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Revealing the invisible:

Optimized nano-CT case studies
in advanced packaging



Introduction

Complex architectures with intricate interconnects, stacked dies, and buried features
— the recent developments in advanced packaging come with great possibilities

but also challenges. From off-line Failure Analysis (FA) to at- and in-line inspection

in manufacturing, more efficient and higher resolution methods are needed to ac-
celerate development and improve yield. X-ray nano-computed tomography (na-
no-CT) addresses this challenge by offering 3D imaging for e.g. Failure Analysis with
sub-micron resolution, enabling precise visualization of internal structures such as
micro-bumps, TSVs, bond lines, and voids.



X-ray nano-CT

In our previous article [1], we examined the factors influencing measurement perfor-
mance and provided best practices for optimizing X-ray imaging setups. In addition
to introducing resolution, we discussed how to measure it what parameters affect

it. We also discussed key parameters of the X-ray system that can be optimized to
achieve higher resolution and shorter measurement times.

A key aspect is the optimization of the measurement
geometry and to optimize magnification and number
of X-ray photons per area. Hence, samples must be
positioned as close to the X-ray source as possible.
However, this often requires reducing the sample size
to allow rotation in front of the X-ray source. Figure 1
illustrates a typical experimental setup where a cut-
out part of a processor, approx. 2 mm wide, is posi-
tioned close to the Excillum Nanotube N3 X-ray source,
while still allowing it to rotate 360°. More details on
the setup can be found in [2] and [3].

A fundamental constraint in imaging systems is the
diffraction limit, which defines the smallest distance
between two objects that can still be resolved as sep-
arate entities. As objects are moved closer together,
there is a point beyond where the imaging system can
no longer distinguish them individually — they appear
merged, as schematically illustrated in Figure 2.
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preparation

—

Cut odt
sample

In X-ray nano-CT, achieving high spatial resolution re-
quires careful control of these parameters along with
system stability and detector quality. A good practice
to evaluate a systems performance is to use standard
gauges, such as the JIMA resolution target imaged in
Figure 2. These gauges are designed to test the reso-
lution performance of the system using fine lines and
spaces. In the lower part of Figure 2, three examples
are shown: 250, 150 and 100 nm imaged with a 300
nm X-ray spot, where features as small as 150 nm are
resolved, whereas 100 nm features can be detected
but it is not possible to separate the individual lines
and spaces. This illustrates the resolution limit caused
by the size of the X-ray spot - as a rule of thumb, the
achievable resolution is about ¥z of the size of the
X-ray spot. Resolution and advantages of different
types of detectors are discussed furtherin [2] and

[4]. In the following section we will discuss how this
performance and resolution can be used for real case
advanced packaging case studies.

Figure 1: Small sample placed close to the X-ray source to maximize magnification. Inset illustrating
an example of simple sample preparation with cut out from a processor.



Figure 2:

Top: Schematic illustration of the diffraction limit that
describes the lower limit of what can be resolved by an
imaging system (taken from [1]). Moving two objects closer
together will finally result in them being detected as one.
Bottom: As practical example, X-ray images of JIMA test

100 nm JIMA

e SLIUCtUres was acquired using a 300 nm X-ray spot. For 0.25
um the features are fully separated, for 0.15 um features are
still resolved but with some overlap whereas for 0.1 um the
lines can no longer be resolved. (Note that different magnifi-

cations are used).

Imaging of micro-bumps

High Bandwidth Memory (HBM) is a critical enabler for high end systems offering
ultra-fast data transfer rates and reduced power consumption through its 3D-stacked
DRAM architecture. An advanced package featuring an HBM stack is schematical-

ly visualized in Figure 3. At the heart of this performance leap lies an array of mi-
cro-bumps — micron-scale solder interconnects that connect stacked dies with
through-silicon vias (TSVs) to the logic die and subsequently to the interposer.

Due to their extremely small size, dense layout, and the sample close to the source. This sample prepara-
buried position within the stack, HBM micro-bumps tion can in most cases be performed with very simple
present a significant metrology and inspection chal- methods like sawing out a few millimeters of sample,
lenge. Traditional inspection and metrology tools as shown in Figure 1. Since there is a tradeoff be-

often lack the resolution, penetration, or non-destruc-  tween speed, resolution and signal-to-noise, the first
tive capabilities required to thoroughly evaluate their ~ example illustrates 3D X-ray measurements of HBM

quality and reliability. With recent advancements micro-bumps performed in seconds. In the second ex-
in critical components in X-ray setups such as X-ray ample we will then go through how an increased mea-
source, detectors and software we will here show surement time can provide deep insights to variety
some examples of both short measurement times as of defects of the micro-bumps. While third example
well as very high resolution. It should be noted that illustrates even higher resolution that can be achieved
although nano-CT of advanced packages normally by increasing the magnification and extending mea-
involves sample preparation to allow for rotation of surement time further.
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Figure 3: Schematic example of a package with HBM memory using bump bonds as
interconnects.



