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CEA and IRT Nanoelec demonstrate a chiplet-
based Active Interposer proof-of-concept, 
IntAct. Using advanced 3D technologies, 
such as TSV-middle and fine-pitch die-to-
die interconnect, the IntAct demonstrator 
exhibits state-of-the art performance. 150,000 
die-to-die interconnects are used, mostly for 
power and grounds, while 30,000 µbumps 
are used for 3D plug connectivity delivering 
throughput density up to 3TBit/s/mm2. This 
circuit implements 96 cores with a scalable 
cache coherent architecture, delivering 220 
GOPS peak.
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ECTC 2021 will bring key technologists 
and scientists together – virtually
By Ibrahim Guven, Virginia Commonwealth University, 71st ECTC Program Chair

n behalf of the Program and 
Executive Committees, it 
is my pleasure to invite you 
to IEEE’s 71st Electronic 

Components and Technology Conference 
(ECTC). We are very excited about the 2021 
program and welcome our colleagues from 
all over the world to join us. The 71st edition 
of ECTC, sponsored by IEEE/EPS, will take 
place virtually from June 1 until July 4, 2021.

Considered the premier electronic 
packaging conference of the industry, 
ECTC is continuing its tradition of bringing 
the latest developments in IC packaging, 
components, and microelectronic system 
technologies. This annual international 
conference brings together key stakeholders 
of the global microelectronic packaging 
industry, such as semiconductor and 
electronics manufacturing companies, 
design houses and foundries, outsourced 
semiconductor assembly and test (OSAT) 
service providers, substrate makers, 
equipment manufacturers, material suppliers, 
research institutions, and universities—all 
under one roof. ECTC typically attracts more 
than 1,500 attendees from over 25 countries. 
Last year’s 70th ECTC, originally scheduled 
to be held in-person in Lake Buena Vista, 
Florida, was converted to an online platform 
because of the pandemic. The virtual 
conference had over 7,500 attendees from 
more than 55 countries around the world 
with 346 video presentations featured 
in 45 technical sessions. Additionally, 
there were seven special sessions with 60 
invited presentations.

The 71st ECTC will continue with the 
same tradition of being the premium venue 
to showcase all the latest developments 
in the electronic components industry 
where packaging has become a way to 
achieve device and system performance 
scaling. More than 200 experts from broad-
ranging technical areas have put together an 
exceptional program consisting of more than 
350 technical papers in 46 technical sessions, 
14 Professional Development Courses 

O and several panels, special sessions, and 
networking opportunities. The conference 
will address various important topics and 
industry trends, from mobile, 5G, medical 
wearables and automotive applications 
including autonomous driving, f lexible 
and printed electronics, to high-speed 
communications, wireless, LiFi, photonics, 
high-performance and quantum computing, 
and artificial intelligence (AI) hardware. The 
technical presentations and panel discussions 
will feature a wide range of packaging 
technologies, from wire bonding, wafer- and 
panel-level packaging, flip chip, 2.5D and 
3D integration, to advanced substrates and 
interposers, embedded technologies, system 
in package and heterogeneous integration. 
New ideas, designs, characterizations, 
simulations and reliability studies will 
bring new perspectives and challenges 
with respect to materials and processing, 
integration, interconnections, assembly and 
manufacturing. Authors from over twenty-
five countries are expected to present their 
work at the 71st ECTC, covering ongoing 
technology developments within established 
disciplines or emerging topics of interest for 
our industry.

The virtual platform will allow for 
recorded presentations of all technical 
session talks to be available on-demand 
throughout the conference. During the 
last two weeks of the conference, a live 

teleconferencing meeting for each session 
will be held by the session chairs; all the 
presenters in the session will be available 
live to field questions from the attendees. 
The special sessions will be held in a slightly 
different manner (see the Table). Special 
sessions will be held live during the first two 
weeks of the conference. Each panelist will 
pre-record their talks for the session; these 
talks will be broadcast live and immediately 
followed by a live panel discussion during 
which attendees will be able to ask questions. 
The special sessions will be recorded and 
made available for on-demand streaming 
from the date of the session until the end of 
the conference.

Sam Naffziger, Senior Vice President 
of AMD, will deliver the keynote speech 
entitled, “What the Chiplet-Based Future 
of Compute Means for Components and 
Technology.” The conference will also 
feature a record ten special sessions (see 
the Table) with invited industry experts 
that will cover emerging technologies and 
applications. Session #2 will address market 
trends in the semiconductor industry, 
emerging applications, economic and 
geopolitical uncertainties, and the impact on 
the global supply chain for microelectronics 
packaging. Session #1 will be chaired by 
IEEE EPS President, Christopher Bailey, and 
IEEE EPS Vice President of Conferences, 
Sam Karikalan. Attendees of Session #1 will 
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hear from several leading companies who 
will discuss their future vision for advanced 
electronics packaging.

