. The second stage lasted 60 min, with the
forward current density increased to 0.6 ASD, the reverse current density maintained at
twice the forward value, and the pulse-time ratio adjusted to 100:5:100. Here, t_on, t_rev,
and t_off denote the forward-pulse duration, reverse-pulse duration, and current-off time,
respectively. Using this current strategy and a plating bath containing only NTBC as the
additive, Liang et al. achieved void-free butterfly filling of TGVs with an aspect ratio of
5.5:1 [32]. Matsuoka et al. demonstrated through three sets of comparative experiments
that a high-current, short-duration reverse pulse can deactivate the accelerator near the
via opening while preserving accelerator activity at the via bottom [90]. This result also
explains why the current strategy designed by Liang et al. is characterized by a high reverse
current density and a short reverse pulse duration.

Although PPR effects on current distribution, Cu?* transport, and protrusion dissolu-
tion are well established, its influence on additive adsorption is less understood. Zhu et al.
compared direct-current (DC) and periodic pulse-reverse (PPR) electroplating in a copper
sulfate plating bath containing CI~, SPS, PEG, and JGB and separately investigated the
effect of PPR in systems containing each individual additive [91]. The current waveform
used for PPR electroplating is shown in Figure 6.

Based on the cross-sectional filling results of DC and PPR electroplating under the
individual additive systems shown in Figure 7, it can be summarized that, with SPS as
the sole additive, PPR promoted Cl~ enrichment and formation of the negatively charged
Cu-SPS-Cl complex, increasing accelerator coverage at the via bottom and enhancing
bottom-up filling. With PEG as the sole additive at 60 ppm Cl~, the reverse pulse promoted
PEG desorption, weakened suppression at the via bottom, and established a suppressor-
concentration gradient that enabled void-free bottom-up filling. PPR had little effect on
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JGB adsorption because JGB binds mainly through chemical coordination rather than C1~
bridging. More generally, PPR regulation of additive distribution requires a sufficient
Cl™ concentration difference between the via opening and bottom; strong convection or
excessive C1~ concentrations, such as 150 ppm, can weaken or eliminate this effect. Fiedler
et al. adjusted the inorganic electrolyte composition in conjunction with the pulse regime
to improve TGV filling performance [92].

I A
Anodic time
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Off time
Ianodic =50ms
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Lnodic: @anodic current density: 20mA/cm?
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Figure 6. Applied current waveform in the periodic pulse-reverse (PPR) plating process. The
horizontal and vertical arrows indicate time and current, respectively; the blue and orange double-
headed arrows indicate the anodic and cathodic current magnitudes, respectively; and the slanted
arrow indicates the current-off interval [91].
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Figure 7. Cross-sectional observations of the filled TSV by DC and PPR plating using a single
additive: (a1) 10 ppm SPS, DC plating; (a2) 200 ppm PEG, DC plating; (a3) 10 ppm JGB, DC plating;
(b1) 10 ppm SPS, PPR plating; (b2) 200 ppm PEG, PPR plating; (b3) 10 ppm JGB, PPR plating [91].

Tetrazolium salts are widely used as levelers for TGV butterfly filling, but their
response to PPR electroplating remains poorly understood. Shen et al. combined a
tetrazolium-based bath with PPR electroplating and demonstrated void-free filling of
through-silicon holes with an aspect ratio of 6.4:1 within 4 h [93]. A hybrid DC-PPR strat-
egy has also been proposed. Short-duration DC electroplating provides dense, uniform
initial nucleation, whereas subsequent PPR electroplating suppresses void formation and
improves filling. Chen et al. developed a three-step hybrid process: high-current, short-
duration DC electroplating for conformal initial deposition, AC electroplating for bridge
formation, and low-current, long-duration DC electroplating for post-bridge thickening
and filling. Because PPR has a relatively low average current, prolonged PPR filling after
bridge formation would be slow. Replacing this stage with low-current DC electroplating
increased the overall filling rate [94]. These studies show that waveform selection should
be tailored to the different stages of butterfly filling: DC is favorable for rapid and dense
deposition, whereas PPR is more effective for controlling bridge formation and suppressing
filling defects.

3.4. Mass Transfer Optimization

Restricted mass transport in high-aspect-ratio microvias limits Cu?* replenishment,
causing Cu-ion depletion and concentration polarization at the via bottom. The resulting
current redistribution accelerates deposition near the via opening and sidewalls, increasing
the risk of internal voids [95]. In butterfly filling, improving intravia mass transport is partic-
ularly important for maintaining sufficient Cu?* supply and controlling the deposition-rate
difference between the via center and opening. This section therefore reviews the interac-
tion between bath convection and additives and summarizes strategies for strengthening
mass transport.

