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Heterogeneous wafer-scale integration:
The new front line of semiconductor scaling 
By Krutikesh Sahoo, Subramanian S. Iyer  [Samueli School of Engineering, University of California, Los Angeles]

or over  f ive decades ,  the 
s e m i c o n d u c t o r  i n d u s t r y 
lived by a simple, powerful 

rule: Moore’s Law [1]. By shrinking the 
transistor, we gained speed, reduced 
power, and lowered costs. An equally 
important, but somewhat lesser known 
law t ha t  rela t e s  to  t he  econom ics 
of Moore’s Law, is Rock’s Law [1]. 
However, as we navigate the sub-5nm era, 
the economic and physical foundations 
of monolithic scaling are fracturing. 
The reticle limit—the maximum size 
of a single chip—has become a wall 
that ar t if icial intell igence (AI) and 
high-performance computing (HPC) 
workloads are crashing into. AI machines 
emphasize bandwidth while conventional 
HPC focuses on latency. But both are 
important at the system level.

To  b r id ge  t he  g a p  b e t we e n  t he 
exponential demand for compute and the 
physical limits of silicon, the industry 
is pivoting. The focus has shifted from 
the transistor to the package [2]. We 
are entering the era of heterogeneous 
integration (HI), where the system is 
no longer a single piece of silicon, but 
a collection of optimized “dielets” or 
chiplets. It should be pointed out that there 
is some confusion between the terms 
chip and die. A circuit designer designs 
a chip—it is an abstraction of the design. 
The foundry converts that abstraction via 
masks and processes into hard wafers. 
The wafers are tested and diced into dies. 
Known good dies are then packaged and 
retransformed into chips. Chiplets and 
dielets have the same connotation, but 
chiplets and dielets are not merely small 
chips or dies. They are nonfunctional 
by themselves and need to be connected 
to other chiplets and dielets to exhibit 
functionality. To reiterate, chiplets are 
designed, dielets are assembled onto 
advanced packages—but this time, the 
assembly of packaged dielets is called a 
module or sub-assembly.

F The transition to heterogeneous wafer-
scale integration requires a fundamental 
rethinking of how we connect chips. In this 
article, we review the landscape of modern 
interconnect technologies—from traditional 
solder to cutting-edge hybrid bonding—and 
present a deep dive into a high-throughput 
copper- to -copper (Cu-Cu) ther mal 
compression bonding (TCB) scheme that 
enables true wafer-scale integration.

The architectural pivot: Scale down 
vs. scale out

To understand the current state of 
advanced packaging, one must understand 
two primary scaling philosophies: scale 
down and scale out.

Scale down: The pursuit of density. 
Scale down is the packaging equivalent 
of traditional Moore’s Law. The goal is 
to shrink every dimension: finer bump 
pitches, thinner dielectrics, and narrower 
metal lines. This approach is epitomized 
by direct metal-to-metal bonding such 
as thermal compression bonding (TCB), 
which targets pitches well below 10µm, 
eventually aiming for sub-micron levels 
[3]. Scale down is essential for 3D-IC 
stacks where vertical bandwidth between 
stacked dielets is being addressed.

Scale out: The pursuit of reach. 
Scale out, by contrast, is about area. 
It involves expanding the footprint of 
the scaled-down entity to the scale of a 
system or sub-system—potentially an 
entire 300mm wafer, or even a 600mm 
panel to accommodate massive amounts 
of memory and thousands of processing 
cores—all intimately connected at almost 
monolith ic levels. This mimics the 
functionality of a giant monolithic chip 
but uses smaller, high-yield heterogeneous 
dielets (meaning dielets from different 
technologies, material systems and nodes). 
The challenge here isn’t just pitch—it is the 
mechanical stability, warpage control, and 
the throughput and system functionality 
required to assemble thousands of dielets 
on a single substrate.

Navigating the interconnect 
landscape

The industry currently relies on four 
primary methods to join dies or dielets 
to substrates or wafers. Each comes with 
a specific “sweet spot” in terms of pitch 
and manufacturing complexity.

Solder-based flip chip. Mass reflow 
of solder bumps has been the workhorse 
of the industry for 30 years. However, 
as pitches shrink below 40µm, solder 
encounters physical limits. The risk of 
solder bridging (shorts) increases, and 
the intermetallic compounds (IMCs) that 
form the bond become brittle, thereby 
compromising performance and reliability. 
Furthermore, the volume of solder required 
at fine pitches is so small that it becomes 
difficult to control the joint’s consistency.

Thermal  compress ion bond i ng 
(TCB). TCB was developed to extend 
solde r  l i fe .  By apply i ng  hea t  a nd 
pressure simultaneously via a bond-head, 
TCB allows for finer control than just 
thermally-assisted mass ref low. While 
often used with solder-tipped micro-
bumps, the indust ry is increasingly 
look ing at  solderless  Cu- Cu TCB. 
By bonding copper pillars directly to 
copper pads, we eliminate the risks of 
solder bridging and IMC formation. 
Fu r ther more,  copper-copper inter-
diffusion results in a robust metallurgical 
bond—basically acting like a continuous 
piece of metal so long as any surface films 
can be removed by pretreatment. Figure 1 
shows such a solder-less Cu-Cu contact.

Hybr id  b ond i ng  ( H B) .  Hyb r id 
bonding represents another approach 
to “scale down.” It involves a perfectly 
f lat sur face where both the copper 
interconnects and the su r rounding 
d ielec t r ic  (u su a l ly  SiO 2 or  SiC N ) 
a r e  b o n d e d  t oge t h e r  ( F i g u r e  2) . 
The dielectr ic is bonded f irst and a 
thermal cycle is used to expand the 
recessed copper to connect. While HB 
has the potential to offer the highest 
interconnect density, its requirements 
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a r e  e x t r e m e:  C l a s s  1  c l e a n r o o m 
environments, sub-nanometer surface 
roughness, and expensive chemical 
mechanical polishing (CMP) steps. The 
nature and strength of the dielectric 
bond is just as important as the Cu-
Cu bond. This puts restrictions on the 
nature of the dielectric and processes 
need to be optimized for a specif ic 
dielectric. This makes the realization 
of heterogeneous hybrid bonding more 
difficult, especially if multiple foundries 
and material sets are involved. Hybrid 
bonding does have an advantage in 
alignment and overlay tolerance as the 
initial dielectric bond is performed at 
room temperature.

Fan- out wafer- level  packag ing 
(FOWLP). FOWLP is another approach 
that uses molding compounds. It has the 
potential to reach fine pitch as well as panel 
scale. In this method, dies are embedded in 
an epoxy matrix and connected—typically 
lithographically—to wiring layers. We 
mention this for completeness and will 
discuss it in a forthcoming article.

The wafer-scale vision: Silicon 
interconnect fabric (Si-IF)

To achieve true scale out, the substrate 
itself must evolve. Traditional organic 
substrates (like FR4 or build-up films) 
suffer from high coefficients of thermal 
expansion (CTE) mismatch with silicon, 
leading to significant warpage.

At UCLA CHIPS, we have pioneered the 
silicon interconnect fabric (Si-IF) [4]. The 
Si-IF is an active or passive silicon wafer 
used as a high-density wiring platform. 
Because the substrate is silicon and the 
dielets are also silicon, the CTE is perfectly 
matched. This eliminates warpage issues 
during thermal cycling and allows for 
incredibly tight integration. On the Si-IF, 
we can achieve interconnect pitches of 7µm 
and below across an entire wafer [5].

Engineering the perfect bond: The 
physics of Cu-Cu TCB

The hear t of our recent research 
involves optimizing the Cu-Cu TCB 
process to make it viable for high-volume 
manufacturing. Direct Cu-Cu bonding 
relies on solid-state diffusion. When two 
copper surfaces are pressed together 
under heat, atoms migrate across the 
interface, eliminating the boundary and 
forming a continuous metallic grain. 
(This happens in hybrid bonding as well, 
but the force is internally generated by 
thermal expansion of the copper.) The 
pressure in TCB is externally impressed 
and independent of the material system, 
and therefore, more controllable and 
process tolerant.

The challenge of oxidation. The big 
enemy of Cu-Cu bonding is oxide. Copper 
oxidizes almost instantly in air, forming 
a stable Cu2O film layer, the thickness of 
which can increase and eventually saturate 
with increasing temperature. This oxide 
acts as a barrier to diffusion. To achieve a 
successful bond, this oxide must be removed 
or bypassed. Historically, this required 
bonding in a vacuum or using reducing 
gases like formic acid, both of which slow 
down the manufacturing process.

Surface preparation and roughness. 
Before bonding, we employ a pre-bond 
treatment. This typically involves an ion 
beam or plasma clean to remove the native 
oxide and activate the surface. We have 
found that the root mean square (RMS) 
roughness of the copper pillars must be 
kept below 3nm to ensure sufficient contact 
area for diffusion to occur at reasonable 
temperatures (300°C–400°C). During 
bonding, an in situ reducing atmosphere 
of formic acid is provided locally within 
the bonding tool to remove oxide residues 
and prevent oxidation at higher bonding 
temperatures. This step can be removed so 
long as a low-oxygen environment can be 
created within the bonding tool, such as by 
continuous purging with nitrogen.

Solving the throughput problem: The 
two-step process

I n  a  t r a d e  e n v i r o n m e n t ,  “c o o l 
technology” is useless if it is not “profitable 
technology.” Traditional TCB Cu-Cu is 
notoriously slow [6]. A single-step TCB 
cycle—including die transfer, alignment, 
and the time the bond head holds the die in 
place while heating it to 300°C and cooling 
it back down—takes roughly 30 to 60 
seconds. If a wafer-scale system requires 
1,000 dielets, a single-step process would 
take over 16 hours to populate one wafer. 
This is commercially nonviable.

The breakthrough: Tacking and 
batch annealing

To solve the issues discussed above, 
we developed a two-step TCB process 
[5] that decouples the alignment from the 
permanent bonding. The two-step process 
is discussed below.

Step 1: High-speed tacking. A high-
precision flip-chip bonder picks the dielet, 
aligns it to the Si-IF, and applies a low-
temperature (120°C), low-force pulse. 
This “tacks” the dielet in place. The 
tacking force is sufficient to overcome 
initial surface roughness and keep the 

Figure 1: Cross section of solderless Cu-Cu thermal compression bonding interconnects from [5]. The 
micrograph shows grain growth across the bonding interface.

Figure 2: Cross section of a hybrid bonded interface 
based on [6].
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dielet from moving during transport. This 
step takes less than 10 seconds.

Step 2: Batch annealing. Once the 
entire 300mm wafer is populated with 
tacked dielets, the whole assembly is 
placed in a furnace. The entire wafer is 
annealed at 300°C–400°C for 30 to 60 
minutes. Because thousands of bonds 
are being finalized simultaneously in the 
furnace, the effective throughput jumps 
to over 1,100 dielets per hour (DPH). This 
brings Cu-Cu TCB into the realm of high-
volume manufacturing.

Manufacturing yield and self 
alignment

In wafer-scale systems, yield is everything. 
If you have 1,000 dielets and one fails due 
to a bonding defect, the entire wafer-scale 
system may be compromised. Discussion of 
some of these issues follows below.

The tooling factor. Our research utilized 
a  KNS APAMA [7] flip-chip bonder. We 
identified that the planarity of the bond head 
is the most critical tool parameter. If the 
head is tilted by even a fraction of a degree, 
the pressure across the dielet becomes 
nonuniform, leading to cold joints on one 
side and deformed pillars on the other. 
Clean particle-free die edges (determined 
by dicing strategy) are also critical to ensure 
reliable contact, especially in metal-metal 
TCB and HB where the gap between die 
pads and substrate pads/pillars is usually 
small or nonexistent. Newer models such 
as the KNS Aptura allow for much greater 
control, alignment capability, and throughput 
with Cu-Cu TCB as the go-to process for 
heterogeneous 3D integration.

Solder-assisted TCB? While our primary 
focus is solderless, we also evaluated a 
hybrid approach using a thin (2µm) cap of tin 
(Sn) on the copper pillars. This solder-capped 
TCB is much more forgiving of surface 
roughness and planarity issues because the 
liquid solder fills the gaps. However, for 
the highest performance and the tightest 
pitches, the industry consensus is moving 
toward the “pure” Cu-Cu approach to avoid 
the  Kirkendall voiding associated with 
solder. Eliminating solder enables a simpler 
foundry-friendly process.

Reliability: Passing the JEDEC 
gauntlet

For the Si-IF and Cu-Cu TCB to be 
adopted by industry leaders, they must 
survive extreme environmental stress. We 
subjected our wafer-scale assemblies to a 
series of rigorous tests described below.

Humidity and passivation. Copper is 
prone to corrosion. To protect the wafer-
scale system, we implemented atomic layer 
deposition (ALD) of alumina [8]. By coating 
the entire assembly in a nanometer-thin layer 
of alumina (Al2O3), we created a moisture 
barrier that effectively “hermetically seals” 
the interconnects. Figure 3 shows results 
of resistance change of daisy chains bonded 
using Cu-Cu TCB, where one set of samples 
was passivated with alumina after TCB, and 
another set of samples was not passivated 
after TCB [9]. Results of our evaluation 
are as follows: 1) Without passivation: 
Samples failed the 85°C/85% relative 

humidity test within 100 hours; and 2) With 
ALD passivation: Samples maintained 
their electrical resistance and mechanical 
integrity for over 500 hours.

Thermal cycling (TC). We cycled the 
assemblies from 0°C to 125°C. Thanks to 
the CTE-matched nature of the Si die and 
Si substrate, we saw zero bond failures after 
110 cycles. The shear strength of the bonds 
actually increased slightly after cycling 
because the additional heat prompted further 
grain growth. Figure 4 shows results of 
shear strength after temperature cycling of 
samples, with and without passivation.

Figure 3: Steady-state humidity tests (JESD22-A101D) for passivated and unpassivated samples, showing 
passivated samples have <10% resistance change. LT and HT refer to Cu-Cu annealing done at 300ºC and 
400ºC, respectively. This shows the effectiveness of alumina in passivating Cu-Cu interconnections after 
bonding. SOURCE: [9] (available online after 2/12/26) 

Figure 4: Temperature cycling test (TCT) for 110 cycles showing no change in shear strength in case of Al2O3 
passivated samples. SOURCE: [9] (available online after 2/12/26) 
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The road ahead: 2025 and beyond [11]
The transition to heterogeneous wafer-

scale integration is no longer a research 
project—it is a manufacturing necessity. 
As we look toward the next five years, 
several trends will dominate the chip-
scale landscape in three main areas 
discussed below.

Standardization of chiplet interfaces. 
For the scale-out model to work, dielets 
from different vendors must be able to “talk” 
to each other. Simple, protocol-independent 
communication methods such as the 
simple universal parallel interface for chips 
(SuperCHIPS), or bunch of wires (BoW), 
will be critical.

The rise of direct Cu-Cu bonding. 
Thermal compression bonding—the 
mainstay of today’s advanced packaging 
assembly methods—will continue to make 
progress and potentially extend to the 5µm-
pitch regime. Hybrid bonding is also a 
contender, especially when all the dielets are 
from the same foundry.

Thermal management .  Pack ing 
thousands of dielets on a single wafer 
generates immense heat. We are seeing a 
move toward integrated liquid  and two-
phase cooling and micro-channel heat 
sinks intimately bonded to the assembly, 
preferably without the use of thermal 
interface material.

Summary
Heterogeneous integrat ion on the 

silicon interconnect fabric represents 
the most viable path to maintaining the 
trajectory of system-level scaling. By 
utilizing a high-throughput, two-step Cu-
Cu TCB process, we have demonstrated 
that wafer-scale systems can be potentially 
ma nufac t u red  w it h  t he  speed a nd 
reliability the industry demands.

The scale-out revolution is here. It is 
no longer about how many transistors we 

can fit on a chip, but how many chips we 
can weave into a single, seamless, wafer-
scale fabric. A deep dive into bonding 
mechanisms and influencing parameters 
for solder-based f lip-chip, metal-metal 
TCB and hybrid bonding have been 
published in our previous work in IEEE 
Electron Device Reviews [10]. The reader 
is highly encouraged to read the document 
for deeper insight into how these bonding 
schemes fit with the interconnect roadmap. 
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Evaluation of indium TIM cross-sectioning methods on 
lidded high-performance microprocessors 
By Neo Shao Ming, Song Mei Hui, Kevin Tan Bo Lin, Lee Xi Wen, Oh Zi-Ying, Foo Fang-Jie  [Advanced Micro Devices 
(Singapore) Pte Ltd]

oids, cracks, and insufficient 
t h e r m a l  i n t e r f a c e 
mate r ia l  (T I M) volu me 

hinder heat dissipation and jeopardize 
reliability of lidded high-performance 
microprocessors. Nondestructive tests 
can effectively be used to inspect voiding 
conditions in TIMs, but dest ructive 
cross sectioning is imperative for in-
depth analysis. A soft indium (In) TIM 
is sandwiched between the hard silicon 
die and the copper lid. Artifacts are, 
therefore, inevitably induced on the TIM 
during mechanical cross sectioning. 
In this paper, two cross-sect ioning 
techniques were evaluated for an In 
TIM in l idded microprocessors: 1) 
Mechanical grinding with wax-coated 
silicon carbide papers, and 2) Ion milling. 
A thorough investigation on the pros and 
cons of each technique was conducted 
in order to conclusively select the most 
appropriate technique with respect to the 
requirements of turnaround time, area 
exposed and surface finish quality.

Introduction
High-performance computing (HPC) 

microprocessors such as servers, artificial 
intelligence (AI) chips, and machine 
lea r n ing solut ions tend to demand 
more power, and therefore, they tend 
to generate more heat as well. Without 
proper thermal dissipation, there is 
a high likelihood that a catastrophic 
failure could occur to the device, such as 
thermal overstress and thermal runaway 
[1]. There is a signif icant interest , 
therefore, to look at ways to improve on 
the thermal dissipation from such HPC 
microprocessors [2].

T h e r e  a r e  t w o  m a i n  t y p e s  o f 
microprocessors as illustrated in Figure 
1: 1) Lidless, and 2) Lidded. The lidless 
design in Figure 1a is typically used in 
laptop or embedded applications, while 
the lidded design in Figure 1b is typically 
used in desktop and server applications. 

V

More recently, the lidded design can also 
be found in AI graphics applications.

