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ARTICLE INFO ABSTRACT
Keywords: Wet cleaning, a critical step in semiconductor manufacturing, is essential for device reliability but can induce
Atomic layer deposition metal corrosion due to the aggressive chemical solutions used, becoming a primary cause of yield degradation. As

Chemical mechanical polishing
Corrosion control

Corrosion inhibitors
Semiconductor processing
Surface passivation

device miniaturization and the complexity of 3D structures advance, the use of nanometer-scale metal thin films
and dissimilar metal junctions has become commonplace, further increasing the importance of corrosion control.
This review systematically examines the corrosion mechanisms and state-of-the-art passivation strategies for key
metallic materials—molybdenum (Mo), titanium-based nitrides, tungsten (W), and copper (Cu)—that critically
influence the performance and reliability of next-generation semiconductor devices. For each metal, a wide range
of corrosion control technologies are discussed, from chemical inhibitors based on organic compounds and amino
acids to advanced techniques such as graphene and ceramic nanocoating, film quality control using Chemical
Vapor Deposition (CVD) and Atomic Layer Deposition (ALD), interface engineering strategies like hydrothermal
oxidation (HTO), self-passivation, and innovative strategies like self-healing and metal-organic framework
(MOF)-based hybrid coatings. This paper demonstrates that a multifaceted approach combining chemical inhi-
bition with the formation of physical protective barriers is a key strategy for ensuring the interfacial stability of
metals and enhancing device reliability in next-generation semiconductor processes.

1. Introduction from the wafer surface and maintaining chemical uniformity—is one of
the most critical and frequently performed steps [1-3]. Wet cleaning is

The performance and reliability of modern semiconductor devices repeatedly applied at various stages of device fabrication, including pre-
are fundamentally determined by precisely controlled fabrication pro- and post-lithography, after deposition and etching, following ion im-
cesses, among which wet cleaning—aimed at removing contaminants plantation, and post-chemical mechanical polishing (CMP). Owing to its

Abbreviations: AA, Alcohol amine; AFM, Atomic force microscopy; AIA, Indazole-5-amine; ALD, Atomic layer deposition; AS-ALD, Area-selective atomic layer
deposition; ATA, 3-Amino-1,2,4-triazole; ATAH, 5-Aminotetrazole; a-C, Amorphous carbon; BTA, Benzotriazole; BTA-MOF, Benzotriazole-metal-organic framework;
BTC, Benzethonium chloride; CMP, Chemical mechanical polishing; CMPa, Chemical mechanical planarization; CPD, Cataphoretic deposition; CVD, Chemical vapor
deposition; DA, Decanoic acid; DFT, Density functional theory; DCMS, Direct current magnetron sputtering; EDS, Energy dispersive spectroscopy; EIS, Electro-
chemical impedance spectroscopy; Ecorr, Electrochemical corrosion potential; FA, Fulvic acid; GC, Guanidine carbonate; HEDP, Hydroxyethylidene diphosphonic
acid; HiPIMS, High power impulse magnetron sputtering; HTO, Hydrothermal oxidation; i.oy, Corrosion current density; k, Dielectric constant; K4P,07, Potassium
pyrophosphate; MAIP, Multi-arc ion plating; MOF, Metal-organic framework; MRR, Material removal rate; MTAH, 5-mercapto-1-methyltetrazole; MTEZ, 5-meth-
yltetrazole; N,S-CDs, Nitrogen, sulfur-co doped carbon dots; OCP, Open circuit potential; PDP, Potentiodynamic polarization; PEALD, Plasma-enhanced atomic layer
deposition; PR, Photoresist; RR, Removal rate; Ry, Polarization resistance; SAM, Self-assembled monolayer; SC-1, Standard clean 1; SC-2, Standard clean 2; SEM,
Scanning electron microscopy; SER, Static etching rate; SHA, Salicylhydroxamic acid; STEM, Scanning Transmission Electron Microscopy; STR, Small triazole de-
rivative; TAZ, 1,2,4-triazole; TDMAT, Tetrakisdimethylaminotitanium; TEM, Transmission electron microscopy; TEZ, Tetrazole; TMAH, Tetramethylammonium
hydroxide; TTA, Tolyltriazole; XPS, X-ray photoelectron spectroscopy.
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repeated application and direct interaction with exposed materials, the
effectiveness of wet cleaning is closely linked to overall process stability
and device yield (Fig. 1).

To eliminate organic residues, metallic contaminants, and particu-
late defects, semiconductor manufacturing relies on highly oxidative or
strongly acidic/alkaline chemistries such as Standard clean 1 (SC-1),
Standard clean 2 (SC-2), dilute hydrofluoric acid (HF), and piranha so-
lutions [4-6]. While these formulations ensure high cleaning efficiency,
they also create chemically aggressive environments that destabilize
exposed metal surfaces. Elevated temperatures, high oxidant concen-
trations, and extreme pH conditions further intensify interfacial re-
actions, increasing the susceptibility of thin metallic films to corrosion.

As device dimensions continue to scale and integration density in-
creases, metallic films with thicknesses of only a few nanometers are
routinely employed, often in close proximity to dissimilar materials.
Under such conditions, electrochemical interactions—including
galvanic coupling between adjacent metal layers—can give rise to
highly localized corrosion phenomena that are difficult to suppress
through intrinsic passivation alone [7-10]. These effects are particularly
pronounced in complex multilayer stacks and high-aspect-ratio device
architectures, where localized material degradation can compromise
structural integrity and electrical performance (Table 1).

This challenge is critical for key metals and metal nitrides—includ-
ing molybdenum (Mo), titanium-based nitrides, tungsten (W), and
copper (Cu)—which serve as gate electrodes, contacts, and diffusion
barriers and are repeatedly exposed to aggressive cleaning environments
[11-16]. Each material exhibits distinct corrosion pathways governed
by its intrinsic physicochemical properties. For example, Mo readily
forms chemically unstable oxides susceptible to dissolution, titanium-
based nitrides suffer from localized degradation following surface
oxidation, W undergoes rapid oxidative attack in corrosive solutions,
and Cu remains prone to corrosion and galvanic interactions during CMP
and wet cleaning despite its favorable electrical properties [17-26].

Given that wet cleaning is inseparable from advanced semiconductor
processing, ensuring the chemical and electrochemical stability of these
metals is as critical as achieving effective contaminant removal.
Accordingly, a comprehensive understanding of corrosion mechanisms
and the development of robust, process-compatible passivation strate-
gies are essential for sustaining device reliability as scaling and inte-
gration complexity progress.

Therefore, this review systematically examines the fundamental
corrosion behaviors of Mo, titanium-based nitrides, W, and Cu under
semiconductor wet cleaning conditions, and critically surveys state-of-
the-art passivation and inhibition strategies developed to mitigate
these challenges. By integrating mechanistic insights with materials-
and process-level considerations, this work aims to provide a coherent
framework for corrosion control in next-generation semiconductor
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manufacturing.

2. Fundamentals of metal corrosion in semiconductor wet
cleaning

In semiconductor manufacturing, wet cleaning is a repeatedly
applied unit process for removing organic residues, metallic contami-
nants, particulates, and process byproducts from wafer surfaces [27,28].
It is used at multiple fabrication stages, including photolithography,
etching, ion implantation, and CMP. In practice, wet cleaning can ac-
count for more than 30% of the total fabrication flow, leading to
frequent exposure of thin metallic films to strongly acidic, alkaline, or
oxidizing environments, often at elevated temperatures. As device di-
mensions scale to the nanometer regime, even minor disruption of
native or process-induced passivation layers can initiate electrochemical
dissolution. Repeated exposure to aggressive chemistries amplifies this
effect, causing cumulative thinning, interfacial degradation, and
increased electrical resistance, even in the absence of visible defects.
Accordingly, corrosion during wet cleaning should be regarded as a
process-integrated electrochemical phenomenon that governs the sta-
bility of nanoscale metal features [29,30].

2.1. Overview of wet cleaning processes in semiconductor manufacturing

Wet cleaning is an essential step in semiconductor fabrication, and
different formulations are applied depending on the process sequence,
with SC-1, SC-2, HF, and piranha solution being the most widely used
[31]. SC-1 (e.g., NH4OH/H302/H0) is primarily employed to remove
organic residues and fine particulates, where NH4OH promotes particle
dispersion and metal complexation, while HoO5 oxidizes carbonaceous
contaminants [32,33]. SC-2 (e.g., HCl/H302/H50) targets residual
metallic impurities such as Fe>* and A1** through oxidative dissolution
and chloride complexation, suppressing metal redeposition after SC-1
treatment [34]. Dilute HF selectively removes native SiO, and
transition-metal oxides via fluorocomplex formation and is commonly
used in pre-diffusion cleaning, gate oxide preparation, and post-etch
residue removal [35]. Piranha solution (e.g., HoSO4/H205) is a strong
oxidizing mixture that decomposes organic contaminants through the
generation of reactive oxygen species, enabling efficient removal of
photoresist residues and hydrocarbon films [36,37].

The effectiveness of wet cleaning is governed by oxidizing strength,
metal-ion complexation, particle removal mechanisms, and compati-
bility with device materials [27]. These factors define the chemical
environments experienced by exposed metal layers and establish the
boundary conditions for corrosion phenomena [38-41].
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Fig. 1. (A) Schematic representation of wafer wet cleaning using sequential solutions (e.g., SC-1, SC-2) and pure water rinsing to remove organic residues, metallic
ions, and particulates. (B) Illustration of wet cleaning as an integrated process step in semiconductor manufacturing, applied before and after key stages such as

photolithography, etching, ion implantation, CMP, and deposition.
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Table 1
Summary of corrosion inhibition effects of various inhibitors on Mo surfaces.
Inhibitor/ Conditions Key Observations/ Corrosion
Coating Type Results Inhibition
Efficiency

BTA 0.9 wt% Ho05 + 0.1 wt Reduces Mo etch < 35.2%
% K4P20, pH 10.0, rate to 136 A/min; [74]
with 0-500 ppm BTA. Ecorr shift + 129 mV;

less dense film than
ATA.

ATA 0.9 wt% H305 + 0.1 wt Etch rate: 36 A/min; < 89% [74]
% K4P207, pH 10.0, Ecorr shift + 154 mV;
with 0-500 ppm ATA. dense passivation

film formation.
BTA + K4P507 0.1 wt% K4P207 + 0.9 Mo RR: 308 A/min; < 85.9%
mixture wt% H,0,, pH 10, with AE: 3 mV; Mo®: 2.4% [75]
200 ppm BTA. to MoOg: 33.6%.

Methionine 1 wt% SiOy + 1 wt% Electron-donating < 38.9%
H>03, pH 2, with 10 groups stabilize [80]

mM amino acid MoO,, surface; Mo
additives. etch rate: 26 A/min.

Glycine Slurries containing At low conc., < 35%
H,0, and glycine at electrostatic [80,82]
various concentrations, interaction with Mo
pH adjusted to 9-10 surface delays MoO3
using KOH and NaNOs. formation; at high

conc., surface
chelate formation
can destabilize Mo
and promote
dissolution.
Inhibition effect also
confirmed in
alkaline H>O,-based
slurry systems.

Streptomycin 3.0 MH3PO4 +1.0 M Suppressed Mo < 98.85%
NaCl, with 10 mM corrosion and Hy [83]
streptomycin. evolution; protective

layer confirmed by
SEM.

Graphene Graphene-coated Mo Defect-minimized < 20.8%

coating (Gr/Mo) in 0.1 M NaCl mono-/bilayer [93]
under OCP for 10 days.  graphene; improved

initial corrosion
resistance.

