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throughout this work. Two measurement setups including detailed information
about the used parameters for either full IC device scan or detailed TSV scan were
introduced. Both are able to depict delamination defects and finer structures in TSVs
with either a low or high resolution. The combination of a 0.4% objective with a beam
voltage of 40 kV proved to be a good combination for achieving optimal imaging
contrast for the full-device scan. However, detailed TSV scans have demonstrated
that the use of a 20x objective along with a beam voltage of 140 kV significantly
improves image quality. A database with 30,000 objects was created for automated
data analysis, so that a well-established object recognition method for automated
defect analysis could be integrated into the process analysis. This RetinaNet-based
object detection method achieves a very strong average precision of 0.94. It supports
the detection of erroneous TSVs in both top view and side view, so that defects can
be detected at different depths. Consequently, the proposed workflow can be used
for failure analysis, quality control or process optimization in R&D environments.
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1 | INTRODUCTION
1.1 | 3D-IC and through silicon via technology

The conventional two-dimensional integrated circuit (2D-IC) packaging design for microelectronic chips will soon
reach its limit due to the demand of power, size and performance. One solution to this problem is the use of the
three-dimensional integrated circuit (3D-IC) design, where wafer and dies are stacked and vertically interconnected in
order to generate a single device with improved performance, reduced wiring length, and enhanced functional density.!-?

One common type of 3D-IC integration is the use of through silicon vias (TSVs), which was developed in the last
two decades as a promising concept for the enabling of complex 3D-IC components.' A typical TSV consists of a metal
embedded into a silicon wafer that is electrically isolated by a dielectric intermedium layer. This construction enables
an electrical connection through the silicon wafer substrate. A common metal used in TSV interconnections is copper
(Cu) due to its good electrical and mechanical properties in comparison to other materials like polysilicon or tungsten.>
TSVs are versatile and can be used for either low or high-density applications. There exist three types of TSV technologies
(via-first, via-middle, via-last) depending on the placement of the fabrication during front end of line (FEOL) and back
end of line (BEOL) processing. Via-first TSVs are manufactured before FEOL and BEOL, via-middle TSVs after FEOL but
before BEOL and via-last TSVs after FEOL and BEOL.”

For via-last TSVs and depending on the number and density of TSVs and the geometrical TSV dimensions on a silicon
wafer two types of TSVs can be fabricated, the so-called fulfilled TSVs or Cu liner-TSVs. Fulfilled TSVs are created in
a process involving etching of the Si wafer material in order to form well-defined blind holes, cleaning and isolation
processes, deposition of barrier and seed layers, and a final electroplating process of the Cu material to fill out the holes.®
Depending on the depth and diameter chosen for the application specific process, it is possible to create fulfilled TSVs
of high aspect ratios using this workflow today. In order to minimize the electroplating process times and costs and to
minimize thermomechanical expansion of Cu inside the TSVs the Cu liner-TSV technology can be used. Here, the TSVs
are not completely filled by Cu but only wall-deposition is performed. This via-last Cu liner-TSV technology is used on
applications where a low to increasingly high density of low aspect ratio TSVs is required.’1

Throughout the fabrication process, thermal stress can be induced on the TSV structures during annealing procedures.
Generally, this thermo-mechanical stress at the Si-Cu interface originates from the large difference in the coefficient of
thermal expansion and will most likely lead to structural failure like via extrusion, Si cracking, wall delamination and
degradation of Cu liner, and fulfilled TSV structures. Furthermore, during the electroplating process for Cu liner-TSV
structures process variability such as Cu thickness variations or small gaps inside the Cu layer due to irregularities in the
insulation, barrier, or seed layers can occur. Hence, the complete fabrication process needs to be controlled and optimized
in order to reduce device failure and limit the yield loss.>131

1.2 | Failure analysis methodologies of TSVs

It is therefore necessary to perform failure analysis during the development of a proper TSV fabrication process in order
to determine and identify the origin of defects in the devices. Common analytical methods are optical- and electron
microscopy inspection for the investigation of TSV defects or high-resolution X-ray diffraction (HR-XRD), focused ion
beam based deformation analysis by correlation (fibDAC), and micro-Raman spectroscopy for the analysis of internal
stresses at the TSV interfaces.!® While these approaches yield highly specific and/or high resolution data, they require
extensive sample preparation via embedding, mechanical grinding, and polishing of the samples to create physical cross
sections of the devices. However, this may be undesired under specific circumstances as these processes are quite time
consuming, leading to low turnaround or lack of statistical power. In addition, the required sample preparation makes
these approaches destructive in nature. Furthermore, the sample preparation can cause unwanted stress and damages at
the TSVs and disables further investigation methods that require untreated samples.'*

3D x-ray microscopy (XRM) is a versatile imaging technique that enables internal analysis of certain structures by
applying an x-ray beam onto the sample, using geometric and optical magnification by the use of a scintillator-coupled
objective to magnify the projection and detecting the weakened transmitted photons. By rotating the sample and record-
ing an image for each specific angle, a dataset of projections for 3D reconstruction can be collected.!” In contrast to
common x-ray microtomography, XRM enables high resolution imaging of large samples due to the improved spatial
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resolution originating from the addition of optical objectives to the magnifying process.!® This whole analysis process
leads to a 3D inspection tool that enables non-destructive analysis of internal defects such as voids, delamination, or
even cracks inside the device structures. Furthermore, using the 3D dataset one can either create virtual cross-sections
by presenting only single slices of the reconstructed dataset or image a complete 3D reconstructed image with respective
software.!7-1