The TIM plays a vital role in thermal 
dissipation—it is sandwiched between the 
die and lid, which is also referred to as 
the bond line. A bond line of a material is 
used to describe where a material contacts 
between two components. The TIM is an 
integral part of the lidded design because 
it provides a direct path between the die 
and the lid for thermal dissipation away 
from the die.

Traditionally, the TIM interface is 
analyzed via nondestructive testing (NDT) 
methods, such as a C-mode scanning 
acoustic microscope (CSAM), and two-
dimensional (2D) X-ray. The working 
principle of the CSAM is based on the 

ref lection of acoustic signals at a set 
interface to detect materials of differing 
densities [3]. The acoustic signal will be 
fully reflected in the presence of air, so the 
analysis will have to take place in a liquid 
medium—usually water. At every material 
interface, some signal will be reflected. 
The working principle is further illustrated 
in Figure 2. CSAM helps with detecting 
voids and delamination at a set interface. 
X-rays utilize electromagnetic energy at 
the X-ray wavelength to generate an image 
with the image contrast being determined 
by the difference in absorption of X-rays by 
the different components in the materials 
[4]. Such NDTs help provide information 
on the presence of voids and the state 
of degradation of the TIM after various 

Figure 1: Schematic cross-sectional illustration of two general microprocessor designs used: a) Lidless and 
b) Lidded. (Legend: I – lid, II – TIM, III – die, IV – underfill and interconnects, V – stiffener, VI – substrate, VII – 
ball grid array).

Figure 2: Illustration of the basic working principle of CSAM to analyze a TIM interface with the device 
submerged in water: a) Full reflection of an acoustic signal upon contact with a void; and b) Partial reflection 
of an acoustic signal at material interfaces.
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package reliability stress testing conditions, 
such as temperature cycling (TC) and high-
temperature storage (HTS) tests.

Because NDTs only provide useful 
information from a planar perspective—
a physically-destructive cross section 
must be performed on the device to collect 
cross-sectional information, such as bond 
line thickness (BLT) measurements and 
elemental analysis. For example, in Figure 
3a we can see a void that was revealed via 
a physical cross section. The TIM CSAM 
image in Figure 3b was only able to detect 
the presence of the void, but the physical 
cross section was able to characterize the 
severity of the void.

Problem statement
C u r r e n t l y ,  t h e  c o m p l e x i t y  o f 

microprocessors poses challenges when 
performing a physical cross section. In 
the above-mentioned high-performance 
applications, In TIM is sandwiched 
between the silicon (Si) die and copper 
(Cu) lid. The Mohs hardness values 
of these three materials are shown in  
Table 1, as well as typical abrasives used, 
such as silicon carbide (SiC) and alumina 
(Al2O3). Mohs hardness is a measure 
of the resistance of a smooth surface to 
scratching or abrasion, expressed on an 
ordinal scale from 1-10 [5-6].

Physical cross sectioning is traditionally 
done by using a mechanical sample 
preparation method via grinding and 
polishing of the device. This is done using 
SiC sandpapers, followed by polishing 

using an alumina polishing suspension to 
obtain a mirror surface finish. However, 
the broad range of Mohs hardness values 
of the three materials (1.2–6.5) made 
it diff icult to prepare the sample for 
further analysis because grinding debris 
accumulate and become embedded in the 
In because In is softer compared to Cu and 
Si (see Figure 4). The presence of such 
embedded materials will affect the surface 
finish quality and will hinder elemental 
composition or microstructural analysis.

With the recent rise in interest to study 
In TIM reliability and the behavior of 
degradation for HPC products, there is also a 
growing interest in the refinement of sample 
preparation methods to achieve better 
surface finishing quality for such analyses. 

The ability to perform such analyses will 
help to better understand the bond line 
interactions with the die and lid, which in 
turn, will help in improving the overall HPC 
product performance and reliability.

Procedures
In general, sample preparation must be 

done prior to performing the cross section. 
The sample must be molded with epoxy to 
fill the gaps between the lid and substrate, 
as well as to encapsulate the full device. 
Encapsulation provides more structural 
support to the soft In TIM and prevents 
any alterations to the initial structural 
integrity of the sample. For lids without 
cutouts, the sides of the lid will have to 
be sawed off to create an opening into 
which the epoxy can f low. Afterwards, 
besides mechanical grinding, the sample 
must be trimmed down by cutting and 
parallel lapping due to equipment size 
limitations. The sections below discuss the 
new mechanical grinding and ion milling 
processes used in sample preparation.

Mechanical grinding with wax-coated 
SiC grinding papers. This method is a 
modification to the current mechanical 
grinding and polishing process. Instead of 
using a regular SiC grinding paper, a novel 
wax-coated SiC grinding paper is used. 

Figure 3: a) Cross-section image of a TIM void captured under scanning electron microscope (SEM); and b) 
TIM CSAM image of the sample with an indication of the cross-section location.

Figure 4: Image of embedded particles in In TIM captured under SEM after mechanical grinding 
and polishing.

Table 1: Mohs hardness values of the main 
materials present at the bond line interface, and 
abrasives used.
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Before using the grinding paper, candle 
wax is first coated on the grinding paper 
surface. Wax has a Mohs hardness value of 
less than 1 [6], which is softer than In with 
a value of 1.2. This means that grinding 
debris will tend to get embedded in the wax 
instead of in the In during cross sectioning, 
which will then help to improve on the 
surface finish. The polishing step using the 
alumina polishing suspension was excluded 
to prevent alumina particles with a Mohs 
hardness of 9 from being embedded into the 
soft In TIM.

Ion milling. Ion milling is a process 
involving the removal of the top amorphous 
layer on a material to reveal the pristine 
sample surface for high-resolution imaging 
and post processing. It is typically used for 
transmission electron microscopy (TEM) 

and electron back-scattered diffraction 
(EBSD) studies [9]. The removal of the top 
layer material is achieved via the physical 
bombardment of high-energy noble ions, 
usually argon ions (Ar+) across the surface. 
Figure 5 is a schematic diagram showing 
the basic working principle.

Although the scope of this project 
does not cover TEM and EBSD analyses 
specifically, a defect-free sample surface 
is still beneficial to providing accurate 
analysis results, especially for material 
character ization. However, In has a 
relatively low melting point of 156.6ºC. 
Peak temperatures during ion milling can 
reach up to 376.9ºC [10] and induce heat-
affected zones, which are areas that have 
undergone changes in the microstructures 
of the material due to exposure to high 

heat. As such, a cooling stage that uses 
liquid nitrogen as the cooling agent is 
utilized to mitigate the formation of the 
heat-affected zones. A comparison can be 
found in Figure 6. Figure 6a shows what 
happened without a cooling stage: the 
results were heating [11] and a curtaining 
effect [12]. These occurrences are largely 
mitigated when using a cooling stage, as 
demonstrated in Figure 6b.

After removing the top layer of material 
to expose the cross-sectional surface, a 
physical inspection and characterization in 
a SEM, were done, including  TIM BLT and 
backside metallization (BSM) thickness 
measurements, and subsequently, material 
characterization using energy dispersive 
X-ray (EDX) spectroscopy or EBSD.

Case study 1: TIM defect 
characterization on temperature 
cycling units

TIM cracks were reported on samples 
that were subjected to 3,000 cycles of 
temperature cycling at condition J (TCJ 

Figure 5: Basic working principle of an ion miller.

Figure 6: Image of a sample that underwent ion milling: a) Without a cooling stage; and b) With a cooling stage.

Figure 7: a) An acoustic through-scan micrograph 
after TCJ3000 showing TIM cracks; and b) FIB cross 
section at an acoustic through-scan dark area [red 
boxed area in Figure 7a] showing a metal TIM crack 
and void.
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3,000 cycles) based on JEDEC JESD22-
A104D standards, where the temperature 
conditions are from 0-100ºC.

Acous t ic  t h roug h-sca n n i ng was 
employed to inspect for TIM anomalies 
as seen in Figure 7a, where they showed 
up as dark areas. Through-scanning 
detects the transmitted acoustic signals 
instead of the reflected ones from CSAM 
[13]. The dark areas were subsequently 
verified with focused ion beam (FIB) 
cross sect ion ing to be TIM cracks 
(Figure 7b). FIB milling is similar to 
ion milling, but instead of low energy 
Ar+ ions, high energy Ga+ ions were 
used [9].

The inspection window of the FIB 
cross section revealed was only about 
300µm wide and therefore, could not 
fully characterize this TIM anomaly 
and represent the TIM condition across 
its full length. We were then tasked to 
characterize the TIM condition across 
its full length. CSAM and through-
scanning were first performed to inspect 
the TIM conditions on these units.

The sections below discuss the details 
with respect to mechanical grinding and 
ion milling.

Mechanical grinding. Dark areas 
were f irst observed on the through-
scan micrograph as seen in Figure 8. 
These areas also showed up as bright 
patches in CSAM micrographs at the 
TIM-die interface. The first attempt to 
characterize these acoustic signatures 
was via the traditional cross-sectioning 
method of mechanical grinding using 
SiC papers ,  fol lowed by pol ish ing 
with an alumina suspension. The cross 
section was performed at the location as 
shown in Figure 9.

Large cracks were observed under 
an optical microscope (Figure 10) after 
mechanical gr inding and polishing. 
However, embedded polishing debris 
and mechanically-induced artifacts were 
present after performing this method, as 
well as smearing of Cu from the lid into 
the In TIM. This smearing obstructs the 
view of In TIM cracks.

To minimize polishing debris and 
a r t i fac t s  embedded in the In TIM 
inter face, the mechanical g r inding 
was subsequently per for med using 
the wax-coated SiC grinding paper. A 
significant reduction in the amount of 
embedded debris was observed on the 
In TIM interface as seen from an optical 
microscope and SEM (Figures 11-12).

Figure 8: Acoustic CSAM and through-scan micrographs of a sample after TCJ3000 cycles.

Figure 9: a) An acoustic CSAM; and b) A through-scan micrograph zoom-in view of the sample, while 
indicating the cross-section location and direction.

Figure 10: Optical image showing embedded debris in a TIM of sample after mechanical grinding and 
polishing as seen under an optical microscope with bright-field illumination.

Figure 11: Optical overview at the TIM interface after performing mechanical grinding using wax-coated SiC 
grinding paper as seen under an optical microscope with zoom-in images under: a) Bright-field; and b) Dark-
field illumination.
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Compa r i ng  t he  t wo me cha n ica l 
grinding methods, the wax-coated SiC 
grinding paper helped in improving 
the overal l  su r face f in ish ing. TIM 
c r a c k s  a p p e a r  c l e a r e r  a n d  m o r e 
distinct due to much lesser embedded 
debr is present at the In TIM cross-
s e c t i o n a l  s u r f a c e .  A l t h o u g h  C u 
smear ing was st il l induced via this 
method, the smearing did not affect 
character ization of physical In TIM 
cracks to bright areas in the CSAM 
TI M- d ie  i nt e r face  ac ross  t he  f u l l 
length as seen in Figure 13.

T h i s  c a s e  s t u d y  s u c c e s s f u l l y 
validated the inference of TIM cracks 
from through-scan observations and 
established that mechanical grinding 
with wax-coated SiC paper would be 
the best-known method for large area 
TIM cross-sectional analysis.

I o n  m i l l i n g .  A l t e r n a t i v e l y,  a 
cross-sect ional sur face exposed by 
mechanical grinding methods can be 
further improved using an ion milling 
method to ach ieve a clean su r face 
f in ish ing without  su r face defect s . 
This is demonst rated on Sample A 
where the area with TIM cracks is 
subjected to ion milling (Figure 14). 
The exposed su r face f in ish shows 
vast  improvement ,  and is  su it able 
for further material analysis such as 
EDX and EBSD. However, the cross-
s e c t ion  s u r f a c e  ex p o s e d  v i a  t h i s 
method is  on ly l imited to  a  smal l 
reg ion (~ 4m m) a s  seen i n  Fig ure 
15 .  T h e r e fo r e ,  t h e  r e l i a b i l i t y  i n 
understanding the cracks across the 
full length of TIM interface would be 
compromised. Fur thermore, the ion 
mill ing method requires addit ional 
s a m ple  p r e p a r a t io n  c o m p a r e d  t o 
mechanical gr inding. Coupled with 
the long milling t ime required, this 
significantly increases the turnaround 
time to achieve better f inishing.

This successf ul character izat ion 
work helps to establ ish cor relat ion 
b e t we e n  t he  CSA M s ig n a t u r e  o n 
both the TIM-die interface and the 
th rough-scan to TIM cracks.  Th is 
result simplif ies futu re TIM crack 
screening via only CSAM, eliminating 
the need for constant cross-sect ion 
verification. Details and outcomes of 
the various cross-section techniques 
used are summarized in Table 2.

Figure 13: Acoustic CSAM micrograph zoom-in view 
showing the mechanical grinding location and direction.

Figure 14: a) Acoustic CSAM; and b) Zoomed-in through-scan micrographs of Sample A denoting the ion-milling 
location and direction.

Figure 15: a) (top) Images showing the cross-section area exposed after ion milling under the optical microscope; 
and b) (bottom) In the SEM.

Table 2: Summary of cross-sectional methods used 
for the case study: TCJ3000 TIM characterization.

Figure 12: SEM Image of In TIM captured: a) After mechanical grinding with wax-coated SiC paper; and b) 
Zoomed-in with the focus on the presence of Cu smearing.
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condition because the overlapping layers 
provide unwanted information. In this 
case, a special type of imaging technique 
known as X-ray laminography [14] was 
used to obtain the specific plane of the 
TIM interface as shown in Figure 18 for 
further TIM void characterization. For 
this technique, the detector is set at an 
oblique angle to the source (Figure 19). 
2D projections are then captured 360° 
around the sample and the specific plane 
of the TIM interface can be obtained with 
the reconstructed data.

Subsequently, cross sections were 
performed on the samples via different 
methods for BLT measurement of the 
TIM interface, as well as to look for any 
potential delamination at both the VCL-
TIM and TIM-die interfaces. The first 

method was done via mechanical grinding 
and polishing, which can be seen in 
Figure 20. The embedded debris present 
did not inhibit the measurement of the 
TIM BLT.

Case study 2: TIM analysis for VCL 
samples

There is a new type of lid that is 
available on the market called a vapor 
chamber lid (VCL). A VCL utilizes a 
two-phase evaporative cooling system 
to provide higher thermal conductivity 
as compared to commonly used heat 
spread ing mate r ia ls .  The work ing 
principle is illustrated in Figure 16, as 
well as a sample cross-section schematic 
of a microprocessor using VCL.

To analyze the TIM condit ion in 
VCL design, CSAM is not a suitable 
technique because acoustic signals are 
unable to penetrate through vapor and 
will be reflected before reaching the TIM 
interface. As such, X-ray methodology 
is used instead to inspect the TIM void 
condition. Denser materials will appear 
darker in contrast, and the reverse is 
true for lighter materials. An example 
of an image captured using X-rays is 
shown in Figure 17.

As seen in Figure 17, information with 
respect to the entire stack of the sample 
is being revealed as the X-ray penetrates 
through the whole sample. This causes 
difficulty in inspecting the TIM void 

Figure 16: Illustration of: a) (top) Cross section of a package with VCL; and b) (bottom) Working principle of a VCL.

Figure 17: X-ray image of a VCL sample.

Figure 18: X-ray laminography image of the TIM 
interface on the same VCL sample.

Figure 19: Schematic diagram showing the setup for 
X-ray laminography [15].

Figure 20: SEM image of a VCL cross-section 
sample done via the traditional mechanical grinding 
and polishing method; the green line represents the 
BLT measurement taken.

Figure 21: SEM image of a VCL sample after 
performing an ion milling cross-section method.
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Inspection of fine-pitch delamination (<10μm) demands 
a high-quality surface f inish. As such, ion milling cross 
sectioning is done on the VCL sample. Results of the ion 
milling process can be seen in Figure 21, where the surface 
is free from defects and debris, aside from inherent voids 
that were present in the sample. Delamination was not 
observed in the milled sample.

For TIM BLT analysis, both methods can obtain results, 
but when f ine-pitch delamination is of interest, only ion 
milling can be used for analysis because the artifact-free 
surface f inishing that it can achieve. Any artifacts, such 
as debris embedment and metal smearing, may mask any 
inherent fine-pitch delamination observations. Details and 
outcome of the various cross-section techniques used are 
summarized in Table 3.

Case study 3: TIM analysis on power cycling units
The main objective for this case study is to compare the 

TIM degradation condition of a sample at T=0 and after power-
cycling 4,600 cycles, and to see if there is any difference in 
thermal resistance as a result of TIM degradation.

C SA M a n d  t h r ou g h - s c a n n i ng  we r e  d o n e  t o  f i r s t 
compare and characterize the TIM degradation condition. 
Subsequently, a cross section was performed at TIM non-
contact regions based on CSAM results. An example can 
be seen in Figure 22 where the CSAM’s void detection 
software is used to determine areas where the In TIM has no 
contact with the lid or die. The areas highlighted in red are 
areas where the TIM has no contact at the TIM-die interface.

A physical correlation study of the TIM condition is then 
done by performing cross sectioning—more specifically by 
looking at the BSM—a complex layer comprising aluminum-
titanium-nickel vanadium-gold (Al-Ti-NiV-Au). This complex 
layer is in contact with the Si die and the In TIM, as well as 
the nickel-gold (Ni-Au) lid plating that is in contact with the 
In TIM. As BSM is of sub-micron thickness, any irregularities 
or induced defects would make the measurement inaccurate. 
Hence, ion milling was the chosen method to perform this 
analysis, because a pristine surface finish can be achieved to 
minimize any defects that would affect the final measurement 
results (see Figure 23a). Delamination was observed at the 
TIM-die interface, which correlates to the TIM non-contact 
regions as seen from the CSAM results in Figure 22.

In Figures 23b-c, the SEM and EDX can effectively 
capture the different layers of the BSM, as well as make 

Table 3: Summary of cross-sectional methods used for TIM analysis for VCL samples.

Figure 22: CSAM image of a sample with TIM non-contact regions highlighted in 
red by the CSAM’s void detection software at the TIM-DIE interface—while also 
showing the cross-section location and direction.