Fast overview scan - 30 s scan time

Afast (30 s) scan at 2.6 um voxel size was used to pro-
vide an overview of the structures in the full sample,
as shown in Figure 4. This voxel size enables an X-ray
source spot size with high total power and high X-ray
flux which shortens measurement time. The reso-
lution obtained from the reconstruction of this fast
measurement is sufficient for navigation and a first

assessment of the general structure of the sample
from RDLs and vias in the substrate and interpos-

er to the intricate micro-bumps of the HBM stack.
This means that e.g. bump identification, alignment
and finding missing bumps is possible in addition it
provides a good overview for selection of a region of
interest (ROI), as indicated by the red area in Figure 4,
for high-resolution scanning.
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Figure 4: Fast overview scan.
3D render (left) and virtual slice
(right) also illustrating the se-
lected ROI for higher resolution
investigation.

High resolution scan - 75 min scan time

For the high-resolution scan of the ROI (a small area
centered on the DRAM modules), a voxel size of 600
nm was used providing data quality sufficient for
analysis of the bump bonds with sub-micron resolu-
tion. Figure 5 shows the scanned region containing
100 um C4 bumps at the bottom, 25 um bump bonds
connecting the logic die to the interposer, and 20 um
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bump bonds connecting the DRAM modules. In the
zoom-in, individual voids can be identified inside the
20 um micro-bumps and the 5 um TSVs can be visual-
ized. Furthermore, the data quality enables statistical
analysis of the micro-bumps and voids, by performing
a segmentation of the bump bonds and their voids
individually. A more detailed analysis of this scan and
the 30 s overview scan has been published in [5].
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Figure 5: High resolution ROl scan providing details of TSVs, contact pads and micro-bumps

including sub-micron voids.



High resolution scan - 6.25 h scan time nm X-ray source spot was used with just over six hours
scan time and a resulting voxel size of 400 nm. With

this measurement, the internal structures of TSVs,
contact pads and micro bumps are clearly visible, as
shown in Figure 6. This illustrates the usefulness of 3D
X-ray imaging for imaging of small structures at very
high resolution.

Further improving the resolution and data quality
requires longer measurement time as smaller X-ray
source spot size mean a lower power of the source
and increasing magnification requires the detector to
be positioned further away. For this experiment a 500
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Imaging of hybrid bonding

Hybrid bonding, also known as hybrid copper bonding, is a technique for intercon-
necting vias without solder. This method is illustrated in Figure 7, where small cop-
per pillars are used to directly connect silicon dies. This approach is highly attractive
from a cost perspective, as it can reduce the number of processing steps, e.g. the
need to use a reflow oven to melt the solder for bump bonds. More importantly, it en-
ables significantly higher via densities by allowing for smaller vias and tighter pitch-
es, making it a key technology for next-generation 3D integration.

Although hybrid bonding has reached commercial As hybrid bonds and connected TSVs are typically
deployment, several challenges remain — particularly ~ much smaller than the vias and micro-bumps in the
improving yield, reliability, and overall competitive- previous sections, this naturally pose a significant
ness. As a result, there is a strong need for effective challenge on 3D X-ray measurements. Here we per-
tools for failure analysis and process control to formed a 6 h scan of the hybrid bonds inside an AMD
support continued development and scaling of this Ryzen 7 5800X3D processor at a 300 nm voxel size
technology.
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Figure 7: Schematic illustration of hybrid bonding consisting of copper pillars bonding two silicon dies
together.



illustrated in Figure 8. From individual 2D X-ray imag-
es these structures can only be seen from the correct
angle, when unobstructed, as shown in the 2D pro-
jection image in Figure 8. In the reconstructed virtual
slices, the hybrid bonds can however be seen much
more clearly. The 3D reconstruction also highlights
how small these structures are compared to the layers
in the PCB and the 80 um bump bonds. The hybrid
bonds imaged here have a diameter of 1.5 um, are 15
um long, and arranged with a pitch of 9 um, where
not all possible locations are connected, indicated
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Figure 8: Imaging of hybrid bonds inside an AMD Ryzen 7 5800X3D pro-
cessor, from a single 2D projection image to reconstructed virtual slice

and 3D renders of the hybrid bonding structures.
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by the unconnected bonding structures in the virtual
slice and 3D renders in Figure 8. By performing slight-
ly more advanced sample preparation to obtain a
specimen approximately half a millimetre in size, we
were able to achieve even higher resolution nanoCT.
This improvement results from placing the sample
closer to the source, which increases magnification
and intensity while minimizing absorption from large
sample. An example of the reconstruction and a virtu-
alslice is shown in Figure 9.
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Figure 9: High resolution 3D render and virtual
slice from the AMD Ryzen 7 processor.

In this article, we demonstrated the capabilities of high-resolution nano-CT in ad-
dressing critical challenges in advanced packaging, including the inspection of mi-
cro-bumps, hybrid bonds, and TSV structures. Our results highlight how optimized
scanning setups requiring minimal sample preparation, enable both rapid and de-
tailed analysis. This significantly accelerates failure analysis workflows while main-
taining flexibility between ultra-high resolution and high-throughput imaging. Na-
no-CT thus emerges as a powerful tool to support quality assurance and innovation

in complex semiconductor integration.
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