Therefore, XRM is used in R&D and in industrialization processes to inspect 3D ICs with TSVs on a regular basis to
control and improve fabrication processes for metrological applications for process control, failure and defect localization
in combination with other techniques or as a standalone investigation method.'*?! One drawback of XRM, however,
is the long measurement time that is required to image small micro- and nanometer sized cracks and voids inside the
investigated samples. The measured voxel sizes are directly dependent on the investigated field of view, which depends
mainly on the geometric and optical magnification of the system, resulting in a trade-off in resolution and the measured
volume of the sample.!”-?> Here, other methods such as FIB-SEM or optical inspection after sample preparation perform
better in terms of image quality and may compete in terms of overall analysis procedure time. In contrast, measuring a
high number of TSVs in one single low-resolution scan is usually possible in a few hours scan time and generates much
more statistical verification than sample preparation and single optical or electron microscopic identification or FIB-SEM,
which usually requires several hours of work on a limited number of TSVs.?>?* For a comparison of typical inspection
techniques and the spatial resolution, probing depth, or sample preparation, see the work by Kong et al.’

In XRM, one can either image the sample in full field of view with a low resolution or zoom inside a certain structure
and record a high resolution scan of a single structure of the sample. 3D-ICs will most likely possess a high number of
TSVs on a single chip. It is therefore favorable to measure XRM with the sample in full field of view at first to check
every single TSV on a chip for damages and then continue with high resolution scans of selected TSVs for the detection
of smaller defects and other artifacts.

1.3 | Automated deep learning approaches for failure analysis

It is difficult to accomplish the simultaneous analysis and specific identification of a large number of TSVs to determine
the characteristics or defects of certain TSVs of interest. Especially for recurring quality inspections or for the quantifica-
tion of process changes, automated machine learning solutions in general and in particular deep learning approaches are
well suited for this purpose. In recent years, such solutions have been established in many diverse domains and on differ-
ent scales, such as face recognition,?® tumor detection,?® material characterization,?’ sheet metal forming surveillance,?
defect detection for sewer pipes,? or for automotive parts.>°

For object detection, the trend has gradually shifted from traditional machine learning methods toward modern
end-to-end optimized deep learning models. This transition from hand-crafted, customized features to data-driven and
automatically adapted or learned features emerged at the latest in 2014 with the ImageNet Large Scale Visual Recogni-
tion Challenge.*! This competition uses the ImageNet database, which consists of 14 million manually annotated images
with more than 20,000 classes and was developed for visual object recognition. While the best traditional machine learn-
ing algorithm achieved a top-5 classification error of 25%, this metric was improved to 3.67% by using deep learning.*>
In this context, the top-5 classification error is the portion of test images for which the actual ground truth label is not
included among the classifier’s top-5 predictions. One of the reasons for the success of deep learning approaches is the
underlying end-to-end optimization, such that no classical approach has been able to outperform a deep learning-based
method in object recognition challenges as for example PASCAL VOC?* and MS COCO?* since 2014. Fundamentally, the
aim of object detection algorithms is to predict a bounding box around an object of interest, including the determination
of its class membership, regardless of scale or partial occlusion. State-of-the-art results have been reported in the areas of
pedestrian and face detection,*>3* in autonomous driving by means of car detection,* or in the medical context within
digital pathology by means of cell detection.>® Approaches for object detection are generally categorized into single-stage
and two-stage methods. Two-stage methods, such as Faster-R-CNN,*” solve the task of detection and classification in sep-
arate steps. For this purpose, the location of the object is first determined by means of a region proposal network (RPN)
and subsequently its class is determined by means of an additional network. While the two-stage variants have slight
advantages regarding their precision, single-stage methods, such as YOLO,*® SSD,* and RetinaNet,** which solve both
the detection and classification in only one step, offer the better ratio of precision to inference speed.

The RetinaNet architecture is often used in microscopy image analysis**? because it provides a decent trade-off
between performance and complexity and proved to be applicable in class imbalance conditions.*>** Consequently, as
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this study encounters large volumetric XRM data and class imbalance conditions, a RetinaNet is used for the detection
and classification of TSVs.

1.4 | Current state of research for XRM and deep learning-based TSV analysis

Several publications that use XRM as an investigation method for TSVs were published in the last ten years. Gelb et al.*>
were one of the first groups to propose XRM as a non-destructive method to analyze interconnects using an Xradia
nanoXCT. Since then several publications used lab-based 3D-XRM for analysis of, for example, fabricated TSV inter-
poser technology,*® thermal induced interconnects® or complete 3D-IC packages.*” Pahwa et al.?%*%4° focused in a series
of recent publications on automated 3D metrology using XRM and deep-learning object detection workflows for void
detection and segmentation of fulfilled TSVs and other buried structures.