Figure 23: SEM images of a cross-section sample: a) After performing the ion 
milling cross-section method; b) With a focus on the BSM interface; c) After EDX 
was performed showing the breakdown of elements present at the BSM interface 
and their thickness measurements in yellow; d) With a focus on the  Ni-Au plating 
interface; and e) After EDX was performed showing the breakdown of elements at 
the Ni-Au plating interface along with their thickness measurements in yellow.
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measurements with a reasonable degree of accuracy due 
to the absence of cross-section-induced defects. Likewise, 
in Figures 23d-e, the Ni-Au lid plating thickness can be 
measured, along with the respective elemental compositions. 
Details and outcomes of the various cross-section techniques 
we used are summarized in Table 4.

Each method of sample preparation comes with its own 
pros and cons, which are listed in Table 5, where the time 
taken to perform the method, the surface area of the sample 
able to be prepared by the method, as well as the surface 
f inishing quality are investigated and ranked. The two 
techniques complement each other by allowing all analyses to 
be done in-house, removing the need for outsourcing, thereby 
saving cost. Figure 24 serves as a comprehensive toolkit and 
guide to the optimized sample preparation techniques for 
various analysis requirements.

Summary
From th is evaluat ion ,  a comprehensive toolk it  was 

developed to curate the best-known sample preparation 
method for various analysis requirements. This evaluation 
took place after thorough consideration of the time taken 
for cross sectioning, the size of area exposed, as well as the 
surface finish. The evaluation also showcased our ability 
to incorporate unconventional solutions such as common 
household items (in the case of candle wax), and nonstandard 

upgrades (in the case of cold stage in ion mil l ing) to 
industry standard cross-sectional techniques to meet the 
ever-changing failure analysis demands for new products, 
especially in the server and AI segments. By deploying the 
appropriate cross-sectional methods, we can effectively 
characterize the samples and optimize the time taken based 
on the requirements—be it for failure analysis or construction 
analysis. This will help to determine the root cause of failure 
or facilitate the understanding of the buildup and interactions 
of the device, which will then help to provide the appropriate 
corrective action or improvements. To date, these cross-
sectional methods have been effectively demonstrated in 
multiple reliability characterization studies, as well as with 
respect to customer returns within AMD.

Table 4: Summary of cross-sectional methods used for TIM analysis on power 
cycling units.

Table 5: Comparison of the time taken, length of surface exposed, and surface 
finishing of the three cross-sectional methods, as well as the type of applications 
for each method.

Figure 24: Flowchart of the TIM cross-section sample preparation best-known 
method (BKM). 
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Using polynomial regression for heterogeneous package 
stress modeling 
By Kart Leong Lim, Ji Lin  [Institute of Microelectronics (IME), Agency for Science, Technology and Research (A*STAR)]

igh stress occurs when 3D 
heterogeneous integrated 
circuit (IC) packages are 

subjected to thermal cycling at extreme 
temperatures. Finite element analysis (FEA) 
is widely used to predict such stresses 
without the need of an actual prototype. 
FEA, however, does require specialized 
knowledge and usually is computationally 
expensive, as well as time consuming. 
Howeve r,  t e s t i ng  i n  a  p roduc t ion 
environment requires simplified, but 
accurate, stress prediction tools to provide 
quick answers and solutions within a short 
time frame. Therefore, FEA may not be the 
right tool for stress prediction. We present 
an artificial intelligence (AI)-based stress 
predictor tool that allows engineers with 
no FEA background to perform fast and 
efficient routine package stress checks for 
testing and production purposes.

To demonstrate the AI-assisted stress 
predictor tool, stress in a simple two-chip 
package (Figure 1) was studied. There 
are two main problems encountered when 
developing a stress predictor tool—the 
development of the AI stress predictor tool 
was focused on addressing them (see the 
sections below). 

H Nonlinearity. Although vanilla deep 
regression has the capability to perform 
stress modeling, the input (design and 
material variables) and output (various 
stress vectors) of the problem is highly 
nonlinear. The nonlinearity can be studied 
from the simple viewpoint of a two-input 
variable problem. Figure 2 shows that 
the response of the stress Sz to the epoxy 
molding compound (EMC) modulus and 

coefficient of thermal expansion (CTE) is 
in the shape of an asymmetrical saddle. 
Such a nonlinear response is a challenge 
for AI to model Sz accurately when a 
limited training dataset is available. 
Furthermore, for stress prediction to be 
useful to real-world problems, it has to 
cope with more than two inputs and one 
output variable.

Dataset. We used commercial FEA 
software (ANSYS) to generate a training 
dataset (Table 1). Generating a large 
dataset with more variables is not only 
computationally demanding, but having 
a full DOE defeats the purpose of using 

AI in the first place. Other practical issues 
include the number of man-hours and 
equipment cost (i.e., scientist/engineer with 
a mechanical stress background, ANSYS 
subscription, and a powerful workstation).

Recent excellent works related to 
mechan ica l  s t ress  model ing using 
state-of-the-art deep learning include 
papers found in [1-5]. Nie, et al. [5], first 
published an image-based stress dataset 

of 2D structures with 120,960 samples. 
The authors used shape, boundar y 
conditions and load conditions of a fine-
mesh structure as inputs for training 
convolutional neural networks (CNN), 
which they call StressNet. Subsequently, 
Jiang, et al. [1], trained a generative 
a dve r s a r i a l  ne t  (GA N )  k now n a s 
StressGAN to perform a stress prediction. 
T he generator  t akes  i n  t he  shape, 
boundary and load conditions and outputs 
a stress image, while the discriminator 
tries to identify it. Concurrently, Yang, 
et al. [2], also used GAN to predict the 
stress field for a material composite. 

Figure 1: Probe on a 2-dies package for stress 
prediction. Stress (MPa) occurs at the bond between 
different materials when subjected to thermal cycling 
(−55deg to 150deg). The X and Y axes refer to the 
plane, while the Z and X axes refer to the side view.

Figure 2: Stress response corresponding to a two-input variables case is asymmetric and saddle shaped.
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They collected a dataset of 2000 stress 
field images, then used a U-net for 
the generator and PatchGAN for the 
discriminator. Gao, et al. [4], predicted 
the st ress field of a cr ust and rock 
formation using several CNNs in parallel, 
which they claim  further reduced the test 
error for 877 cases. Wang, et al. [3], used 
spatial and temporal feature propagation 
for stress-field prediction using TI-CNN 
and Bi-LSTM with 61 simulations of a 
time-series dataset. The above works, 
however, are not related to IC packages; 
additionally, they mainly focus on image-
based stress prediction. On the other 
hand, unlike a dataset that contains 
simple st ructures, it is much harder 
to collect an IC package dataset using 
FEA. Few authors have addressed the 
issues of using an FEA dataset for stress 
prediction. Kang, et al. [6], mentioned 
using a Monte Carlo method to prepare a 
large dataset. However, little is discussed 
on preparation and an ANN approach. 
Instead, the authors mainly investigated 
layers and nodes for low error in stress 
prediction, as well as compared results of 
ANN with FEA. Nourbakhsh, et al. [7], 
discussed using Latin hypercube sampling 
[8] for collecting a design of experiment 
(DOE) exercise and developing surrogate 
models from various structures to enable 
a more general model prediction for the 
same class with different topology and 
boundary conditions. More recently, 
Chen, et al. [9], has discussed using 

ANN to learn from past FEA simulations 
of packaged components in an effort 
to shor ten the design cycle for  IC  
packaged products.

Inspired by statistical sampling, we 
applied polynomial mapping to our 
dataset pr ior to deep learning. This 
has the effect of mapping the input 
space to a higher dimension space, 
thereby reducing the nonlinearity. In 
the second problem, we combined a 
statistical method with commercial FEA. 
Specifically, we used Latin hypercube 
sampling to generate near-random points 
for FEA. These strategic points contain 
useful information for modeling the 
unknown underlying physics of the stress 
problem. We demonstrate our above-
mentioned approach on three different 
in-house stress datasets for a 2-dies 
package (Figure 1): 1) 1D input and 
1D output dataset; 2) 2D input and 4D 
output dataset; and 3) a 4D input 4D and 
output dataset. The second stress dataset 
(Figure 2) shows an asymmetric saddle 
when plotted with input variables EMC 
modulus and CTE. We further extended 
our dataset to include die size and gap 
size as different stress variables (e.g., 
x-axis, y-axis, S1 and Von Neumann). 
We repor ted our best results when 
compared with baselines such as vanilla-
based deep regression. We achieved 
very low error prediction on a 2D stress 
case (Figure 2) and we further showed 
success in a higher multidimensional 

case. For the data generation problem, we 
experimented with a sampling technique 
for modeling the unknown underlying 
physics of the stress problem. We showed 
(Table 2) that a partial DOE generated 
f r o m  s u c h  a n  a p p r o a c h  c a n  s t i l l 
effectively train a deep learning model as 
compared to a full DOE case—retaining 
low-error prediction while saving a large 
number of man-hours needed to perform 
an FEA.

Methodology
To conduct our st udies ,  we used 

polynomial deep regression, defined a 
design of  experiment (DOE) using Latin 
hypercube sampling, and used factor 
analysis to define boundary conditions. 
These efforts are described below.

  Polynomial deep regression. Vanilla 
deep regression for Sz (stress in the z-axis 
in Figure 1) using a multilayer perceptron 
can be expressed as follows in Eq. 1:

  Eq. 1

where  t he  i nput   has  a 
dimension d. 

Polynomial regression uses a single 
layer representation and has the following 
expression:

   Eq. 2

In fact, we can treat w as a multilayer 
representation of β by concatenating x 
with its power terms up to the pth order:

  	               Eq.3	
		

Therefore, we define polynomial deep 
regression (using a mean-square error 
loss function) as follows:

    Eq. 4

Table 1: Full-factorial FEA dataset for Sz vs. EMC modulus. There are 100 training and 14 test cases in total. Table 2: Comparison of SST-ANN (proposed) vs. full 
DOE-ANN.
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D O E  u s i n g  L a t i n  h y p e r c u b e 
sampling. Direct random sampling is 
just a set of random numbers without any 
manipulation. In contrast, Latin hypercube 
sampling (LHS) ensures that the set of 
random numbers is representative of the 
full DOE. LHS divides each dimension 
i n to  non- ove r lappi ng  subse t s  a nd 
reduces the variability of the estimates 
by uniformly covering the domains. A 
coverage point Xij is as follows in Eq. 5: 

	 Eq. 5

where n i s  tot a l  nu mber of  point s 
for each dimension d ,  and where 1 

≤ i < n and 1 ≤ j ≤ d. Both uniform 
random permutations π j = {0, 1,...,n 
−  1},  a n d  u n i f o r m  d i s t r i b u t i o n  
Uij ~ [0, 1) are used together to estimate 
the coverage points. A small set of 
coverage points, or a partial DOE (Table 
3), is used to represent the full DOE for 
stress prediction.

Boundary conditions using factor 
analysis .  We fur ther const rain the 
training of deep regression with samples 
obtained from the boundary conditions. 
However, because the PDE is unknown, 
we use factor analysis to estimate the 
boundary conditions. For an illustrative 
fo u r- d i m e n s i o n a l  i n p u t  v a r i a b l e 

(E,C,G,S) problem, we can express the 
boundary condition of each dimension as 
follows in Eq. 6:

Eq. 6

where E+ refers to a random sample and 
E− and E+ refer to the minimum and 
maximum value of E (vice versa for C, G 
and S). We generated samples from each 
of these conditions in Eq. 6 to form the 
boundary points of the stress model. We 
then tabulated each boundary condition 
in Table 4.

Experiments
The following sections describe the 

methods used in our experiments.
One parameter case. We developed 

a  2 - d ie  IC  p a ck a ge  d e s ig n  u s i ng 
FEA and collected 100 training and 
14 test samples as shown in Table 1 
for a one-parameter case. Figure 3 
shows the compar ison between the 
polynomial deep regression (ANN) 
with other basel ines using suppor t 
vector regression (SVR) and K-nearest 
neighbor (KNN). We can see that linear 
regression using SVR is unable to model 
the curve. This is because different 
v a l u e s  of  t h e  E MC  m o d u l u s  c a n 
encounter similar Sz values (e.g., EMC 
modulus between 5 and 15). Although 
not shown here, our earlier attempts 
using van i l la deep reg ression also 

Table 3: Partial DOE obtained using Latin hypercube sampling and factorial analysis. Table 4: Binary system table for sampling boundary 
conditions.

Figure 3: Stress prediction using Sz vs. EMC modulus.
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could not accurately model the curve. 
Only ANN and KNN can address the 
nonlinearity issue. Additionally, it can 
be seen in Figure 4 that although KNN 
outperforms ANN (proposed), it suffers 
from a larger max absolute error.

A two-parameters case. We extended 
our case study to two inputs (EMC 
modulus and CTE) and four outputs 
(Sz, Sx, S1, Svon) with 225 training and 
225 test samples (Table 5). We trained 
the polynomial deep regression with p 
= 4 using ADAM with a learning rate 
of 1e − 3 for 20k iterations, and for 3 
hidden layers with 50 neurons per layer. 
The training error is shown to converge 
quickly after around 5k iterations in 
Figure 5. There are some irregular spikes 
seen that we suspect could be due to 

setting a faster learning rate. From the 
test predictions in Figure 6, we observed 
that ANN is able to capture the curve 
according to the test ground rules for all 
stress variables (Sz, Sx, S1, Svon).

A four-parameters case.  As we 
increased the number of input variables, 
it  became increasingly harder to collect a 
full factorial number needed to generate 

a FEA. In the two-parameters case, we 
used 15 levels for each variable, yielding 
225 combination cases. However, the 
four-parameters case, which has a mere 
5 levels for each variable, yields 625 
combination cases. This means that the 
stress predictor has to learn each variable 

using only 5 points. Collecting a full-
factorial DOE not only increases the 
size of the FEA task, but also introduces 
redundancy due to orthogonal sampling. 
Also,  the combinat ion cases g row 
exponentially beyond the four-parameters 
case. Instead, we used Latin hypercube 

Figure 4: Error comparison between the proposed 
method (ANN) vs. the baselines.

Table 5: Full-factorial FEA dataset for outputs (Sz, Sx, S1, Svon) vs. inputs (EMC modulus, EMC CTE). There are 
225 training and 225 test cases in total.

Figure 5: Convergence of the training error when 
using a polynomial deep regression.

Figure 6: Stress prediction for two input and four output variables. For visual analysis, different curves 
representing EMC CTE at [0.5, 2, 6, 10, 20, 30, 40, 50] were used to show the comparison between AI (proposed) 
and FEA.
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sampling to compute collocation points for each variable, as well 
as to compute boundary condition points using a binary system 
table. We call this technique the strategic sampling technique 
(SST). Finally, we obtained a partial DOE of 344 near-random 
cases (200 collocation points and 144 boundary condition 
points) vs. a full DOE with 625 cases. We show a comparison 
of using polynomial deep regression (ANN) on full DOE vs. 
SST in Table 2 and in Figure 7. We note that since the sample 
size is effectively half, we only require half the time to run the 
FEA task. Despite that, SST-ANN is able to predict stress with 
an error (MAE and max error) for S1 very close to a full DOE-
ANN. Therefore, SST-ANN is more applicable to real-world 
problems for stress prediction.

Summary
Stress prediction is a mandatory process in the testing and 

production phase of IC package fabrication. Stress prediction, 
however, is not only a labor-intensive task, but it also requires 
highly-skilled engineers who are adept at FEA. It involves the use 
of specialized software such as ANSYS, which requires a large 
overhead cost to license, as well as a huge computational cost 
to run. To  overcome these burdens, we turned to a modern AI 
approach that uses deep regression to automate the process.  There 
are real-world issues that arise, however, such as complexity in 
the representation of the domain field and difficulty in generating 
a sufficient dataset for deep regression. This work highlights the 
above-mentioned issues and how we overcome them by proposing 
to combine a statistical approach with deep regression. The 

impact from this work is as follows: 1) By exploiting polynomial 
regression for deep regression, we were able to converge faster for 
training deep regression while achieving very good accuracy; and 
2) We reformulated dataset generation using ANSYS as a near-
random sampling problem such that the man-hours needed to run 
ANSYS can be significantly reduced due to a more compact and 
efficient representation.
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Co-packaged optics: Heterogeneous integration of 
chiplets in switches, PICs, and EICs 
By John H. Lau  [Unimicron Technology Corporation]

h e r e  h a v e  b e e n  s t r o n g 
demands for lower power 
con su mpt ion  a nd  h ig he r 

b a n d w i d t h  i n  o p t i c a l /e l e c t r i c a l 
i n t e r c o n n e c t s  u s e d  fo r  a r t i f i c i a l 
intelligence (AI) and networks in a data 
center. The adoption of co-packaged 
optics (CPO) has been expected for 
both h igh-per for mance comput ing 
(HPC) driven by AI, as well as high-
bandwidth, low power, and high-speed 
communications networks in a data 
center. In this study, 3D heterogeneous 
integration of chiplets such as photonic 
integrated circuits (PICs), electronic 
i n t e g r a t e d  c i r c u i t s  ( E I C s) ,  a n d 
application-specific IC (ASIC) switches 
with and without  br idges  on CPO 
substrates made of organic, silicon, and 
glass. Some recommendations will be 
provided in the article.

C o - p a ck a ge d  o p t i c s  (C P O)  a r e 
heterogeneous packaging methods to 
integrate chiplets such as PICs (e.g., 
photodiode (PD) and laser) and EICs 
(e.g., laser driver and a transimpedance 
amplifier (TIA)), as well as the switch 
ASIC. The advantages of CPO are: 1) 
Reducing the length of the electrical 
interface between the PIC/EIC and the 
ASIC; 2) Reducing the energy required 
to d r ive the signal; and 3) Cut t ing 
the la tency,  wh ich leads to  bet te r  
electrical performance.

Twenty years ago, silicon integration 
was ver y popula r.  Companies l i ke 
Intel and Advanced Micro Foundry 
(A M F )  h ave  b e e n  p r o m o t i n g  t h e 
silicon photonics that integrate some 
of the PICs, EICs, and waveguides 
o n  a  c h i p  f r o m  a  s i l i c o n  w a f e r 
w i t h  comple me nt a r y  me t a l - ox ide 
semiconductor (CMOS) technology. 
The holy grail of silicon photonics is 
to integrate all the PICs, EICs, and 
waveguides on a chip fabricated from 
a Si wafer with CMOS technology. 
However,  i n  t he  pas t  few yea r s —
driven by cost—the PICs and EICs are 

T partitioned and split into small chiplets 
[1-6] and then integrated on a substrate. 
The key advantages of silicon photonics 
are better performance and easier to 
test. The key disadvantages of silicon 
photonics are higher costs and more 
rigid infrastructure. The key advantages 
of chiplets are lower costs and more 
f lexibility. The key disadvantages of 
chiplets are not as good performance 
as silicon photonics and larger package 
size.  Th is s t udy is  focused on the 
he t e roge ne ou s  i n t eg r a t ion  of  t he 
chiplets, such as the ASIC switch, the 
PIC, the EIC, and  the silicon photonics 
of the PICs and EICs.