ZrO, glassy ZrO,-containing glass Uniform bilayer < 75% [96]

coating (5-30 wt%) coated Mo  graphene; reduced
were heated at 1000 °C  surface oxides.
for 2 h and annealed at
520 °C for 30 min.
MoSiy-ZrB, Mo/Zr-B4C-coated Formation of viscous  Not specified
composite TZM alloy in 1600 °C protective layer; 5- [97]
coating static air. fold enhancement in
Mo oxidation
resistance.
Al,03 / Cry03 Mo-Al,03-Cry03- Multilayer structure; Not specified
doped Mo coated Mo alloy after ZrSiO4-containing [98]
alloys 1850-1550 °C vacuum  oxide scale blocks
sintering and 1200 °C oxygen diffusion.
vacuum annealing.
TiC/ZrC Mo-C@ZrC-C@TiC- Inhibited grain Not specified
carbide coated Mo alloy after growth; mechanical [99]
phases with 1950 °C sintering and strength up to 862
carbon rolling. MPa.
coating

*Note: The corrosion inhibition efficiencies reported in this table are derived
under varying experimental conditions (e.g., pH, temperature, and oxidant
concentration) and are not directly comparable across different studies.

2.2. Corrosion mechanisms in wet cleaning

Metal corrosion in semiconductor wet cleaning environments is
governed primarily by electrochemical dissolution under strongly
oxidizing conditions. Oxidants (e.g., Hy02), in combination with acidic
(e.g., HCD or alkaline (e.g., NH4OH) media, impose high solution po-
tentials and enhance ionic transport. Upon exposure, anodic dissolution
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initiates at defects in oxide films, while cathodic reduction of oxidants
sustains the reaction. Consequently, corrosion during wet cleaning is
governed by a combination of redox kinetics and chemical etching, and
oxide stability reflects a dynamic balance between oxide formation and
oxidant-assisted dissolution under nonequilibrium processing condi-
tions. Under these conditions, anodic oxidation typically produces sur-
face oxides or hydroxides that are only transiently stable, as illustrated
by representative reactions (Table 2).

e Mo: Mo(s) + 3H20 — MoOs(s) + 6H" + 6 e~
MoOs(s) + H20 = HyMoOq4(aq) - - - [42,43].

e TiN: TiN(s) + 2H0 — TiOy + 1/2Ny + 4H' + 4 e~
TiO3 (s) + 2H20 = Ti(OH)4(aq) - - - [44].

e W: W(s) + 3H,0 - WO3(s) + 6H™ + 6 e~
WOs(s) + HoO — HoWOy(aq) - - - [45].

e Cu: 2 Cu(s) + HyO — Cuy0(s) + 2H" +2 e~

Cuz0(s) + 2H" = 2 Cu™ + Hy0 - - - [46,47].

For Mo and W, oxidizing environments favor soluble molybdate,
tungstate, or peroxometal species, resulting in continuous oxide disso-
lution once passivation is disrupted. TiN undergoes anodic oxidation to
TiO9, but hydrated Ti(IV) species remain stable under both acidic and
alkaline cleaning conditions, limiting sustained passivation. In Cu, oxi-
dants such as HyO, accelerate anodic dissolution, while chloride or
ammine complexation suppresses redeposition and sustains metal loss.

From a thermodynamic perspective, these behaviors reflect the fact
that practical wet cleaning operating windows lie outside the passive
stability domains defined by Pourbaix diagrams. Elevated solution po-
tentials imposed by HoO> shift metal-oxide—aqueous equilibria toward
high-valent dissolved species. For Mo and W, the passivation domains of
MoO3 and WOj3 are narrow under acidic oxidizing conditions, whereas
TiN oxidation intersects regions where hydrated Ti(IV) species are
thermodynamically stable in solution. Cu exhibits an inherently limited
CuyO stability window at high potentials, with ligand complexation
further stabilizing dissolved Cut/Cu* species. As a result, oxide for-
mation and dissolution may proceed concurrently, rendering passiv-
ation kinetically limited rather than thermodynamically stable during
wet cleaning.

Localized corrosion is frequently observed in metals such as Al and
Cu, where chloride ions penetrate passive films and initiate pit forma-
tion at defect sites [48,49]. Once nucleated, local acidification and
oxidant availability accelerate pit propagation, whereas Mo and W more
commonly undergo uniform dissolution when passivation fails [50].
These effects are further intensified by post-CMP residues, including
trapped oxidizers or abrasives, particularly in recessed features such as
trenches and vias, where incomplete removal can lead to delayed
corrosion during subsequent processing. In addition, galvanic corrosion
represents a critical failure pathway in semiconductor stacks: when
dissimilar metals such as Cu/W or Mo/TiN are electrically coupled in
oxidizing solutions, potential differences drive preferential dissolution
of the less noble metal, while cathodic reactions are sustained on the
more noble component [51,52]. This corrosion mode is highly localized,
often initiating at interfaces, grain boundaries, or defects, and is espe-
cially severe in multilayer stacks such as TiN/W/Cu or TiN/Mo, with
aggressive ions including Cl~, F~, and H™ further exacerbating oxide
breakdown and charge transfer [53-55].

The severity of corrosion during wet cleaning is strongly influenced
by process and material factors. Elevated temperature and increased
H30, concentration accelerate dissolution kinetics [56], while pro-
longed exposure, repeated cleaning cycles, or insufficient rinsing
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Table 2
Summary of Corrosion Inhibition Effects of Various Inhibitors on Titanium-
based nitrides Surfaces.
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Table 2 (continued)

Inhibitor/ Conditions Key Observations/ Corrosion
Coating Type Results Inhibition
Efficiency
AS-ALD (H,- Thermal ALD of TiN nucleation is Not specified
plasma TiN (TiCl4/NH3) at  strongly suppressed [118]

on a-C; GPC is normal
on Si3Ny; exposure of
defect sites is reduced.

pretreat on a- 390°Con45 nma-

()] C/Si3N, patterns,
400 W H; plasma
(20 s) used to
suppress
nucleation on a-C.

AS-ALD with PEALD TiN at Inhibitor step blocks Not specified
aromatic 250 °C (TDMAT/ TiN nucleation on Ru/ [120]
inhibitor Ar—H, plasma) Co while allowing
(aniline) — with ABCD-cycle growth on oxides;

ABCD super- including selectivity > 90% up
cycle vapor—phase to ~ 6 nm,
aniline inhibitor, unintended TiN
patterns of Ru/Co exposure in
vs SiO,/Al03. galvanically sensitive
regions is reduced.

HiPIMS-TiN TiN (~1.25 pm) HiPIMS-TiN exhibited < 99.89%
coating (vs deposited on lower igorr, more (HiPIMS vs
DCMS) carbon steel by positive E oy, larger base)<

HiPIMS or DCMS, Ry, smoother surface 92.65%
tested in 3.5% NacCl (Ra 15 nm vs. 32 (DCMS vs
at 25 °C. nm), and denser base)

columnar structure [115]

with (200) texture;

superior passivation

confirmed by

Nyquist/Bode plots

and Kramers—Kronig

consistency.

CrN/TiN 1 p m-thick CrN/ Alternating CrN/TiN < 99.01%
multilayer TiN multilayers layers form interfacial [122]
coating (1:9, 3:7, 5:5) on barriers and tortuous

316 L SS via RF diffusion paths that

sputtering, tested suppress electrolyte

inl M H,SO4 + 2 ingress; 1:9 coating

ppm HF at 70 °C. showed the lowest
icorr (0.76 pA/cm?),
highest Rer.

High- TiN (<10 nm) High-temperature Not specified
temperature deposited by metal vacuum break [114]
vacuum break  organic CVD, promotes TiO, surface

samples exposed to  formation;

air at different
temperatures
(20-140 °C)
immediately after
vacuum break.

suppressing oxygen
diffusion, resistivity
increases over 750 h
reduced from ~ 27%
to ~ 17% compared to
low-temperature

exposure.
Ultrathin TiN thickness TDMAT-TiN forms a Not specified
PEALD-TiN 25-67 nm, TDMAT ~ 5 nm amorphous [121]
at 200 °C or TiCly interface layer that
at 350 °C, tested in  suppresses corrosion
0.05 M H,SO4 + 2 and reduces low
ppm HF at 70 °C. interfacial contact
resistance; TiCly-TiN
shows pinholes and
Cl-related defects.
Interfacial ZrO, thin film Y,03 interlayer Not specified
passivation —  (4-15nm) onTiSiN  suppresses Si diffusion ~ [128]
Y»03 (0.5-1.0 electrode with from TiSiN;
nm) 0.5-1.0 nm Y503 eliminating Zr-silicate
interlayer, ALD at formation (from
300 °C. 3.66% to 0.0%),

dielectric permittivity
is retained and
leakage current is
significantly reduced.

Inhibitor/ Conditions Key Observations/ Corrosion

Coating Type Results Inhibition
Efficiency

HTO — TiO, HTO at 250 °C for Formation of anatase Not specified

shell 24 h in pure water,
tested in 0.5 M (~20 nm) creates
H>SO4 + 0.05 wt% coherent interface

F. with TiN; oxide film
remains intact and

prevents pitting and

nanoparticle layer [129]

intergranular
corrosion.
HTO on MAIP- HTO in pure water Formation of compact < 98.2 [130]
TiN at 200-250 °C for anatase nanoparticle
24 h, TiN coated shell (~20-50 nm
via MAIP. thick) on TiN surface
suppresses corrosion
current and broadens
passivation range.
Glycine 0.3 wt% H30,, pH RR decreased from <79% (at 3wt

1576 to 723 Amin"1; % glycine)
SER decreased from [134]
5.3t0 1.7 A min"1;

icorr decreased by

nearly 10x;

roughness decreases

7.5, with 0-3 wt%
glycine.

and planarization
improves.

*Note: The corrosion inhibition efficiencies reported in this table are derived
under varying experimental conditions (e.g., pH, temperature, and oxidant
concentration) and are not directly comparable across different studies.

compound surface damage. High-aspect-ratio geometries promote
retention of reactive species, and disruption of passivation layers by
etching or mechanical stress exposes underlying metals to attack.
Incomplete rinsing or drying can leave residual ions that destabilize
surfaces during storage or subsequent thermal steps, making post-CMP
cleaning particularly critical [57]. Overall, corrosion during semi-
conductor wet cleaning arises from the combined effects of electro-
chemical dissolution, aggressive solution chemistry, localized attack,
and galvanic coupling, and its extent is governed by both the intrinsic
stability of individual materials and their electrochemical interactions
within multilayer stacks, underscoring the need for material-specific
passivation and inhibition strategies (Table 3).

3. Molybdenum (Mo) corrosion and passivation strategies

Mo has attracted considerable attention as a key material in next-
generation semiconductor devices due to its excellent electrical con-
ductivity, high melting point, superior mechanical strength, and sta-
bility under plasma exposure. It is applied across a range of critical
structures, including gate electrodes, contact metals, and reflective
barriers. Particularly in highly integrated processes where low-
resistance metals are required, Mo has emerged as a promising alter-
native to conventional W [58-60].

However, Mo is vulnerable to corrosion under oxidative and acidic
wet cleaning conditions, which can significantly compromise interfacial
reliability during subsequent deposition processes [61,62]. During wet
cleaning, exposure to oxidizing solutions containing hydrogen peroxide,
nitric acid, or phosphoric acid leads to rapid formation of various Mo
oxides on the surface, such as MoO3, MoO,, and Mo4011 [39,63,64].
These oxides are generally poorly conductive and readily soluble in
aqueous environments, resulting in continuous surface loss. MoOs is a
water-soluble species with a relatively low pKa (~3.5), which promotes
delamination during wet cleaning and increases surface roughness,
thereby degrading process uniformity [65-67]. Such corrosion not only
undermines electrical performance but also severely impacts long-term
device reliability.
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Table 3

Summary of Corrosion Inhibition Effects of Various Inhibitors on W surfaces.
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Inhibitor/Coating Type

Conditions

Key Observations / Results

Corrosion Inhibition Efficiency

BTC

BTA
TTA
BTA
Imidazoline

picolinic acid

PEI

Lysine

Leucine

Glutamic acid
Tannic acid

Siloxane polymer film
(organosilane + BTA +
HEDP)

SiON dielectric film

Laser-ablated surface +
fluorooxysilane
modification

Diamondoid
phosphonate
monolayer

Thermally induced WO3
self-passivation

Chemically induced WO3
self-passivation

Post- CMPa cleaning, neutral and alkaline media.