The core of the CDA mechanism described above is that strong convection promotes
Cl™ mass transport. Because convection is stronger near the via opening, the C1~ surface
coverage is higher, providing more adsorption sites for suppressors and thereby enhancing
suppression. At the via bottom, convection is weaker and the C1~ concentration is lower;
consequently, the accelerator effect becomes dominant. Thus, convective mass transport
can regulate the distribution of additives inside the via by adjusting the difference in C1~
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concentration between the via opening and the via bottom, thereby enabling bottom-up
filling [26,60]. Wang et al. experimentally verified the CDA mechanism proposed by Dow
et al. using cyclic-voltammetry experiments. They found that, as the agitation rate of the
plating bath increased, the size of filling defects under high-current-density electroplating
continuously decreased, indicating that enhanced agitation strengthened suppression near
the via opening. In addition, a significant coupling effect exists between forced convection
and current density. Under low-current-density deposition, increasing the agitation rate
alone increased the grain size of the deposited Cu layer. In the absence of agitation,
increasing the current density reduced the grain size and improved deposit uniformity.
Figure 8 shows cross-sectional SEM images of the electroplated samples obtained under
agitation at different current densities [96]. As shown in Figure 8, combining a high current
density with forced stirring can produce a coating that is simultaneously fine-grained,
uniform, and defect-free.
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Figure 8. Cross-sectional SEM images of TSV filling results under different plating conditions.
(a) Current density ] = 3 mA/ cm?, without stirring; (b) current density ] = 4 mA/ cm?, without
stirring; (c) Current density ] = 6 mA/ cm?2, without stirring; (d) current density ] =3 mA/ cm?, stirring
speed R = 1500 rpm; (e) current density J = 4 mA /cm?, stirring speed R = 1500 rpm; (f) current density
J = 6 mA/cm?, stirring speed R = 1500 rpm [96].

Braun et al. further used a multiphysics model to identify an optimum bath-flow
velocity of 40-80 cm/s, within which intravia mass transport was balanced and stable
bottom-up filling was maintained [66].

Forced-convection strategies for enhancing intravia mass transport include mechanical
agitation, bath circulation, magnetic stirring, air agitation, and ultrasonic agitation. Mechan-
ical agitation, bath circulation, and magnetic stirring mainly generate macroscopic flow and
therefore provide limited improvement in mass transport within deep, narrow microvias.
Air agitation can promote bath exchange in relatively large through-vias, but trapped
bubbles may increase the risk of void formation in smaller TGVs and TSVs. Ultrasonic
agitation is more effective for high-aspect-ratio microvias because cavitation, microjets,
shear, and micromixing reduce the fluid boundary layer and enhance microscale convection
inside the vias [97-99].

Chen et al. compared the mass-transport enhancement provided by mechanical
and ultrasonic agitation. Comparative studies have shown that ultrasonic agitation can
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achieve void-free filling where mechanical agitation produces internal voids, owing to the
deeper penetration of ultrasonic-induced disturbances and the resulting improvement in
intravia mass transport [97]. The effectiveness of ultrasonic agitation depends on process
parameters such as ultrasonic power and the distance between the microvias and the
transducer. Coupled acoustic—fluid simulations demonstrated that the average intravia flow
velocity increases with ultrasonic power but decreases with the transducer distance [100].
As illustrated in Figure 9, the mean intravia flow velocity can therefore serve as a practical
parameter for selecting ultrasonic operating conditions and establishing an effective mass-
transport window. By converting ultrasonic power and transducer distance into mean
intravia velocity, this model, together with Braun et al.’s optimum flow-velocity range,
provides a quantitative basis for selecting ultrasonic operating conditions that ensure
effective mass transport.
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Figure 9. The figure illustrates the relationships between the average intravia flow velocity, ultrasonic
power, and the distance between the via and the transducer: (a) the relationship between the average
intravia flow velocity and ultrasonic power; (b) the relationship between the average intravia flow
velocity and the via-to-transducer distance [100].