Photonic devices and silicon 
photonics

Photonic devices are components that 
generate, manipulate, and detect light, 
e.g.,  l ight-emit t ing diodes (LEDs), 
lasers, photodiodes (PDs), etc.

Silicon photonics is a technology 
that integrates opt ical components 
on t o  a  s i l icon  ch ip ,  e n abl i ng  t he 
transmission of data using light instead 
of t radit ional elect r ical signals. In 
another words, silicon photonics are 

the semiconductor integration of some 
of the PICs, EICs, and waveguides on a 
silicon wafer with CMOS technology. 
Intel’s hybrid laser technology is an 
example; and PsiQuantum’s omega 
chipset is another example.

Data centers and optical 
transceivers

A data center includes switches, 
routers, storage solutions, etc. Their 
f u nc t ion s  i nclude  t he  ne t work  of 
comput i ng  a nd  s t o r age  r e sou rce s 
that  enable the del iver y of  sha red 
applicat ions and data. Today, more 
than 90% of transceivers are pluggable. 
However, Figure 1 shows the optical 
transceivers to be used more in a future 
data center.

An optical t ransceiver def ines the 
process of converting electric signaling 
toward the optical transmission with 
the help of the t ransmission optical 
subassembly (TOSA), or the Tx module, 
and performing inverse action through 
t he  r e ce ive r  op t ica l  s uba s se mbly 
(ROSA), or Rx module (Figure 1). A 
TOSA contains a semiconductor laser 
diode (LD), laser dr iver, etc., while 

Figure 1: TOSA, ROSA, PIC, EIC, and switch in a data center.
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a ROSA contains a photodiode (PD), 
an opt ical interface such as a lens, 
a transimpedance amplif ier (TIA), a 
passive electrical interface, etc. The 
TOSA module converts the electrical 
signal to the optical transmission light 
that lands on the f iber. The ROSA is 
used to receive an optical signal from 
a f iber and conver t it  back into an 
electrical signal.

There are many forms of transceivers 
in CPO as shown in Figure 2. The most 
common form is the CPO with the basic 
chiplets such as a switch, laser driver, 
TIA, and the photonic devices such as 
the laser, and PD. The advantages are 
lower cost and more f lexibility. The 
disadvantages are larger package size 
and more work in testing and burn-
in. The next common form is the CPO 
with advanced chiplets such as the 
si l icon photonic laser chip, si l icon 
photonic PD chip, si l icon photonic 
laser and driver chip, silicon photonic 
PD and TIA chip, etc. The advantages 
are better performance, easier to test 
and burn-in, and smaller package size. 
The disadvantages are higher costs and 
a more rigid infrastructure. The CPO 
with the holy grail silicon photonic 
chip that integrates all the PICs such 
as the laser and PD—and even all the 
EICs such as the driver and TIA from a 
silicon wafer with CMOS technology—
is nowhere in sight.

Pluggable optics, on-board optics, 
near-package optics, and CPO

T he pluggable  opt ics ,  on-boa rd 
opt ics (OBO), near-package opt ics 
(NPO), and CPO are schemat ical ly 
summar ized in Figure 3.  It can be 
seen that the pluggable t ransceivers 
a r e  m o u n t e d  o n  t h e  e d g e s  o f  a 
printed circuit board (PCB) with the 
ASIC package attached to a package 
substrate. The distance from the PIC/
EIC of the pluggable transceivers to the 
ASIC chip is the farthest and therefore, 
the power consumption and electrical 
performance are the worst.

For OBO, the PIC/EIC are mounted 
a rou nd t he  ASIC swit ch package, 
which is an improvement in power and 
electrical performance. However, the 
signals are still traveling on the PCB.

Fo r  N P O,  a  h i g h - p e r f o r m a n c e 
s u b s t r a t e  i s  u s e d  t o  s u p p o r t  t h e 
ASIC switch package and the PIC/
EIC for bet ter power and elect r ical 

Figure 2: Various forms of CPO.

Figure 3: Pluggable optics, OBO, NPO, and CPO.
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performance. Therefore, there is no 
h ig h- speed d a t a  ba ndw idt h  goi ng 
through the PCB.

In CPO, the PIC/EIC is placed side-
by-side along the four edges of the 
ASIC chip on the same co-packaged 
substrate. In this case, the distance 
between the ASIC and the PIC/EIC 
is the shortest, and therefore, has the 
best electrical performance. In short, 
NPO brings the PIC/EIC closer to the 
ASIC package on a high-performance 
substrate, while CPO brings the PIC/
EIC and the ASIC chip side-by-side 
on  t he  sa me CPO subs t r a t e .  CPO 
of fers super ior for m factor,  power 
consumpt ion, and latency benef it s 
compared to NPO.

C P O  h a s  t h e  l o w e s t  p o w e r 
consumption (Figure 4). It has been 
shown [7] that by using CPO instead 
of  t he  pluggable  t r a n sce ive r  i n  a 
1.6 -terabit ASIC switch, the power 
saving is approximately 50%.

Figure 5 shows a 2.3D heterogeneous 
integration of an ASIC, EIC and PIC 
on a CPO organic interposer [8]. It can 
be seen that the ASIC switch chip, EIC 
chips, and PIC chips are side-by-side 
attached to the CPO organic interposer 
with µbumps, and then on a package 
substrate with C4 bumps, and finally, 
on a PCB with a solder ball.

3D heterogeneous integration of an 
ASIC switch, PIC and EIC

With CPO, the switch chip is typically 
surrounded by 16 optical engines (OEs; 
PIC/EIC),  a l l  placed on a package 
substrate (Figure 1). Currently, the 
25.6-terabit Ethernet switch chip requires 
16@1.6 terabits-per-second (1.6Tbps) 
OEs, and the 51.2-terabit switch chips 
use 16@3.2Tbps OEs. The coming 
102.4 -terabit switch chips wil l use 
16@6.4Tbps OEs (the size of the EIC and 
PIC of the OE will be larger and larger). 
The issue is that the multi-chip module 
can only be so large. It is challenging 
with today’s packaging technology 
to surround the 51.2Tbps ASIC with 
16@3.2Tbps (or a 102.4Tbps ASIC with 
16@6.4Tbps) OEs. One of the solutions 
is to integrate some of the PICs and 
EICs into a silicon photonic by CMOS 
technology and then attach the silicon 
photonic to a CPO substrate. Another 
solution is to stack up the PIC and the 
EIC (from 2D to 3D) with heterogeneous 
integration packaging method.

T here  a re  ma ny d i f fe rent  k i nds 
of  3D  h e t e r oge n e ou s  i n t eg r a t io n 
(stacking) of the PICs and EICs as 
shown in Figure 6 .  It  can be seen 
f r om F i g u r e  6 a  t h a t  t he  l ig h t  i s 
coming from the fiber to the PIC and 
the PIC and EIC are stacked (face-
to -face) with the µbumps, and the 
signals are fanning out through the 
C4 or C2 bumps from the PIC to the 
next level of interconnects. Figure 
6b shows the EIC and the PIC stacked 
(face-to back) with the µbumps, and 
the signals are running out through 
the through-silicon vias (TSVs) and 
the C4 bumps or µbumps f rom the 
PIC. Figure 6c is basically the same 
a s  F i g u re  6 b  exce p t  t he  µbu mp s 

between the EIC and PIC are replaced 
by the Cu-Cu hybrid bonding [9-13]. 
Figure 6d shows that the EIC and the 
PIC are stacked (connected) by a TSV 
interposer with the µbumps, and the 
signals are fanning out through the 
RDLs and TSVs of the TSV interposer 
a n d  t h e  T SVs  a n d  C 4  b u m p s ,  o r 
µbu mps,  f rom the PIC.  Figure 6e 
is basically the same as Figure 6d 
except the TSV interposer is replaced 
by the organ ic  i nte r poser  and the 
signals are fanning out through the 
RDLs of the organic interposer and 
the TSVs and C4 bumps, or µbumps, 
f rom the PIC. Figure 6f shows that 
t he  PIC and EIC a re  s t acked by a 
TSV inter poser with µbumps,  and 

Figure 4: Power consumption of pluggable optics and CPO.

Figure 5: CPO on an organic interposer (2.3D IC integration).
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of package-on package (PoP) for the 
PIC and EIC. Figure 6k is for a solder-
bumped EIC on a package substrate in 
the bottom package, while Figure 6l 
is for the EIC embedded in the fan-out 
epoxy molding compound (EMC).

T h e  p a t e n t  a p p l i c a t io n  of  c a s e 
g (in Figure 6g) has been g ranted 

[14] and is shown in Figure 7. It can 
be  seen  t ha t  t he  EIC a nd PIC a re 
stacked with an organic inter poser 
and that the CPO substrate for the 3D 
heterogeneous integration of the PIC 
and EIC, as well as the switch, is a 
build-up package substrate. 

the signals are running out through 
the µbumps of the TSV inter poser. 
Figure 6g is basical ly the same as 
Figure 6f except the TSV interposer 
is replaced by the organic interposer. 
Figure 6h  is basically the same as 
Figure 6f except the µbumps on both 
s ides  of  t he  TSV i nt e r pose r  have 
been replaced by the bumpless Cu-Cu 
hybrid bonding. Figure 6i is basically 
the same as Figure 6h ,  except the 
TSV inter poser is  replaced by the 
through-glass via (TGV) interposer.

Comparing Figure 6b with Figures 
6 d- e ,  t he  la t t e r  f ig u res  represent 
the case for extremely high-density 
situations and the case where there are 
diff iculties in direct stacking of the 
EIC and PIC. Comparing Figure 6d 
with Figure 6f, it can be seen that the 
TSVs in the PIC as shown in Figure 
6d have been eliminated (see Figure 
6f ). Similarly, by comparing Figure 
6e with Figure 6g, it can be seen that 
the TSVs in the PIC—as shown in 
Figure 6e—have been eliminated (see 
Figure 6g). Figure 6j shows the 3D 
stacking of a PIC and an EIC with a 
TGV glass substrate by Cu-Cu hybrid 
bonding. The PIC is semi-embedded 
on a TGV glass substrate with a cavity. 
Figures 6k-l are examples of the use 

Figure 6: Various 3D PIC and EIC heterogeneous integrations.

Figure 7: 3D PIC and EIC stacking with an organic interposer and then side-by-side with the switch on a CPO 
package substrate.
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CPO substrates
There are many different types of 

CPO substrates such as silicon, glass, 
organic, etc. Figure 8a shows a 3D 
heterogeneous integration (stacking) 
of a PIC and an EIC (such as those 
show n  i n  F i g u re  6 )  s id e - by- s id e 
with the ASIC switch with µbumps 
o r  C 4  bu m p s  o n  a  C P O o r g a n ic -
c o r e  bu i ld -up  pa ck age  s ubs t r a t e . 
Figure 8b shows a 3D heterogeneous 

integration of a PIC and an EIC side-
by  s ide  w i t h  t he  ASIC sw i t ch  on 
the same CPO glass-core bui ld-up 
package substrate. Figure 8c shows 
a 3D heterogeneous integration of a 
PIC and an EIC side-by-side with the 
ASIC switch on the same CPO TSV/
TGV/organic inter poser.  Then, the 
interposer is at tached to a build-up 
package substrate. The CPO system 
shown in Figure 8c has the highest 

p e r fo r m a n c e  a n d  c o s t .  T h e  C P O 
system shown in Figure 8a has the 
lowest performance and cost.

Heterogeneous integration of an 
ASIC switch, PIC and EIC with 
bridges

Figure 9a shows a 3D heterogeneous 
integration of a PIC and an EIC (such 
as those shown in Figure 6), as well as 
the ASIC switch with Intel’s embedded 
multi-die interconnect bridge (EMIB) 
[15] in the cavity of a CPO organic-
core package subst rate. The br idge 
is connecting the switch and the PIC. 
There are two different kinds of bumps 
(µbumps and C4 bumps) on the ASIC 
and PIC.

Figure 9b shows a 3D heterogeneous 
integration of a PIC and an EIC, and 
an ASIC with silicon bridges. It can be 
seen that the ASIC and the 3D stacking 
of an EIC and a PIC are connected 
with a sil icon br idge with µbumps. 
Then, the ASIC and the 3D stacking of 
the EIC and the PIC are attached to a 
CPO organic-core substrate or glass-
core substrate with either µbumps or 
C4 bumps. The bridge is not embedded 
in the substrate.

Figure 9c shows a 3D heterogeneous 
integration of a PIC and an EIC, and 
an ASIC with a silicon bridge, which is 
exactly the same as Figure 9b, except 
the connect ion between the switch 
(or PIC) and the br idge is with Cu-
Cu hybrid bonding such as that shown 
in [16]. A comparison between these 
three cases is shown in Figure 9.

Figure 10a shows a 3D heterogeneous 
integration of a PIC, an EIC, and an 
ASIC switch with a Si bridge embedded 
in a fan-out EMC with R DLs. The 
signals from above the fan-out EMC 
a re  con nec t ed  to  t hose  below t he 
fan-out EMC th rough the th rough-
molded v ia s  (T M Vs).  F ig ure  10b 
shows a similar pattern [17] for a Si 
bridge embedded in a fan-out EMC for  
chiplets communications.

3D heterogeneous integration of a 
PIC/EIC/ASIC switch on a fan-out 
RDL substrate

Figure 11 shows a CPO system. It 
can be seen that the PIC and EIC are 
stacked with Cu-Cu hybrid bonding, 
and then they are side-by-side with 
a switch at tached to a fan-out with 
red is t r ibut ion layer s  (R DLs) CPO 
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substrate. The CPO substrate is then attached to a PCB. 
The structure is very simple with high performance and 
reasonable cost. 

3D heterogeneous integration of a PIC, EIC, and ASIC 
switch on fan-out RDLs and polymer waveguides

Figure 12 shows another CPO system. It can be seen that 
the PIC and EIC are 3D stacked with hybrid bonding, and then 
they are side-by-side with a switch attached to a fan-out RDL 
CPO substrate with holes. The holes are used for lights to pass 
through. There are polymer waveguides with 45º mirrors at both 
of their ends that are semi-embedded in the PCB. The light from 
the external fiber through the V-groove hits the 45º physical 
mirror and then reflects and passes through the hole and hits one 
end of the 45º mirror of the polymer waveguide. The light travels 
along the polymer waveguide, hits the other end of the 45º 
mirror, and then reflects on the PIC. Finally, the PD in the PIC 

Figure 9: a) CPO substrate (organic with embedded EMIB); b) CPO substrate 
(organic or glass) with the bridge above it connecting the PIC and switch with a 
µbump; c) CPO substrate (organic or glass) with a bridge above it connecting the 
PIC and switch with Cu-Cu hybrid bonding.

Figure 8: a) CPO (organic-core build-up package) substrate; b) CPO (glass-core 

build-up package) substrate; c) Co-packaged substrate (TSV/TGV/organic-interposer).
Figure 10: a) CPO substrate with an embedded Si bridge in fan-out EMC 
connecting the PIC and switch; b) A similar patent.

Figure 11: CPO on a fan-out RDL substrate.

Figure 12: CPO on a fan-out RDL substrate with holes and polymer waveguides 
embedded in a PCB.
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receives the light. This system has better 
performance than that shown in Figure 
11, but it comes with a higher cost.

3D heterogeneous integration of EIC/
PIC/ASIC switch on an embedded 
polymer waveguide and organic 
interposer

F i g u r e  13  s h ow s  a n o t h e r  C P O 
system. It can be seen that the PIC and 
EIC are stacked with hybrid bonding, 
and then they are side-by-side with the 
switch attached to an organic interposer 
with an embedded polymer waveguide 
with 45º mirrors at both ends. There 
are holes in the organic interposer. The 
CPO interposer is attached to a build-
up package substrate, and then on a 
PCB. Compared with the CPO systems 
shown in Figures 11-12, this system 
has the best performance, but has the 
highest cost.

3D heterogeneous integration of 
ASIC/PIC/EIC with a glass interposer

Figure 14  shows a  CPO sys tem 
w i t h  a  TGV i n t e r p o s e r.  T h e  PIC 
and EIC are 3D-stacked th rough a 
TGV interposer with Cu-Cu hybr id 
bonding. The PIC and EIC are side-
by-side with the switch at tached to 
a bu i ld-up package subst rate.  The 
package subst rate is then at t ached 
to the PCB. The glass waveguide on 
the glass interposer receives the light 
from the external fiber and sends the 
light to the PD of the PIC.

3D heterogeneous integration of 
ASIC/PIC/EIC with a glass substrate

Figure 15 shows a CPO structure 
with a glass-core build-up package 
subst rate. There is a cavity on the 
C P O  g l a s s - c o r e  s u b s t r a t e .  T h e 
PIC and EIC a re  3D -s t acked with 
hybrid bonding and the PIC is semi-
e m b e d d e d  i n  t h e  c a v i t y  o f  t h e 
subst rate. The switch and the PIC/
EIC stack are side-by-side at tached 
to the CPO subst rate. Compared to 
the CPO structure shown in Figure 
14 ,  t h i s  CPO s t r uc t u re  has  be t t e r 
performance, but has a higher cost.

3D heterogeneous integration of 
ASIC/PIC/EIC and GPU/HBM

Figure 16 shows a CPO system for 
HPC d r iven by AI and low-power, 
h i g h - s p e e d  a n d  h i g h - b a n d w i d t h Figure 15: 3D stacking of an EIC and a PIC with Cu-Cu hybrid bonding. The PIC is semi-embedded in a CPO 

glass substrate.

Figure 13: CPO on an organic interposer with holes and embedded polymer waveguides.

