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PRINTED CIRCUIT BOARDS

KLA's Role in the Electronics Ecosystem
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Outline

= Packaging Roadmap

= Hybrid Bonding Interconnect

= Electroplating Copper Baths for Hybrid Bonding Applications
= Analytical Considerations

= Bath Components Effects

= Analytical Methods and Analysis Results

* Conclusions
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Semiconductor Packaging Roadmap
Combined Timeline of 3D Interconnect Density and Technology Node
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2D Interconnect Density Data adopted from TSMC
Technology Node here refers to front-end node and is based on the expected average value within the industry.
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Why Hybrid Bonding?

= Allows advanced 3D device stacking

= Highest 1/0 100 pm 20 pm 2 um Pitch

" Enables sub-10-pum bonding pitch Solder bump u-bump Cu-Cu Hybrid bonding
= Higher memory density |

= Expanded bandwidth

" Increased power
" Improved speed efficiency

* Eliminates the need for bumps,
improving performance with no power
and signal penalties
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Hybrid Bonding Basics™

Fundamentals

= Hybrid bonding is a permanent bond that combines a dielectric bond (SiOx) with embedded metal (Cu) to
form interconnections. It’'s become known industry-wide as direct bond interconnect (DBI). Hybrid bonding
extends fusion bonding with embedded metal pads in the bond interface, which allows face-to-face

connection of the wafers.

Oxide to Oxide Internal
Bond at Room Temperature

Silicon
(MOS Back End of Line

(MOS Back End of Line
Silicon

* Manufacturing, Packaging & Materials, “Hybrid Bonding Basics: What Is Hybrid Bonding?”, August 18, 2022, By Jessica Albright
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Enabling Advanced Packaging

Grain Engineering

Conventional Fine grain Cu

No interface or voids

Bonding strength .
e Copper Electrodeposition

/ from modified bath
>2X

improvement

Conventional FineGrain

Source: Lam Research Investor Day, Feb 2025.
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Plating Tools and Plating Chemistries for Copper Deposition

.

Cathode Anode

Plating System

. [ Me
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D - < Accelerator
~cu2t

Leveler

\ Suppressr soi'cy

Copper bath composition
can enable specific
properties of deposit e.g.
grain size

It is critical to keep bath
close to nominal
concentrations of all
components

Accurate, Repeatable and
fast methods should be
developed

= “Transforming WLP Applications: Introducing Cutting-Edge Next-Generation Nanotwinned Copper Processes to
Revolutionize Hybrid Bonding”, Kyle Whitten, Journal of Microelectronics and Electronic Packaging, 2024, 21, 20-24

= “Theinfluence of Cu microstructure on thermal budget in hybrid bonding”, IEEE ECTC, 2022, by L. Mirkarimi
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Effects of Additives
Microscopy of Copper Deposited from Baths with Different Additives

Suppressor Suppressor + Accelerator Suppressor + Accelerator + Leveler

10 um

o e

o

alone gives rougher textures Adding

accelerator pronﬁotes Three additives together make highly refined
more uniform grain deposit, smaller grain, more uniform surface
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Optical microscopy: Meiji Techno MC-50 metallographigpgnicroscope; Scanning Electron Microscopy: commercial electron microscope
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Characterization of Additives
Electrochemical Impedance Spectroscopy

w=1/RpCdI/

Elecrocdemical Impedance Spechrorcopy 7"
' * Ru=Solution
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UL iIvIvolay/ \Y

CE rRel ws!lwe resistance
\_ * Cdl=double layer
® v(t)

capacitance
“ WE °* Rp=charge transfer
: resistance

= Charge transfer resistance and double layer capacitance are critical parameters
to understand electroplating mechanism

= Charge transfer resistance specifically focuses on the resistance associated with the actual electron
transfer reaction occurring at the interface

= Accelerator has dominant influence on both charge transfer resistance and double-layer
capacitance promoting fine grain deposit

= Leveler has a moderate impact and contributes to surface smoothness and uniformity
= Suppressor has the least effect
= Nature and concentration of additives should be optimized to achieve desired
plating results
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Double Layer Capacitance, normalized
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Behavior of Organic Additives
Electrochemical Impedance Spectroscopy, Mott-Schottky
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Characterization of Additives in Copper Plating Bath

Comparison of Different Baths
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= New Copper plating bath
contains weaker suppressor
and stronger leveler, both
acting as polarizers

= |t is more difficult to separate
and obtain accurate results
with electrochemical
techniques
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Summary of Electrochemical Effects of Additives in Copper Bath
Chronopotentiometry and CVS

suppressor accelerator leveler

KLA QualiLab® benchtop plating bath analyzer; 3-electrode analysis cell with temperature control
15 KLA Non-Confidential | Unrestricted Pt rotating disk electrode; Ag/AgCl refert(e)g&e1 electrode; counter-electrode |/< I_/\
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Development of CVS Analysis Methods

Suppressor and Leveler
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New CVS Analysis Methods

Suppressor Voltammogram and Calibration

Potential, mV Suppressor concentration, ml/I
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KLA QualiLab® benchtop plating bath analyzer; 3-electrode analysis cell with temperature control;
Pt rotating disk electrode; reference Ag/AgCl electrode; stainless steel counter-electrode
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New CVS Analysis Methods

Leveler Voltammogram and Calibration

Potential, mV Leveler concentration, ml/I

©

increasing
leveler

\_'_l

analytical signal region

Current, mA
Analytical signal, normalized

KLA QualiLab® benchtop plating bath analyzer; 3-electrode analysis cell with temperature control;
Pt rotating disk electrode; reference Ag/AgCl electrode; stainless steel counter-electrode
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Analysis Considerations

Precision

= Std Dev = J ! i(a:t- — 7).

n—14

= RSD, % = Std Dev / Mean
- (6*Std Dev / PR)*100 < 30

Accuracy

= Accuracy is the proximity of measurement
results to the true value

" Accuracy % = (Mean-Expected)*100 /
Expected
= Accuracy % = (Mean-Expected)*100 / PR
PR — Process Range
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Performance of New Methods for Organic Additives

Benchtop Analyzer Results

LEVELER

115% l

100% @

85% W
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Samples were mixed using an augmented 2 x 2 x 2
factorial design with inorganics at target levels

Augmentation included varying inorganics levels
All additives measured with replicates (n = 3)

Developed settings were transferred to online analyzer

Online Analyzer Data

Accelerator <2 <1
Suppressor <2 <1
Leveler <2 <1

KL/\ES
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Online Analyzer Performance

A

Norm'd concentration

Target Copper
—e—Target Acid

—e—Target Chloride

1/15 1/17 1/19 1/21 1/23 1/25 1/27 1/29
Date
Accuracy (%
Cu 0.26 0.30
Acid 0.48 0.05
Chloride 0.03 0.10
Suppressor 0.36 0.78
Accelerator 1.45 0.53
Leveler 0.60 0.28
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= Multiple Bath Concentrations tested
|

Online Analyzer Results for target bath:

= Accuracy <2.0%
= Repeatability <1.0%
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Plating Bath Control in Closed Loop

Chloride

Organic Additive
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Online Process Integration
Enabling Closed Loop Monitoring and Control
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Conclusions

= Copper plating bath components interactions were studied and understood
= New analytical methods were developed for benchtop and online analyzers

* New methods reveal accuracy within 2.0% and repeatability within 1.0% when online
analyzer is utilized
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