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Angstroms to Millimeters: Holistic Surface 

Characterization for 3D Integration via 
Hybrid Optical AFM Metrology 
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Hybrid Bonding as a Key Enabler

Hybrid bonding is a key enabler for heterogeneous integration

→ pitch scaling, thermal management and z scale control
• Current utilisation for SOC

• Roadmap towards integration for HBM

• Potential for further applications (e.g. Silicon interposer)

SOC hybrid bonding HBM Hybrid bonding

Interposer?

Sources include: TEL Investor Presentation; Thermal stability enhancement of low temperature Cu-Cu bonding using metal passivation technology, Mu-Ping Hsu, Communications Engineering vol4, Article number: 216 (2025) 
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Hybrid Bonding - CMP Flatness is Critical at All Scales

Hyper Local Local Long Range Very Long Range

Measurements Dielectric Roughness
LCDU

Pad profile (dishing) Long range flatness 
e.g. erosion

Wafer edge flatness

Lateral Scale 50 nm - 0.5 um 5 – 50 um 1 - 30 mm 10 mm - 50 mm

Height Scale 50 pm – 2 nm 0.5 – 15 nm 1 – 5 nm 100 nm - 5 um

mm

pm
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Hybrid Bonding - Current & Future Metrology

Hyper Local Local Long Range Very Long Range

Measurements Dielectric Roughness
LCDU

Pad profile (dishing) Long range flatness 
e.g. erosion

Wafer edge flatness

Current Metrology & 
Process Control

AFM Ground Truth AFM Profiling Ground Truth

Optical ProfilometryOCDNo Hyper-local 
Information

Model Training
Weeks to Months

HVM

Lower Accuracy or Process excursion detection only, but FAST

True metrology, rich 3D information but SLOW

High speed AFM ?
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RPM Hybrid Optical AFM Enables Speed and Accuracy

High speed imaging enabled using photothermal actuation of cantilever
with greater than >10x higher mechanical resonant frequency than
conventional piezo based AFM.

RPM Architecture

Fast surface detection enabled using direct interferometer feedback, 10x
faster than conventional AFM systems for 10x longer probe tip lifetime.

Enhanced probe control enabled using photothermal actuation of
cantilever to capture each individual pixel with minimum lateral force on
topographical structures.
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High Speed System Components

Ultra Low Noise Active Stage
• Ultra-low noise linear motor stage with 

high accuracy encoders
• Stage motors remain active enabling high 

dynamic stability either static or in motion

Wafer Surface Position Detection
• Enables rapid probe engage
• Long range measurement accuracy 

and correct for any positioning errors

Ultra Flat Ceramic Chuck
• Ultra-flat and stiff chuck for low 

noise and large area 
measurement application

343nm pk-pk

Metron3D
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Operating Modes

Die by Die Metrology Linear Profiling Large Area Metro-Inspect 

• Wafer edge profile measurement

• Within wafer profiling of scribe 
lines & keys

• Long range multi-axial line scans

• Full die raster scanning & stitching

• CMP hot spot detection and long-
range dishing

• EUV stochastic defectivity 

• High speed MAM enables

• In-line SPC capability

• Typical throughput for CHB, 13 sites per 
wafer, 60 to 100 WPH, < 3 sec MAM

Sources include: IMEC, ASML
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Opportunity Space for High-Speed AFM

Requirement OCD WLI High Speed AFM

Cu recess depth Yes Yes Yes, Å resolution

Local pad variation No No Yes

Surface roughness Yes Yes, um level Yes, pm level

Wafer Edge Roll Off In development? No Yes, multi-axial

Long range flatness No Yes Yes

Recipe Set-up ~ 1 week ? ~ 1 hour

Speed, MAM < 1sec <10 sec 2~3 sec

Cost / Measurement Low Medium Single tool solution

Challenge Needs model calibration with 

AFM or TEM. 

Regular pad layouts only. 

Film Interference. 

Low resolution/contrast

Charge mitigation

Probe lifetime

High speed AFM offers a solution for CMP process control at all length scales
• Address need for multiple tool types to control all key parameters

• Avoids need for metal coating (WLI) hence wafer rework or scrap.

