RRRRR

World Journal of Advanced Research and Reviews W,
eISSN: 2581-9615 CODEN (USA): WJARAI Res:;z:“:ﬁ:
Cross Ref DOI: 10.30574/wjarr Reviews

WJARR Journal homepage: https://wjarr.com/ o

(RESEARCH ARTICLE)

W) Check for updates

Enhancing Yield in Angstrom-Era Nodes: The Critical Significance of lon Exchange
Purification in the Manufacturing of High-Purity Post-CMP Cleaning Formulations

Kaushik Krishnan *

University of California, San Diego, La Jolla, California, United States.

World Journal of Advanced Research and Reviews, 2026, 29(01), 1302-1307

Publication history: Received on 06 December 2025; revised on 20 January 2026; accepted on 22 January 2026

Article DOI: https://doi.org/10.30574 /wjarr.2026.29.1.0176

Abstract

As semiconductor device scaling approaches the Angstrom era, the tolerance for metallic contamination in
manufacturing consumables has vanished. Post-Chemical Mechanical Planarization (PCMP) cleaning chemistries,
designed to remove trace residues from the wafer surface, paradoxically become a source of "killer defects" if the
formulation itself contains trace metallic impurities. This paper investigates the critical role of advanced ion exchange
(IEX) purification in manufacturing ultra-high purity PCMP cleaners. We outline the deleterious effects of bulk metallic
impurities on device reliability, specifically Time-Dependent Dielectric Breakdown (TDDB) and galvanic corrosion.
Experimental validation compares the performance of a standard alkaline PCMP cleaner against an identical
formulation purified via highly selective chelating resins, demonstrating a significant reduction in on-wafer metallic
residues and improved electrical reliability. Finally, we review the specific resin architectures required for these
complex chemical matrices and discuss future challenges in moving from parts-per-billion (ppb) to parts-per-trillion
(ppt) purity specification.

Keywords: lon Exchange; Post-CMP Cleaning; Metallic Contamination; Chelating Resin; TDDB; Angstrom Era; Yield
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1. Introduction: The Paradox of the "Dirty" Cleaner

Post-CMP (PCMP) cleaning is the critical process step responsible for restoring a pristine wafer surface following the
aggressive planarization process. The success of this step is heavily reliant on sophisticated aqueous formulations
containing surfactants, complexing agents, and corrosion inhibitors designed to undercut particles and solubilize
metallic residues (like copper ions left by the slurry).

However, a significant challenge exists in the manufacturing of these cleaning chemicals. The raw materials used to
synthesize surfactants and complexing agents often contain trace levels of metallic impurities such as Iron (Fe), Nickel
(Ni), Calcium (Ca), and Copper (Cu), originating from catalysts, synthesis reactors, or water sources.

If these metals remain in the bulk PCMP formulation, even at low parts-per-billion (ppb) levels, they present
catastrophic risks for sub-10nm logic nodes:

¢ Time-Dependent Dielectric Breakdown (TDDB): Mobile ions, particularly Cu* and Na*, can diffuse into
porous low-k dielectrics under electrical bias during device operation. This drift creates leakage paths,
eventually leading to catastrophic dielectric breakdown and chip failure.
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e (Galvanic Corrosion: In multi-metallic integration schemes (e.g., Cu/Co/Ru), dissolved noble metals in the
cleaner can deposit onto less noble barrier metals via displacement reactions, causing localized pitting and
corrosion.

e Defect Nucleation: Multivalent cations like Fe®** or Ca?* can bridge the negative zeta potential between the
wafer surface and particles, acting as "glue” that prevents particle removal.

Therefore, the manufacturing of PCMP cleaners requires a final, rigorous purification step to ensure the cleaner itself
does not become the contamination source.

2. Ion Exchange Purification Mechanisms in Complex Matrices

Purifying PCMP formulations presents a unique chemical engineering challenge compared to standard Ultrapure Water
(UPW) polishing. PCMP cleaners are complex, high-ionic-strength matrices (conductivity > 5 mS/cm) often formulated
at high pH (pH 9-12) with high concentrations of organic amines and chelating agents (e.g., citric acid, glycine, or
proprietary polymeric chelators).

In this environment, standard Strong Acid Cation (SAC) resins which rely on simple electrostatic sulfonic acid (-SOzH)
groups are ineffective. The selectivity coefficient of SAC resins for trace transition metals is insufficient to compete with
the overwhelming concentration of competing cations (like ammonium or amine salts) and the strong thermodynamic
pull of the formulation's own chelating agents.