Even though, there is still a lack of described workflows for the development of evaluated scan recipes and best prac-
tices regarding the parameter settings for the generation of optimal image data particularly for Cu liner-TSVs in the
current state of literature. Especially in combination with deep learning, current approaches mainly focus on the detec-
tion of objects in the 3D volume® and do not focus on a micrometer accurate localization of defects within the individual
TSV structures. Most of the presented studies were performed on high aspect ratio fulfilled TSVs rather than small aspect
ratio Cu liner-TSVs, which are the focus of this study. None of the studies examined automatic defect detection of wall
delamination defects of liner-TSVs. In addition, most object detection-based publications did not describe the workflow
of finding the correct recipes and scan parameters for the XRM scans. This shows the necessity of developing an auto-
matic workflow for micrometer-sized liner-TSVs of low aspect ratio in combination with an object detection pipeline for
micrometer accurate localization of wall delamination defects.?0:4:4%:50

1.5 | Aim of this study

This study addresses the aforementioned shortcomings and provides not only two suggested XRM workflows for Cu
liner-TSV analysis but demonstrates also an automated object recognition solution that can be already used for automatic
failure analysis in production processes or quality control. XRM is chosen as a non-destructive technique that enables a
fast defect analysis of a large number of TSVs, such as 70 or more, with defect identification down to the sub-micron scale.
Furthermore, wall delamination defects that origin from the thermal mismatch of Si and Cu will lead to TSV degradation
and is an important reliability failure as it reduces the electrical signal transfer in dies.!>>!>2 Therefore, the types of defects
studied in this work are wall delamination defects of Cu liner-TSVs in the micrometer to sub-micrometer range. Overall,
the XRM workflow is designed to suit that size range and being able to detect large delamination defects in micrometer
range via a full device scan recipe and submicron defects with detailed TSV scan recipe. Such suitable scan recipes will
be developed and presented in this work. No comparison of different deep learning architectures will be performed, as
this work handles only a limited and imbalanced dataset, and will implement a well-suited RetinaNet architecture for the
automated microscopic object recognition workflow. Overall, the method presented here is able to identify Cu liner-TSVs
of interest using low resolution XRM scans and characterize them further using high resolution scans afterwards.

2 | RESULTS AND DISCUSSION
2.1 | Scan parameter finding process

In order to develop a suitable XRM workflow for Cu liner-TSV defect analysis on application specific integrated circuits
(ASICs) itis necessary to find two XRM scan recipes. In contrast to defective TSVs, a non-damaged Cu liner-TSV possesses
an intact wall and pad region without any bulge-like defects or small sub-micrometer-sized wall gaps as shown in XRM
scans of intact standard ASICs (cf. Figure 1).

The ASICs used in this study possessed low aspect ratio via-last Cu liner TSVs fabricated and provided by Fraunhofer
IZM-ASSID. The adapted fabrication process was optimized to yield a high density of low aspect ratio TSVs and does
not count as a generalized process for all TSV architectures that commonly exist. The samples consists of processed Si
wafers with 73 Cu-filled liner-TSVs of aspect ratio 3.0 with a top pad. The top side chip is occupied by a microball array.
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FIGURE 1 XRM scan of a single intact TSV on an ASIC in three different cross-sectional views and a single 3D-rendered view. (A, B)

Orthogonal vertical cross-sections in XZ and YZ; (C) horizontal cross-section in XY at center height; (D) 3D render of the Cu liner and
associated metallic components. Bright areas correspond to material of higher x-ray extinction, in this case the Cu liner and TSV top pad. Si
and the oxide layer are quasi-transparent to x-rays and appear as noise. The TSV pad is shown on the top side of the structure. The scan was
performed using 140 kV voltage, 21 W source power, high energy x-ray filter, 20X objective, 2401 projections, 184° rotation, 30 s exposure, a
detector pixel binning value of 2 a voxel size of 0.95 p.

These solder balls are made of a metal alloy of high Z materials, which leads to strong metal artifacts in most of the
tomographic images. The workflow presented in this work will concentrate on such micrometer-sized low aspect ratio
Cu liner-TSV structures and does not count as a general workflow for all TSVs.

All XRM measurements were performed on a Zeiss Xradia Versa 620 by placing an ASIC sample into the field of
view of the Xradia system using a custom built sample holder. The XRM system is equipped with a 0.4x and 20x
scintillator-coupled objective and combines geometric and optical magnification, enabling measurements from low to
high magnification, field of views from 90 mm down to 0.5 mm and voxel sizes from 30 to 0.2 pm. The voxel size cor-
responds to the size of a single 3D pixel in the 3D dataset. The system consists of a 2048 x 2048 pixel noise suppressed
charge-coupled detector and a high power sealed transmission source ranging from 30 to 160 kV with a maximum power
of 2 W. The reconstruction was performed using the Zeiss Scout and Scan Reconstructor, which is based on filtered back
projection (FBP) algorithms. This work focused on using the available reconstruction software from Zeiss and, therefore,
does not consider changes in image quality via the use of other methods such as iterative or deep-learning based recon-
struction. All datasets were manually reconstructed by applying the Zeiss standard beam hardening correction and center
shift correction. A smoothing filter of 0.5 value was used. The dataset was globally scaled for reconstruction. Image editing
and analysis was performed in Fiji.>* All images shown in this work were brightness-contrast corrected on the minimum
and maximum gray value. Quantitative analysis was performed without brightness-contrast correction.