3.5. Data-Driven Screening and Optimization of Coupled Electroplating Parameters

With the continuous development of advanced packaging and high-density intercon-
nect technologies, the number of process-control parameters involved in filling high-aspect-
ratio micro through-vias has steadily increased. Multiple factors, including current density,
additive type and concentration, and ion concentration, are strongly coupled. Conventional
trial-and-error experiments that vary these factors individually are therefore both time-
consuming and costly. With the development of artificial intelligence and multiphysics
numerical analysis, methods such as machine learning and response-surface analysis can
be used to pre-screen optimum combinations of process parameters, thereby reducing the
number of calibration experiments and lowering experimental cost. Fu et al. established an
Al-based complex-system response platform and introduced a dimensionless evaluation
coefficient C to determine whether a given combination of process parameters input into
the platform was effective. Based on the general complex-system-response (CSR) transfer
function proposed previously, as shown in Equation (3), Fu et al. considered five parame-
ters: the DC electroplating current density, CI~ concentration, accelerator concentration,
suppressor concentration, and leveler concentration. Using only 26 calibration experiments,
they calculated all coefficients of the general CSR function and subsequently established a
complete CSR response function applicable to TGV Cu electroplating.
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The physical meaning of the response-function output E, namely, the dimensionless
evaluation coefficient C, is the ratio of the Cu-layer thickness at the via center to that at
the via opening. When C > 1, void-free butterfly filling can be achieved. The optimum
combination of process parameters can be determined by selecting the maximum E within
the process window. Fu et al. experimentally validated the optimum process-parameter
combination determined by the CSR response function. The error between the experimen-
tally measured C value and the value predicted by the CSR response function was —4.2%.
Using this process-parameter combination, they achieved void-free butterfly filling of TGVs
with an aspect ratio of 10:1 [101].

Yu et al. generated 470 simulation samples using orthogonal-random sampling based
on five parameters: sidewall inclination angle, suppressor concentration, C1~ concentration,
via diameter, and via depth. They trained SVM, REF, and DNN models and validated
them with 134 additional samples. After simplifying the Cu-thickness profiles using peak
extraction and the Douglas—-Peucker algorithm, they classified butterfly filling as void-free
when the deposit thickness increased continuously from the via opening toward the center.
The DNN achieved the highest prediction accuracy of 93.28%, demonstrating its ability to
rapidly screen effective parameter combinations and reduce trial-and-error experiments
and cost [102].

4. Via-Geometry Optimization and Other Filling Strategies

The increasing demand for high-density interconnects in interposers for 2.5-D and 3-D
packaging has led to a gradual increase in the aspect ratio of interposer through-vias. Silicon
substrates commonly used at present have thicknesses ranging from approximately 100 um
to the millimeter scale, whereas glass substrates are typically 100-500 um thick. Because
the requirement for a high aspect ratio limits the extent to which filling performance can be
further improved by adjusting the via diameter, via geometry must be optimized under
the same aspect-ratio condition. Even at the same aspect ratio, the difficulty of complete
filling varies among through-vias with different geometries. At present, through-vias can
be mainly classified into three types: X-shaped, straight, and V-shaped through-vias, as
shown in Figure 10.

(b) (c)

Figure 10. Schematic illustrations of through-via geometries: (a) straight through-via; (b) X-shaped
through-via; (c¢) V-shaped through-via.
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4.1. Geometry-Assisted Conformal Complete Filling

Conformal filling uses additives to equalize the Cu deposition rates at the via opening
and along the sidewalls, producing a uniform Cu layer on the through-via walls. It is
commonly used for partial metallization, in which the sidewall Cu layer is connected to
the surface Cu layer. The filling quality is typically evaluated by the throwing power
(TP), defined in Figure 11 and Equation (4). In contrast to butterfly filling, which relies on
preferential deposition at the via center, conformal filling aims to minimize the deposition-
rate difference between the via opening and sidewalls.

Figure 11. Schematic illustration of the throwing-power (TP) calculation, the arrows indicate the
locations and directions of Cu thickness measurement: A1-A4 on the upper and lower substrate
surfaces and B1-B6 along the via sidewalls.

(B1 4 B2+ B3 + B4 + B5 + B6) /6

= T AlT A2 1 A3 1 Ad) /4

(4)

Akolkar proposed the Thiele modulus to describe the relationship between deposition
and mass transport during conformal filling, as defined in Equation (5).