Effective purification requires Macroporous Chelating Resins utilizing Iminodiacetic Acid (IDA) or Aminophosphonic
Acid (APA) functional groups grafted onto a cross-linked polystyrene-divinylbenzene (PS-DVB) backbone.

e Chelation Thermodynamics: Unlike simple ion exchange, IDA functional groups (R-N(CH,COOH),) operate
via ligand coordination. They act as tridentate ligands, utilizing the nitrogen lone pair and two carboxylate
oxygen atoms to form stable 5-membered ring structures with transition metal ions. The formation of these
rings provides a massive entropic gain (the "Chelate Effect"), resulting in stability constants (log K) for Cu, Ni,
and Fe that are orders of magnitude higher than those for monovalent alkali metals.

e Competitive Kinetics: The purification mechanism is a "ligand exchange" reaction. For a metal ion M?* initially
bound to a formulation chelator L(form), the resin functionality L(resin) must satisfy the condition:
K(stability)[M-L(resin)] » K(stability)[M-L(form)].

e Selectivity Sequence: The IDA functionality exhibits a selectivity sequence of Cu®* > Ni?* > Zn?* > Ca?®* » Na*.
This hierarchy is critical. It allows the resin to scavenge trace "killer” metals (Cu, Ni) with near-perfect efficiency
while allowing the bulk "benign” cations (such as the Tetramethylammonium ion, TMA®, often used for pH
adjustment) to pass through, preserving the formulation's stoichiometry and cleaning performance.

3. Experimental Methodology

To isolate the impact of purification, a rigorous comparative study was executed using a commercially representative
alkaline PCMP formulation (pH 10.5) designed for Cu/Co interconnects.

3.1. Purification Setup

e Column Architecture: A custom chemically resistant fluoropolymer column (25mm ID x 500mm L) was
packed with a uniform-particle-size (UPS) macroporous IDA-functionalized chelating resin (450 pm mean
diameter).

e Process Conditions: The formulation was processed at a specific flow rate of 10 Bed Volumes per hour (BV/h)
at ambient temperature (22°C). This relatively low Liquid Hourly Space Velocity (LHSV) was selected to
overcome the film diffusion resistance typical of viscous, surfactant-rich fluids.

e Contamination Challenge: The raw chemistry was spiked with a NIST-traceable multi-element standard to
achieve a baseline contamination of ~50 ppb (ng/g) for Fe, Ni, Cu, Ca, Zn, and Cr. This served as a worst-case
scenario representing a catastrophic raw material excursion.

1303



World Journal of Advanced Research and Reviews, 2026, 29(01), 1302-1307

3.2. Metrology and Trace Analysis

The complexity of the organic matrix necessitates advanced background reduction techniques for accurate
measurement:

e Liquid Phase Analysis (ICP-QQQ): Bulk liquid samples were analyzed using an Agilent 8900 Triple
Quadrupole ICP-MS (ICP-QQQ). To eliminate polyatomic interferences (such as ArO* interfering with Fe%® or
ArCa* with Zn), the reaction cell was operated in both Helium (collision) and Ammonia (reaction) modes. The
method Detection Limit (MDL) was validated at <10 ppt for all target elements.

e Surface Analysis (VPD-ICP-MS): 300mm test wafers were analyzed via Vapor Phase Decomposition (VPD).
The entire wafer surface oxide was scanned with an HF /peroxide droplet to collect metallic impurities, which
were then analyzed via ICP-MS to yield surface concentration in atoms/cm?.

e Reliability Testing (TDDB): Metal-Insulator-Semiconductor (MIS) capacitors were fabricated using a porous
SiCOH low-k dielectric (k=2.4). These structures were subjected to Constant Voltage Stress (CVS) at 125°C and
3 MV/cm field strength. Time-to-failure was recorded when leakage current exceeded 1 pA/cm?.

4. Results and Discussion

4.1. Purification Efficiency and Selectivity

The IDA resin demonstrated exceptional selectivity, effectively "filtering" trace ions from the dense chemical soup.
Figure 1 illustrates the purification performance. Despite the high concentration of competing organic amines, the resin
achieved >98% removal efficiency for Copper and Nickel.
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Figure 1 Bulk Metal Removal Efficiency (Log Scale)

This chart illustrates the effectiveness of the lon Exchange (IEX) resin in removing trace metallic impurities from the
bulk PCMP chemistry. Note the logarithmic scale on the Y-axis; the reduction for critical metals like Copper and Nickel
is nearly two orders of magnitude (from ~50 ppb to <1 ppb).

e Iron Removal: Iron, often present as colloidal ferric hydroxide in high-pH solutions, showed slightly lower
removal efficiency (94%) compared to ionic Copper. This suggests that while the resin is highly effective for
dissolved ions, upstream mechanical filtration (10nm UPE) remains necessary for colloidal species.

e Stoichiometric Stability: Crucially, titration analysis confirmed that the concentration of the active organic
components (corrosion inhibitors and pH adjusters) changed by <0.5% post-purification, confirming the resin's
high specificity for transition metals.
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4.2. On-Wafer Surface Residuals

The thermodynamic driving force for metal adsorption changes drastically during the drying phase of the cleaning
process. As the water evaporates, the concentration of dissolved metals in the residual meniscus spikes, forcing
precipitation onto the wafer surface.
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Figure 2 Surface metallic contamination measured via VPD-ICP-MS.

