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Surface Metrology for Hybrid Bonding
in Advanced Semiconductor Packaging

Hybrid bonding is increasingly essential in advanced semiconductor packaging, as it enables the
formation of high-density interconnects within complex 3D assemblies. This technique involves
the direct, adhesive-free bonding of two semiconductor surfaces that contain both dielectric
and metal regions. Achieving a reliable bond requires both surfaces to be pristine. To support
this requirement, metrology methods such as atomic force microscopy (AFM) and atomic
force profilometry (AFP) are critical for surface characterization and process optimization. AFM
delivers localized, high-resolution surface measurements, while AFP provides complementary
large-area topography scans that span from nanometerscale features to full wafer dimensions,
including the bevel edge. This application note highlights how Bruker’s InSight® 300 AFM

and InSight AFP automated solutions offer multi-scale surface insights that inform surface
conditioning decisions, ultimately enhancing hybrid bond integrity and device performance.

Hybrid Bonding Overview

In the design and manufacturing strategy known as system technology co-optimization (STCO),
different functions of a chip (e.g., memory, 1/O, and logic) are fabricated separately using the
most suitable technology for each. These components are then integrated using advanced
packaging techniques, such as hybrid bonding. By enabling high-density 3D connections
between chips, hybrid bonding supports continued performance scaling beyond the limits of
traditional transistor miniaturization.

Regardless of the method —waferto-wafer, die-to-wafer, or die-to-die—successful hybrid
bonding relies on pristine surface conditions. At the local scale, critical metrics include
defectivity, surface roughness, and copper contact pad recess depth, all of which must be
tightly controlled. At longer length scales (100 um and above), surface topography must remain
within specifications to ensure proper bonding at the wafer interiors and bevel edges.

As the latest generation in a 30-year lineage of inline AFM and AFP solutions, Bruker's

fully automated InSight 300 and InSight AFP systems drive innovation in semiconductor
manufacturing by enabling precise, scalable surface characterization for next-generation
packaging. With angstrom-level sensitivity and lateral scan sizes ranging from tens of
nanometers to hundreds of millimeters, these platforms support inline metrology across the
full range of scales relevant to hybrid bonding.



Bond Pad Metrology

For successful hybrid bonding, both the topmost dielectric surface and the embedded metal
bonding pads must meet strict topographic specifications. The dielectric must be exceptionally
smooth, with a low Rqg (root mean square roughness) of 0.1-0.2 nm’, a topographic tolerance
significantly tighter than that of traditional back-end-of-line (BEOL) dielectric layers. On the
same surface, the metal bonding pads must be precisely recessed within the dielectric to
accommodate controlled thermal expansion. For common hybrid bond pad sizes, the typical
recess depth is on the order of a few nanometers (1-5 nm).2% These tolerances surpass the
limits of conventional microscopy-based metrology, making AFM indispensable for achieving
the high resolution and precision required for verification.
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High-resolution AFM images in Figure 1 show four copper contacts scanned after three
distinct chemical-mechanical planarization (CMP) process skews. These scans illustrate the
sensitivity of the AFM to several key metrics that must be monitored for successful hybrid
bonding: dielectric roughness, copper pad roughness, and copper pad recess. Cross-section
profiles through the lower pair of copper pads demonstrate high sensitivity to small changes
in pad depth for the different CMP processes. This level of detail, obtained through local AFM
scans, provides the metrology data needed for process development and for monitoring
statistical process control (SPC) excursions.

FIGURE 2.
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In addition to roughness and recess topography, nanoscale defectivity (e.g., pits and
protrusions) can significantly impact bond integrity. High-resolution AFM clearly resolves the
pits and protrusions that can limit yield at the bonding step. Figure 2a and b show AFM images
of, respectively, dielectric with protrusion growth and copper pad with pitting. Identifying

and mitigating these defect features is essential, as they may introduce voids between the
bonding surfaces that degrade device performance or result in complete device failure.



Large-Area Scanning

The maximum field of view for a traditional AFM is typically around 100 um?2, which is
sufficient for localized metrology of dielectrics, Cu pads, and defects as discussed in the
previous section. However, topographical features over much larger length scales, on the
order of millimeters, have been confirmed by post-bonding techniques, such as confocal
scanning acoustic microscopy (CSAM), to negatively impact waferto-wafer bonding. Therefore,
identifying, characterizing, and mitigating these topographical excursions during the pre-
bonding stage is essential.
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Bruker’s Insight AFP system supports a proprietary technique known as Large-Area Scanning
(LAS), which enables surface metrology with AFM height sensitivity over hundreds of
millimeters. In LAS, the wafer sample is raster scanned below the probe. The example

33x26 mm LAS image in Figure 3 reveals excessive topography at the multi-millimeter scale,
despite local AFM scans having confirmed that dielectric roughness and copper pad recess
met specifications. With further analysis linking these excessive topography regions to circuit
design and previous process steps, the CMP module was able to adjust polishing parameters
to reduce topography and ensure proper bonding.

FIGURE 4.
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The LAS capability informs process decisions that aim to mitigate and reduce large-scale
macroscopic topography present above high-metal-density regions, ultimately improving
wafer bonding and enhancing yield. Figure 4a and b show the same region imaged using the
same recipe, scanned before and after CMP process improvement. The change resulted in a
measurable reduction in long-range topography from 25 nm to 15 nm, as measured by AFP.



Bevel Edge Metrology

In addition to monitoring local bond pad features and long-range surface topography, evaluating
the wafer bevel edge is essential for successful waferto-wafer hybrid bonding. Both the

top and bottom wafers must have properly engineered edge profiles; if the top wafer is not
adequately trimmed or the bevel topography is poorly controlled, subsequent processing steps
may fail to form the necessary structures for device completion.*

Wafer edge roll-off (ERO) is a key concern at the bevel. ERO is the precisely engineered
curvature at the wafer edge. Excursions from the desired, engineered ERO can lead to non-
uniform bond strength, increased defectivity, and reduced reliability and yield. AFP stands
out among ERO monitoring techniques for its superior combination of spatial and vertical
resolution with high-speed profiling—capabilities that enable the single-nanometer precision
(<10 nm) and high throughput (>45 WPH, 8 sites) required for HYM ERO metrology.
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Figure ba shows a typical ERO measurement of eight sites at 45° angular separation. The
bevel edge profile length is generally between 10 and 25 mm, measured at speeds up to

25 mm/s. Automated bevel edge characterization analysis, conducted using NanoScope®

software, includes calculations of Ah between two measurement regions and a reference
region. An example analysis and results are shown in Figure 5b and c.

The InSight AFP system also supports profiling across the complete 300 mm wafer diameter,
with scan speeds up to 25 mm/s—enabling throughput of tens of wafers per hour. Multiple
radial profiles can be combined to generate a topographical heat map of a large wafer area.



AFM and AFP Ensure Reliable Hybrid Bonding

Hybrid bonding is driving high-density 3D integration in advanced semiconductor packaging,
with success hinging on pristine surfaces across scales. Bruker's InSight 300 and InSight AFP
systems provide the multi-scale metrology capabilities needed to resolve nanoscale defectivity
and copper pad recess, as well as characterize millimeterscale topography and bevel edge
profiles. By providing actionable data for process development, SPC monitoring, and yield
optimization, these tools enable manufacturers to meet the demands of system technology

co-optimization and achieve reliable, high-performance device integration.
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