CVD-W wafers, tested in post- CMPa cleaning,
aqueous solution, pH 3-5.9, with citric acid,
polyacrylic acid.

WC-FJT and binder alloys, tested in 20% NaCl, pH ~

10, with 10 mM inhibitor.

Tested in CMPa (H;05-containing slurry), pH 2.5.

0.7 wt% TMAH, pH 7

Tested in CMPa (H20,-containing slurry), pH 2.5.

Tested in 10 wt% Acetic Acid solution

Tested in 3.5% NaCl (saline solution), long-term.

Wet cleaning solutions

— SH (H2S04/H202)

— N,N-dimethylacetamide
— AA-based.

Contact with deionized water, saturated water vapor
(100% RH, 5 days), cavitation erosion (270 min),
oscillated sand abrasion (10 h), falling sand test (10
cycles).

Not mentioned.

Oxidizing atmosphere (2% Oy/He), 1 bar, 500-900 °C

Fe(NOs3)3 catalyst, tested in CMPa (Hz0,-containing
slurry), pH 2.3.

Fe(NO3)3 and H,0, mixed oxidants, tested in CMPa
(H30,-containing slurry), pH 2.

Adsorbs on W; electrostatic interaction (N*-W™);
initiates protective layer formation.

Adsorbs on W via triazole N atoms; coordination bonds
form protective film.

Adsorbs on W, N + n-electron interactions; hydrophobic
film.

Adsorbs on WC-based surface via triazole N atoms; forms
protective film (mono-/multilayer).

Hydrolyzes in alkaline solution; poor and inconsistent
adsorption.

Adsorbs on W oxide via pyridine N; forms coordination
complex (covalent bonding); monolayer adsorption
(Langmuir).

Multisite adsorption of protonated amine groups from
cationic polymeric PEI on WO3-covered W inhibits
charge transfer.

Protonated —-NH; groups electrostatically adsorb on
negatively charged W surface, forms stable adsorption
layer.

Aliphatic amino acid; limited protonation; weak
adsorption.

Acidic amino acid; partial protonation; weak adsorption.
chemically adsorbed iron-tannate (Fe-TA) complex film

Hydrolyzed organosilane forms crosslinked Si-O-Si
polymer film; BTA integrates via siloxane-azole
fragments; HEDP promotes polycondensation.

Acts as a dielectric shielding layer, preventing plasma
charge accumulation and stabilizing metal line profile;
combined with wet cleaning to remove polymer
residues.

Forms hierarchical micro/nanotexture with
fluorooxysilane layer and retained superhydrophobicity
and thermal stability.

Covalent bonding between phosphonate group and
hydroxylated WO3 surface; eliminates HCl, yielding
stable P-O bond and W linkages.

Real-time WO3 growth on polycrystalline W with strong
crystallographic orientation dependence; Phase
evolution (0-WO3 — t-WO3)

Fe3* decomposes HyO, — O, via Fenton reaction; O,
oxidizes W to WO3; thin, porous oxide at low conc.,
dense WOj5 film at higher conc.

Mixed oxidants generate hydroxyl radicals (¢OH),
stronger than H,O, alone; eOH oxidizes W rapidly to soft
WOj3 film.

< 93.5% (pH 7)< 91.1%
(pH 11)

[126]

< 93.7% [146]

< 94.8% [146]
< 34.3% [147]
accelerated corrosion [147]

< 87.8% [148]

< 97% (1 mM PEI-1800) [149]

< 84.5% [150]

< 9.2% [150]

< 17.9% [150]

< 64% (20-hour immersion, at 10
wt% Tannic acid) [151]

< 91.4% (immersion, 60 min)<
96.7%

(CPD, 5 min at 0.5 A/dm?)

[153]

Not specified

With SiON, tungsten vias were
preserved in all cases; AA + SiON:
side erosion also protected

[154]

Not specified [155]

Not specified [156]

Not quantified; evaluated via
oxide growth kinetics and
structural stability using in-situ
ETEM [160]

Not specified but i.o decreased,
Ecorr shifted positive with Fe
(NO3)3 addition [161]

Not specified but i.or and SER
decreased, with Fe(NO3)3
addition [162]

*Note: The corrosion inhibition efficiencies reported in this table are derived under varying experimental conditions (e.g., pH, temperature, and oxidant concentration)
and are not directly comparable across different studies.

3.1. Passivation strategies based on chemical corrosion inhibitors

passivation layers (Fig. 2(A)) [74].

Beyond single-component systems, composite inhibitor strategies

To mitigate these challenges, extensive efforts have been devoted to
organic ligand-based corrosion inhibitors, which suppress Mo corrosion
primarily through strong surface adsorption and passivation film for-
mation [68-71]. Organosulfur heterocyclic compounds such as thio-
urea- and thiadiazole- based derivatives have demonstrated high
inhibition efficiency, governed by molecular functional groups and
electron density distribution, as validated through combined experi-
mental and theoretical studies by Mahmoud A. Ahmed and Prerna Tri-
pathi [72,73].

Comparative evaluations of inhibitors relevant to Mo barrier layer
processes have highlighted the superior performance of 3-amino-1,2,4-
triazole (ATA) over benzotriazole (BTA), as evidenced by significantly
reduced etch rates, positive shifts in corrosion potential, enhanced
impedance response, and the formation of denser and more uniform

have also been explored to address galvanic corrosion and polishing
compatibility. Notably, the co-addition of BTA and potassium pyro-
phosphate (K4P207) in HyOs-based alkaline slurries effectively mini-
mized the Mo—Cu potential difference while maintaining comparable
removal rates, thereby suppressing galvanic corrosion (Fig. 2(B)) [75].
Surface-sensitive XPS analyses further indicated stabilization of Mo
through increased oxide fractions, suggesting that controlled oxide
formation contributes to corrosion inhibition.

In parallel, growing attention has been directed toward environ-
mentally benign amino acid-based inhibitors, including arginine,
glycine, histidine, and methionine, which exhibit tunable inhibition
performance under oxidative cleaning conditions [76-79]. Electro-
chemical analyses and density functional theory (DFT) calculations
confirmed that electron-donating functional groups such as



Y. Lee et al.

(b) with BTA

(A) (a) with ATA
wP g

Materials & Design 263 (2026) 115650

(B)

* % 3% ¢ ca’w ¥ 0
froeesesede 5 ¢ 5e%e’s
Mo Mo
®ATA @ BTA @ OH W K.,P,0,
(C) Gheine,GLY)  (Argiaite, ARG) ” e AS)  (Hidine HIS MET)

Electron denating drawn Flectron denating

mmad

N
|
i

Electron donating

ﬁ&

MoO, (Mo*) Mo,0¢ (Mo™)
Low

Mo,0,, (Mo™**)

Mo oxidation statcs

MoO, (Mo*)

High

Fig. 2. (A) Molecular models illustrating the adsorption behavior of ATA and BTA on the Mo surface. [74], Copyright (2022) Elsevier. (B) SEM images of Mo wafers
after immersion in 0.9 wt% H20, and 0.1 wt% K4P207: (a) Reference and (b) Reference + 200 ppm BTA. The use of BTA clearly inhibits surface corrosion. [75],
Copyright (2023) Elsevier. (C) Schematic of amino acid-based corrosion inhibitors with diverse functional groups, highlighting their role in stabilizing Mo oxides by

preventing further oxidation of Mo®" to MoOs. [801, Copyright (2025) Elsevier.

guanidinium, imidazole, and thioether moieties promote stable
adsorption on MoO, surfaces, preserving metallic Mo states and
reducing dissolution (Fig. 2(C)) [80]. Comparative studies further
revealed concentration-dependent inhibition mechanisms for glycine
relative to BTA, emphasizing the role of surface complexation and
zwitterionic interactions in regulating Mo oxidation and dissolution
kinetics [81,82].

Additionally, antibiotic-derived molecules such as streptomycin
have emerged as effective inhibitors in highly aggressive phosphate- and
chloride-containing environments, forming protective surface layers
that significantly reduce corrosion currents and hydrogen evolution
[83].

Recent advancements in Mo corrosion control have been accelerated
by the integration of machine learning-assisted screening [84,85]. By
utilizing molecular descriptors and electronic properties (e.g., HOMO-
LUMO energy, electronegativity) from diverse organic databases, ma-
chine learning models can predict the inhibition efficiency of new agents
with high accuracy, significantly reducing the trial-and-error cycle in
Mo-barrier slurry development [86,87]. Furthermore, to understand the
transient dissolution of Mo at the nanoscale, in-situ characterization
techniques such as in-situ EIS and operando flow-cell ICP-MS have been
increasingly applied [88]. These methods allow researchers to monitor
the real-time conversion of Mo to soluble peroxometallates under
oxidizing conditions, providing precise kinetic data that traditional
static etch tests cannot capture [89].

3.2. Passivation strategies based on physical surface coatings

In parallel with chemical control strategies employing organic and
bio-derived inhibitors, as shown as Fig. 3(A), recent attention has been
directed toward physically blocking Mo corrosion via the formation of
nanoscale surface coatings [90-92]. Notably, chemical vapor deposition
(CVD) based graphene coatings on Mo have been extensively investi-
gated. Naghdi et al. demonstrated that graphene could be deposited onto
Mo substrates under atmospheric conditions, and that the crystallinity of
the graphene and the corrosion resistance of Mo could be enhanced by

tuning the pre-annealing duration [93]. Extended annealing times pro-
moted the formation of defect-minimized monolayer or bilayer gra-
phene, significantly improving the initial corrosion resistance of Mo.
However, upon prolonged exposure, the protective efficacy of the gra-
phene films tended to converge irrespective of annealing, indicating a
need for further studies to ensure long-term stability (Table 4).

In another study, Mo surfaces pretreated with nitric acid were coated
with CVD grown graphene under varying hydrogen flow conditions. The
results confirmed effective suppression of Mo oxidation even at elevated
temperatures (300 °C) (Fig. 3(B)) [94]. Higher hydrogen flow rates
reduced graphene defects and enhanced oxidation resistance, likely due
to the reduction of the substrate surface during graphene growth, which
facilitated the formation of a highly crystalline, electrochemically stable
protective layer. Additionally, the growth of graphene on Mo substrates
with a Pt underlayer has been proposed as a strategy to improve film
quality [95]. The Pt-assisted approach enabled uniform bilayer gra-
phene formation, markedly reducing surface oxide formation and
enhancing corrosion inhibition. The Pt underlayer is thought to act
catalytically, controlling nucleation and growth orientation, thereby
improving the anti-corrosion performance of Mo. Collectively,
graphene-based nanocoating complement the limitations of traditional
chemical inhibitors, offering an advanced strategy for Mo corrosion
mitigation while simultaneously providing excellent electrical, me-
chanical, and chemical stability.

Beyond graphene, substantial efforts have focused on applying metal
oxide or composite ceramic coatings on Mo surfaces to inhibit oxidation
and corrosion. For instance, glassy coatings incorporating ZrO» signifi-
cantly improved Mo oxidation resistance under high-temperature con-
ditions [96]. The increase in ZrO, content initially improved oxidation
resistance; however, excessive addition resulted in a deterioration.
Thermal treatment at 1300 °C resulted in a ~ 5-fold improvement in
oxidation resistance, likely due to the formation of a viscous protective
layer that improved adhesion to the Mo substrate.