First, a full device scan, where all TSVs are visible in one reconstructed dataset, needs to be found. The main objec-
tive of this recipe is to detect large micrometer-sized delamination defects that can occur during development of TSV
wall fabrication processes. These scans should be aimed to be as short as possible in order to be suitable for a scan. Sec-
ond, a detailed TSV scan recipe will be needed in order to depict detailed defects of micron or sub-micron size. These
scans will be only performed after full device checkup. Finding the correct beam voltages and other scan parameters is
a critical part of this recipe development. Therefore, the development of a full device scan was started using the 0.4x
scintillator-coupled objective of the Zeiss Versa 620, which is suitable for scanning a complete ASIC chip. The source and
detector were positioned as close as possible to the sample to fill out the field of view completely with the chip in all rota-
tional positions. The overall magnification was set to approximately 1.8, which leads to raw projection images including
the complete ASIC chip and also a small unattenuated reference around it. Before performing actual tomographic scans,
focus was set on optimizing the single projection image quality by recording a single image at the short view, where the
x-ray beam is directly perpendicular to the ASIC. For this, the voltage of the x-ray tube was varied from 40 to 140 kV and
a reference-corrected single projection was recorded for a series of exposure values ranging from 0.05 up to 30 s. For each
voltage a corresponding standard filter for the voltage regime was chosen according to the instrument manual. Further-
more, the exposure was increased for each voltage up to a value where detector saturation occurred. The raw projection
images were analyzed by measuring the mean gray values of the complete ASIC (Sasic), the unattenuated reference region
with noise that can be associated only to the measurement setup (Snoise) and the standard deviation of the noise region
ONoise- Fiji was used for this procedure.>® Using these parameters, one can calculate the contrast-to-noise ratio (CNR) by
using Equation (1).>
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CNR = Sasic — SNoise. )

ONoise

Plotting the determined CNR values against each exposure of each voltage curve leads to the plot shown in Figure 2A.
One can see that the highest CNR can be reached for the CNR-exposure curves of 40 and 60 kV beam voltage. The cor-
responding CNR and exposure values for 40 and 60 kV are (69, 25 s) and (60, 15 s), respectively. However, the 60 kV
CNR-curve does not grow continuously and shows a kink around 10-14 s. This is a clear sign for source stability issues.
Setting the focus on a single TSV on the center of the ASIC and taking the raw projection with the highest CNR value
for each voltage and comparing them leads to the images shown in Figure 2B-G. Qualitatively, 40 and 60 kV show again
generally the best gray value ranges with less noise and a clear distinction of the TSV wall and the surrounding area. This
supports the finding from the quantitative measurements, where 40 kV and 60 kV possessed the highest CNR values for
the complete ASIC chips. In order to keep the overall measurement time low, the exposure value should be set below
10 s. At around 8 s exposure the CNR value of the 60 kV curve is 50, which is slightly higher than the CNR value of 45
for the 40 kV of the same exposure time. However, because the 60 kV curve shows some clear source stability issues, it is
inevitable to precede with a 40 kV beam voltage.

2.2 | Development of a full device scan recipe

Based on this recipe tomographic XRM scans were performed on a chosen ASIC using 40 kV beam voltage at a maximum
power of 3 W and varying other parameters. Overall, four different tomographies, Figure 3A-D, were performed by varying
the detector pixel binning values, projection numbers, exposure time or the use of the variable exposure time (VET)
function. Binning is the process of combining a cluster of pixels on the detector to a single pixel in order to increase
the overall intensity and thereby reducing the overall number of pixels. Therefore, pixel binning induces a loss in terms
of image resolution, however, leading to a higher signal level and, thereby, reducing the scan time and improving the
contrast. VET is a technical procedure used for samples that are thin and wide, such as typical ICs. At “long view” angles,
where the wide side of the sample is parallel to the x-ray beam, typical artifacts can be introduced into the system because
of the low x-ray transmission at these long view angles. In order to remove these, the use of VET enables the increase of
the exposure time at these specific angles to solve this problem. Another technique commonly used for high aspect ratio
samples is high angle resolved tomography (HART). HART is a technique that allows to acquire higher angular density
projections for the long view angles using the same total number of projections. Altogether, all four tomographic XRM
scans used 40 kV beam voltage, 3 W power, no x-ray filter, 226° rotation, the same overall magnification of 1.8, and the
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FIGURE 2 (A)Comparison of the CNR in dependence of the exposure time for voltages 40-140 kV. (B-G) Comparison of raw
projection images of a single TSV on an ASIC taken with the 0.4x scintillator-coupled objective at a binning value of 2. The voltage was
varied from 40 to 140 kV in 20 kV steps with maximum power of the x-ray tube possible for each voltage. The x-ray filters were varied
according to the Zeiss standard procedure for each voltage. Exposure was set to 25, 15, 3, 2, 2, and 3 s for (B-G), leading to the highest CNR
value for each voltage without overexposing the detector.
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FIGURE 3 Reconstructed virtual cross sections of a TSV row on an ASIC from complete ASIC XRM tomographies with 0.4 X
scintillator-coupled objective and varying binning numbers, projection numbers, exposure times and the use of variable exposure time (VET).
All four scans were performed with 40 kV voltage, 3 W power, no x-ray filters, 226° rotation and high angle resolved tomography (HART).
Differences in scan parameters are (A) binning of 2, 1601 projections, exposure of 1 s, and voxel size of 15.23 pm, (B) binning of 1, 901

projections, exposure of 8 s, and voxel size of 7.56 pm, (C) binning of 1, 1601 projections, exposure of 8 s, and voxel size of 7.56 pm, (D)
binning of 1, 1601 projections, exposure of 8 s, voxel size of 7.56 pm, and multiplying the exposure time at long view angles by factor 5 using
VET. Delamination defects are marked with red arrows.