The "Standard" cleaner leaves a Copper residue burden exceeding 10** atoms/cm? The "Purified" cleaner reduces this
to near the detection limit (<10*° atoms/cm?), mitigating the risk of defect nucleation.

o VPD Results: The "Standard" spiked cleaner left significant Copper residues on the low-k dielectric surface,
measured at 8.5 x 10** atoms/cm?. In contrast, the "Purified" chemistry yielded surface levels of 2.1 x 10*°
atoms/cm?, approaching the detection limit of the metrology.

e Mechanism of Adhesion: On porous low-k dielectrics, residual silanol (-Si-OH) groups act as weak cation
exchangers. If free Cu®* ions are present in the bulk chemistry, they readily undergo hydrogen exchange with
surface silanols, becoming chemically grafted to the pore walls. IEX purification breaks this cycle by reducing
the bulk concentration below the equilibrium threshold for adsorption.

4.3. Electrical Reliability (TDDB) Improvement

The ultimate validator of purity is electrical performance. Time-Dependent Dielectric Breakdown (TDDB) data was
plotted using Weibull distribution analysis.
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Figure 3 TDDB Reliability Analysis (Weibull CDF).

The Purified chemistry demonstrates a significant shift to the right compared to the Standard chemistry. This indicates
a much higher characteristic lifetime (1) and a steeper slope (8), corresponding to a tighter distribution of failure times
and higher overall reliability.

e Weibull Analysis: The characteristic lifetime (1, or t63) for the Purified split was 3.5x higher than the
Standard split (5100s vs 1450s).

o Failure Physics: The degradation mechanism in Cu/Low-k interconnects is primarily driven by the field-
assisted drift of Cu* ions into the dielectric. These ions act as trap centers. When enough ions accumulate, they
form a conductive filament (percolation path) between the anode and cathode. By removing the "reservoir" of
available Copper ions in the PCMP cleaner, we significantly delay the onset of this drift-induced leakage, directly
extending the operational lifespan of the chip.

5. Future Perspectives

As the industry transitions to Angstrom-level nodes (e.g., A14, A10), the purification paradigm must evolve from
"contaminant removal" to "atomic-level control."

e Parts-per-Trillion (ppt) Specifications: The current standard of <1 ppb purity is becoming obsolete. Future
nodes will require specification limits in the sub-100 ppt range. This necessitates a shift to Cleanroom-Grade
Manufacturing, where PCMP chemicals are synthesized, purified, and packaged in Class 100 environments to
prevent airborne metallic fallout.

e Purification for "Exotic” Metals: The introduction of Ruthenium (Ru) and Molybdenum (Mo) interconnects
introduces new contamination risks. Standard IDA resins have lower affinity for these refractory metals. Future
research must focus on developing novel resins with Thiol (-SH) or Isothiouronium functionality, which
exhibit specific high affinity for noble and soft metals via soft-acid/soft-base interactions.

e Point-of-Use (POU) Integration: Bulk purification at the chemical plant is no longer sufficient due to the risk
of re-contamination during transport. We anticipate a shift toward miniaturized, high-flow IEX purifiers
integrated directly into the fab's Global Distribution Loop (GDL) or even the tool's dispense line. These "police
filters" will provide the final firewall, ensuring the chemistry hitting the wafer is spectrally pure.
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6. Conclusion

This study elucidates a fundamental truth of sub-14nm manufacturing: Process purity is process performance. The
experimental data confirms that the intrinsic complexing ability of a PCMP formulation is insufficient to manage high
inlet metal burdens. Without active purification, trace metals in the cleaner will deposit on the wafer, degrade
dielectrics, and compromise reliability.

Implementation of advanced Iminodiacetic Acid (IDA) chelating resin purification is proven to reduce transition metal
contamination by over two orders of magnitude (>99%), lowering surface residuals to <10'® atoms/cm?* and
significantly extending TDDB lifetime. For Angstrom-era logic nodes, lon Exchange purification is not merely an optional
quality enhancement; it is a critical unit process required to safeguard yield and device longevity.
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