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ENABLED BY

➢ “Classic” 2D feature shrink

➢ Materials engineering

Single process step metrology loses 

correlation to yield/performance

Then:

New architectures

New ways to shrink

New materials

New structures / 3D

Advanced packaging

ENABLED BY
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PPACt  - The New Playbook

t Time to Market has become more critical

Now:
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Insufficient relevant Data to

 Drive Action
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Yield and Time to Yield Challenge Increase with Device Complexity

Transfer / Ramp High-VolumeR&D

55

80% eBeam
Source: Applied Materials
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Transfer / Ramp

Acceleration

High-Volume

Manufacturing Acceleration

R&D

Acceleration

66

eBeam

Resolution and 

localized information 

Control patterning &

Accelerate time to 

excursion resolution

eBeam Role 

Optics

Accelerate R&D and Ramp

Source: Applied Materials
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Transfer / Ramp

Acceleration

High-Volume

Manufacturing Acceleration

R&D

Acceleration

88

eBeam

The Million(s) Dollar Question – How Do We Accelerate The Ramp? 

Accelerate R&D and Ramp

Source: Applied Materials
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eBeam Imaging Race and Technological Requirements

Signal 

Relevance

Reach the Location of Interest

Signal 

Extraction

Collect the electrons that matter

Signal 

Interpretation

Landing Energy Resolution Tilt

Signal Manipulation 

and Filtering

Material 

Analysis

Simulation

SE/BSE 

Collection

AI, DL, GenAI

X-Ray

Model-BasedPhysics-Algo 

AI = artificial intelligence

DL = deep learning

SEM Simulation Enables Fast Development of Relevant Solutions
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SEM Simulation Enables Fast Development of Relevant Solutions

High level of detail on materials and 

dimensions is required

17

Landing 

Energy 

increase

Data is illustrative
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Device Roadmap Assumptions - Examples
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Lateral Etch / Recess

No direct line of sight

3D structure

Profile and height segmentation 

for issues

Super lattice

Atomic structure and material 

characterization

High Aspect Ratio structures

Signal extraction from deeper 

patterns

New Architectures leading to new process challenges:

New Architectures: Logic DRAM 3D NAND

19

New Challenges Assumptions – 3D Architectures



|  Applied Materials External20

See-through Technology Required to Controls 3D Architectures

See-Through Imaging

<15kV <30kV >50kV

>50kV 

+ 

CFE 

resolution

GAA

(100nm)

High-resolution imaging through device

GAA: gate-all-around; SiGe: silicon germanium, CFE: cold field emission 

SiGe Recess

Applied Materials

eTilt for Poly Skirt

Source: imec mCFET
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Angstrom Era Lateral Shrink Challenges Continues

Pattern Complexity Resist Sensitivity
Stochastic Patterning 

Failures

Exponential increase in 

number of measurements 

needed for complex shapes

Difficulty resolving patterns without damaging 

delicate photoresist
Stochastics increase the chances of 

patterning failure at hot spots

Edge Placement 

Errors

EPE limits angstrom era 

scaling

EUV High NA

3
0

-6
0

n
m

1
0

-2
5

n
m

*EPE: edge placement error

Source: Applied Materials

Contours with CAD Unlock New Metrology Capabilities
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Contours with CAD Unlock New Metrology Capabilities
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Distance to Target Statistical Contours Morphology Analysis

Multi-Layer Imaging Quality Control

Local CDUGlobal CDU

Secondary Electron 

+ 

Back-Scattered 

Electron

Secondary Electron 

Only

Quantify complex patterns
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Exposure Dose

side 

wall 

angle

Side Wall 

Angle 

Variability

top 

contour

bottom 

contour

Side Wall Angle Asymmetry

Source: Applied Materials
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Stochastic Errors Become Largest Contributor to EPE 

DUV EUV

systematic errors: process errors that appear 

uniformly across an entire die, like CD and 

overlay

stochastic errors: process errors that appear 

randomly across an entire die, like LER, LWR 

and LCDU

stochasticsystematic

Edge Placement 

Errors

EPE limits angstrom era 

scaling

EPE error 

sources

systematic stochastic

systematic error

EPE

EPE

process 

margin

via (ideal)

stochastic error

systematic error

EPE

EPE

process 

margin

stochastic error

line line

via (ideal)

EPE error 

sources

via (ideal) via (ideal)