HART function. The other scan parameters were varied as followed. For scan A, 1601 projections, a binning value of 2,
and an exposure of 1 s was chosen in order to perform a very short scan of 1 h overall time with a high count-rate due to
the increased binning value. However, the voxel size was also reduced by this to 15.23 pm. Scan B used a binning value
of 1 to gain a smaller voxel size of 7.65 pm, an exposure value of 8 s to overcome the lack of counts and a decreased
number of projections of 901 to shorten the measurement time to 3 h. For scan C, only the number of projections was
increased up to 1601 projections compared to scan B, which leads to an overall measurement time of 5 h. At last, for scan
D the same parameters of scan C were chosen but made use of the VET function with a factor of 5, which multiplies the
exposure time for the long view angles by the given factor and leads to a total measurement duration of 14 h. All of these
scans possessed strong line artifacts arising from the solder ball array on top of the ASIC. These strong artifacts are most
likely to appear on solder ball alloys of high Z materials and are called metal-artifacts. They are well-known in micro-CT
applications and are created during the reconstruction process.>>>® The use of higher voltages and additional filters is a
typical way of reducing metal artifacts. This was tested by performing other tomographies using parameters with higher
voltages and filters. However, all of these scans showed the same strong metal artifacts and, therefore, are not shown in
this work. Figure 3 shows digital cross sections of a single TSV row on the ASIC from these four tomographic datasets.
All four images depict the approximate same virtual cross-section of a TSV row and possess strong vertical line artifacts,
which arise due to the metal artifacts mentioned before.

In order to determine, which settings are optimal for a full device scan recipe, these four scans will be compared with
each other. Detailed line profile analysis was performed and shown in Figure S1 the supplementary information available
online. Scans A and B differ mostly in the voxel size value due to the higher binning value of scan A. By decreasing the
voxel size from 15.23 to 7.56 pm and using a higher exposure time and less projections, the images get much more detailed
and sharper while keeping the time below 5 h. Generally, there are two type of defects that can be distinguished from the
top view virtual cross-section of the XRM data, delamination defects and layer interruptions due to processing issues. As
delamination is an adhesive rupture between two layers, the defect occurs as a bulge-like or non-circular defect in the
top view virtual cross-section. Layer interruptions, however, appears as an interrupted circle without any deviation from
the circular form. As marked by the red arrows in the figure, there are delamination defects present in the reconstructed
virtual cross sections. While these defects are clearly observed for scans B-D, the TSV walls for scan A are very blurry and
the presence of delamination defects is not obvious. Scans B and C differ mostly by the increased number of projections
of 1601 instead of 901. In general, one would make the assumption that the increased number of projections should lead
to an increased fine structure and edge sharpness on the left side of the image (outer chip zone) while the right side
(inner chip zone) is equally good. However, there is nearly no change in image quality present for these two scans. In
addition, scans C and D differ only in the use of VET, which should in theory lead to slightly more detailed edges on the
left side of the TSV row compared to the disuse of VET. However, there is nearly no change in image quality observed
again. As also the line profiles shown in the supplementary information do not show any improvement in peak sharpness
on the edges, this fact shows that there is no apparent improvement in image quality observed for either increasing the
number of projections to 1601 for a full field of view scan or the use of VET to increase the exposure time on the long
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view projections. Usually a high number of projections is recommend for tomographic studies of well-reconstructed high
image quality, however fewer projections can often provide adequate results in a shorter time period. Therefore, there is
always a trade-off in the choice of number of projections and measurement time. The increased number of projections
might only lead to slightly or no improvement in this specific case, however, might lead to improvements for other ASIC
scans. Therefore, regarding the time-quality factor the most efficient and most reliable results with a high number of
projections this work will use scan C with a measurement time of 5 h, which is still within the bounds of a reasonable
batch standard IC checkup. Therefore, the full chip scan recipe for this work will be chosen to match scan C, which is
the use of 0.4x scintillator-coupled objective, 40 kV beam voltage, 3 W power, no x-ray filter, 226° rotation, use of HART
function, binning of 1, 1601 projections, and an exposure time of 8 s.

2.3 | Development of a detailed TSV scan recipe

To image finer details inside the TSVs and detect small micrometer to sub-micrometer sized defects it is necessary to use
a higher overall magnification and obtain a smaller voxel size. Therefore, the 20x scintillator-coupled objective will be
used to get a detailed view on the TSVs and exclude solders balls in the field of view (FOV) in order to minimize metal
artifacts created afterwards in the reconstruction. Due to the wide size of the chip and the low x-ray transmission for
high magnification scans it is necessary to verify if there is an actual improvement in image quality for a pillar-like ASIC
sample possessing only one line of TSVs compared to the full non-sliced device of high aspect ratio dimension. For this
reason, an ASIC chip was sliced using a Leica TXP (diamond saw blade, 2500 RPM) to get a pillar like ASIC section for
detailed XRM scans with a reduced long view. Furthermore, another non-sliced ASIC chip was taken for detailed XRM
scans. Both chips possess defect TSVs from outdated production processes in contrast to the intact and optimized TSV
shown in Figure 1.