Figure 14: 3D stacking of an EIC and a PIC with a glass interposer and then side-by-side with the switch on a 
CPO substrate.
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communicat ion applicat ions. It can 
be seen that the graphics processing 
unit (GPU) is surrounded by the high-
b a n d w i d t h  m e m o r y  ( H B M ) ,  a n d 
then sur rounded by the OE such as 
the PIC and EIC. The ASIC switch 
is sur rounded by the PIC and EIC. 
These two st ructures are connected 
through fibers and on a CPO substrate, 
which can be a TSV interposer, TGV 
interposer, or an organic interposer, and 
then on a package substrate. Finally, 
both units are attached to a PCB.

Summary
S o m e  i m p o r t a n t  r e s u l t s  a n d 

recommendations are summarized as 
follows:

•	 Photonic devices are components 
that generate,  manipulate,  and 
detec t  l ight ,  e .g.,  LED laser s , 
PDs, etc.

•	 Silicon photonics is the integration 
of some, or all of the PICs and 
EICs into a 2D-chip from a silicon 
wafer with CMOS technology.

•	 Tw e n t y  y e a r s  a g o ,  s i l i c o n 
i nteg ra t ion was ve r y popu la r. 
Companies l ike Intel and AMF 
h ave  b e e n  p r o m o t i n g  s i l i c o n 
photonics. The holy grail of silicon 
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Figure 16: An HPC driven by AI and a low power, high-speed, and high-bandwidth communication system.
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Thei r subst rate can be fan-out 
RDLs, fan-out RDLs with holes, 
and polymer waveguides in the 
PCB, an organic interposer with 
hole s  a nd  e mb e dde d  p oly me r 
waveguides, a TGV interposer, 
a  g lass- core bu i ld-up package 
substrate, etc.

•	 Figure 16  shows a future CPO 
system for HPC driven by AI and 
low-power, high-speed and high-
bandwidth communications.

•	 As of this writing, there are no 
papers  publ ished with respect 
to the quality and reliability of 
CPO (e.g., various tests such as 
thermal cycling, thermal shock, 
mechanical vibration, mechanical 
shock, high-temperature storage, 
highly-accelerated temperature, 
h i g h l y - a c c e l e r a t e d  m o i s t u r e 
r e s i s t a nce ,  e t c .) .  I n  o rde r  fo r 
CPO to be more popular, these 
quality and rel iabil ity data are 
de s p e r a t e ly  ne e de d .  T he r m a l 
management of 3D CPO will be 
an important topic.

•	 Because glass has a higher ability 
to seamlessly integrate opt ical 
interconnects ,  more use of the 
glass substrate or glass interposer 
for CPO is recommended.

•	 Just like electrical leakage, light 
lea kage due  to  coupl i ng loss , 
waveg u ide c racks ,  scat t e r i ng, 
and absorption, can all become 
invisible killers and should also 
be noted.

•	 Due to the requirement of higher 
interconnect density, f iner pitch, 
more compact  3D integ rat ion , 
lower power consumption, lower 
latency, higher bandwidth, and 
better signal integrity of a CPO 
system—the Cu-Cu hybrid bonding 
[9-13] of some of the PICs and 
EICs are strongly recommended.

References
1.	 J.  H. Lau, K. N. Chiang, Cu-

Interconnects ,  Glass,  and AI 
Assisted Simulations for Chiplets 
and Heterogeneous Integration, 
Springer, New York, 2026.

2.	 J .  H .  L a u ,  X .  Fa n ,  H y b r i d 
Bonding, Advanced Substrates, 
F a i l u r e  M e c h a n i s m s ,  a n d 
T h e r m a l  M a n a g e m e n t  f o r 
Chip le t s  and He te rogeneou s 
Integration, Springer, New York, 
April 2025.

3.	 J.  H.  Lau ,  Flip Chip,  Hybr id 
Bonding, Fan-In, and Fan-Out 
Technology, Springer, New York, 
2024.

4.	 J. H. Lau, Chiplet Design and 
H e t e r o g e n e o u s  I n t e g r a t i o n 
Packaging, Springer, New York, 
2023.

5.	 J .  H .  L a u ,  S e m i c o n d u c t o r 
Advanced Packaging, Springer, 
New York, 2021.

6.	 J .  H .  L a u ,  H e t e r o g e n e o u s 
Integrations, Springer, New York, 
2019.

7.	 J.  E .  Joh nson ,  K.  Bacher,  R . 
Sch a ev i t z ,  V.  R ag hu n a t h a n , 
“Per for mance and rel iabi l i t y 
o f  a d v a n c e d  C W  l a s e r s  fo r 
silicon photonics applications,” 
Optical Fiber Comm. Conf. and 
Exhibition (OFC), 2022, Tu2D.1. 

8.	 J. H. Lau, T. J. Tseng, “Package 
St r uct u re and Opt ical  Signal 
Tra nsm it t e r,”  US Patent  No. 
11,860,428, Date of Patent: Jan. 2, 
2024, Filing Date: Jun. 9, 2022.

photonics is to integrate all of the 
PIC and EIC into a single 2D-chip 
fabr icated f rom a sil icon wafer 
with CMOS technology.

•	 Related to the previous bullet—in 
the past few years, driven by cost, 
PICs and EICs are partitioned and 
split into small chiplets. 

•	 CPO is the heterogeneous integration 
packaging method to integrate all 
the chiplets, such as the switch, PIC, 
EIC, and silicon photonics on a CPO 
substrate or interposer.

•	 Various forms of CPO have been 
shown in Figure 4. CPO with basic 
chiplets will be used the most. CPO 
with advanced chiplets (sil icon 
pho t on ic s)  w i l l  b e  u se d  le s s . 
CPO with the holy grail silicon 
photonics is nowhere in sight.

•	 Twelve d i f fe rent  3D s t acks of 
PICs and EICs have been given 
i n  F i g u r e  6 — s o m e  o f  t h e i r 
advantages and disadvantages have 
also been briefly mentioned.

•	 Various new structures (systems) 
of  C P O h ave  b e e n  p r o p o s e d . 

4040 Chip Scale Review  •  Winter  •  2026   [ChipScaleReview.com]

http://www.chipscalereview.com
http://www.sonix.com


9.	 J .  H .  L au ,  “ S t a t e - of- t he - a r t 
and outlooks of Cu-Cu hybrid 
bonding,” IEEE Trans. on CPMT, 
Vol. 16, No. 1, Jan. 2026.

10.	 J. H. Lau, “Current advances and 
outlooks in hybrid bonding,” IEEE 
Trans. on CPMT, Vol. 15, No. 3, Apr. 
2025, pp. 651-681. 

11.	 J. H. Lau, “State of the art of Cu-
Cu hybrid bonding,” IEEE Trans. on 
CPMT, Vol. 14, No. 3, Mar. 2024, pp. 
376-396. 

12.	 J. H. Lau, “Recent advances and 
trends in Cu-Cu hybrid bonding,” 
IEEE Trans. on CPMT, Vol. 13, No. 3, 
Mar. 2023, pp. 399-425.

13.	 J. H. Lau, “Recent advances and 
trends in advanced packaging,” IEEE 
Trans. on CPMT, Vol. 12, No. 2, Feb. 
2022, pp. 228-252.

14.	 J .  H .  L a u ,  T.  J .  Ts e ng ,  “ 3D 
Heterogeneous Integration of PIC 
and EIC,” US Patent No. 12,412,879, 
Date of Patent: Sep. 9, 2025, Filing 
Date: Jun. 8, 2023.

15.	 R. Mahajan, R. Sankman, N. Patel, 
D. Kim, K. Aygun, Z. Qian, et al., 
“Embedded multi-die interconnect 
bridge (EMIB) – a high-density, high-
bandwidth packaging interconnect,” 
IEEE/ECTC Proc., May 2016, pp. 
557-565.

16.	 J. H. Lau, T. J. Tseng, “Cu-Cu Hybrid 
Bonding Bridges,” Patent No. TW 
1848577, US Patent: filed on Oct. 20, 
2022.

17.	 J. H. Lau, C. Ko, P. Lin, T. Tseng, R. 
Tain, H. Yang, “Package Structure 
and Manufacturing Method Thereof,” 
US Patent No. 11,410,933, patent date: 
Aug. 9, 2022, filed on May 7, 2021.

Biography
John H. Lau is a Senior Special Project Assistant at Unimicron Technology Corporation, Taoyuan City, 

Taiwan (ROC). He has more than 40 years of R&D and manufacturing experience in semiconductor packaging, 
532 peer-reviewed papers (a principal investigator on 383), 52 issued and pending US patents (a principal 
inventor on 36), and 24 textbooks. He is an ASME Fellow, IEEE Fellow, and IMAPS Fellow. He earned a PhD 
degree from the University of Illinois at Urbana-Champaign. Email John_Lau@unimicron.com

4141Chip Scale Review  •  Winter  •  2026   [ChipScaleReview.com]

http://www.chipscalereview.com
http://www.ironwoodelectronics.com


Wafer-level testing of TMR sensors using 3D magnetic 
field excitation 
By Siamak Salimy  [Hprobe]

agnetic sensor integrated 
c i r c u i t s  ( I C s)  h a v e 
become f u nd ament a l 

components in modern elect ronics, 
enabling precise detection of position, 
speed, current, and orientation. Among 
the avai lable tech nolog ies ,  t u n nel 
mag netoresis t ance (TM R) sensors 
have emerged due to their exceptional 
sensitivity, low power consumption, and 
compatibility with complementary metal-
oxide semiconductor (CMOS) integration. 
Over the past decade, TMR sensors have 
transitioned from research prototypes 
to mainstream industrial, automotive, 
c on s u me r,  r ob o t ic s ,  a nd  me d ic a l 
applications. Their high signal-to-noise 
ratio and superior linearity, compared 
to Hall, anisotropic magneto-resistance 
(AMR), or giant magneto-resistance 
(GMR) sensors, make them particularly 
attractive for precision applications, 
although these advantages also introduce 
significant challenges for wafer-level 
testing. Indeed, TMR devices require 
precise control of 3D magnetic fields with 
specific orientations, magnitudes and 
uniformity on the wafer, creating both 
technical and throughput constraints for 
sensor manufacturers, semiconductor 
foundries, and test equipment providers.

Scope of magnetic sensor 
technology

The landscape of magnetic sensor 
technology in silicon ICs includes several 
distinct approaches. Hall sensors rely 
on the deflection of charge carriers in a 
semiconductor exposed to a magnetic field 
[1]. Similar to other CMOS-compatible 
magnetic sensing technologies, it is 
associated with application-specific ICs 
(ASICs) in a cost-effective manner for 
many applications, including wide use 
for position and current sensing in low-
to-medium accuracy applications, even 
though they are subject to drift under 
temperatu re and mechanical st ress 
[2]. AMR sensors exploit the angle-

M dependent resistance between current 
and magnetization, providing higher 
sensitivity than Hall sensors and finding 
use in navigation, automotive wheel speed 
detection, and compass applications. 
However,  thei r l inear it y and noise 
performance are inferior to more advanced 
technologies such as GMR and TMR. 
GMR sensors use thin-film multilayer 
structures where resistance shifts under 
magnetic fields due to a spin-dependent 
effect, offer improved sensitivity compared 
to AMR, and are widely used in hard-disk 
read heads and industrial applications, 
though their output remains lower than 
that of TMR [3]. Finally, TMR technology 
based on magnetic tunnel junctions (MTJs) 
is the latest technology and consists of two 
ferromagnetic layers (free and reference) 
separated by an ultra-thin insulating 
barrier, typically MgO. When a bias 
voltage is applied, electrons tunnel through 
the barrier, with conductance determined 
by the relative alignment of magnetizations 
in the free and reference layers. In the 
parallel configuration, resistance is lower, 
however, when the magnetization vectors 
between the two ferromagnetic layers have 
an angle, the resistance becomes lower 
while the angle increases as illustrated in 
Figure 1. The resulting magnetoresistance 
ratio can exceed 100%—significantly 
higher than AMR or GMR—providing 
a la rge out put  with low noise and 
enabling detection of fields as small as a  
few micro-tesla.

TMR sensor market and applications
The market outlook for TMR sensors 

ref lects rapid growth dr iven by the 
increasing adopt ion of automat ion, 
electrification, and connected devices. 
The global magnetic sensor market, 
valued at approximately USD $3 billion 
in 2023, is projected to expand at a 
compound annual growth rate (CAGR) 
exceed ing 4% th rough 2028,  w ith 
TMR sensors emerging as the fastest-
growing segment because of their high 
sensitivity, scalability, and integration 
potential [4].

T M R se n sor s  f i nd  ap pl ica t ion s 
across multiple sectors [5-8] due to 
their high sensitivity, low power, and 
precision. In industrial environments, 
they are fueled in demand in motor 
control, precision encoders, and current 
measurement, where their ability to 
maintain stable performance under 
temperat u re f luct uat ions and low-
power elect romagnetic interference 
ensures reliable operation in factory 
au t om at ion ,  e ne rg y  sys t e m s ,  a nd 
r e ne wa ble  e ne r g y  i nve r t e r s .  T he 
automotive sector is a major driver, 
with the transition to electric vehicles 
and advanced driver-assistance systems 
(ADAS) creat ing demand for h igh-
accuracy sensors in elect r ic power 
s t ee r i ng,  t r ac t ion motor s ,  ba t t e r y 
management systems, wheel speed 
detection, gear-shift monitoring, and 
in-cabin features. 

Figure 1: Illustration of a TMR sensor.
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Consumer electronics also benef it 
from TMR sensors, which are used in 
smartphones, wearables, and tablets for 
low-power electronic, compass, orientation 
detect ion, gestu re recognit ion and 
augmented reality applications. Robotics 
applications include collaborative robots in 
manufacturing and service environments, 
where precise joint position feedback 
ensures smooth and safe human interaction, 
high-resolution encoders improve motion 
cont rol in robot ic arms and mobile 
platforms. In medical devices, additionally, 
TMR sensors enable highly-sensitive 
detection of magnetic fields from the 
human body and muscles [9]  Collectively, 
these applications highlight the versatility 
of TMR technology and its suitability for 
precision and safety-critical markets.

WLT of TMR sensors
Despite the strong application range 

and market outlook, wafer-level testing 
of TMR sensors presents signif icant 
opportunity. Unlike Hall or AMR devices, 
which require relatively small- to medium-
fields, TMR sensors operate at microtesla 
to hundred millitesla levels, necessitating 
highly-precise and uniform magnetic 
fields to sort wafers. During testing, two 
regimes of magnetic field are required to 
extract the resistance dependance of the 
MTJ versus magnetic field. A minor loop, 
generally for a field in the range of few 
tens of millitesla is required to extract 
the linear response of the sensor under 
magnetic excitation. This minor loop 
requires an extremely well-controlled 
and high-precision magnetic field and 
is followed by measurement of a major 
loop curve so as to ensure the sensor is 
brought into its magnetic saturation using 
a magnetic field up to several hundred of 
millitesla. Depending on the technology 
and use cases, the TMR sensors can 
operate in an in-plane mode (with the 
magnetic field vector oriented parallel to 
the chip) and also as 3D angular sensors 
where an additional challenge in testing 
is required in order to meet the need of 
providing a 3-axis (X,Y,Z) controlled 
vectorial magnetic field.

I n  a dva nc e d  p rob e  s ys t e m s  fo r 
semiconductor applications, the wafer-
level test is based on an automated wafer 
probing station, which is the equipment 
that handles and aligns the wafer to 
bring it to the position of test. Contact 
probes then land on dedicated pads on the 
wafer and the device under test (DUT) is 

electrically probed using automated test 
equipment (ATE). For magnetic sensors, a 
magnetic field vector has to be associated 
with the ATE—and because the wafer is 
placed on a metal chuck in the probing 
chamber, only the upper half space 
becomes available, thereby constraining 
the strategies for providing a magnetic 
stimuli to the sensor by using a projected 
field approach.

The requirements on the magnetic field 
excitation for TMR sensor wafer-level 
testing are complex and there is a need 
to balance characteristics that are going 
against each other. Indeed, the demands of 
field accuracy, field range, fast-sweeping 
capability, and parallelization are further 
intensified by the requirement to maintain 
large, uniform field areas during wafer-
level testing. 

Achieving field accuracy at wafer level 
during the minor loop can be particularly 
challenging because various parasitic 
effects interfere with the applied magnetic 
excitation. The metallic environment of 
the prober chamber, the conductive or 
magnetic materials of the probe card, 
and even small misalignments in wafer 
positioning, can all distort the amplitude 
and orientation of the applied field through 
shielding, eddy currents, or geometrical 
offsets. To counter these distortions, 
closed-loop calibration methods that 
employ in situ field sensors are typically 
required, together with precise mechanical 
p o s i t i o n i n g  s y s t e m s  a n d  c a r e f u l 
engineering of the surrounding structures 
to minimize field perturbations.

Throughput considerations further 
impose the need for fast  sweeping 
capabilities. Rapid, reproducible, and 
l inear f ield sweeps are essent ial in 
manufacturing environments. Achieving 
such dynamic performance requires 
careful suppression of eddy currents in 
the test chamber. Parallelization of test is 
often the right strategy for wafer-level test. 
Indeed, to increase productivity, many 
devices must be tested simultaneously 
using probe cards integrated with the 
magnetic excitation system. Probe cards, 
however, often contain conductive or 
magnetic elements that perturb the applied 
field, introducing shielding effects, eddy 
current formation, and f lux leakage. 
Ensuring field uniformity across multiple 
test sites therefore demands a co-design 
approach in which the electrical and 
magnetic requirements of the system are 
addressed together.

Taken as a whole, the interdependent 
requirements discussed above highlight the 
combined challenge of TMR wafer-level 
testing. Speed, field strength, accuracy, 
and spatial uniformity must all be realized 
simultaneously—yet improvements in 
one parameter often come at the expense 
of another. Increasing the field strength 
uniformly over a large area, for example, 
may reduce the achievable sweep speed 
or demand higher power consumption 
and cooling capacity. Similarly, raising 
sweep frequencies can diminish accuracy 
by amplifying eddy current effects, while 
optimizing uniformity across the wafer 
often necessitates trade offs in field range 
or dynamic response. The overarching task 
is, therefore, to engineer test systems that 
balance these competing demands in a way 
that enables reliable, high-throughput wafer-
level characterization of TMR devices.