• Avoids the need for ground truth model calibration (OCD)

• Flexibility to measure all features irrespective of pattern (OCD)
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Hyper Local Measurements - Roughness and Defects

Cu Pad Defects

 Demonstrated capability to resolve 

individual pad features and defects 

on contact pads down to 40 nm 

diameter. 

 sub 1 nm Z resolution, showing subtle 

profile features

Dielectric Roughness Characterisation

 Dielectric and Copper roughness 

control are critical for bonding yield’
 Low measurement noise floor of < 100 

pm permits accurate evaluation of 

roughness at all lateral scales

Roughness profile

Defects and profile features
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Full Wafer Cu Pad Recess Metrology 

Measurement Summary
Acquisition time per image 3 seconds (current capability <1.6s)

MAM time 4.9 seconds
Total wafer map time 1 hour, 21 minutes 36 seconds
Total dies 334
Images per die 3
Total images per wafer 1,002
Field of View used per image: 7 x 7 μm
Pixels per image 512 x 512
Total pixels per wafer 2.6 billion 
Probe distance travelled 3.6 meters
Note: Single probe used for all measurements

Example Measurements

350 nm pad, 700 nm pitch 500 nm pad, 1000 nm pitch250 nm pad, 1000 nm pitch

Imec 3DSOC KD4 
(W2W hybrid bonding project)

Data Courtesy:

6.438

6.040 5.291 5.726

5.826 5.256 5.214 5.318 5.724

5.172 5.189 4.979 5.312 5.185

5.732 5.003 4.874 4.987 4.928 5.155 5.589

5.285 5.008 4.841 4.864 5.238 5.459 5.047

5.315 5.310 5.033 5.138 5.185 5.341 5.122

5.570 5.329 5.090 4.979 5.073 5.229 5.626

5.462 5.301 5.360 5.089 5.131 4.868 5.303 5.322 5.308

5.150 4.991 5.041 4.733 4.831 4.668 5.032 5.501 5.405

4.912 5.147 4.771 4.639 4.558 4.792 4.720 5.416 5.373

5.204 5.010 4.693 4.847 4.441 4.651 4.900 5.076 5.167

5.008 5.157 4.698 4.829 4.587 4.834 4.807 5.235 5.235

5.220 5.040 4.598 4.635 4.426 4.696 4.900 4.854 5.219

5.609 5.424 5.380 4.526 4.500 5.021 4.926 4.990 5.061 5.492 5.698

5.633 5.069 5.212 4.805 4.677 4.933 4.860 5.078 5.119 5.144 5.134

5.416 5.368 5.089 4.913 4.802 5.142 5.225 5.483 4.867 5.285 5.486

5.612 5.355 5.045 4.944 4.869 5.266 5.472 5.098 4.959 5.423 5.401

5.308 5.601 5.152 4.769 4.964 5.407 5.254 5.301 5.265 5.750 5.695

5.363 5.533 4.787 4.895 4.921 5.156 5.152 4.923 5.329 5.671 5.491

5.444 5.769 5.087 4.812 4.866 5.448 5.178 5.053 5.268 5.766 5.591

5.374 5.295 5.057 4.843 5.304 5.428 5.498 4.974 5.738 5.757 5.524

5.482 5.487 4.889 4.906 5.050 5.441 5.071 5.166 5.262 5.684 5.943

5.594 5.588 5.025 5.160 4.920 5.278 5.410 4.846 5.246 5.907 5.563

5.604 5.407 5.135 5.130 4.757 5.196 5.203 4.965 5.394 5.650 5.478

5.971 5.566 5.409 4.981 4.680 5.007 4.914 5.081 5.472 5.870 5.710

5.165 5.315 5.471 5.034 4.847 4.779 5.114 4.931 5.982 5.901 5.400

5.293 5.734 5.082 5.120 4.841 4.910 5.209 5.615 5.631

5.472 6.548 5.770 4.892 4.977 4.787 5.210 5.862 5.808

5.698 5.684 5.575 4.785 5.013 4.989 5.255 6.215 5.834

5.600 5.646 5.590 4.954 5.068 4.908 5.400 6.156 5.648

5.774 5.960 6.012 5.172 4.885 5.341 5.541 5.515 5.974

5.998 6.489 6.104 5.479 5.118 5.342 5.565 6.013 6.140

6.629 6.328 5.506 5.320 5.740 5.513 5.871

6.921 6.224 5.358 5.589 5.613 5.610 6.105

6.986 6.015 5.650 5.421 5.629 5.785 6.310

7.454 6.215 5.771 5.545 5.427 6.064 6.668

6.547 5.625 5.869 5.777 6.386

7.153 5.884 5.651 6.001 6.790

6.381 6.181 6.921

Sources include: IMEC
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Extraction of Individual Pad profiles and X-Wafer Data