Overall, four tomographic scans were performed on four different TSVs—two from the sliced chip and two from the
non-sliced chip using either 40 or 140 kV shown in digital cross section images in Figure 4. The source and detector
position was set to as close as possible to the sample. All scans were performed with the 20x scintillator-coupled objective,
an overall magnification of 56x, a voxel size of 0.95 pm, 2401 projections, and 184° rotation. Due to the low count rate at
the detector, a binning value of 4 and an exposure of 15 s were used to get a sufficiently strong signal. Scans A and C were
performed with 40 kV beam voltage, 3 W power and used VET with a strength of factor 2 (multiplying the exposure at
long view angles by factor 2) at the non-sliced and sliced chip, respectively. Scans B and D were performed using 140 kV
beam voltage, 21 W power and with VET of factor 4 (multiplying the exposure at long view angles by factor 4) at the
non-sliced and sliced chip, respectively.

Comparing the scans a) and b) for the non-sliced chip one can clearly see that the 140 kV scan B shows sharper
structures at the TSV wall and at the TSV pad on the top of the image. In contrast, the 40 kV scan A image is blurry in the

40 kV| (D)

Non-sliced ASIC ' Sliced ASIC

FIGURE 4 Reconstructed virtual cross sections of four single defect TSVs on ASICs from detailed TSV XRM tomographies with 20x
scintillator-coupled objective. Scans (A) and (B) belong to non-sliced ASIC chips while scans (C) and (D) belong to sliced ASIC chips, which
were used to increase the transmission on the long-view axis during rotation of the flat high-aspect ratio chip sample. All four scans used a
binning of 4, exposure of 15 s, a voxel size of 0.95 pm, 2401 projections, and 184° rotation. The remaining scan parameters for (A) and (C)
were 40 kV voltage, 3 W power, and using VET to multiply the exposure time at long view angles by factor 2, while (B) and (D) used 140 kV
voltage, 21 W power, and using VET to multiply the exposure time at long view angles by factor 4.
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TSV pad region. This effect most likely arises from high Z material parts in this pad region. For the sliced chip shown in
scans C and D, the same trend at the TSV pad is observed. 140 kV shows a clearer fine structure at the pad there, however,
it is also generally brighter than the 40 kV scan and exhibits a different gray value range. The contrast at the TSV wall,
however, is now much better for the 40 kV scan as for the 140 kV scan. There are also some details and an increased
edge sharpness in the pad region visible. However, the 140 kV still depicts most details at the TSV pad much clearer than
40 kV. Generally, the signal to noise ratio is improved for the low voltage scans but has a lack of general intensity. The
reason for this is that the maximum power at this voltage is much lower compared to the high voltage scans. In contrast,
high voltage scans improve the overall intensity but have a general lack of contrast and signal to noise due to the reduced
number of low energy photons that are filtered away by the filters for high voltage regimes.

Overall, one can conclude that slicing the chip clearly improves the image quality for 40 kV beam voltage and leads
to an overall better CNR at the TSV wall. However, the TSV pad region is still not properly imaged like for the 140 kV
scan. In summary, a voltage of 40 kV works well for a sliced ASIC chip. However, if the destructive sample preparation is
unwanted, the use of 140 kV voltage might be favored in order to get overall sufficient contrast and resolution.

2.4 | Summary of XRM recipes and suggested analysis workflow

Two recipes required for an XRM analysis workflow were successfully developed: (a) a full device scan recipe using a
voltage of 40 kV and the 0.4x objective according to Figure 3C and (b) a detailed TSV scan recipe using a voltage of 140 kV
and the 20x objective according to Figure 4D. Both workflows and general XRM setups are shown in Figure 5A,B. The
next goal is to combine this together with object detection in order to develop an automatic analysis workflow. Altogether,
the following workflow depicted in Figure 5C is proposed: a chip is scanned with the full device scan recipe shown in
Figure 5A with the parameters described in Figure 3C. The reconstructed volumetric dataset is manually annotated for
deep learning. As the Cu liner-TSVs appear non-circular (wall delamination defect) or circular (intact) in virtual cross
sections from the top view, it is possible to label each TSV for each single slice with a defect or intact bound-box around
the structure. This method will primarily focus on such delamination defects inside the TSV structures. After annotation,
the neural network will be trained and optimized.

The trained network can be used for the evaluation of new datasets generated from further full device scans. In this
step, defect and intact TSVs should be classified in terms of wall delamination defects or integrity. Based on these results,
one can decide whether a further detailed TSV scan is required on any single TSV on the chip or if the chip can be used for
further analysis, sample preparation for other investigation methods or complete device fabrication. Furthermore, this
workflow is designed to assist the development of a fabrication process to either detect or exclude the presence of defect
artifacts on a large number of TSVs on an ASIC chip.