Dedicated magnetic test instrument 
for TMR sensors

To address the challenges noted above, 
we have developed dedicated magnetic test 
instruments designed to provide precisely-
controlled magnetic excitation for TMR 
and related magnetic sensors during wafer-
level probing. Depending on the target 
application—research and development, 
single-cell parametric characterization, or 
full sensor-IC production test—a suitable 
magnetic test head model may be mounted 
on a wafer prober and integrated with 
automated test equipment (ATE) platforms. 
The heads embed our proprietary 3D 
magnetic field generator technology that 
enables projection of vectorial magnetic 
fields on the TMR sensor under electrical 
probing. The system operates as an 
arbitrary waveform generator of three–
dimensional magnetic vectors, with 
independent control over the X, Y, and Z 
components of the field.

Different versions of the magnetic 
generator are optimized for var ious 
speci f ica t ions  to  cover.  Some a re 
engineered to maximize in-plane field 
strength (in the X–Y directions), others 
prioritize out-of-plane (Z) fields, and still 
others deliver balanced three-axis control 
as illustrated in Figure 2. Generator 
heads of different sizes are available to 
support ultra-fast field sweeping (high dB/
dt), to maximize uniform field area over 
large surfaces, or to achieve fine angular 
accuracy in 2D or full 3D operation. 
Typical field strength ranges include low-
field regimes down to ~1mT, and high-field 
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operations up to ~200mT along each axis 
in full 360° vector space. In single-axis 
mode, configurations can reach ~650mT in 
the perpendicular direction or ~500mT in 
parallel (in-plane) directions, with 1D, 2D, 
or 3D waveforms that are user defined.

To guarantee precision, each generator 
is paired in the test head with an automated 
field calibration unit (FCU), integrating 
a calibrated 3D-Hall probe located at the 
exact device-under-test (DUT) position. 
The FCU enables calibration of the three 
components of the magnetic vector, and 
automatically compensates residual fields 
originating in the chamber or from external 
sources (including the Earth’s f ield). 
Demonstrated accuracy and repeatability 
reach better than ten microtesla for field 
patterns under test.

The magnetic instrument is offered as a 
turnkey solution for wafer-level probing and 
can be interfaced with commercial ATEs or 
custom test systems, suitable both for R&D 
and volume manufacturing. It is controlled 
via SCPI commands over TCP/IP so that 
magnetic excitation is synchronized with 
electrical testing. The heads are designed 
to work with standard cantilever or 
vertical probe cards, constructed without 
magnetic materials, and are compatible 
with large probe needle counts, temperature 
ranges from about -40°C to +200°C. For 
production deployment, the system includes 
field monitoring and drift control, with 
user-definable limits to ensure that applied 
magnetic fields remain within specification 
over time.

Summary
T h e  r a p i d  e v o l u t i o n  o f  T M R 

tech nolog y ha s  posi t ioned i t  a s  a 
cornerstone of next-generation magnetic 
sensor systems, enabling unprecedented 
levels of precision, linearity, and energy 
efficiency across industrial, automotive, 
c on s u me r,  r ob o t ic s ,  a nd  me d ic a l 
applications. However, these advantages 
come with demanding wafer-level test 
requirements — the need for accurate, 
stable, and fully vectorial magnetic 
field control across large wafer areas, 
combined with high throughput and 
tight integration with automated test 
equipment. Traditional test methods, 
originally developed for Hall or AMR 
devices, cannot meet these combined 
criteria for accuracy, dynamic range, and 
reproducibility.

We have addressed this opportunity 
through our dedicated magnetic test 
instruments, engineered specifically for 
wafer-level testing of advanced magnetic 
sensors. By integrating proprietary 3D 
magnetic f ield generator technology 
with automated calibration and f ield 
compensat ion, our systems provide 
control of magnetic f ield amplitude, 
d i r e c t io n ,  a nd  u n i fo r m i t y.  T he i r 
architecture allows arbitrary waveform 
generation in three axes, enabling both 
minor- and major-loop characterization 
within the same test f low. The result 
is a fully-programmable, high-speed 
magnetic excitation platform that ensures 

measurement fidelity, repeatability, and 
production scalability.

O u r  s o l u t i o n s  p r o v i d e  f i e l d 
accuracy down to the microtesla level, 
compat ibi l i t y  w ith  a l l  major  ATE 
platforms, and proven robustness from 
R&D to high-volume manufacturing. 
They bridge the gap between laboratory 
c h a r a c t e r i z a t i o n  a n d  i n d u s t r i a l 
p r o d u c t i o n ,  e m p o w e r i n g  s e n s o r 
developers and foundries to deliver high-
performance magnetic ICs to market.
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Figure 2: Representation of Hprobe 3D magnetic generator configurations. 
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Impact of wave front phase imaging on semiconductor 
metrology challenges 
By Miguel Jimenez-Gomis, Marco Franchi  [Wooptix]

ave front phase imaging 
(WFPI) [1] is  a fast , 
high-resolution shape 

metrology technique that provides the 
semiconductor indust ry with much-
needed geometric data on wafers built 
on si l icon or  other  subst ra tes .  As 
described in Figure 1, light disturbance 
at position (x,y) can be described as a 
complex field U(x,y)=A(x,y)e , 
where A(x,y) is known as amplitude, 
and φ(x,y) is known as the wave front 
phase.  Phase relates to the spat ia l 
distr ibution of the light disturbance 
a c r o s s  i t ;  f o r  e x a m p l e ,  i n  a n 

W undisturbed f lat wave front, all points 
have the same phase (like a f lat wave), 
while a curved wave front means the 
phase varies smoothly across it (e.g., 
s p h e r i c a l ) .  U n l i k e  t r a d i t i o n a l 
i n t e r fe romet r y  t e ch n iques ,  W F PI 
directly looks at the wave front of the 
light ref lected (or transmitted) out of 
the surface to quickly capture its shape 
by analyzing the change in its phase.

W F PI  wo r k s  b y  c a p t u r i n g  t wo 
images, I1 and I2, around a conjugated 
plane of the ref lect ive sample with 
symmetric positions (in front of and 
behind the ref lect ive sample) with 

a total distance between the images 
equal to 2×Δz, as illustrated in Figure 
2. A collimated light beam, with an 
assumed f lat phase map, is generated 
from a non-coherent light source using 
a light-emit ting diode (LED) with a 
590nm wavelength and an undisturbed 
wave front phase (φ = 0). In principle, 
any type of light can be used, but non-
coherent light has the advantage of not 
producing speckle scattering. The light 
beam with φ = 0 passes through lens 
L3 and is then ref lected on the beam 
split ter, changing direct ion by 90°, 
passing through lens L2 and then lastly 
passing th rough lens L1 (the main 
lens, with a 310mm clear aperture) to 
generate the coll imated l ight beam 
with the same size, or larger, than the 
sample being measured, which then 
hits the silicon wafer.

T h e  c o l l i m a t e d  l i g h t  b e a m  i s 
then ref lected off the silicon wafer, 
wh ich  mo d i f i e s  t he  sh a p e  of  t he 
collimated beam, thereby generating 
a distor ted outgoing phase map (φ ≠ 
0) propor tional to the silicon wafer 
su r face.  T he imag ing plane,  P,  of 
the ref lected light is then translated 
into a conjugated plane, P’, after the 
distor ted phase map passes through 
lens L1 (the main lens) and lens L2. 
Finally, it passes through the beam 
split ter without changing direction, 
being recorded by one or more digital 
image sensors, which acquires the two 
required intensity images, I1 and I2. 
These intensity images are acquired 
a round the conjugated plane P’ in 
equidistant planes distanced Δz along 
the z-axis from the conjugated plane. 
Choosing focal lengths of L1 and L2 
appropr iately a l lows for adjust ing 
the sample size to the image sensor 
size. Using these captured images and 
ut il izing a patented phase recovery 
a lgo r i t h m f rom Wo opt i x ,  we  ca n 
retrieve a high-resolution shape of the 
ref lective surface.

Figure 1: WFPI technology methodology.

Figure 2: WFPI captures two images around a conjugated plane of the reflective sample with symmetric 
positions—with a total distance between the images equal to 2×Δz.
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Applications of WFPI in the 
semiconductor industry

Using the capability of retrieving a 
high-resolution shape, WFPI technology 
can characterize the shape of silicon (Si; 
or other substrate) wafers in a single shot, 
providing the full dataset in less than one 
second. This provides the industry with 
real-time characterization capabilities 
of the shape [2]. An example of this 
capability [3] is the characterization 
of bare and patterned wafers for in-
line metrology (see Figure 3). In this 
example, we show a 200mm patterned 
silicon wafer developed using a bipolar–
CMOS–DMOS (BCD) process (where 
CMOS=complementary metal-oxide 
semiconductor, and DMOS=double-
diffused MOS) with 0.35µm technology 
using three metal layers. It was fully 
measured providing insight on the 
warpage deformation or the measure of 
a 300mm bare Si wafer (before starting 
any process), enabling engineers to 
verify whether its shape is valid for 
the next manufactur ing steps. This 
was measured in a configuration with 
a lateral resolution of 65µm per pixel, 
which translates to a full resolution of 
more than 7 million data points for the 
200mm wafer, and more than 16 million 
data points for the 300mm wafer.

As the semiconductor industry advances, 
engineers have found ways to inser t 

more layers into the chip as well as new 
architectures, thereby surpassing the limits 
of what was previously possible. The 
industry, therefore, is facing an increase 
in demand for improved process control 
in high-volume manufacturing, especially 
with the increase in production of artificial 
intelligence (AI)-specific chips, using the 
latest innovations in chip design. This 
includes new manufacturing methods, such 
as hybrid bonding, and new architectures, 
like 3D stacking for dynamic random 
access memory (DRAM) or backside power 
delivery networks (BSPDN) for logic. 

Multiple layers applied during the 
va r ious  p rocesses ,  howeve r,  pose 
signif icant challenges to the wafer 
itself and may deform it—damaging 
the potential chip yield and potentially 
adding substantial costs in time and 
i nves t ment .  On ly 50µm to 100µm 
of  d is tor t ion can pose sig n i f icant 
challenges to the l ithography area. 
This is especially true if, before the 
lithography step, there’s the additional 
s t e p  o f  b o n d i n g ,  w h i c h  c a n  a d d 
uncertainties to the warpage balance. In 
this context, it’s fundamental to bring a 
new approach to wafer shape metrology 
with a “feed-forward” methodology 
(see Figure 4) that gives additional 
information regarding the distor tion 
budget and provides the lithography 
engineer with all the data needed.

The WFPI system can characterize 
wafer shape at all the process steps 
that may create warpage or stress on 
the wafer;  just  one example is  the 
deposition area or the bonding itself, 
where alignment posit ion is cr it ical 
and warpage balance can compromise 
it. The other great advantage of WFPI 
t ech nolog y i s  t hat  i t  can measu re 
blank, patterned and bonded wafers—
and the data from the system provides 
fab and yield engineers with the ability 
to pinpoint the origin of misalignment 
errors. In addition, the WFPI system is 
not limited to 300mm wafers because 
the technology can be scaled to other 
wafer dimensions (200mm, 150mm) 
a nd d i f fe rent  subs t r a t e s  t ha t  w i l l 
become increasingly important for the 
industry, such as gallium nitride (GaN), 
silicon carbide (SiC), gallium arsenide 
(GaAs) or glass [4], thereby allowing 
for greater f lexibility.

High-speed capabilities with WFPI
New met rolog y capabi l i t ie s  a re 

continuously being developed to satisfy 
the needs of the industry—including 
the capability to increase the system 
th roughput  each t ime,  so  t hat  t he 
capex allocation can be optimized for 
customers. WFPI is developed also 
for that—a system providing ultrafast 
and extremely accurate wafer shape 

Figure 3: In-line metrology data of patterned and blank wafer utilizing: a) (left) More than 7 million data points for the 200mm wafer; and b) (right) More than 16 million 
data points for the 300mm wafer.
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and geomet r y  measu rement s  w ith 
sub-nanometer height resolution. As 
ment ioned, the system can capture 
the shape of silicon wafers (or other 
substrates) in a single shot, providing 
the full dataset in less than one second, 
so that the measurement step will not 
negat ively impact product ion t ime 
or prevent expanding the potent ial 
of warpage metrology to reach new 
levels. The next step now is to bring 
WFPI up to speed with all the possible 
technologies in the fab and to also use 
it for macro-inspection purposes.

WFPI for advanced packaging
The WFPI technique also has the 

requi red f lexibi l it y to increase it s 
resolution as metrology needs grow 
more demanding. For example, for 
novel 3D integration techniques—such 
as die-to-wafer or die-to-die bonding—
a higher resolution for knowing the 
shape of the d ie is needed. With a 
modification in the optical setup, WFPI 
can push the lateral resolution of the 
system down to 7.5µm, or even further 
[5-6]. This capability is demonstrated 
in Figure 5, where a die-to-wafer bond 

was scanned to measure the shape 
distortion generated by each bond. In 
the samples, one out of four copper (Cu) 
pads has a die bonded on top, which 
significantly impacts the overall shape 
of the local area of the wafer. This 
exemplifies the challenge to increase 
yield or optimize alignment when the 
substrate is changing with each bond, 
so a detailed character ization of its 
shape surface is critical.

Figure 5: WFPI can push the lateral resolution of the system down to 7.5µm, or even further.

Figure 4: The “feed-forward” methodology provides additional wafer data before important and costly process steps.
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Summary
The W FPI tech n ique is  showing 

great potential, both in terms of full 
wafer detection (300mm field of view) 
and reduced field of view, as well as 
increased lateral resolution—giving 
precise results with very low acquisition 
time. In addition, the technology can be 
further improved and applied to other 
substrates (glass, SiC, GaN) to inspect 
those materials and help characterize 
their warpage and other properties.

The real advantage of WFPI is that 
the technology is only limited, as of 
today, by CMOS camera sensors, so 
it can further be improved to achieve 
even higher lateral resolution within the 
same timing and with the same compact 
footprint. This enables the semiconductor 
industry to solve new challenges, such 
as emerging hybrid bonding or BSPDN 
logic solutions.
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Impact of die-attach voids on the thermal performance 
of clip-bonded packages 
By Ilyas Dchar, Ding Yandoc  [Nexperia]

n a clip-bonded package, die-
attach solder is one of the key 
contributors to the overall thermal 

resistance of the package. The presence 
of  solde r  voids  for med bet ween a 
semiconductor die and the lead frame can 
have a significant impact on the thermal 
performance of packaged devices. Any 
degradation of the heat flow path in the 
package may result in semiconductor 
overheat ing and potent ially lead to 
premature failure of the device. Studies 
of thermal impact due to die-at tach 
voids are essential for improving device 
performance and reliability. This paper 
presents numerical and experimental 
investigations conducted on clip-bonded 
metal-oxide semiconductor field-effect 
transistor (MOSFET) devices that provide 
vital information on the effect of solder 
void patterns on the thermal performance 
of clip-bonded packages. The data in this 
study quantitatively assesses the role of 
voids in package thermal management, 
and in improving the overall performance 
of clip-bonded devices.

Background
Cl ip -bonded MOSFET packages 

are extensively used in automotive 
applicat ions because of their lower 
e l e c t r i c a l  r e s i s t a n c e  a n d  b e t t e r 
ther mal d issipat ion [1].  Compared 
with t radit ional packages based on 
wi re bonds ,  cl ip -bonded packages 
have obvious advantages in product 
performance because they can offer 
significant improvements to MOSFET 
elec t r ica l  and ther mal  proper t ies , 
including increased maximum current 
capabil ity, improved RDSon, lower 
parasitic inductance, and lower thermal 
resistance (Rth). During the last few 
years, clip-bonded MOSFET packages 
have achieved a mature technology 
status, and have been widely introduced 
to h igh-volume manufact u r ing.  In 
a typical st ructure of a clip-bonded 
MOSFET package (Figure 1) ,  t he 

I silicon die is soldered to the lead frame 
(die paddle or drain tab) to provide 
a low thermal resistance path to the 
printed circuit board (PCB). Moreover, 
copper clips are soldered in a single 
op e r a t ion  t o  t he  ga t e  a nd  sou r c e 
terminals of the die to provide power 
connections to the package. Finally, a 
mold compound is used to protect the 
die and the interconnects f rom any 
external contamination.

In a clip-bonded package, the die-
at t ach layer is  one of the pr imar y 
cont r ibutors to the overal l thermal 
resistance of the package. During the 
manufacturing process of the package, 
it is well known that voids are almost 
inevitable in solder joints. Solder voids 
formed between the power die and lead 
frame during the solder reflowing process 
are major challenges in the die bonding 
process and are detrimental to a package’s 
thermal, mechanical, and reliability 
performance [2]. Previous studies showed 
that the mechanism of solder voids was 
generally caused by the outgassing of 
entrapped flux in solder paste and fluxing 
reactions during the solder reflow process 
[3]. Voids in the die-attach material can 
generally be categorized into two groups: 
1) Small multiple voids; and 2) Large 
single voids [4]. These different groups 
of voids have differing impacts on the 
thermal performance of devices. Many 
papers have been published on the precise 
effect of small multiple voids, and large 
single voids on the thermal performance 
of power devices. For instance, Fleischer, 

et al. [4], used finite element analysis 
(FEA) to explore the thermal impact of 
voids on chip-scale packages (CSPs). The 
results showed that single large voids 
have a greater impact on the device’s 
thermal resistance than small, multiple 
voids. Chang, et al. [5], investigated 
the effect of solder void patterns on the 
thermal resistance of power devices 
using f inite element modeling. Their 
findings suggested that single large solder 
voids had more significant effects on the 
thermal impedance of power devices than 
small, multiple solder voids.

Although the aforementioned studies 
provide important information on the 
relationship between package thermal 
performance and solder void patterns, 
little data exists concerning the precise 
impact of void patterns on the thermal 
performance of clip-bonded devices. The 
present study presents numerical and 
actual experimental investigations that 
allow an in-depth analysis of the effects 
of die-attach solder voids on the thermal 
performance of clip-bonded MOSFET 
packages. Our investigation is organized 
as follows: 1) Numerical and experimental 
methodologies; 2) Numerical and actual 
experimental results illustrating the 
impact of solder void patterns on the 
thermal performance of clip-bonded 
packages; and 3) Summary. 

Methodology
The following sections discuss the 

numerical and experimental analyses 
we used. 