Array Target Name Pitch 
(nm)

CD 
(nm)

Image 
FOV, time

Depth 
Avg. (nm) 

Depth
1σ

Pad 
RMS (nm)

Pad
RMS 1σ

Surface
RMS (nm)

Surface
RMS 1σ

1 C CHU4B 400 250 2.8µm, 10s 5.02 0.36 0.33 0.15 0.21 0.02
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Average Pad Depth
Die 0,0
●●● Individual Cu-pad profiles
● Average Cu-pad profile

Individual Cu-pads ↓

Topography (2.8µm FoV)
Average Pad Depth

↓ Wafer Level

Sources include: IMEC
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High Speed Profiling Mode

Photothermal actuation, low noise stage and stage runout compensation 
combine to provide high speed and high-resolution profiling

• Speed up to 20 mm/s
• Pixel data rate up to 250 kHz for high resolution at high speed
• Profile flatness < 1 nm for long-range measurements
• Arbitrary profiling path and full wafer access 

Operation Category Time (s)

Move to Prealigner

Pre Align

Load Wafer on Stage

Global Align 6.8

Move to Measurement site 0.31

Engage 2.86

Scan 2

Disengaage 1.43

Unload / Load Next Wafer

Return Final Wafer to FOUP

Time / Wafer 120.7

WPH 30

Overhead

Overhead

31.39

3.3

3 x 10 mm scans at 90º showing edge roll-off profile

High Throughput
Photothermal probe actuation enables both 
high-speed and high-resolution profiles

20mm profile, 
12 angles (30º)
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Future Challenges – Organic RDL Scaling

Metrology Challenge:

• Organic RDL is projected to scale to sub-um by the end of the decade

• Existing WLI metrology techniques have insufficient resolution for RDL scaling < 1-2 um (500 nm resolution)

• High-speed AFM provides a high throughput metrology solution for both 2D (CD) and full 3D information 

(roughness, 3DCD)

Challenges for OCD
• Variable optical properties

• Scattering and interference

• Optical contrast

Challenges for CD-SEM / e-beam
• Shrinkage and damage

• Charging

O
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a
n
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D
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High Speed AFM – Full 3D resist and etch characterisation

3D MetrologySurface Characterisation

Sources include: IMEC, ASML

Pattern and Process Variability
Example:

 Quantify 3D feature dimensions 
& determine if fully resolved 

 Quantify local variance

Example:

 LER / LWR at any x-section
 Resist surface and feature 

bottom surface roughness 

Example:

 Identify & quantify stochastic 
resist defects

 Quantify pattern dependent 
resist loss

Pattern

BlanketBlanket Pattern

Pattern dependent resist loss

Stochastic Defects

Micro-bridge Micro-break

60%

40%

20%

11.7nm

9.7nm

6.7nm

Resist Sidewall Angle & CDs at any threshold
D

e
p

th
 [n

m
]

Global & Local Feature Depth VarianceLine Edge Roughness & Line Width Roughness

Top Surface & Bottom Surface Roughness
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Future Challenges – Optics / Photonics

Metrology Challenge:

• Photonic integration is already in use for communication off package

• Microlenses are typical for optical coupling and require 3D characterisation of key metrics

• Challenging for optical and e-beam techniques (3D characterisation, transparent materials, resolution)

60 WPH throughput
< 0.5% 3 sigma achieved for radius of curvature

Extractable Parameters:
• Radius of curvature

• Lens centre (X,Y)
• Height

Co-packaged optics

Photonic 
Interposer
future?
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Line Profiling Extendable to Large Area Imaging

CMP 
• Full Die 26mm x 33mm
• Sub optical, 200 nm px => mm2 / hour

Massive metrology
• EUV stochastics / 3D OPC 
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Summary

Metron3D

Acknowledgements: Partners imec and ASML for data shared

• High speed AFM enables ground truth metrology to 

transition to in-line production

• Three key areas where high speed AFM supports industry 

challenges:

1. Hybrid wafer bonding ► Flatness at all scales

2. Organic RDL Scaling ► 3D metrology

3. Integrated photonics ► Microlens Characterisation

► The technology is further scalable
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Thank you!