(A) (B)

Source and Filter Sample 0.4 X Objective Detector Source and Filter Sample 20x Objective  Detector

©)

Manual Neural Network

Annotation Optimization Evaluation

Full Device Scan

FIGURE 5 (A)General XRM setup for a full device scan workflow using the 0.4x scintillator-coupled objective. (B) General XRM
setup for a detailed TSV scan workflow using the 20x scintillator-coupled objective. (C) Suggested workflow for object detection that uses a
full device XRM scan, followed by manual annotation of the volumetric data and optimization of the neural network by training. In the end,
the trained network can be used for the evaluation and automatic detection of further full device scans in order to decide whether a detailed
TSV scan is necessary or not.
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2.5 | Dataset for automated defect detection system

This part focuses on the development of an automated defect detection system that can be easily integrated into the
measurement process. As previously described, the labels required for this are derived using manual annotation. Each
ASIC contains multiple TSVs, and the respective state of each TSV is of interest. For the manual annotation, the TSV is
individually analyzed slice by slice from top pad to bottom orifice of the TSV by an expert. The expert’s task is to locate
the positions of the TSVs and to classify the state of the TSVs at this depth and highlight them accordingly by means of a
bounding box. Here, a distinction is made between defective TSVs due to delamination defects and intact TSVs. Examples
of these two classes are provided in Figure 6, which illustrates single layer images of TSVs from a top-view perspective.

These vary in terms of the corresponding depth, the spatial positioning on the ASICs and originate from different
batches. With the exception of the TSV pad at the top (cf. left side of Figure 6), intact TSVs are predominantly charac-
terized by their perfect circular appearance from the top-view perspective. Delamination defects are typically associated
with deviations from this circular shape. The light and dark vertical lines are metal artifacts that result, as mentioned in
Section 2.1, from the composition of the ASICs within the reconstruction step and are not associated with the condition
of the TSVs. The database was created using the open source software EXACT,>” which provides a variety of annotation
options via web interface, allows integration of developed deep learning models for inference and furthermore does not
require the use of external data service providers. In total, 29,784 slices of 876 TSVs from 12 different ASICs were anno-
tated for the object detection task, whereby a majority of intact TSVs were identified (cf. Table 1). Consequently, there is
an overall class imbalance, which needs to be addressed by the algorithm.

2.6 | RetinaNet

Object recognition networks mimic expert behavior by detecting and classifying objects while assessing the reliability of
their detection by means of scores. In this study, a RetinaNet*’ is used for this purpose, which provides a good trade-off
between accuracy and speed. The RetinaNet architecture consists of a single network that uses a ResNet183? backbone as
feature extractor (cf. Figure 7). Multi-scale features are then generated by means of a feature pyramid network (FPN),*
as visualized in Figure 7. These are composed of low-resolution but semantically strong features, since more context is
covered at the down-sampled layers, and high-resolution but semantically weak features at the layers that are closer to
the original image size. Each layer of the FPN in this process is used for classification and regression via subnetworks
in order to provide predictions on different scales. For this purpose, the classification subnetwork predicts the probabil-
ity of the presence of a target object and its class membership for each anchor (small defined rectangles in the image
domain of different shape and extent). The regression network is used to determine the coordinates for the bounding
box containing the target object. In order to address the class imbalance, the FocalLoss* is employed in this study, that
dynamically down-weights the contribution of easily and well classified samples and let the model focus on the difficult
instances.

(A) Intact TSV

(B) Defect TSV

FIGURE 6 Ground truth annotations of (A) intact TSVs and (B) defect TSVs, taken from different production badges and different
depths of the volumes. Note that bright vertical spots are location-dependent with respect to the position of each TSV on the ASIC, and its
position with respect to the detector. In addition, varying levels of noise are emphasized by the images on the right-hand side. The position of
the ground truth bounding boxes varies slightly, since it is difficult for a user to precisely determine the center of these small structures.

TABLE 1 Datadistribution in terms of number of ASICs, analyzed TSVs, and defect and intact TSV slices
ASICs TSVs Defect TSV slices Intact TSV slices Image resolution Bounding box size
12 876 8946 20,838 1440 x 1120 px 25X 25 px
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class
subnet
box
subnet

feature pyramid network

FIGURE 7 Object detection using RetinaNet. The ResNet18 architecture is employed as the backbone for the feature pyramid network
that is used to generate multi-scale features. The classification subnetwork predicts the class membership, whereas the regression
subnetwork estimates the coordinates for bounding boxes.

2.7 | Evaluation metrics

Independent of the selected network architecture and the different approaches of established object detection methods,
several potential bounding boxes are predicted as detections, of which ultimately one is considered to be the final detec-
tion. The intersection over union (IoU), which describes the overlapping area of the predicted and ground truth bounding
boxes, is used as the decisive metric for this. This metric is derived from the ratio between the area of the overlap and the
area of union (cf. Equation 2), which is additionally illustrated in Figure 8. In this study, an IoU of 0.5 is used as thresh-
old for a correct prediction of the bounding boxes, so that it is guaranteed that the region of interest is included in the
prediction, if detected correctly. The performance of the algorithm is evaluated by precision and recall (cf. Equation 3).