Similarly, titanium-zirconium-molybdenum (Mo-Ti-Zr-C, TZM)
alloys coated with MoSi»-ZrB; composites exhibited exceptional pro-
tection even under 1600 °C oxidizing conditions [97]. This multilayer
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Fig. 3. (A) Schematic representation of the growth mechanism of slurry-sintered (SS) coatings on Mo and Mo-based alloys. [91], Copyright (2022) MDPI. (B) CVD of
graphene on Pt-coated Mo (Mo/Pt-G). [94], Copyright (2018) Elsevier. (C) Schematic diagram of the Mo chemical vapor transport model. [98], Copyright (2024)
Elsevier. (D)Illustration of the sintering behavior and oxygen removal processes occurring in Mo alloys that have been coated with a carbon layer. [99], Copyright

(2025) Elsevier.

coating consisted of a MoB diffusion layer, a MoSiy-ZrB; inner layer, and
a Si0y-ZrO- outer layer, forming a dense and stable ZrSiO4-containing
oxide scale that effectively blocked oxygen diffusion. Additionally,
doping Mo alloys with ceramic oxide particles such as Al,O3 and Cry03
has been explored to simultaneously enhance high-temperature strength
and oxidation resistance (Fig. 3(C)) [98]. These nanoparticles inhibit
grain growth at boundaries and increase the mechanical strength of
vacuum-sintered Mo alloys up to 862 MPa. Furthermore, Mo alloys with
secondary TiC/ZrC carbide phases and carbon coatings demonstrated
low oxidation susceptibility, excellent ductility, and elevated recrystal-
lization temperatures, significantly improving mechanical stability
under high-temperature conditions (Fig. 3(D)) [99]. Such enhancements
in mechanical strength and oxidation resistance not only improve the
durability of Mo alloys under extreme conditions but are also expected
to contribute positively to corrosion mitigation during wet cleaning
processes.

3.3. Technical limitations and failure mechanisms for Mo

Despite the effectiveness of current Mo passivation strategies, several
inherent limitations remain that challenge their adoption in high-
volume manufacturing. A primary concern is the occurrence of pore-
driven localized attacks. While ALD or CVD-based nanocoating pro-
vides a physical barrier, sub-nanoscale pinholes can act as initiation sites
for localized galvanic cells, leading to rapid lateral undercutting due to
Mo’s high sensitivity to dissolved oxygen [100-102]. Furthermore, Mo-
oxides such as MoOg exhibit phase instability in alkaline media, being
highly soluble in the aqueous environments typical of cleaning solu-
tions. This can trigger a passivation-to-active transition, where the
protective film itself dissolves and compromises surface integrity
[40,80]. Finally, the thermal budget of organic inhibitors poses a sig-
nificant hurdle; many inhibitors decompose during subsequent high
temperature annealing steps, leaving carbon residues that degrade

contact resistance and overall device reliability [81,103].
3.4. Summary and outlooks of Mo passivation

In summary, effective control of Mo corrosion in semiconductor
processing has increasingly relied on a multifaceted framework that
integrates chemical inhibition with nanoscale surface engineering.
Organic, amino acid-based, and antibiotic-derived inhibitors enable
chemically tunable passivation through tailored interfacial interactions,
while graphene and ceramic nanocoating provide robust physical bar-
riers against oxidation and dissolution. Together, these complementary
strategies improve surface stability, suppress galvanic effects, and
enhance process uniformity, thereby supporting the reliable integration
of Mo in advanced device architectures. However, as device dimensions
continue to shrink and process environments become more chemically
aggressive, conventional empirical optimization approaches face
intrinsic limitations, underscoring the need for more predictive, atom-
istical informed passivation design strategies.

Looking forward, the paradigm for Mo passivation is shifting from
empirical screening toward atom-level control and Al-assisted material
design. As semiconductor devices scale below 3 nm, achieving sub-
nanometer uniform protection is critical to prevent the rapid dissolu-
tion of chemically unstable Mo oxides in aggressive cleaning media.
Future research will increasingly rely on Al driven platforms that inte-
grate deep learning with high-throughput DFT simulations to predict the
precise binding energies and spatial orientations of complex organic
inhibitors on Mo surfaces. This computational approach will be syner-
gistically combined with advanced in-situ characterization, such as
liquid cell TEM and operando EIS, to capture the transient conversion of
Mo into soluble peroxometallates in real-time. Such atomic scale in-
sights will enable the design of smart passivation layers capable of
maintaining interfacial integrity even under fluctuating pH and tem-
perature conditions in next-generation 3D structures.
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Table 4
Summary of Corrosion Inhibition Effects of Various Inhibitors on Cu surfaces.
Inhibitor/Coating Type Conditions Key Observations / Results Corrosion
Inhibition
Efficiency
BTA B30 Cu-Ni alloy immersed in 2-10 g/L BTA Adsorbs on Cu, forms polymeric Cu(I)-BTA and chelated domains with < 97.27%
solution in artificial seawater, pH 8.0, at 25-60 °C Cuy0, increasing surface hydrophobicity; acts as a mixed-type [182,183,185]
for 5-60 min. inhibitor blocking both anodic and cathodic reactions.
N1-CHs-BTA 1 mM N1-CH3-BTA in CMP slurry containing 5 wt ~ Adsorbs onto copper surfaces via the triazole ring, forming a < 96.4% [183]
% SiO, nanoparticles and 1.0 wt% H50,. protective chemisorbed film that blocks active corrosion sites. The N1-
methyl group can slightly increase steric hindrance, affect adsorption
orientation but generally maintaining effective surface coverage.
N1-NH,-BTA 1 mM N1-NH-BTA in CMP slurry containing 5wt  Adsorbing onto the metal surface via the triazole ring and amino < 62.7% [183]

BTA + DA mixture

Water-soluble triazole
derivatives (STR)
AIA

TEZ

MTEZ

TAZ

SHA

ATAH

MTAH

FA

Methionine

Leucine

Sol-gel S-N-C-doped TiOy
nanocoating

Nanostructured ZrO,

superhydrophobic coating

SAM-based Elaidic acid (EA)
polymer nanocoating

N,S-CDs

BTA-MOF/SiO, hybrid
coating

CeO, nanocarrier self-
healing coating

% SiO4 nanoparticles and 1.0 wt% H0,.

DA was applied to Cu (111) surfaces at 37 °C, 55 °C,
and 80 °C with vapor pressures corresponding to
25-100% of saturation.

1 mM STR in 0.5 M NacCl solution at 25 °C.

2-10 mM AIA in aqueous solution under DFT and
BOMD simulation conditions at 27-227 °C.

CMPa slurry containing 0.4 wt% glycine, 0.5 wt%
H,0,, and 1 wt% colloidal silica (60 nm), pH 9,
with 2-10 mM TEZ.

CMPa slurry containing 0.4 wt% glycine, 0.5 wt%
H,0,, and 1 wt% colloidal silica (60 nm), pH 9,
with 2-10 mM MTEZ.

CMPa slurry containing 0.4 wt% glycine, 0.5 wt%
H,0,, and 1 wt% colloidal silica (60 nm), pH 9,
with 2-10 mM TAZ.

Varying concentrations of SHA containing 0.6 wt%
H202, 1.2 wt% potassium tartrate, pH 9.

0.001-0.01 M ATAH in 3.5% NaCl simulated
seawater.

0.001-0.01 M MTAH in 3.5% NaCl simulated
seawater.

0.02-1.0 wt% FA in 0.2 M Na,SO, pH 5.5.

50 mM Methionine in the electrolytes comprising 1
wt% Hy0,, pH 8.

50 mM Leucine in the electrolytes comprising 1 wt
% H,0,, pH 8.

S-N-C-doped TiO, nanocoating, tested in 3.5% NacCl
at 200 °C.

ZrO2@HMDS-coated copper via dip coating (2 cm
x 2 cm) at room temperature, immersion 5 s,
withdrawal 5 mm/s.

EA self-assembled and gamma-irradiated polymer
nanocoatings on copper, tested in 0.2 g/L NaHCOs3,
NayS04, NaNO;

N,S-CDs-modified copper in 0.5 M H,SO4 with
2-50 mg/L N,S-CDs for electrochemical tests at
25 °C.

BTA-MOF/silica-coated copper in 3.5 wt% NaCl
after — 1.5 mA/cm? electrodeposition for 500 s.
CeO2@BTA-silane-coated copper in 1 M NaCl after
1.3 V electrodeposition for 300 s.

group, forming a dense chemisorbed layer that blocks active sites for
both anodic dissolution and cathodic oxygen reduction.

DA forms a protective hydrophobic film on Cu (111) surfaces via
physisorption and van der Waals interactions, effectively reducing
corrosion rates and increasing Ry, with inhibition efficiency increasing
at higher surface coverage and temperature.

Adsorbs onto copper surfaces via triazole N atoms and hydroxyl O
atoms, forming chemisorbed protective layers.

Can absorb at top, bridge, and hollow sites on Cu (100) surface in both
perpendicular and parallel orientations, forming stable interactions
via N atoms.

Both chemical adsorption and physical barrier formation are possible
due to electron-donating groups and n-bond structures.

Methoxy groups can form hydrogen bonds, improving adsorption
stability on the metal surface.

Sulfur-centered strong adsorption forms a stable protective layer,
especially effective in oxidative environments.

Capable of forming strong chemisorption on copper surfaces through
coordination of oxygen and nitrogen atoms, potentially forming
multiple surface bonds.

Adsorbs via N atoms on metal surfaces, forming stable coordination
bonds; can interact with multiple surface sites.

Particularly effective in halide-containing or oxidative environments;
inhibits both chemical and electrochemical corrosion.

Reduces corrosion by blocking active sites and chelating metal ions;
effectiveness depends on concentration and pH.

Reduces corrosion of both Cu, with stronger adsorption (AG®,qs 23.9
kJ/mol), lowers CMP RRs, and promotes Cu(0)/Cu(I) preservation.
Inhibits Cu corrosion (n ~ 60%), slightly lowers Cu RR, and is easily
removed during post-CMP cleaning.

Homogeneous, crack-free surface; chemical & physical protection.

Provides both physical shielding and chemical stability; the high
surface roughness combined with ZrO,’s chemical inertness prevents
oxidation and corrosion.

Acts as a molecular barrier, blocking the diffusion of corrosive species
to the substrate; functional groups can also provide electrochemical
stabilization.

High N/S content; chemisorption forms dense protective layer;
compatible with downstream steps.

Superhydrophobic (154.2° contact angle); maintains stable corrosion
resistance for > 40 days.
Releases BTA at damage sites; regenerates protective layer.

< 36.65% [184]

< 92.73% [185]

< 99.8% [186]

< 97.6% [187]

< 93.1% [187]

< 85.5% [187]

< 95% [188]

< 98.28% [189]

< 92.49% [189]

< 87.1% [190]

< 56.3% [191]

< 61.2% [191]

< 99.6% [199]

< 99.96% [200]

< 95% [201]

< 99.88% [202]

< 99.6 [203]

< 99.7% [204]

*Note: The corrosion inhibition efficiencies reported in this table are derived under varying experimental conditions (e.g., pH, temperature, and oxidant concentration)

and are not directly comparable across different studies.
4. Titanium-based nitrides corrosion and passivation strategies

Titanium-based nitrides, particularly TiN and TiSiN, are widely used
in semiconductor processing as gate metals, contacts, interconnects, and
diffusion barriers due to their excellent electrical conductivity, high
hardness, and chemical stability [104-107]. TiN is established in com-
plementary metal-oxide-semiconductor processes for polysilicon-gate
compatibility [108] and stable interfaces with low-k dielectrics [109].
TiSiN is increasingly adopted in advanced nodes [110,111].