Source: Applied Materials



|  Applied Materials External24

Evolution of EPE Control Methods

Location: in die

Pattern: device

Component: OVL

Stochastics: N/A

Optical Overlay eBeam Overlay

Location: scribe line

Pattern: large pitch

Component: OVL

Stochastics: N/A

proxy target ~10-30µm small features <40nm

eBeam Overlay improves systematic errors, 

but does not address stochastic errors…

Source: Applied Materials
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Evolution of EPE Control Methods

Optical Overlay

Location: scribe line

Pattern: large pitch

Component: OVL

Stochastics: N/A

proxy target ~10-30µm

Location: in die

Pattern: device

Component: OVL

Stochastics: N/A

eBeam Overlay

small features <40nm

EPE metrology

Location: in die

Pattern: device

Component: OVL, CD, 

systematic EPE

Stochastics: partial

February 27 @ 4:30pm

SPIE Paper Presentation

Source: Applied Materials
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Contour-Based EPE

Location: in die @ hotspot

Pattern: device

Measure: OVL, CD, 

systematic EPE, 

stochastic EPE

Stochastics: included

27

Evolution of EPE Control Methods

hotspot

February 27 @ 3:50pm

SPIE Paper Presentation

Location: in die

Pattern: device

Component: OVL

Stochastics: N/A

eBeam Overlay

small features <40nm

EPE metrology

Location: in die

Pattern: device

Component: OVL, CD, 

systematic EPE

Stochastics: partial

Source: Applied Materials
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Use case: Litho. Overlay Control workflow

MI – Metrology and Inspection

M&I

Litho

Integration

Yield

Litho expert

+

M&I

Vendor Customer
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Accelerated Workflow Extended

Traditional

Vendor Customer

Accelerated

M&I – Metrology and Inspection

M&I

Process

Integration

Yield

Process 

expert

+

M&I

M&I M&I

Process

Integration

Yield

Process

Vendor Vendor Customer

❑ Tailoring customer specific solutions

❑ Demonstrated 3x faster TAT addressing specific yield detractors 
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EPI R&D Acceleration – Driven by Accelerated Workflow

34

Epitaxy Challenges

Epi CD 

Epi 

Voids 

Engineering the 
Gate-All-Around 

Transistor

High KeV eBeam Fast Flow

End of 

line test

Epitaxy 

Deposition

Source: Applied Materials

FA Lab

(Days)

• Fast and Inline
(better time to recipe)

• eBeam, on device

• Actionable process control

Traditional Flow

• Failure Analysis lab is costly and lengthy

• Limited metrology/measurement options

• End-of-line test lacks the ability to 

differentiate root cause per step

Epitaxy 

Deposition

inline 

metrology
(~2 hrs)

End of 

line test

Source: Applied Materials

Top 

View
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Metal-Dep and CMP R&D Acceleration – Driven by Accelerated Workflow

35

Traditional Flow

End of 

line test

FA Lab

(Days)

FA Lab

(Days)

Molybdenum 

Deposition

High Current eBeam Fast Flow

CMP

Inline 

metrology

(~2 hrs)

inline 

metrology

(~2 hrs)

• Failure Analysis lab is costly and lengthy

• End-of-line test lacks the ability to 

differentiate root cause per step

Molybdenum 

Deposition

CMP

• Fast and Inline
(better time to recipe)

• eBeam, on device

• Actionable process control

CMP Challenges

Protrusion

Deposition Challenges

Overfill Underfill 

End of 

line test

Dishing 
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CD

robust contours

CD

Pattern Shaping Acceleration – Driven by Accelerated Workflow

After Etch 

MetrologyLithography Etch AEIADI

Pattern 

Shaping

After Shaping 

Metrology Etch

out of spec 

→ rework
out of spec 

→ scrap

CD, OVL &

contours

combined pattern shaping and lithography control loop

New control loops for 

CD, overlay, line-end 

shape and roughness

CD, OVL &

contours
CD, OVL &

contours

CD, OVL &

contours

overlay

Design

Post Litho

Post Pattern Shaping
roughness
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Summary 

▪ Process is becoming more complex

   Single process step metrology loses correlation to yield/performance

▪ Time to yield is requiring Yield correlated localized information and accelerated TAT

   We have shown how eBeam is the right technology for localized yield relevant

   information 

▪ We have proposed compact workflow aiming at accelerating tile to yield

  Demonstrated 3x faster TAT addressing specific yield detractors

38
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