_ Area of intersection _ ByN By

IoU - = , (2)
Area of union By UB,
Precision = _TP ,  Recall = _TP . 3)
TP + FP TP + FN

Here, recall indicates how many of the actual positive examples were detected during classification, whereas precision
indicates which of the detected positive examples were actually positive. To calculate these metrics, a differentiation is
made between true positives (TP), false positives (FP), and false negatives (FN) of the individual detections. These metrics
work with binarized outputs, whereby real-valued output is usually provided by the algorithms. Consequently, a part of
the information is discarded by means of threshold value procedures. Therefore, the precision and recall metrics depend
on the choice of the threshold value. For this reason, the average precision (AP) metric, which uses all available threshold
values and represents the area under a precision-recall curve, is used for detection methods. By averaging the AP over all
available classes, the mean average precision (mAP) is obtained according to the PASCAL Visual Object Classes (VOC)
challenge,?® which is used as a single quantification metric to assess the overall performance of the classifier.

2.8 | Performance evaluation

In order to determine the performance of the object detection technique, a five-fold cross validation procedure is
employed. For this purpose, the dataset is randomly divided into five equal parts, of which four parts are used for

By By
B‘/ BY

(A) intersection (B) union

FIGURE 8 Example for (A) intersection and (B) union of bounding boxes
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training and validating (60%, 20%) the network. The threshold for assessing the classification quality is determined using
the validation dataset and then applied in the evaluation of the hold out test set. The actual performance is assessed using
the unseen data which is consequently considered as a new dataset.

Training of the network is accomplished using the Adam optimizer>® with a learning rate of 0.001. To avoid an overfit
on the training data and to generalize to unseen data, the data are flipped randomly in horizontal and vertical directions
during training. Additionally, intensity values are modified randomly, followed by the addition of randomized Gaussian
noise. Prior to data processing, all slice images are individually normalized by robust scaling, using the 0.05 and 0.995
percentile.

2.9 | Object detection results

Overall, the object detection pipeline yields a very strong mAP of 0.94. Slightly different values are obtained for the
different classes (cf. Table 2).

The class of intact TSVs is detected on average more effectively than the class of defective TSVs. Most of the errors occur
in the lid region (cf. left-hand side of Figure 6), since even for an expert it is difficult to make consistent and unambiguous
class assignments in this region. Further misclassifications occur in the transition range from still intact to slightly defec-
tive TSVs. This transition between the classes is difficult to distinguish from each other, especially due to the various very
pronounced metal artifacts, so that perfect ground truth annotations cannot be assumed either. False positive detections
tend to occur in the lid region as well, since many similar circular structures occur in this region. Due to plausibility, that
is, objects must occur in spatial proximity in successive slices throughout the volume, these are not critical and can be
easily considered in post-processing.

The annotation of the data was performed by the expert in the top-view, since defective TSVs can be easily identi-
fied here based on the deviation from an uniform circular shape. By reslicing, however, it is possible to illustrate the
classification results of the individual TSVs from the side-view instead of the top-view (cf. Figure 9).

Consequently, this view emphasizes the depth at which the defects occur. This insight is of fundamental impor-
tance, since it enables correlation with the process parameters and thus might lead to the derivation of necessary process
changes.

TABLE 2 Object detection results derived on the hold out test set using cross validation
mAP (+STD) Avg. precision intact/defect (+STD) Avg. recall intact/defect (STD)

0.94 + 0.01 0.92 +0.01/0.83 = 0.04 0.99 + 0.00/0.93 + 0.02

FIGURE 9 Predictions from different perspectives. (A, B) Highlight found objects at varying depths, with the corresponding

confidence score beside the bounding box and the ground truth annotation class as encoded by the color. (C, D) Class information from a
side-view perspective. This view provides insights on the depth at which defects occur, so that subsequently TSVs of particular interest can be
examined in detail.
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3 | CONCLUSION

This study provided a functional combined XRM and deep learning workflow for automatic wall delamination defect
detection of a large number of Cu liner-TSVs in the micrometer to sub-micrometer range. The influence of several scan
parameters on the raw and reconstructed dataset image quality was studied and discussed. Two practical XRM measure-
ment recipes for short full device and long detailed TSV scans were proposed, using either 40 kV beam voltage and a 0.4x
objective or either 140 kV and a 20x objective. Deep learning based object detection using datasets generated from several
XRM scans from the proposed full device scan recipe indicated promising results in terms of precision and future appli-
cation. This method focuses on data generated from the full device scans using the 0.4x objective and, hence, cannot be
used together with the 20x detailed TSV scan recipe. Therefore, the detailed TSV scan recipe is designed to be used as
an additional recipe after the workflow evaluation for more detailed but also longer analysis with sub-micron resolution.
The proposed workflow provides promising results, so that an integration into industrial processes like quality control or
process optimization during development seems feasible. Compared to other analytical methods such as the combina-
tion of sample preparation and optical or electron microscopy that require up to a full day of preparation work for a few
TSVs on one cross section, this workflow enables relatively short measurement times of 3-5 h for direct non-destructive
defect analysis with a high statistical output of 70 or more TSVs, as no time-consuming and statistically limiting sample
preparation is needed for the XRM analysis. In addition, as this workflow is designed to be able to control a fabrication
process, it is possible to either detect or exclude the presence of defect artifacts on a large number of TSVs on a ASIC
chip depending on the current state of the process. By that, the workflow can successfully support or even improve the
evolution of the complex fabrication process through the use of the presented machine learning workflow.
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