2kL? 2iyL2ebn
H= = ®)
DR nFC, DR

The Thiele modulus represents the ratio of the deposition rate to the ion-diffusion

rate. When the Thiele modulus is greater than 1, the rate at which Cu deposition consumes
Cu?* exceeds the rate at which ion diffusion replenishes Cu?*, and the system is in the
diffusion-limited regime. Under these conditions, mass transport and deposition are faster
near the via opening but slower inside the via. Consequently, the deposition rate at the via
opening is higher than that inside the via, making void formation likely. When the Thiele
modulus is less than or equal to 1, the rate of Cu** consumption by Cu deposition is lower
than the rate of replenishment by ion diffusion, and the system is in the kinetics-controlled
regime. In this case, diffusion replenishment is sufficient, the Cu?* distribution is relatively
uniform, and the deposition rates at different locations along the via wall are similar,
which is favorable for conformal deposition [103]. For high-aspect-ratio TGVs, conformal
filling can be achieved by regulating the additive ratio, applying pulsed electroplating, and
using other approaches to equalize the deposition rates on the glass through-via surface
and sidewalls [104].
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Conformal electroplating remains feasible for high-aspect-ratio TGVs. For applications
such as MEMS vacuum packaging, RF structures, low-stress interconnects, and partially
filled structures, a conformal Cu layer on the via walls can provide basic electrical connec-
tivity while offering a short processing time, a small Cu volume, and low thermomechanical

—

stress [105,106]. However, for TGV interconnects in advanced packaging that require low
resistance, low insertion loss, high current-carrying capability, and high thermal conduc-
tance, a conformal thin Cu layer alone provides only a limited conductive cross-sectional
area. Consequently, its resistance and high-frequency loss are higher than those of partially
filled and fully filled structures [21]. Tanaka et al. reported that the transmission loss
decreases in the order of conformal TGVs, partially filled TGVs, and fully filled TGVs,
indicating that increasing the Cu filling volume inside the vias improves transmission per-
formance [3]. Therefore, research on fully metallized TGV interconnects generally favors
complete filling, whereas complete filling by conformal deposition is applicable only to
special via geometries.

When conformal filling is used to completely fill straight through-vias, seams readily
form inside the vias, as shown in Figure 12. Accordingly, conformal filling for complete Cu
filling is generally more suitable for special via geometries, such as X-shaped and V-shaped
through-vias. Taking an X-shaped through-via as an example, its geometric features can be
used to form a bridge at the waist, thereby dividing the through-via into two blind vias,
after which conformal filling is continued to achieve complete filling of the through-via [85],
as shown in Figure 13. The quality of the Cu layer obtained by conformal electroplating is
generally evaluated using the throwing power (TP), which is defined in Equation (4).

-

N
N

(a) (b) ()

Figure 12. Schematic illustration of conformal Cu filling in a straight through-via: (a) an unfilled
through-via; (b) conformal Cu deposition on the via sidewalls and substrate surfaces; (c) continued
deposition leading to closure of the via and formation of a central seam. The hatched regions represent
the glass substrate, the dark gray regions represent deposited Cu, and the white line in (c) indicates
the seam.

Complete filling via conformal deposition is typically achieved by tailoring the elec-
troplating current protocol. Jayaraman et al. controlled the current based on the Thiele
modulus to maintain the electroplating process in the kinetics-controlled regime. They
achieved conformal filling and demonstrated void-free conformal filling of X-shaped glass
through-vias in an additive-free plating bath [85].
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(a)

Although conformal filling can achieve complete filling of special via geometries, such
as X-shaped and V-shaped through-vias, studies have shown that the taper of these special
via geometries affects both signal-transmission loss and mass-transport conditions inside
the vias.

(b) (c) (d)

Figure 13. Schematic illustration of complete Cu filling by conformal deposition: (a) X-shaped
through-via; (b) conformally deposited Cu layer; (c) bridge formation by conformal filling; (d) com-
plete filling by conformal deposition.