Nevertheless, thin TiN and TiSiN films can degrade under repeated
oxidizing and acidic wet cleans and during ambient exposure at vacuum

break [112-114]. At nanometer-scale thickness, surface roughening,
and non-uniform passivation layers become major reliability concerns.
TiN readily oxidizes in cleaning chemistries containing HyOj, Os, or
HNO3 to form TiO3 and TiOxN, surface layers [112]. Prolonged exposure
induces non-uniform oxide growth and increases localized pitting and
dissolution. Oxide defects enable electrolyte penetration and form local
galvanic couples, thereby accelerating corrosion. This is further pro-
moted in fluoride-containing strong acids via soluble [TiF6]2’ formation
and nitrogen depletion, leading to Ti-rich oxides (Fig. 4(A)) [115].
While the presence of Si in TiSiN improves overall oxidation resis-
tance [110], hydrolysis of Si-O bonds and peeling of Si-rich phases can
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occur in hot aqueous environments, particularly at 80-120 °C in H,SO4/
H02 or SC-2 solutions [116]. In practical process, TiSiN gradually
transforms to amorphous oxides (e.g., amorphous SiOy or TiOy), which
limits its effectiveness as a diffusion barrier [117]. To mitigate these
vulnerabilities while maintaining electrical performance, diverse
passivation strategies for TiN and TiSiN have been proposed.

4.1. Passivation strategies based on deposition and microstructure

Atomic layer deposition (ALD) has emerged as a key approach to
address these issues. ALD offers atomic-scale thickness control, excellent
uniformity, and conformal coverage over complex 3D features. [118].
Stevens et al. used an Hy-plasma pretreatment to passivate amorphous
carbon before TiCl4/NHs TiN ALD at ~ 390 °C, suppressing TiN growth
on a-C while maintaining normal growth on SigN4 and achieving ~
200:1 areal selectivity. By limiting deposition to target regions, selective
ALD reduces exposed defect sites and indirectly lowers the risk of
corrosion-prone exposure.

In fine-pattern processes, however, local selectivity can collapse at
corners and edges with high curvature [118]. Self-assembled monolayer
(SAM) inhibitors that form relatively stable films on flat surfaces can
pack randomly or exhibit packing defects on complex nano geometries,
facilitating unwanted nucleation [119]. To address this, an ABCD-type
‘super-cycle’ area-selective atomic layer deposition (AS-ALD) using pe-
riodic vapor-phase dosing of an aromatic inhibitor (aniline) has been
proposed [120]. Merkx et al. implemented this strategy in plasma-
assisted TiN ALD to achieve metal/dielectric selectivity and main-
tained > 90% selectivity even for ~ 6 nm-thick TiN films. The ABCD
cycle consists of vapor-phase dosing of an aniline inhibitor (Step A),
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exposure to the Ti precursor tetrakis(dimethylamino)titanium (TDMAT)
(Step B), Ar-H; plasma activation (Step C), and application of a sub-
strate bias during the second half of the plasma step (Step D). Cyclic
inhibition periodically refreshes inhibitor coverage and enhances reac-
tivity contrast, suppressing local selectivity collapse and maintaining
conformality in complex nano-patterns.

Alongside surface passivation, corrosion resistance in ALD-based
films also depends on blocking internal percolation pathways via den-
sity control. Lee et al. reported that plasma-enhanced atomic layer
deposition (PEALD) TiN films tens of nanometers thick exhibit increased
Ecorr and decreased corrosion current density (icorr) under acidic con-
ditions with F~ and/or elevated temperature, indicating improved
corrosion resistance. The films also showed a low interfacial contact
resistance (~15 mQ-cmz), satisfying both protective and electrical re-
quirements (Fig. 4(B)) [121]. Similarly, high-power impulse magnetron
sputtering (HiPIMS) can form dense microstructures by tuning ioniza-
tion and substrate bias [115], which is reflected by higher polarization
resistance (Rp) in EIS and by lower icoy and more positive Ecorr in
potentiodynamic polarization (PDP) measurements. Compared with
conventional direct current magnetron sputtering (DCMS), HiPIMS
produces flatter, denser columnar films (Ra ~ 15 nm, grain size ~ 10
nm) relative to DCMS-TiN (Ra ~ 32 nm, grain size ~ 15 nm). These
features hinder electrolyte infiltration and promote microstructure-
driven passivation, substantially enhancing electrochemical stability.

In addition, multilayers such as CrN/TiN multilayers improve elec-
trochemical corrosion resistance in simulated PEMFC electrolytes (1 M
H2SO04 + 2 ppm F~ at 70 °C) [122]. The alternating layers distort
diffusion pathways and introduce interfacial energy barriers, suppress-
ing electrolyte ingress. For example, a CrN/TiN (1:9) stack exhibited a
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Fig. 4. (A) SEM micrographs of the TiN nanostructured coatings include both cross-section and top views of deposited coatings by HiPIMS and DCMS techniques.
[115], Copyright (2017) Elsevier. (B) PEALD-TiN (TDMAT vs TiCl4) on SS316L: process schematic, cross-sectional high-resolution TEM, and polarization in 0.05 M
H,S04 + 2 ppm HF at 70 °C [121], Copyright (2020) Elsevier. (C) CrN/TiN multilayers: Surface resistance of the specimens before and after the application of + 600
mVscg in a 1 M HySO4 + 2 ppm HF solution. [122], Copyright (2011) Elsevier. (D) Proposed bumps formation mechanism from TiN oxidation, etching and re-

deposition after SC1 diffusion through the PR. [123], Copyright (2015) Elsevier.
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protective efficiency of 99.01% together with an increased charge-
transfer resistance in polarization/EIS tests, supporting the synergistic
role of multilayer interfaces (Fig. 4(C)) [122].

Amorphous oxide formed during the vacuum-break interval after
deposition can also degrade interfacial reliability, motivating
temperature-controlled strategies. Piallat et al. showed that controlling
the vacuum-break temperature for metal organic CVD TiN limited the
oxide thickness to 1.31 nm at 140 °C and reduced resistivity to 2.92
mQ-cm, representing ~ 27% improvement relative to 20 °C [114]. These
results suggest that controlling post-deposition exposure conditions can
help suppress oxygen ingress and improve interfacial stability.

These studies indicate that ALD-based inhibitor strategies and sur-
face passivation can work synergistically with the principle of blocking
internal percolation pathways during semiconductor wet cleans. In
practice, rather than eliminating all defects, it is often more practical
and effective to design the system to remain in a stable passive-
impedance state even when some defects are present.

In manufacturing, these strategies are often combined. Even under
SC-1, stains or bumps can form on underlying TiN due to local chemistry
changes coupled with sub-PR etching (Fig. 4(D)) [123]. In fin field-effect
transistors, confinement alters ion distributions, making corners and
edges prone to under-etch and non-uniform removal [113]. Under SC-1
(APM 1:4:20, 65 °C), TiN etching in confined nanoscale spaces can be up
to ~ 38% faster than on planar regions, driven by double-layer overlap
that enriches NHJ and accelerates TiO, dissolution via rate-determining
ammine complexation. A staged approach is therefore effective.

A dense, ultrathin PEALD TiN seed layer can block internal perco-
lation paths and suppress attacks in stagnant zones. An auxiliary oxide
passivation layer can be added when needed. Consistently, PEALD TiN
maintains low ico values (<1 pA em 2 in 0.05 M HpSO4 + 2 ppm HF at
70 °C) and reduced interfacial contact resistance, even with minor de-
fects [121]. Overall, stack engineering is more practical than assuming
defect-free films, as it sustains a high-impedance passive state despite
limited defect exposure.

Recent TiN protection studies increasingly use machine-learning-
guided process optimization to improve film quality through defect
and microstructure control. A closed-loop Bayesian workflow for
epitaxial TiN growth by MO-MBE identified suitable growth conditions
after eleven growth experiments, illustrating accelerated process-
window discovery for high-quality TiN films [124].

4.2. Passivation strategies based on interfacial and chemical control

In advanced semiconductor processing, corrosion is often governed
by interfacial electrochemistry and galvanic coupling in multilayer
stacks rather than by single-material passivation alone. Accordingly,
stack potential design and electrochemical compatibility among adja-
cent materials are emerging as key levers for suppressing corrosion in
Back End of Line environments. For example, in Cu/Ru/TiN barrier-liner
stacks, potential differences can drive galvanic corrosion. As a system-
level countermeasure, Sagi et al. developed a KMnOy-based slurry
formulation incorporating guanidine carbonate (GC) and 1 mM BTA,
which reduced the galvanic potential differences (AE.,;) of both Cu/Ru
and Ru/TiN couples to ~ 10 mV. This approach mitigates galvanic in-
teractions not by directly enhancing intrinsic passivation of TiN, but by
stabilizing the electrochemical balance across the stack under CMP-
relevant conditions (Fig. 5(A)) [125].

Stack-level galvanic risks also arise in contact metallization, where
Ti/TiN barrier liners can be galvanically coupled to neighboring con-
ductors during post-CMP cleaning, motivating electrochemistry-aware
chemistry design [126]. Moreover, TiN is itself a direct process sur-
face, and CMP of TiN films using potassium permanganate with L-
aspartic acid in alkaline slurry highlights that TiN surface reactions can
be tuned through oxidizer-additive selection [127].

This potential-based concept also extends to TiSiN stacks, where
long-term barrier integrity under hot aqueous conditions depends on

10

Materials & Design 263 (2026) 115650

interfacial stabilization. Jeong et al. inserted an ultrathin Y503 layer
(0.5-1.0 nm) on TiSiN to suppress Si migration and interdiffusion at the
TiSiN/ZrO, interface, eliminating Zr-silicate formation from 3.66% to
0.0% and improving leakage behavior while maintaining high permit-
tivity in 4-5 nm dielectrics (Fig. 5(B)) [128]. This interfacial-
stabilization approach relies on direct structural tuning and reactivity
blocking, and is especially advantageous for long-term durability under
hot, oxidizing conditions.

Meanwhile, hydrothermal oxidation (HTO) is an effective pretreat-
ment to enhance the corrosion resistance of TiN/TiSiN films. Ren et al.
formed a crystalline anatase TiO2 nanolayer (~20-50 nm) on TiN using
only water at 200-250 °C, with lattice registry between TiN (111) and
anatase (004) that yields a robust interface (Fig. 5(C)) [129]. This
coherent TiOy barrier blocks corrosive ingress and, in 0.5 M HySO4 +
0.05 wt% F~, increases E.oy and markedly reduces the corrosion rate.
The 250 °C oxide remains protective during prolonged exposure,
delaying TiO, dissolution to [TiF¢]>~ and suppressing corrosion
progression.

In addition, hydrothermal oxidation has been reported to markedly
enhance the chemical stability of TiN films fabricated by multi-arc ion
plating (MAIP), decreasing the i.oy by about 50 x relative to the un-
treated state and increasing the corrosion potential by more than 300
mV [130]. The concomitantly formed anatase TiO2 nanolayer not only
suppresses corrosion but also reduces frictional resistance, thereby
improving wear resistance. Furthermore, a low-hazard partial-oxidation
route using water and ozone partially oxidizes the TiN surface, increases
hydrophilicity, and promotes surface cleaning, which strengthens both
corrosion resistance [131].

Overall, hydrothermal and partial-oxidation pretreatments form
dense, highly crystalline TiO5 protection layers on TiN/TiSiN surfaces
and deliver excellent corrosion inhibition in acidic and fluoride-
containing environments. These approaches are practical and effective
strategies for improving reliability and durability of TiN/TiSiN films in
corrosive settings relevant to semiconductor processing and, separately,
biomedical implants.

Interfacial pathways and chemical control are also emerging as key
directions. Aberration-corrected environmental TEM directly resolved
TiN oxidation evolution, showing initiation via Ti-atom migration along
{200} and two vacancy-mediated pathways [132]. In situ EIS has been
applied to TiN thin films, and EIS-microstructure analysis suggests that
thickness alone cannot explain corrosion behavior, supporting real-time
impedance metrics for tracking barrier degradation [133].