Figure 1: Typical structure example of a clip-bonded package.
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Numerical analysis. To analyze the effect of solder 
void patterns on the thermal performance of clip-bonded 
packages, a numerical simulation for clip-bonded packages 
was developed in ANSYS. The finite element model shown 
in Figure 2 contains five parts: 1) A silicon chip, 2) Clip 
bond interconnection, 3) Drain tab (die paddle), and 4-5) Two 
solder layers (clip and die attach). Simulations were carried 
out by using two patterns of void: Either a single large void, or 
multiple smaller voids (Figure 3).

The solder voids were modeled as “solid vias” through the 
die-attach layer. The voids were treated as air-filled cavities. 
The material properties used in the thermal analysis are listed 
in Table 1. The thermal resistance Rth (J-C) was defined as the 
temperature difference (Tj-Tc) from the junction to the case of 

the package divided by the power dissipation P [6]. Rth was 
estimated using the following equation:

		  Eq. 1  

Where Tj is the junction temperature of the die, Tc is the case 
temperature, and P is the power dissipation.

The voiding percentage from 5 to 20% was chosen as the level 
of interest for simulation. Values of Rth (J-C) for each voiding 
pattern were calculated to assess their impact on the thermal 
response of the package.

Figure 2: Model of a clip-bonded MOSFET package used for thermal simulation.

Figure 3: Example of die-attach solder void patterns used for thermal simulation of 
the clip-bonded package: a) 10% single large void; b) 10% multiple smaller voids.

Table 1: Material properties used for thermal simulations of a clip-bonded package.
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Experimental analysis. In addition to the simulation, test 
specimens were assembled by using different percentages of 
a single large void pattern to investigate their thermal effect 
in the clip-bonded package. Because it is very challenging to 
practically control the exact void percentage, a novel method 
has been developed whereby a percentage of the single large 
void was introduced by using a transparent adhesive tape 
that was attached to the top of the lead frame before solder 
printing. During the solder ref low process, the tape resulted 
in the formation of a single large void within the die-attach 
equivalent to the size of adhesive tape. The void percentage 
was estimated before the thermal measurement using an 
X-ray inspection to define the void levels. The void % was 
defined as the total void area divided by the total solder 
area. Figure 4 shows examples of cross sections for clip-
bonded devices numbered A, B, C, and D, respectively. The 
void percentages of the four samples are 5%, 20%, 40%, and 
60%, respectively.

The selected clip-bonded MOSFET devices were then 
tested by using T3Ster equipment (thermal transient tester). 
The tested samples were soldered to PCB boards and placed 
in a thermal chamber to ensure a constant temperature. The 
power supply was used to heat up and apply the power step 
to devices. The T3Ster was then used to get the structural 
function and extract Rth of different samples.

Figure 4: Cross-section of clip-bonded devices with different single-void sizes 
(5%, 20%, 40% and 60%).
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Results and discussion
The thermal simulation data are given in Figure 5. For a 

void percentage below 5%, it was found that the increase in 
Rth is very small for both patterns of void (single large void 
and multiple smaller voids). As the void percentage increases, 
Rth increases, and a distinct difference in thermal behavior 
can be seen for multiple smaller and single large void patterns. 
Above 5% voids, it has been observed that the single large 
void results in a much higher increase in Rth. When the void 
percentage exceeds the assembly criteria for a solder void 
(5%), Rth increases rapidly for the single void pattern. For an 
equivalent void percentage of 20%, the thermal resistance for 
multiple smaller voids increases to a maximum of 0.2°C/W, 
while large single voids result in a much higher increase in 
Rth of 0.3°C/W. Furthermore, the single void type also exerts 
a strong inf luence on the behavior of the chip temperature. 
As shown in Figure 6, the increase in junction temperature 
for a 20% void is 9% for a single void and 1.85% for multiple 
smaller voids. The junction temperature increases significantly 
with the increase of the single-void percentage. As for thermal 
resistance, the rise of the junction temperature is much higher 
for a single void than for multiple smaller voids.

The simulation image shown in Figure 7 is an example 
of a 10% single large void resulting in the hottest spot at the 
chip center and cooling towards the edges of the chip. In 
comparison, 10% of multiple smaller void patterns resulted in a 
series of hot spots with lower temperatures on the chip surface.

As shown in Figure 8, larger single voids result in a much 
larger increase in the overall Rth due to the effect of thermal 
spreading resistance. For chips with voids in the die-attach 
area, spreading resistance becomes dominant as the heat is 
forced to flow laterally in the chip around the void region [7]. 
For the same voiding percentage, the lateral resistance is much 
higher for large single void patterns because the heat f lows 
laterally for a much longer distance than in multiple smaller 
void patterns.

Figure 9 shows an example of measured Rth (J-C) and Zth 
(J-C) for clip-bonded devices using different percentages 
of a single large void (from 5% to 60% void). The results in 
Figure 9 show that any increase in the single voids percentage 
is accompanied by an increase of Rth (J-C) and Zth (J-C) 
resulting in a decrease in the thermal performance of the 
package. For a given void percentage of 60%, Rth increases to 

a maximum of 1.38°C/W, representing a 557% increase. As the 
void percentage exceeds the 5% void limit (Figure 9b), it has 
been observed that the thermal resistance of single large void 
patterns increases exponentially. The same trend obtained in 
Figure 9b can also be  correlated with the simulation results 
shown in Figure 5 for a single void pattern.

Figure 6: Thermal simulation showing the effect of die-attach solder voids on 
temperature rise of the silicon die based on different void patterns.

Figure 7: Example of a thermal simulation illustrating the chip surface temperature 
distributions for a 10% large single void and 10% multiple small voids.

Figure 5: Thermal simulation showing the effect of die-attach solder voids on Rth 
based on different void patterns.

Figure 8: Illustration of heat flow paths. The left side of the figure shows a single 
large pattern with one unified void (indicating a localized, continuous void region). The 
right side of the figure represents several small patterns with multiple voids, thereby 
illustrating distributed clusters of small voids across separate pattern areas.
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Summary
Solder voids formed between the 

semiconductor die and lead frame during 
the solder ref low process are a major 
challenge in the die bonding process and 
detrimental to the thermal and reliability 
performance of a clip-bonded package. 
Although the relationship between package 
thermal performance and voids has been 
examined extensively, different study 
approaches may be needed to validate 
and understand the precise effects of void 
patterns on the thermal performance of 
clip-bonded devices. The present study 
allows numer ical and exper imental 
investigations of those effects. The results 
show that for large and multiple smaller 
voids, the thermal resistance of clip-bonded 
packages increases with void volume 
percentage. However, it has been observed 
that for an equivalent void percentage, 
large single voids can greatly increase the 
thermal resistance of the package compared 
to multiple smaller voids. The findings from 
this investigation suggest that the thermal 
performance of clip-bonded devices 
is a function of the void pattern. More 
attention should be given to single large 
void patterns, which must not exceed the 
5% limit during solder joint inspection in 
manufacturability of clip-bonded products.
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Summary of the ECTC 2025 special session 
on hybrid bonding 
By Mariia Gorchichko  [Applied Materials, Inc./IEEE], Dishit P. Parekh [AMD/IEEE], 
Benson Chan [Binghamton University/IEEE], Srinidhi Ramamoorthy [Applied Materials, Inc./IEEE]

ver the last decades there 
h a s  b e e n  a n  i nc r e a se d 
need for hybrid bonding 
because it is a key enabler 

for 3D chip integration—it overcomes 
the physical limits of traditional 2D 
scal ing. This technique al lows for 
finer, more direct connections between 
chips, resulting in higher performance, 
increased bandwidth, improved energy 
efficiency, and smaller chip packages for 
demanding applications like artificial 
intelligence (AI) and high-performance 
computing (HPC).

The successful implementation of 
hybrid bonding in wafer-to-wafer (W2W) 
and die-to-wafer (D2W) integration 
schemes is contingent upon several 
critical factors. These include precise 
al ignment and pr ist ine chemically-
a c t iva t e d  d ie l e c t r i c  s u r f a c e s  fo r 
spontaneous covalent bonding at contact. 
Also included are: Cu expansion through 
the bonded interface, low Cu diffusion 
through the dielectrics, and uniform 
pattern fidelity. Each of these factors 
presents unique challenges that must be 
addressed to ensure a reliable and defect-
free bond interface.

This paper summarizes highlights 
f r om ke y  d i s c u s s io n s  d u r i ng  t he 
Special Session on hybrid bonding held 
at the IEEE Electronic Components 
and Technology Conference (ECTC) 
2025, which focused on the evolving 
requirements and challenges associated 
with hybrid bonding technologies over 
the next decade. The session brought 
together industry experts and academic 
researchers to examine the cr it ical 
enablers for successful W2W and D2W 
hybrid bonding.

Panel speaker presentations
The following sections provide short 

summaries of the presentations made 
by panelists in the Special Session on 
hybrid bonding.

Laura Mirkar imi (Adeia Inc .) . 
Laura Mirkar imi, PhD., is the SVP 
at Adeia Inc., and leads the research 
and development of semiconductor 
t e c h n o l o g y  i n  h y b r i d  b o n d i n g , 
a dva nce d  pa ck ag i ng  a nd  t he r m a l 
management for  f ut u re generat ion 
o f  e l e c t r o n i c  p r o d u c t s .  I n  h e r 
presentation, she stressed the need to 
have reliable metrology that is tuned 
to performance. Metrology is required 
for both pre-bonding and post-bonding 
processes. As the bonding pitch gets 
reduced, the need to identify surface 
d efe c t s ,  t o p olog y,  wa fe r  a nd  d ie 
warp, is impor tant before any par ts 
are joined. Defects that are identified 
need to be corrected to ensure good 
yield at joining.

For post-bond metrology, the needs 
include bond energy, bond voids, and 
elect r ical connect ivity. The st retch 
goal is the ability to rework hybrid-
bonded devices.  Machine lear n ing 
will be key to achieving the accuracy 
and speeds needed to support hybrid 
bonding in the single-micron scale.

Mi rka r imi a lso noted that  DBI® 
wafe r- to -wafe r  hybr id  bond i ng  i s 
ideal for smaller, high-yielding die-
like image sensors, antenna switches 
and ,  more recent ly,  3D NAN D. In 
cont r a s t ,  DBI® U lt r a  d ie - to -wafe r 
hybrid bonding is suitable for larger 
die, such as dynamic random access 
memory (DRAM), microprocessors, 
g raph ics processors ,  and systems-
on-chip (SoCs).  DBI® Ult ra al lows 
known good die to be bonded to other 
known good die, allowing for high-
yielding, multi-die stacked 2.5D and 
3D assemblies.

F u t u r e  a p p l i c a t i o n s  o f  h y b r i d 
bonding are ant icipated to include 
hybr id-bonding of a die di rectly to 
the package subst rate that contains 
o rga n ic  l aye r s .  Te s t  veh ic le s  a r e 
shown in Figure 1.

C h e t  L e n ox  ( K L A) .  C h e t  i s  a 
Fellow in the Industry and Customer 
C o l l a b o r a t i o n  t e a m  a t  K L A .  H e 
d iscussed how K LA was engaging 
with customers on development of 
solut ions related to met rolog y for 
hybrid bonding. The focus of the work 
for hybrid bonding will be on surface 
defectivity, post-chemical mechanical 
polishing (CMP) copper and dielectric 
su r face prof i le,  pre-bonding wafer 
a n d  d i e  w a r p a g e  c o n t r o l ,  c l e a n 
singulat ion with plasma dicing and 
bonding alignment. He also stressed 
that with hybrid bonding pitches in 
the single microns, the ability to see 
defects gets harder and the processing 
t ime increases. Figure 2 shows the 
chal lenge of hybr id bonding when 
compa red  to  t he  more  t r a d i t iona l 
bonding methods such as µBump, Cu 
pillar and solder joints. The summary 
of this is the last number on the lower 
right in Figure 2, which is 0.001µm 
for  met rolog y accu racy i n  hybr id 
bonding—the resolution to identify 
the copper recess f rom the si l icon 
dioxide layer.

A n n e  J o u r d a i n  ( i m e c) .  A n n e 
Jourdain, PhD, Principal Member of 
Technical Staff at imec, star ted by 
highlighting hybrid bonding (HB) as 

O

INDUSTRY EVENTS

Figure 1: 2.5D and 3.5D evolution in hybrid bonding. 
SOURCE: Laura Mirkarimi/Adeia Inc.
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the technology of choice for enabling 
high-density, 3D-integration essential 
to future semiconductor packaging, 
particularly in applications requiring 
sub -10µm pit ch .  Her  present a t ion 
provided a forward-looking view on 
the technical evolution and industrial 
r ead i ness  of  hybr id  bond i ng.  She 
outlined three distinct HB integration 
s c e n a r io s — D2W,  W2W,  a nd  d ie -
t o - d ie  ( D2D) — e a ch  w i t h  u n iq u e 
c h a l l e n g e s  a n d  m a t u r i t y  l e v e l s . 
While W2W is already in production 
f o r  m e m o r y  s t a c k i n g ,  D 2 W  i s 
progressing quickly to enable logic-

memory and logic-logic stacking, and 
D2D is emerging for use in chiplet 
architectures and repai r funct ions. 
She  e mph a s i ze d  t h a t  a ch iev i ng  a 
tight pitch requires not only extreme 
alignment accuracy (<50nm), but also 
process stability across large areas, 
w ith Cu prot r usion and d ielec t r ic 
planarization being key enablers.

J o u r d a i n ’s  p r e s e n t a t i o n  a l s o 
out l i ned c r uc ia l  requ i rement s  for 
the next generation of HB, including 
s c a l a b l e  w a f e r - l e v e l  c l e a n i n g , 
metrology for overlay and protrusion 
h e i g h t ,  a n d  a d a p t i v e  b o n d i n g 

t e c h n i q u e s  t h a t  r e d u c e  w a r p a g e 
and d ie sh i f t .  She h igh l ighted the 
growing importance of multi-physics 
s i mu la t ion  a nd  i n - l i ne  met rolog y 
to address HB defects and validate 
process windows at industrial scale. 
O n e  k e y  c h a l l e n g e  i s  t h a t  D 2W 
s u r f a c e s  a r e  i n h e r e n t l y  r o u g h e r 
than W2W due to die thinning and 
singulat ion ,  requi r ing innovat ions 
i n  s i ng u la t ion and pick-and-place 
solut ions. Concluding her talk, she 
called for greater collaboration across 
t h e  s u p p l y  c h a i n  t o  s t a n d a r d i z e 
i n t e g r a t i o n  f l ow s  a n d  d r i ve  H B 
a d o p t i o n  i n  l o g i c ,  m e m o r y,  a n d 
chiplet-based packaging.

Masao Tomikawa (Toray Industries). 
Masao Tomikawa, PhD, a Senior Fellow 
at Toray Indust r ies, Inc., presented 
“Polymer hybrid bonding: Enabling 
low-temperat u re and low-pressu re 
solutions for next-generation packaging.” 
His presentation addressed the need 
for alternative bonding materials to 
conventional inorganic dielectrics in 
chip-to-wafer (C2W) hybrid bonding 
applicat ions, par t icularly for high-
bandwidth memor y (HBM) and 3D 
integration (Figure 3).

To m i k a w a  i n t r o d u c e d  To r a y ’s 
polymer hybrid bonding (PHB) solution 
that enables bonding at temperatures 

Figure 2: Hybrid bonding drives increased sensitivity and precision (estimated values). SOURCE: Chet Lenox/KLA

Figure 3: Current issues and solutions from C2W hybrid bonding. SOURCE: Masao Tomikawa/Toray Industries
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b e low  2 50 ° C  a n d  u n d e r  r e d u c e d 
p r e s s u r e — i d e a l  f o r  m i n i m i z i n g 
warpage and device damage dur ing 
p r o c e s s i n g .  H e  h i g h l i g h t e d  t h e 
d r awba ck s  of  c onve nt ion a l  SiO 2-
based HB materials, such as particle 
sensitivity, high thermal stress, and 
process-induced warpage. In contrast, 
poly mer-based mate r ia l s ,  such a s 
polyimides (PI), offer a wide coefficient 
of thermal expansion (CTE) tunability 
(5 –10 0 p p m / K) ,  s u p e r io r  p a r t i c l e 
tolerance, and reduced mechanical 
stress. His presentation included data 
f rom bonding t r ials demonst rat ing 
h igh-y ield PI-SiO2 hybr id bonding 
with alignment accuracy below 2µm 
and electrical resistance measurements 
confirming interconnect reliability.

His presentat ion also emphasized 
t he  c r i t ica l  role  of  Cu prot r u sion 
c o n t r o l  a n d  l ow- t e m p e r a t u r e  C u 
d i f f u s i o n  t r e a t m e n t  i n  e n a b l i n g 
successf u l  polymer-metal  bonding 
interfaces. The proposed bonding f low 
is compatible with glass subst rates 
and wet-deposit ion tools, making it 
at tractive for panel-level packaging. 
In conclusion, he stated that polymer 
hybrid bonding is poised to become a 
key technology in next-generation 3D 
heterogeneous integration, enabling 
scalable, low-budget, and thermally-
efficient packaging solutions. Toray is 
actively developing this technology in 
collaboration with research institutes 
and industry partners to accelerate its 
industrial deployment [1].

SuJin Ahn (Samsung). SuJin Ahn, 
Samsung corporate EVP and the head 
of Advanced Technology Development 
Team at Samsung Semiconductor R&D 
center, noted that hybrid bonding has 
been successfully expanding in research 
and commercialization areas for over 
15 years (Figure 4). She identified the 
main challenges for this technology to 
be related to: 1) Particle monitor and 
control for yield and reliability, and 2) 
Warpage control for larger and thinner 
dies for AI applications.

Ahn also noted that the main sources 
of par t icles are wafer dicing, CMP, 
carrier-based processes, bonding, and 
Si back grinding. Particles mainly come 
from chipping, slurry residue, adhesive 
contaminat ion ,  and su r face debr is 

during the above-mentioned processes. 
Depending on particle type, it can cause 
voids of different sizes and introduce 
issues during assembly processes and 
reliability implications with latent fails. 
She pointed out the role of both chip 
area and chip thickness in controlling 
war page —war page increases with 
t ransitioning to large and thin dies, 
which can be det r imental for chip-
s t ack i ng process .  I n  fac t ,  t he  d ie 
war page must  be cont a ined below 
100nm for successful die stacking.