4.2. Effects of via Geometry on Filling Behavior and Interconnect Performance

At the same aspect ratio, straight through-vias are the most difficult to fill without
voids among straight, X-shaped, and V-shaped through-vias. Feng et al. compared the
filling results of X-shaped and straight through-vias under the same electroplating system
and aspect ratio. The results showed that the time required to form a bridge at the center
of a straight through-via was approximately twice that required for an X-shaped through-
via. In addition, as the aspect ratio increased, voids in the straight through-vias became
more difficult to eliminate [107]. Bellemare et al. found that an X-shaped through-via
could achieve central bridging and complete filling through single-step DC electroplating,
whereas a straight through-via required a periodic pulse-reverse process and a longer
bridge-formation time. This difference is attributed to the constricted middle section of
the X-shaped through-via, which promotes Cu accumulation and deposition at the center.
The inclined sidewalls also facilitate the diffusion of additive molecules and Cu?*, making
central bridging easier and promoting butterfly filling. By contrast, the plating solution
and additives experience greater diffusion resistance in straight through-vias. Because
the via center is farther from the plating bath, Cu?>* and additive molecules cannot be
replenished in time, and voids can readily form as a result of premature closure at the via
opening [108]. Hoang and Kondo. combined COMSOL fluid simulations with rotating-
disk-electrode (RDE) cyclic-voltammetric stripping (CVS) characterization to compare
the mass-transport conditions in straight and tapered through-vias. They revealed the
mass-transport advantage of tapered vias and experimentally verified the simulation
results. Under the flow-velocity boundary condition corresponding to an RDE rotation
speed of 1000 rpm, the vortices inside the straight through-via reached only the middle
of the via depth, whereas those inside the tapered through-via with the same aspect ratio
reached approximately two-thirds of the via depth. These results indicate that the intravia
mass-transport conditions in tapered through-vias are substantially better than those in
straight through-vias. At the same depth, the flow velocity in the tapered via was higher,
significantly reducing the diffusion resistance of Cu?* and additive molecules [109]. Yu
et al. established an X-shaped TGV model with an aspect ratio of 5:1 and different sidewall
inclination angles using finite-element simulation and a multiphysics electrodeposition
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model. They comparatively analyzed the diffusion behavior of additive molecules and Cu?*
inside the vias at different sidewall angles. The results showed that the sidewall inclination
angle of an X-shaped TGV with an aspect ratio of 5:1 should be controlled within 0—4°. A
slight inclination can guide the suppressor to diffuse slowly along the via wall toward the
center and adsorb uniformly. When the sidewall inclination angle reaches >8°, the cross
section at the via center contracts sharply, and the suppressor tends to accumulate in the
constricted region. This accumulation produces an imbalanced distribution, causing Cu
to preferentially deposit on both sides of the through-via and resulting in void formation.
Therefore, vias with large sidewall angles are highly sensitive to the concentrations of
suppressors and Cl~, have a narrow process window, and are unsuitable for metallization
interconnects in glass interposers [102].

Although X-shaped and V-shaped through-vias are more readily filled completely
than straight through-vias at the same aspect ratio, their signal-transmission losses differ
significantly. Therefore, via-geometry design must consider both electroplating-filling
performance and high-speed signal-transmission performance. Tong et al. analyzed the
effect of the sidewall inclination angle of V-shaped through-vias on signal-transmission loss.
They found that, as the via taper increased, the cross-sectional area of the Cu conductor at
the via bottom decreased substantially. This reduction increased the conduction resistance
and parasitic inductance, thereby continuously increasing the insertion loss and degrading
high-speed signal integrity [110]. Fang et al. found that, under the same surface roughness
and taper, X-shaped TGVs exhibited the largest insertion loss and signal delay, whereas
straight through-vias exhibited the smallest corresponding values. When the taper angle of
the X-shaped TGV reached 6°, its high-frequency performance deteriorated significantly.
These results indicate that reducing the taper angle can help lower signal-transmission loss
in X-shaped TGVs [111].

4.3. Other Filling Strategies

In addition to achieving complete metallization of special via geometries, conformal
deposition can also be used to metallize a via by depositing a metal layer along its sidewalls.
This application requires high thickness uniformity of the deposited layer. Chang et al.
found that, under a DC electroplating strategy, the deposit uniformity decreased as the
current density increased. However, low-current DC electroplating requires an excessively
long processing time. A multistage DC electroplating strategy can therefore be employed:
a low current is first applied to establish a uniform electric field and prepare for subsequent
conformal Cu deposition; a high current is then applied for a short duration to rapidly
thicken the Cu layer; and an extremely low current is finally applied to compensate for the
thinner Cu layer at the waist and reduce the thickness difference. Based on this approach,
the two proposed current strategies were 1/15.2(j; /t1) + 5/3.0(G2/t2) + 0.5/30.3(j3/t3) and
1/15.2(G1/t1) + 2/7.6(j2/t2) + 0.5/30.3(j3/t3), respectively. The current density in each
stage is given in ASD, and the duration is given in minutes. Both strategies substantially
shortened the electroplating time while meeting the industrial acceptance criterion of
TP > 80% [104].