Finally, beyond physical protection layers, greener chemical addi-
tives can provide reaction-level control for suppressing TiN corrosion
under oxidizing cleans. Cheng et al. quantitatively showed that adding
glycine to the TiN-H0, system effectively suppresses oxidation and
markedly reduces the corrosion rate (Fig. 5(D)) [134]. At 0.3 wt% H20>
and pH 7.5, increasing glycine from 0 to 3 wt% reduced the removal rate
(RR) from 1,576 to 723 A min~! and the static etching rate (SER) from
5.3 to 1.7 A min~. The open circuit potential (OCP) stabilized rapidly,
accompanied by an approximately ten-fold reduction in icor. EIS showed
suppression of low-frequency diffusion features and an increase in low-
frequency impedance, indicating a transition from diffusion-influenced
behavior to charge-transfer-controlled kinetics.

4.3. Technical limitations and failure mechanisms for titanium-based
nitrides

TiN passivation remains indispensable in advanced integration, yet
its reliability can be constrained under contact-cleaning exposure and
subsequent process conditions [135]. A central limitation is the non-
uniform nature of oxidation. TiN oxidation has been reported to origi-
nate from Ti-atom migration along {200} planes and to proceed via
vacancy-mediated routes that form either chains of titanium vacancies
or staggered titanium vacancies, with reactivity varying with crystal
orientation and surface curvature [132]. This microstructure
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dependence implies that, even under identical process conditions,
oxidation resistance can vary locally, and passive-film breakdown may
initiate preferentially at vulnerable sites [136]. From a stack perspec-
tive, relying on TiN alone as a diffusion barrier has been reported to be
insufficient for suppressing dopant and contaminant transport under
advanced integration conditions, underscoring the need for composi-
tional and phase-structure control beyond conventional TiN [136].
Mechanical integrity also imposes a practical boundary, as TiN has been
reported to exhibit lower hardness and reduced resistance to plastic
deformation than TiSiN, such that accumulated local damage during
processing can act as a weak point [137].

4.4. Summary and outlooks of titanium-based nitrides passivation

In summary, suppression strategies for titanium-based nitrides
corrosion have evolved through a combination of deposition control,
structural passivation, and chemical modulation. AS-ALD, aided by
plasma pretreatments or vapor-phase inhibitors, confines TiN growth
and minimizes exposure to corrosion-prone surfaces. Physical ap-
proaches such as hydrothermal oxidation and dense-film encapsulation
further enhance stability by forming TiOs-based shells and blocking
percolation pathways. In TiSiN-based systems, ultrathin interlayers have
been employed to mitigate silicate formation and preserve dielectric
reliability under thermal and aqueous stress. Lastly, amino acid-based
inhibitors can modulate interfacial redox reactions and suppress
oxidation and etching under acidic and oxidizing conditions. Collec-
tively, these strategies support reliable integration of TiN and TiSiN
across wet cleaning and plasma-related steps. Continued progress will
depend on hybrid schemes that combine spatial selectivity, interfacial
robustness, chemical compatibility, scalability, and defect tolerance.

This effort will be enabled by atom-level oxidation diagnostics and
in-situ monitoring that connect local microstructure and interfacial
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evolution to corrosion response. Atomic-scale observations of TiN
oxidation can further guide microstructure-aware design rules that
suppress vacancy-mediated reaction pathways at their earliest stages. In
parallel, Al-assisted process optimization, such as closed-loop Bayesian
approaches, provides a practical route to rapidly identify defect-
minimizing growth windows and improve baseline film robustness
prior to chemical exposure. Finally, translation of green inhibitor con-
cepts to high-volume manufacturing will require demonstrating residue
control, post-clean removability, and compatibility across full wet-clean
sequences and downstream thermal budgets.

5. Tungsten (W) corrosion and passivation strategies

W is widely employed in semiconductor manufacturing owing to its
high melting point and low electrical resistivity, which enable stable
operation under severe thermal and electrical stress [41,138]. It is a key
material for contact plugs and local interconnects and is further used as
gate electrodes in 3D NAND word lines, buried word lines in dynamic
random access memory cells, and through-silicon via interconnects
[139-142], underscoring its central role in both logic and memory de-
vice architectures.

Despite these advantages, W is vulnerable to corrosion in semi-
conductor process environments. Exposure to oxidizing species such as
H,0,, in both acidic and alkaline chemistries, destabilizes protective
oxide layers and can result in surface roughening, void formation, and
even via failure. Corrosion-induced defects in W plug processes [143],
layout-dependent electrochemical degradation, and wear-assisted
corrosion during chemical mechanical planarization (CMPa) have all
been reported [144]. Quantitative studies further demonstrate that
Hy0, markedly accelerates W dissolution, reducing the activation en-
ergy from 46.2 kJ mol ! in water to 26.4 kJ mol ! in H,O,-containing
solutions [145]. These findings have motivated extensive investigation
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into effective corrosion suppression and passivation strategies for W.

5.1. Passivation strategies based on adsorption-controlled corrosion
inhibitors

Among the various strategies under investigation, one widely
adopted approach is the incorporation of chemical inhibitors to suppress
W dissolution under process-relevant conditions.

Meethal et al. investigated benzethonium chloride (BTC) as a W
corrosion inhibitor in tetramethylammonium hydroxide (TMAH)-based
neutral and alkaline post-CMPa cleaning solutions (Fig. 6(A)) [126].
Electrochemical tests (PDP, EIS) and inductively coupled plasma optical
emission spectroscopy showed that BTC lowered the etch rate from
0.275 to 0.018 A/min at pH 7 and from 0.685 to 0.061 A/min at pH 11,
achieving > 90% inhibition efficiency. Surface analyses (contact angle
> 100°, XPS) confirmed the formation of a hydrophobic protective film.
The inhibition mechanism arises from electrostatic attraction between
the BTC cation and the negatively charged W surface, coupled with
hydrophobic tail packing that blocks oxidant access. This highlights
BTC’s potential as a highly effective additive for advanced W post-CMPa
cleaning and corrosion control.

In addition to BTC, complementary studies have emphasized the
protective role of triazole-based inhibitors containing aromatic rings.
International Business Machines Corp. discloses post-CMPa cleaning
formulations incorporating BTA, tolyltriazole (TTA), and related heter-
oaromatic analogs as W-specific inhibitors in alkaline environments,
with recommended concentrations of 0.01-1 wt% to suppress dissolu-
tion while maintaining cleaning efficiency [146]. Similarly, Yao et al.
demonstrated that BTA significantly reduced i.or and total weight loss in
WC-based composites exposed to saline silica slurries (Fig. 6(B)) [147].
SEM and Raman analyses confirmed that BTA adsorbed on worn WC
surfaces, mitigating binder dissolution and carbide pull-out. These
findings underscore the applicability of aromatic triazole derivatives for
corrosion protection in W systems.

As an additional example of aromatic inhibitors, chelating agents
such as picolinic acid have also been explored for W corrosion protec-
tion. Lee and Seo reported picolinic acid as an effective corrosion in-
hibitor for W in acidic, oxidizing environments (Fig. 6(C)) [148].
Adsorption isotherm studies showed that it formed a uniform monolayer
on WOs surfaces, reaching saturation at 1.5 wt%. At this concentration,
the dissolution rate decreased from 90 to 11 f\/min, and atomic force
microscopy (AFM) and SEM analyses confirmed preservation of grain
integrity with smoother surface topography. The inhibition mechanism
was attributed to coordinate bonding between the pyridine group and
WO3, which blocked active dissolution sites and stabilized the surface.

Polyethyleneimine (PEI), as a polymeric additive, has been investi-
gated in which multiple amine groups are incorporated along a single
chain to enhance surface coverage and adsorption strength. Meethal
et al. evaluated PEI as a corrosion inhibitor for W in post-CMP cleaning
environments [149]. In aqueous neutral media, PEI exhibited inhibition,
reducing W dissolution by approximately 70-76% at 1 mM. concentra-
tion. In TMAH-containing solutions (0.7 wt% TMAH, pH 7), over 90%
inhibition efficiencies were achieved despite the aggressive nature of
TMAH toward tungsten. EIS, XPS, and DFT analyses supported an
adsorption-controlled mechanism in which PEI adsorbs onto WOs-
covered W via amine-mediated electron donation, forming a compact
polymer layer that suppresses interfacial charge transfer and limits
oxidant access.

Beyond synthetic inhibitors, amino acids have also been explored as
environmentally benign alternatives for W corrosion suppression. Pan
et al. investigated amino acids as inhibitors to suppress W dissolution in
peroxide-containing acidic solutions (Fig. 6(D)) [150]. Lysine, leucine,
and glutamic acid were tested using etch rate measurements, electro-
chemical analysis, and AFM, with lysine showing the strongest effect by
lowering the dissolution rate from 45.9 to 7.1 A/min and reducing
surface roughness from 1.647 to 1.267 nm at 0.25 mmol/L. EIS
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confirmed that lysine formed a protonated adsorption layer on the
negatively charged W surface, which suppressed peroxotungstic acid
generation and mitigated localized etching. This adsorption-controlled
passivation achieved inhibition efficiencies above 80%, highlighting
lysine as a promising green corrosion inhibitor.

Polyphenolic inhibitors, exemplified by tannic acid, have been re-
ported as bio-based green corrosion inhibitors for tungsten-containing
materials, in addition to amino acids. Jia et al. investigated the corro-
sion behavior of a tungsten alloy, W18Cr4V, using acetic acid as the
corrosive medium [151]. Weight loss measurements, PDP, and EIS
revealed strong concentration dependence. Low tannic acid concentra-
tions (1-3 wt%) accelerated corrosion, while higher concentrations (>5
wt%) provided inhibition, reaching a maximum efficiency of approxi-
mately 64% at 10 wt% tannic acid. SEM/EDS and XPS analyses indicated
that a chemically adsorbed iron-tannate complex film, thereby
increasing the charge transfer resistance and reducing metal dissolution,
suppressed the corrosion. Overall, effective inhibition by tannic acid in
W systems requires sufficiently continuous film formation on W surface.

5.2. Passivation strategies based on protective surface films

Some studies have focused on utilizing these molecules not only for
adsorption but also as building blocks for forming protective surface
layers, thereby creating more stable passivation films. Si-based strate-
gies have emerged, where silane coupling agents, silicone-containing
dielectrics, or fluoro-silanes are employed to generate durable passiv-
ation layers on W surfaces.

Cataphoretic deposition (CPD) has been applied to W using orga-
nosilane-inhibitor aqueous suspensions, producing continuous, low-
porosity films within 5 min, whereas shorter deposition times resulted
in discontinuous island-type layers [152]. Building on this approach,
Shapagina et al. fabricated siloxane hybrid films by combining 3-
(methacryloyloxy)propyltrimethoxysilane with BTA and hydrox-
yethylidene diphosphonic acid (HEDP) (Fig. 7(A)) [153]. Crosslinking
enabled siloxane network formation, while the inhibitors improved film
stability. The resulting coatings showed higher R, and improved barrier
properties compared to immersion films, and surface damage remained
below 0.5% after prolonged exposure to 3.5% NaCl, demonstrating the
effectiveness of silane-inhibitor hybrid passivation layers for W.

Lee and Ni evaluated the effect of a silicon oxynitride (SiON)
dielectric barrier on W corrosion during post-metal etch cleaning with
three chemistries: a sulfuric acid/hydrogen peroxide mixture (SH), a N,
N-dimethylacetamide-based alkaline solution with ammonium fluoride
and polyethylene glycol ether, and an alcohol amine (AA) mixture
containing hydroxylamine, dihydroxybenzene, and hydroquinone
(Fig. 7(B)) [154]. Of these, the AA solution combined with SiON reduced
etch rates to < 5 A/min and preserved W vias with minimal residues and
only slight sidewall erosion. SEM and TEM analyses confirmed that the
barrier maintained via integrity, and the study further showed that the
SiON film prevented charge-induced corrosion.