Ahn stressed the role of advanced 
m e m o r y  a p p l i c a t i o n s  i n  d r i v i n g 
commercialization prospects of hybrid 

b ond i ng  fo r  t he  ne a r  f u t u r e .  She 
referred to Yole’s finding that projects 
an 18% compound annual growth rate 
(CAGR) for hybrid bonding technology 
products driven by applications like 
16 -h ig h  H BM, 3D NA N D a nd 3D 
vertically-stacked DRAM, while overall 
advanced packaging is projected to 
have a 13% CAGR by 2029.

Bret t  Wi l kerson (A M D).  Bre t t 
Wilkerson, AMD fellow, who helped 
develop packaging innovations such 
as AMD’s 3D V-Cache™ and elevated 
fan-out br idge (EFB) architectures, 
emphasized the need for innovation 
towards simplified processes to reduce 

Figure 5: Linear interconnect density vs. connectivity capability as the industry integrates third-party chipsets. 

SOURCE: Brett Wilkerson/AMD

Figure 4: Recent advances of hybrid Cu bonding (HCB) in W2W and D2W. SOURCE: SuJin Ahn/Samsung
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cost and increase market penetration of hybrid bonding. 
As 3D stacking inherently generates thermal dissipation 
challenges, Wilkerson pointed out the need for transient 
thermal analysis of heterogeneous structures, as opposed 
to steady-state analysis to help designers create thermally-
robust systems. He also noted the increase in thermal 
resistance of hybrid and fusion bonding films that are in 
the cr it ical heat path and the need for 
innovation in this direction.

Wi l ke r s o n  p o s e d  a  q u e s t io n  a b ou t 
transitioning from custom system design. 
He ment ioned that chiplet modules are 
complex and require powerful design tools. 
To integrate third-party chiplets—the main 
premise of chiplet izat ion—hybrid bond 
intellectual proper ty (IP) standards are 
needed, including lithography enhancement/
exposure lat itude LEF (LEF = Library 
Exchange Format for through-silicon via 
(TSV) and copper bumps, routing guidelines, 
IO specifications and validation, design rule 
checking (DRC) and layout versus schematic 
(DRC/LVS) coding, EMIR (electromigration 
and IR [current * resistance]). This is part 
of the validation process to conf irm the 
design is performing to specif icat ions) 
tech files, and verification tools spanning 
multiple SoCs (Figure 5). Additionally, 
with hybrid bonding, the time-to-market 
concerns become one of the limiting factors  
in adoption.

Discussion
The Q&A session was engaging and 

highlighted several operational challenges 
i n  t h e  p a r t i c i p a n t s’  hy b r id  b o n d i n g 
processes. It began with a discussion of 
failure mechanisms—focusing on various 
root  causes and mit igat ion s t rateg ies. 
Key points addressed included: 1) The 
need for hybrid bonding to be considered 
alongside an understanding of back-end-
of-line (BEOL) processes; 2) The critical 
damage caused by a single particle; 3) The 
identification of copper recess as a failure 
root cause; and 4) The potential necessity 
of hybrid bonding rework. The discussion 
further explored particle-induced voiding 
and delamination, noting that void size is 
material dependent and can vary by orders 
of magnitude, with organic contamination 
cited as a significant contributor.

O t he r  fa i lu re  modes  de t a i led  were: 
1) Copper cor rosion; 2) The integration 
challenges of hybr id-bonded chips into 
packaging solutions (including the special 
considerat ions required for ful l ret icle 

chips with signif icant warpage during micro bump die 
attach); 3) Increased sensitivity to latch-up solutions; and 4) 
Challenges with compressive thermal behavior. Regarding 
PI-SiO2 bonding, it was noted that some failure mechanisms 
of conventional SiO2-SiO2 bonding are not applicable, and 
that achieving 5-15nm copper protrusion control is easier 
than copper recess control. Moreover, multiple thermal 
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cycles between room-temperature bonding and subsequent 
annealing (at over 200°C) were identif ied as a cause of 
chip delamination, par ticularly for larger chips, thereby 
emphasizing the necessity of warpage control starting from 
the chip design stages.

A signif icant par t of the discussion then focused on 
particle contamination mitigation and dicing best practices. 
One participant inquired about using more sophisticated 
cleaning approaches post dicing. It was suggested that the 
transition to plasma dicing, which is practically required for 
the hybrid bonding process f low, will partially mitigate the 
generation of particles during dicing (singulation defects). 
New tools are also being developed specif ically for the 
singulation step using f ilm frame carriers. Although wet 
cleaning processes are employed to remove singulation-
caused defects, continuous evolution and improvement 
are ongoing. Comparat ive studies have indicated that 
comparable yields are achievable with mechanical saw, 
stealth, and plasma dicing. Plasma dicing, however, produces 
very clean die edges. Even with plasma dicing, cleaning 
remains necessary, and developing correct post-singulation 
cleaning protocols is key. Fur thermore, the impor tance 
of continuous in-line inspect ion was underscored as a 

critical need and opportunity because of pitch scaling and 
die handling challenges. Adeia’s recent publications were 
cited, demonstrating the feasibility of maintaining electrical 
connections up to approximately 70µm from the die edge on 
hybrid-bonded dies without issue.

Metrology for hybrid bonding was a central topic, with 
participants inquiring about the possibility of conducting 
met rology assessments ,  such as war page cont rol and 
alignment, during the bonding process. A major concern 
was the current limitation of confocal scanning acoustic 
microscopy (CSAM), which is used for void detection, 
but has a resolution limit of approximately 10µm—often 
insuff icient for detecting voids in contemporary hybrid-
bonded devices. Consequently, th is point l inks to the 
overarching need for post-bonding metrology to detect 
sub-micron size voiding at the Cu-Cu interface and the 
requirement for in situ bonding technology with immediate 
feedback. Having in situ met rology enables real-t ime 
monitoring and control during the bonding process, which 
are essential for achieving high yield and reliability in 
advanced packaging. With fine pitch (in nanometers) coming 
into the hybrid bonding game, precise alignment control 
and process drift detection in-line has become critical. By 
catching defects and misalignments during the process 
rather than after, manufacturers can significantly improve 
yield and reduce scrap.

Summary
Hybrid bonding continues to evolve as the foundational 

enabler for next-generation 3D integration and heterogeneous 
system architectures. As panelists from imec, Samsung, Adeia, 
Toray, KLA, and AMD illustrated, while significant progress 
has been made—particularly in W2W and D2W hybrid 
bonding with sub-10µm pitch—the coming decade poses both 
critical challenges and transformational opportunities.

The panel consensus identified several pressing challenges 
that must be addressed to scale HB for mainstream adoption:

1.	 Sub-50nm alignment and overlay control: Essential for 
both W2W and D2W flows, requiring improved bonder 
placement precision, robust stress modeling, and wafer/
die shape compensation strategies.

2.	 Surface preparation and metrology gaps: Pre-bond 
surface topography, Cu recess, oxide planarization, 
and surface defectivity remain primary contributors 
to bonding failure and yield loss. High-throughput 
metrology (e.g., optical interferometry, machine learning-
driven surface inspection) is urgently needed.

3.	 Particle-induced defects and die warpage: Especially 
in C2W bonding, die singulation, pick-and-place, and 
thinning steps contribute to particle contamination and 
chip bowing—both of which degrade bond line quality. 
Advanced cleaning techniques and low-pressure bonding 
mater ials such as polyimide (PI) show promise in 
addressing these issues.

4.	 Thermal budget constraints: Emerging applications 
in HBM and 3D DRAM require HB at temperatures 
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<250°C. Material innovations—
s u ch  a s  low- t e m p e r a t u r e  C u 
diffusion techniques and polymer-
based dielect r ics—are cr ucial 
for enabl ing ther mally-f ragi le 
packages.

5.	 D e s i g n  e n a b l e m e n t  a n d 
s t a n d a r d i z a t i o n :  C h i p l e t -
based systems demand not only 
technological readiness, but also 
the creation of interoperable HB 
design rules, LEF/DEF support, 
and EMIR-aware IP packaging 
standards to unlock widespread 
ecosystem adoption.

6.	 T h e r m a l  d i s s i p a t i o n  a n d 
rel iabil ity: As 3D stacks push 
power density beyond 3W/mm², 
hybr id bonding must integrate 
with advanced thermal solutions 
including microf luidic cooling, 
cold plate bonding, and thermal-
aware interconnect mater ia ls . 
The panel collectively agreed that 

cross-indust ry collaborat ion—
spa n n i ng  mat e r ia l  suppl ie r s , 
equipment vendors, foundr ies, 
integrated device manufacturers 
( IDMs), and elect ronic design 
automation (EDA)/IP players—
is cr it ical  to accelerat ing HB 
technology maturity. Initiatives 
such as standard hybrid bonding 
t e s t  v e h i c l e s ,  q u a l i f i c a t i o n 
met r ics for hybr id bonding to 
ensure long-term reliability, pre-
competitive consortia (e.g., C2W 
HB Consortium), and open design 
frameworks, are needed to bridge 
innovation gaps and reduce time-
to-market. Ultimately, the future of 
hybrid bonding hinges on its ability 
to simultaneously meet electrical, 
mechanical, thermal, and economic 
i n t eg ra t ion  requ i rement s .  As 
t h e  s e m i c o n d u c t o r  i n d u s t r y 
t ransit ions toward AI/machine 
learning (ML) workloads, chiplet 

m o d u l a r i t y,  a n d  p a n e l - l e ve l 
integration, hybrid bonding must 
evolve from a niche interconnect 
t e ch n olog y  t o  a  m a i n s t r e a m  
manufacturing backbone.
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The 6th SWTest Asia Conference and 
EXPO was an overwhelming success! 
By Jerry Broz  [General Chair, SWTest US and SWTest Asia Conferences, 
and Delphon Industries]

he Semiconductor Wafer Test (SWTest) Asia 
Conference and EXPO serves as the premier technical 
event in Asia dedicated to addressing the complex 
challenges of wafer-level test and probe technologies. 

Held at the Hilton Sea Hawk in Fukuoka, Japan, this year’s 
conference marked the largest gathering in over 40 years of 
SWTest and SWTest Asia history, drawing over 850 international 
participants. Notably, more than 45% of this year’s attendees were 
decision makers or individuals responsible 
for recommendations and specifications, 
with over 22% occupying executive roles.

SWTest Asia 2025 was held over two 
days and welcomed attendees from 18 
countries, with 75% representing Asia’s test 
communities. The event gathered probe and 
test professionals to exchange knowledge, 
learn from one another, and network in an 
informal, friendly environment. Highlights 
included two Industry Vision Keynotes, six 
podium sessions featuring 22 peer-reviewed 
presentations, two poster sessions with 20 
industry and academic posters, five Platinum 
Sponsor Tech-Showcase sessions, and a 
sold-out EXPO hosting 54 global suppliers. 
Additionally, five technology companies 
from Fukuoka Prefecture were represented 
among the exhibitors.

At the standing-room-only Thursday 
morning plenary session, SWTest Asia 
2025 kicked off with opening remarks by 
Jerry Broz, PhD, General Chair, alongside 
Nobuhiro Kawamata, Japan Program 
Chair. Clark Liu, Taiwan Program Chair, 
announced that SWTest Asia 2026 will be 
held at the Hsinchu Sheraton in Taiwan 
from November 4-6, 2026. Following the 
welcome, the Technical Program began 
with an Industry Vision Keynote presented 
by Kazuyuki Iwaguro, Vice President of 
HPC Business Management and Operations 
Division at RENESAS, who discussed 
challenges at the “Leading Edge Test 
Technology and Strategy for Automotive 
Products”. In his visionary presentation, 
Iwaguro-san addressed balancing cost 
competitiveness with quality in micro-
controller unit (MCU) testing and tackling 
complexity and high performance in 

system on chip (SoC) testing, along with related challenges and 
expectations. After the Industry Vision Keynote, the technical 
program consisted of sessions focused on enabling high-bandwidth 
memory (HBM) and materials challenges for meeting critical 
wafer-level test requirements.

Following a full day of focused technical sessions and lively 
networking at the EXPO, we were joined by the Fukuoka Vice-
Governor, Tetsuko Ueda. Vice Governor Ueda formally welcomed 

T

INDUSTRY EVENTS

The Industry Vision Keynotes were standing room only. On Thursday, Kazuyuki Iwaguro (Vice President of HPC 
Business Management and Operations Division at RENESAS) discussed challenges at the “Leading Edge Test 
Technology and Strategy for Automotive Products.” On Friday, Atsuhiko Ohno (Distinguished Engineer from 
Technology Department #5, Wafer/Package Test of Rapidus Corporation) presented on the “Rapidus Initiatives 
and Logic Testing Challenges in Advanced Semiconductor Manufacturing.”

SWTest Asia 2025 Conference and EXPO brought together over 850 registered attendees for ample networking 
among colleagues, suppliers, end users, and other professionals. The 54 exhibit booths featured long-
time multinational sponsors and exhibitors, as well as many new international and Japan-based companies 
participating for the first time. The EXPO also welcomed 5 exhibitors from semiconductor technology 
companies based in Kyushu Island (a.k.a., the “Silicon Island”).
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all the SWTest Asia attendees.  Ueda-san then participated in the 
prefecture-sponsored Kagami-wari ceremony, during which three 
sake barrels from the local Ishikura Brewery were ceremonially 
cracked open by the SWTest Asia Committee and Platinum 
Sponsors to be shared by conference attendees. SWTest Asia 
EXPO hosts multinational suppliers who are essential to the wafer-
test industry and integral to growing semiconductor infrastructure 
of Kyushu Island (often called the “Silicon Island”). Vice-Governor 
Ueda spent additional time in the EXPO area meeting with several 
international vendors.

On Friday, our second Industry Vision Keynote was delivered 
by Atsuhiko Ohno, Distinguished Engineer from Technology 
Department #5 (Wafer/Package Test) at Rapidus Corporation. 
In his presentation, Ohno-san discussed the “Rapidus Initiatives 
and Logic Testing Challenges in Advanced Semiconductor 
Manufacturing.” He also provided specific updates on the 
significant progress and installation of advanced tools at the 
Rapidus Factory in Hokkaido, Japan, as part of its ongoing 
initiative to achieve 2nm technology production. After the 
Industry Vision Keynote, the technical program covered diverse 
topics ranging from photonics testing to advanced printed circuit 
board (PCB) design. The second day wrapped up with an engaging 
networking event for attendees, highlighted by a Yatai ( 屋 台 ) 
Street Food Festival and local entertainment. Overall, the two-
day technical program provided attendees with a comprehensive 
schedule of industry-driven, collaborative, and academic 
presentations delivered both on podium and as posters, combined 
with ample networking opportunities among attendees and 
exhibitors.

From all the excellent presentations delivered during the 
conference, the Technical Program Committee was pleased to 
award the Best Overall Presentation to collaborative work from 
Andy Chang, Andrew Yick, Calvin Yang, Supreet Khanapet 
(Marvell - USA), Christian Karras, Gregor Kupka, Tobias Gnausch 
(Jenoptik - Germany), Derek Wu, Jeff Jhern, Natan Chejanovsky, 
Shiyang Deng (Advantest - USA), and Kengo Suzuki (Advantest 
- Japan) entitled, “Silicon Photonics Production Wafer Testing by
Utilizing Advantest V93000 SOC ATE platform.” From the session
focused on enabling HBM Testing, the Best Data Presentation
went to Alistair Laing (Micron Technology - USA) on “The
Emergence of Advanced Memories and its impact on Probe Test
Solutions.” The Best Poster Presentation was awarded to Cameron
Harker (FormFactor - USA) and Yoichi Urakawa (FormFactor -
Japan) for their work on “High pin count, high parallelism vertical
probe card characterization strategies for HVM automotive bump
wafer testing.”

Each year, SWTest conferences support the attendance of 
students through the generous support of key industry sponsors as 
well as the William Mann Student Travel Grant Program. We are 
also proud to announce that Chip Scale Review, the SWTest Media 
Partner, will select one of the awarded presentations for publication 
as a full article in an upcoming issue.

Feedback from this year’s SWTest Asia event has been highly 
positive and supportive. As the General Chair, I am pleased that 
our conference and EXPO offer such a wide range of valuable 
technical and professional opportunities in a friendly and relaxed 
setting. Our unique program format enables attendees to engage 

Andy Chang (Marvell Technology) received the Best Overall Presentation Award 
from Nobuhiro Kawamata (Japan Program Chair) and Jerry Broz (SWTest General 
Chair) for his team’s innovative and collaborative work entitled, “Silicon Photonics 
Production Wafer Testing by Utilizing Advantest V93000 SOC ATE platform.”

Fukuoka Prefecture Vice Governor, Tetsuko Ueda (center), joined Nobuhiro Kawamata 
(Japan Program Chair) and Jerry Broz (SWTest General Chair), the SWTest Asia 
Executive Committee, Industry Vision Keynote Speakers, and representatives from 
the five Platinum Sponsors during the Kagami-wari Ceremony.  The act of breaking 
the lids of the sake barrels during this traditional Japanese ceremony symbolizes the 
release of prosperity and good fortune.  

For the Best Data Presentation as recognized by the committee, Nobuhiro 
Kawamata (Japan Program Chair) and Jerry Broz (SWTest General Chair) awarded 
Alistair Laing (Micron Technology - USA) for his insightful presentation discussing 
“The emergence of Advanced Memories and its Impact on Probe Test Solutions.”
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with key exhibitors and participate in 
networking throughout extended breaks, 
scheduled meals, as well as evening social 
and hospitality functions.

I would also like to take this opportunity 
to thank the sponsors, exhibitors, authors, 
speakers, session chairs, committee 
members, and the SWTest Asia Team for 
their dedicated efforts that contributed to 
a highly successful and record-breaking 
conference and EXPO this year. In 
addition, the SWTest Asia organizing team 
would like to thank Vice-Governor Tetsuko 
Ueda and the Fukuoka Prefecture Team 
for their participation and kind support 
throughout the planning process.

Looking ahead to 2026, the 35th 
SWTest Conference and EXPO will take 
place at the Omni La Costa in Carlsbad, 
California from June 8-10, 2026.  The 
U.S.-based probe technology forum brings 
together industry professionals to exchange 
knowledge, discuss recent advancements, 
and connect with leading suppliers. The 
Call for Papers is now open at https://www.
swtest.org/ and will close on February 
27, 2026. Whether you are an end user, 
supplier, engineer, or a sales and marketing 
professional, both SWTest San Diego and 
SWTest Asia offer unique and valuable 
opportunities for everyone involved in the 
wafer-level test industry.
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