Although TGVs metallized with a uniform conformal Cu layer exhibit superior ther-
momechanical performance, they have relatively high electrical resistance. To balance the
requirements of low resistance and thermomechanical reliability, partial-filling strategies
have also been developed. In these strategies, a bridge is formed only in a selected section
of the via to close it, while the remaining regions are conformally filled to ensure complete
metallization of the via [106,112].
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5. Conclusions

This review summarized recent progress in high-aspect-ratio through-glass-via (TGV)

metallization, focusing on electroless seed-layer preparation, plating-bath and additive

optimization, additive-formulation analysis and screening, electroplating-current strategies,

mass-transport conditions, via-geometry optimization, and alternative filling strategies.

The main conclusions are as follows.

1.

Electroless Ni-P and silver plating can improve the continuity and step coverage of
seed layers in high-aspect-ratio TGVs compared with conventional vacuum-based
deposition methods. However, hydrogen evolution, bubble-induced skip-plating,
bath instability, and insufficient adhesion remain important limitations. The activa-
tion process and electroless-plating chemistry must therefore be optimized to obtain
uniform and reliable seed layers.

Acidic copper plating, particularly copper sulfate and copper methanesulfonate sys-
tems, is the principal chemistry used for TGV filling. The concentrations of Cu ions,
acid, chloride ions, accelerators, suppressors, and levelers must be optimized coopera-
tively because their interactions determine the deposition-rate distribution required
for defect-free butterfly filling. The optimum additive ratio is not universal and should
be tailored to the via geometry and operating conditions.

As TGV diameters decrease and aspect ratios increase, the coupled effects of current
density, ion concentration, additive composition, and via geometry make formulation
development increasingly time-consuming and costly by trial and error. Analytical
and screening methods are therefore needed to identify effective additive systems
and process windows before full-scale plating experiments. Electrochemical measure-
ments, numerical simulations, molecular-dynamics analysis, and data-driven models
provide complementary information on additive transport, adsorption, interfacial
reactions, and process-parameter interactions.

Direct-current, multistage-current, and periodic pulse-reverse electroplating provide
different ways to regulate bridge formation, subsequent filling, and defect suppression.
Low current favors stable bridge formation, whereas higher current accelerates filling
after bridging. During reverse pulses, protrusions near the via opening dissolve
preferentially, while Cu®* and additives are redistributed inside the via. These effects
support the use of pulse-reverse and hybrid current strategies to improve filling
quality and process efficiency.

Restricted transport of Cu?* ions and additives becomes increasingly important as
the via diameter decreases and the aspect ratio increases. Mechanical stirring, bath
circulation, magnetic stirring, and air agitation mainly generate macroscopic flow and
provide limited improvement in deep microvias. Ultrasonic agitation has become one
of the most widely used methods for high-aspect-ratio microvias because cavitation,
microjets, shear, and micromixing enhance microscale convection inside the vias. Its
effectiveness can also be adjusted through parameters such as ultrasonic power and
transducer distance, making the process more controllable.

X-shaped and V-shaped vias can improve intravia transport and promote central
bridging compared with straight vias at the same aspect ratio. However, excessive
taper or a large sidewall angle can cause additive accumulation, narrow the electroplat-
ing process window, reduce the conductive cross-section, and increase high-frequency
transmission loss. Via geometry should therefore be optimized by considering both
filling behavior and interconnect performance.

Conformal filling, partial filling, and Cu-bridge structures provide alternatives to com-
plete butterfly filling when lower Cu consumption, shorter processing time, or lower
thermomechanical stress is required. Conformal filling is suitable for partial metalliza-

https:/ /doi.org/10.3390/mil7111214


https://doi.org/10.3390/mi17111214

Micromachines 2026, 17, 1214 26 of 31

tion, MEMS packaging, RF structures, and low-stress interconnects, whereas partial
filling and Cu-bridge structures provide a compromise among electrical performance,
reliability, material consumption, and manufacturing efficiency.

The studies discussed above have proposed methods for improving TGV metallization
through seed-layer preparation, plating-bath and additive optimization, electroplating-
current control, intravia mass-transport enhancement, via-geometry design, and filling-
strategy selection. Future research should further integrate these approaches and combine
electrochemical characterization, numerical simulation, and data-driven methods to clarify
parameter interactions and identify suitable additive systems and process windows for
different via geometries and application requirements. This approach could reduce reliance
on empirical trial-and-error optimization while improving process-development efficiency
and reproducibility.

By establishing the relationships among process parameters, deposition behavior, fill-
ing morphology, and electrical and thermomechanical performance, quantitative control of
TGV metallization may be achieved, enabling optimized processes that balance filling qual-
ity, interconnect performance, reliability, processing efficiency, and material consumption.
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