Kuzina et al. fabricated fluoro-silane hydrophobic films on W by
combining nanosecond pulsed laser ablation to generate hierarchical
roughness with subsequent vapor-phase deposition of methoxy-{3
[(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorooctyl)-oxy]-propyl}
silane [155]. The optimized coatings exhibited contact angles above
170° with roll-off angles near 1-2°, and remained stable under water
vapor exposure, continuous droplet contact for over 50 h, and me-
chanical abrasion. Morphological and EDS analyses confirmed uniform
fluoro-silane coverage on textured surfaces, with substrate pre-heating
improving adhesion. These results indicate that such surface-
engineered hydrophobic barriers effectively suppress moisture-driven
degradation and represent a viable approach for enhancing W corro-
sion resistance.

Phosphonate bonding functionalizes WO3 surfaces through covalent
P-O bond and W linkages, which are stronger and more stable than
thiolate-metal bonds. Li et al. demonstrated that diamondoid
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Fig. 6. (A) The schematic representation of the proposed model of corrosion inhibition by BTC on the W surface. [126], Copyright (2023) Elsevier. (B) SEM images of
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phosphonic dichloride monolayers remained intact up to 300-350 °C
while passivating WO3 against sublimation and degradation (Fig. 7(C))
[156]. The films also preserved the negative electron affinity of dia-
mondoids, indicating that electronic properties were not compromised
by the protective layer. These results suggest that phosphonate chem-
istry provides a stable route for constructing organic-inorganic barriers
on W.

In addition to protective films derived from external materials, self-
passivation approaches exploit W’s inherent ability to form stable oxide
layers under controlled chemical or electrochemical conditions. The
resulting thin WO3 film acts as an in-situ barrier that protects the un-
derlying metal from dissolution, while remaining removable when
required. [157-159].

Direct insight into the dynamic nature of tungsten self-passivation
has been obtained using in situ environmental transmission electron
microscopy (ETEM), as demonstrated by Togaru et al., which enables
real-time observation of oxide film evolution under oxidizing conditions
[160]. Using a gas-cell ETEM operated at 1 bar, WO3 growth on poly-
crystalline W was visualized at 500-900 °C, revealing crystallographic
orientation dependence and temperature-driven phase transitions from
orthorhombic to tetragonal WO3. While compact WO3 layers initially
formed and acted as diffusion barriers, elevated temperatures led to
oxide sublimation and microcrack formation, resulting in passivation
degradation. These observations demonstrate that WOs-based self-
passivation of W is inherently dynamic and structurally limited,
providing a mechanistic basis for chemically stabilized passivation
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strategies.

Fe(NOs3)s has been applied as a strategy to control WOs3 passivation
layers on W in acidic oxidizing solutions. Lim et al. showed that low Fe
(NO3)3 concentrations produced porous WOy with rapid dissolution,
whereas higher concentrations promoted dense WO3 films that reduced
the etching speed by more than 80% [161]. Poddar et al. expanded this
understanding by demonstrating that hydroxyl radicals generated in Fe
(NO3)3/H202 mixtures drive rapid WOs3 growth, confirmed by spec-
troscopy and surface analyses (Fig. 7(D)) [162]. Their electrochemical
tests showed a ~ 70% reduction in corrosion current and etching speed,
underscoring that compact WOs3 passivation is the key mechanism
suppressing W corrosion.

Xu et al. investigated the influence of solution chemistry on W sta-
bility during chemical-enhanced shear dilatancy polishing, emphasizing
the role of controlled passivation [163]. By varying HoO5 concentration
and pH, they assessed material removal, surface roughness, and elec-
trochemical response. Excessive alkalinity or oxidant levels led to over-
corrosion, whereas moderate conditions promoted uniform WO3 film
formation. Optimal stability was observed at pH 9 with 1 vol% H50s,
where dynamic WOj3 passivation provided both high removal efficiency
and minimal roughness.

5.3. Technical limitations and failure mechanisms for W

Limited universality is a key limitation of W passivation, as inhibi-
tion depends strongly on solution chemistry and inhibitor concentration.
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PEI loses inhibition at highly alkaline pH under post-CMP conditions
[149], while tannic acid exhibits concentration-dependent reversal in W
systems, where low concentrations accelerate corrosion, highlighting
narrow operating windows for passivation additives [151]. WOy-based
passivation is further limited by defect sensitivity: incomplete coverage
and oxygen-vacancy engineering produce non-monotonic protection
behavior, requiring controlled interfacial design rather than sponta-
neous oxide formation [164,165]. Under HyO,, WO3 formation does not
prevent corrosion, and increasing oxidant concentration exacerbates
surface damage [166]. In addition, stability of WOs3 passivation layer is
limited under alkaline conditions as W undergoes continuous anodic
dissolution to soluble tungstate [167]. Microstructural heterogeneity
also constrains passivation, as grain boundaries and secondary phases
act as weak sites for localized attack [168]. Finally, galvanic coupling
imposes a stack-level limitation because W is typically integrated with
Ti/TiN liners; under post-CMP conditions, W-TiN coupling shifts mixed
potentials and promotes preferential W dissolution despite nominal
passivation or small-molecule inhibitor coverage, necessitating delib-
erate control of interfacial potentials and formulation chemistry beyond
intrinsic W surface stability alone [169,170].

5.4. Summary and outlooks of W passivation

In summary, W corrosion mitigation can be broadly categorized into
two main strategies: inhibitor-based chemical control and coating-based
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physical passivation. Inhibitor strategies include organic molecules,
polymeric inhibitors, and environmentally benign green inhibitors,
which suppress W dissolution primarily through surface adsorption and
interfacial stabilization. Coating-based approaches—ranging from
molecular-scale hybrids to dielectric barrier films such as Si-based bar-
rier layers and phosphonate monolayers—provide physical separation
between W surfaces and aggressive processing chemistries. Self-
passivation via controlled formation of WOs3 layers has been investi-
gated under regulated oxidizing conditions. These strategies mitigate W
corrosion during CMP, wet cleaning, and post-etch processes by
combining chemical inhibition with barrier protection. In industrial
contexts, proprietary alkaline post-CMP cleaners incorporating organic
inhibitors (e.g., Entegris AG-W100/CIP and ChemP) effectively suppress
W corrosion while maintaining dielectric compatibility, confirming the
practical viability of inhibitor-based strategies in semiconductor pro-
duction environments [170,171].

Looking forward, machine-learning and Al-assisted screening are
expected to complement—rather than replace—experimental work-
flows. Recent studies show that ensemble models and graph-based
neural networks can predict corrosion-inhibition efficiency with high
accuracy (R? > 0.9) when trained on harmonized datasets, enabling
rapid pre-screening of candidate inhibitors and reducing experimental
trial-and-error [87]. However, these approaches remain data-dependent
and require rigorous electrochemical validation [172]. Future progress
in W passivation will therefore rely on the synergistic integration of



Y. Lee et al.

machine-learning-guided screening, in-situ characterization, and tar-
geted experiments to achieve predictive, mechanism-informed corrosion
control.

6. Copper (Cu) corrosion and passivation strategies

Cu has been extensively employed as a critical material in semi-
conductor interconnect processes due to its low resistivity and excellent
electron mobility. However, Cu is chemically susceptible and highly
prone to corrosion during wet cleaning, interconnect, and capping
processes. Under oxidizing cleaning solutions containing agents such as
H203, O3, or HNOg3, the Cu surface readily oxidizes and dissolves to form
Cu*t and Cu?* ions [173,174]. Contact with liner metals including Ta/
TaN, Co, or Ru further induces galvanic corrosion, accelerating selective
material degradation. Such processes can lead to catastrophic defects
including interconnect open circuits, increased resistance, and
compromised device reliability. Therefore, to ensure the integrity of Cu
interconnects in advanced semiconductor manufacturing, the imple-
mentation of effective passivation strategies grounded in a detailed
understanding of the corrosion mechanisms is essential [175-177].

6.1. Passivation strategies based on chemical corrosion inhibitors

Traditionally, Cu corrosion inhibition has relied on azole-based
organic passivators, most notably BTA, which adsorb on Cu surfaces to
form protective films composed of Cu(I)-BTA complexes, chelated do-
mains, and CupO layers that block oxidant access [178-181]. This
approach has demonstrated high inhibition efficiencies; for example,
BTA treatment reduced the icor of a Cu-Ni alloy (B30) from 18.5 to
0.504 pA/cm? (97.27% efficiency), accompanied by increased surface
hydrophobicity (contact angle: 85° — 102°) [182]. However, challenges
remain in achieving uniform passivation within fine semiconductor
features, as well as concerns regarding organic residues during subse-
quent processing.

To address these limitations, modified BTA derivatives and small
heterocyclic inhibitors have been extensively explored. For instance, 1-
methylbenzotriazol (N1-CH3-BTA) enhances coordination with Cu
through increased electron density, yielding denser protective films with
reduced surface roughness (~0.923 nm) and improved inhibition effi-
ciency (96.4%) (Fig. 8(A)) [183]. In addition, synergistic inhibitor sys-
tems, such as mixtures of BTA and decanoic acid (DA), have shown
markedly enhanced performance by forming high-density protective
layers via combined chemical and physical adsorption, achieving inhi-
bition efficiencies up to 99.3% [184]. Such multicomponent strategies
are particularly relevant to CMP and post-CMPa environments, where
complex chemical interactions prevail.

Beyond classical BTA-based systems, next-generation heterocyclic
inhibitors—including water-soluble triazole derivatives (STR), indazole-
5-amine (AIA), tetrazole (TEZ), 5-methyltetrazole (MTEZ), and 1,2,4-tri-
azole (TAZ)—have demonstrated strong Cu corrosion suppression under
wet cleaning and alkaline CMPa conditions (Fig. 8(B)) [185-187]. These
molecules typically adsorb parallel to the Cu surface and form polymeric
or two-dimensional passivation layers through multiple coordination
interactions, significantly lowering icor while increasing surface hy-
drophobicity. Notably, TEZ achieved an inhibition efficiency of 97.6% at
10 mM under strongly alkaline conditions, while maintaining a high Cu
removal rate. More recently, salicylhydroxamic acid (SHA) has been
reported to effectively mitigate Cu corrosion in peroxide-containing
alkaline CMP slurries by forming hydrophobic protective films via
combined physical and chemical adsorption [188].

Insights from chloride-containing environments further underscore
the importance of molecular structure. For example, 5-aminotetrazole
(ATAH) exhibited superior inhibition performance (98% at 0.01 M)
compared to 5-mercapto-1l-methyltetrazole (MTAH), attributed to
enhanced electron donation from the amino group and stronger surface
adsorption [189]. Although not yet directly implemented in CMP, such
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findings highlight the relevance of tailored heterocyclic chemistry for
semiconductor cleaning environments.

Finally, environmentally benign inhibitors, including fulvic acid
(FA) and amino acid-based compounds, have attracted growing atten-
tion (Fig. 8(C)) [190,191]. These inhibitors suppress Cu oxidation and
dissolution through multidentate coordination involving carboxyl, hy-
droxyl, and amino groups, while offering advantages in sustainability
and reduced residue-related risks during downstream processing.

While BTA has long been the industry standard for Cu passivation,
recent research has shifted toward developing next-generation alterna-
tives that overcome BTA’s limitations, such as its environmental toxicity
and potential for leaving organic residues. Nitrogen-free and advanced
heterocyclic inhibitors, including various pyridine carboxylic acid iso-
mers and tetrazole derivatives, have emerged as promising candidates.
These molecules form stable hydrophobic layers through metal-organic
coordination adsorption, achieving high inhibition efficiencies (~98%)
without the risk of nitrogen-related contamination, which is critical for
maintaining dielectric integrity in sub-3 nm nodes [192].

Specifically, the structural dependency of these isomers and the
density of the protective films formed by benzimidazole and its de-
rivatives play a vital role in suppressing corrosion under alkaline envi-
ronments [193]. Furthermore, organic phosphoric acid esters and
chromium-free organic formulations have demonstrated effectiveness
in creating robust inhibitory layers in neutral media, offering a more
sustainable approach to Cu surface protection [194,195].

Furthermore, the adoption of bio-based corrosion inhibitors repre-
sents a significant step toward sustainable semiconductor
manufacturing. Recent studies have demonstrated that amino acid-
s—such as methionine, glutamic acid, and leucine—serve as environ-
mentally friendly alternatives in CMP, providing corrosion protection
for both Cu and Co surfaces [191]. Functional biomolecules like cysteine
utilize multiple anchors to facilitate strong chemisorption on metal
surfaces in both alkaline and neutral solutions [196]. By integrating
these latest sustainable strategies, the industry is moving toward a more
environmentally compatible yet technically rigorous approach to Cu
corrosion control.

6.2. Passivation strategies based on physical and hybrid surface coatings

Beyond chemical inhibitors, nanocoating- and nanomaterial-based
strategies have emerged as effective approaches for mitigating Cu
corrosion in CMP and cleaning environments [197,198]. Unlike con-
ventional adsorption-type inhibitors that provide only localized pro-
tection, nanoscale coatings enable uniform surface coverage while
offering combined chemical and physical passivation. Representative
examples include sol-gel-derived S-N-C-doped TiO» coatings and
nanostructured zirconia-based superhydrophobic layers, which exhibit
crack-free morphology, high contact angles (>150°), and corrosion
resistance exceeding 99.9% under CMP-relevant conditions (Fig. 9(A))
[199,200].

In parallel, organic-inorganic nanocoatings such as SAM-based
polymer films and N,S-codoped carbon dots (N,S-CDs) have demon-
strated dense, chemically stable surface coverage through self-assembly
and chemisorption mechanisms, achieving corrosion inhibition effi-
ciencies above 95% and maintaining compatibility with downstream
metallization processes [201,202].

More advanced hybrid strategies incorporate active corrosion in-
hibitors into functional host matrices. Notably, BTA-integrated metal-
—organic frameworks (MOFs) and CeO, nanocarrier-based self-healing
coatings provide synergistic active-passive protection by combining
superhydrophobic barrier layers with inhibitor release at damaged sites
(Fig. 9(B), (C)) [203,204]. These hybrid nanocoating approaches enable
long-term corrosion suppression while preserving process compatibility,
positioning them as promising platforms for next-generation Cu inter-
connect protection.

The landscape of Cu passivation is being reshaped by the latest



Y. Lee et al.

(A) a » insic hydrophobicity and protonationof b 3 Steric hindrance & hy
BTA chd to dense but defective pass: nluof film lead to looser passivation film, but high R,

BTA N1-CH,-BTA

- WO, M ), o . Ho, WO, H

§ r L E
WS s ) | - R
e o L ST T It L)&,{.; 'y
no‘ooococ’ococ WAV AYA V]

AV AV AVAV AV A 'AV AV AV AV A

O000000O0O0COOCO0OO 00000000 O0COO0CO
0O0000OO0OOOOOOOO 0000O0OO0ODO0COODOO0OO
O0000O0OOODOODOOO 0000CO0OOOCOOODOO
a o ¢
C ¥ Steric hindrance & ty of -NH, o'n oo
lead olooseswasswa!ml!m and low R, Cu0 Cu Hydrophilic

Hydrophobic

N1-NH-BTA
H0,/

N1-CH,BTA BTA N

boos - -
S5, Tested in 0.2 M Na,SO, c 00 osted in 0.2 M Ne,80,
G ooe 08 Reduced-Cu
> -
< "OSSea 200 Reduced-Cu treat with 0.1 wt% FA
3 \ Oxidized-Cu
<003 IEEE ~T»‘\;§: . t Oxidized-Cu treat with 0.1 wt% FA
4 o SoRes. S0
2002} Reduced-Cu N o
e & Reduced-Cu treated with 0.1wt% FA|
£ Oxidized-Cu 100
5001} © Oxicized-Cu treated with 0.1wt% FA Pt s
o
000 5 Y
0 50 10 15 200 - N N 4R
Time (s) Z' (ohm)

drophobicity of -CH, (B)

Nitrogen atoms serve (
as adsorption sites \ .- “,« p

Materials & Design 263 (2026) 115650

D | Tetrazolium ring improves
2 > , adsorption capacity

(2)

Methyl cause steric effect
=Y

lmm
inhibits adsorpti

3)

Increased
Protection

E

TAZ
=-174.42 keal/mol

TEZ
=-182.48 kcal/mol

MTEZ

L E,q E,.=174.81 keal/mol

Fig. 8. (A). Schematic representation of passivation film formation on Cu surface by different BTA derivatives. [183], Copyright (2025) Elsevier. (B) The corrosion
inhibition mechanism of TAZ, TEZ, and MTEZ in alkaline glycine medium was elucidated by analyzing their stable configurations on the Cu (111) surface at 1000 ps.
[187], Copyright (2025) Elsevier. (C) Schematic diagram of the FA-derived CMPa slurry and electrochemical analysis of FA adsorption on reduced and oxidized Cu
surfaces, including OCP and Nyquist plots from AC impedance tests. [190], Copyright (2025) Elsevier.

progress in green sustainable technologies, particularly the use of plant-
derived extract inhibitors and bio-macromolecules [205,206]. These
sustainable agents, such as polyphenols and humic substances, utilize
multi-site coordination to form self-healing-like protective layers that
are environmentally benign yet technically robust for sub-3 nm nodes
[207]. To validate the integrity of these green barriers, in-situ TEM has
become a vital tool, enabling the direct observation of passivation film
growth and localized breakdown at grain boundaries during exposure to
aggressive cleaning solutions. Additionally, hybrid strategies combining
these green inhibitors with smart nanocarriers (e.g., CeO2 nano-
containers) offer responsive protection [208], where inhibitor molecules
are selectively released at damaged sites, as confirmed by high-
resolution in-situ electrochemical mapping.

6.3. Technical limitations and failure mechanisms for Cu

Cu passivation techniques also encounter fundamental failure modes
that limit their application in advanced interconnect architectures. A
major issue is the trade-off between adhesion and electromigration
performance. While strong chemical inhibitors, such as BTA derivatives,
effectively prevent corrosion, they can leave organic residues that
weaken the interfacial adhesion between the Cu surface and subsequent
dielectric barriers, thereby accelerating electromigration failures
[209,210]. In addition, galvanic breakdown remains a critical concern
in complex 3D structures where Cu is in contact with noble liner metals
like Ru or Co. If the passivation layer is not perfectly uniform, the
electrochemical potential difference drives preferential dissolution at
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the Cu/liner interface [52,211]. Moreover, many thin-film strategies,
including conventional SAMs, exhibit mechanical fragility during CMP,
often lacking the robustness to withstand high shear stress, which results
in passivation breakdown and localized pitting [212,213].

6.4. Summary and outlooks of Cu passivation

In summary, Cu corrosion inhibition strategies have diversified to
include traditional chemical inhibitors (e.g., BTA, TAZ, STR, AIA), bio-
based inhibitors (e.g., fulvic acid, amino acids), nanomaterials and
nanocoatings (e.g., SAMs, graphene, h-BN, N,S-CDs), as well as MOF-
based and self-healing hybrid coatings (e.g., BTA-MOF/SiO5, CeO,
nanocarriers). These approaches collectively provide chemical and
physical protection across CMP, wet cleaning, metallization, and
capping processes while maintaining surface uniformity and process
compatibility.

Notably, nanomaterial-enabled and hybrid systems, particularly N,S-
CDs and self-healing coatings, form dense and stable protective layers on
Cu surfaces with high inhibition efficiency over a wide pH range [202].
However, most current strategies remain validated primarily at the
laboratory scale, underscoring the need to address scalability, residue
control, and long-term reliability under manufacturing-relevant condi-
tions. This gap motivates the transition toward sustainable, manufac-
turable, and data-driven passivation concepts for advanced Cu
interconnect technologies.

The future of Cu passivation lies in bridging the gap between inno-
vative laboratory research and the feasibility of green inhibitors in
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actual production lines. While bio-based macromolecules and plant-
derived extracts offer promising eco-friendly alternatives, their transi-
tion to High-Volume Manufacturing requires a rigorous evaluation of
their thermal stability and residue-free integration. Future studies must
ensure that these sustainable inhibitors can withstand high-temperature
annealing without degrading into carbonaceous defects that compro-
mise interconnect reliability. Furthermore, Al-assisted design will be
instrumental in selecting green molecules that exhibit high water solu-
bility for efficient post-cleaning removal while providing superior
chemisorption during CMP. Validating these sustainable strategies will
rely on in-situ TEM and high-resolution electrochemical mapping to
monitor localized breakdown at grain boundaries. Ultimately, the syn-
ergy between atomic-scale engineering and sustainable chemistry will
establish a new paradigm for environmentally compatible and techni-
cally robust Cu corrosion control in advanced device architectures.

7. Conclusion

This review has systematically examined corrosion phenomena and
passivation strategies for key metallic materials—Mo, W, titanium-
based nitrides, and Cu—under semiconductor wet cleaning conditions.
While these materials share common exposure to highly oxidative,
acidic, or alkaline environments, their corrosion mechanisms and miti-
gation strategies differ substantially due to intrinsic physicochemical
properties and device-level integration requirements.

Across all metals, several common challenges emerge: (i) the
inability of native oxides to provide stable protection in aggressive
cleaning chemistries, (ii) the increasing vulnerability of ultrathin films
to localized electrochemical and galvanic corrosion, and (iii) the diffi-
culty of achieving uniform passivation within complex three-
dimensional nanostructures. These shared issues necessitate corrosion
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control strategies that are chemically robust, spatially uniform, and
compatible with downstream processing.

At the same time, effective corrosion suppression requires differen-
tiated, material-specific approaches. For Mo, the instability of high-
valence oxides demands selective chemical inhibitors and electro-
chemical control strategies that suppress oxidative dissolution. W
corrosion is dominated by rapid peroxide-driven oxidation, making
dense physical barriers and film quality optimization essential.
Titanium-based nitrides rely on maintaining oxide integrity and crys-
tallinity to prevent localized degradation, highlighting the importance
of deposition and post-treatment conditions. In contrast, Cu corrosion
control must simultaneously address chemical dissolution and galvanic
interactions, driving the development of advanced inhibitor systems,
self-healing coatings, and hybrid MOF-based or nanoparticle-enabled
passivation layers.

Recent advances indicate that corrosion control technologies are
converging along three complementary pathways: chemical inhibition,
physical protection, and hybrid strategies integrating both. Chemical
approaches have evolved from traditional inhibitors toward highly se-
lective molecules and environmentally benign alternatives, while
physical strategies increasingly exploit advanced deposition techniques
and nanostructured coatings. Hybrid systems, particularly for Cu in-
terconnects, demonstrate strong potential by combining active corrosion
suppression with mechanical robustness and self-repair capabilities.

In conclusion, ensuring the reliability of future semiconductor
technologies requires an integrated corrosion management framework
that accounts for both shared challenges and material-specific vulnera-
bilities. Future research should prioritize process-compatible, residue-
minimizing passivation strategies capable of delivering atomic-scale
uniformity and long-term stability within advanced 3D device archi-
tectures. The continued convergence of materials engineering,
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electrochemical control, and sustainable chemistry will be central to
establishing robust corrosion suppression paradigms for next-generation
semiconductor manufacturing.
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