We are continuing our tradition and 
bringing back the young professionals 
networking event (Session #5). This is a 
great networking opportunity for young 
engineers, researchers, and students, to meet 
senior EPS members and professionals, 
learn more about industry activities, receive 
career guidance, and engage through a 
series of activities. The ECTC Diversity 
Panel (Session #4) – started a few years 
ago as a women-focused panel – has now 
evolved into a Diversity and Career Panel. 
Its focus will be on the correlation between 
diversity in the workplace and enhanced 
business performance. This year’s ECTC 
Plenary Session (#3) will address the 
evolution and challenges of our industry in 
light of the pandemic, and the expectations 
that will drive packaging developments in 
the future. Our colleagues from Japan will 
be chairing Session #6, which will focus on 
the permissible latency in certain systems, 
and how high-bandwidth optical networks 
are critically important for satisfying 
latency requirements. 

Following the industry trends and a 
growing interest in photonics, ECTC 2021 
will feature a special session (Session #7) in 
which a panel of experts will provide their 
perspectives on the studies and technological 
improvements needed for safely detecting 
and eradicating pathogens on surfaces and 
spaces. A reliability-focused ECTC Special 
Session #8 will highlight LTS research areas 
most critical to component suppliers to 
improve compatibility with surface mount 
technology (SMT) LTS processing and to 
enhance solder joint reliability.

ECTC Special Session #9 will focus 
on some of the challenges associated with 
packaging sensors and the electronic signal 
chain into these emerging, at-home clinical-
grade wearables. ECTC Special Session #10 
will cover materials and technologies for 
advanced packaging. 

In addition to the technical and special 
sessions and panels, the 71st ECTC event 
will  offer several professional development 
courses (PDCs) and Technology Corner 
exhibits. Fourteen PDCs organized by PDC 
Committee chairs, Kitty Pearsall and Jeffrey 
Suhling, will be offered. 

Whether you are an engineer, a manager, 
a student, or a business and marketing 

professional or an executive, ECTC offers 
something unique for everyone in the 
microelectronics packaging and components 
industry. As the Program Chair, I invite 
you to make your plans now to join us 
and be a part of all the exciting technical 
and professional opportunities offered 
at this event. I would also like to take 

this opportunity to thank our sponsors, 
exhibitors, authors, speakers, PDC 
instructors, session chairs, and program 
committee members, as well as all the 
volunteers who help make the 71st ECTC a 
success. I look forward to virtually meeting 
all of you on June 1, 2021.
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ollowing several years of 
cont i nuous i mprovement 
and massive R&D efforts by 

chipmakers and research organizations, 
supercomputers will soon reach exascale-
level computing performance. Traditionally, 
the ongoing increase in computing and 
memory performance, and the associated 
requirement to keep energy efficiency at 
a reasonable value, was achieved thanks 
to advanced computing devices, multi-
core architectures, and power-optimized 
accelerators. In addition, high-performance 
computing (HPC) specif ications also 
require the introduction of innovative 
ha rdware tech nolog ies  a rou nd the 
processors themselves.

M e a n w h i l e ,  n e w  t e c h n o l o g i e s 
supporting heterogeneous 3D integration 
allow product cost and time-to-market 
o p t i m i z a t ion .  T h r ou g h  a dva nc e d 
packaging interconnects, performance 

enhancement may be obtained through 
power and area savings, as well as 
leading to quicker time-to-market and 
re-use of chiplets across a broader array 
of application-specific microelectronic 
solutions (Figure 1). 

Intel’s advanced packaging 
technologies

Going as far back as the early days of 
stacking memory and memory with logic 
for f lash and wireless communications 
devices, Intel’s Components Research 
o r g a n i z a t io n  h a s  ex p lo r e d  d e n s e 
interconnect packaging. Over that time, 
a significant change in scaling occurred 
when applied to higher performance 
logic products.  While many in the 
industry looked to silicon interposers 
and through-silicon vias (TSV) as a 
solution, Intel’s Components Research 

organization took a different approach. 
They developed the first instantiation 
of a multi-die interconnect bridge using 
silicon within the package, now known 
as the embedded multi-die interconnect 
bridge (EMIB) [1]. Using small bridge 
dies embedded as part of the substrate, 
EMIB enables an order of magnitude 
increase in die-to-die interconnect 
density within the package, leading 
to much higher bandwidth between 
processor and memory.

More  recent ly,  I nt el  i n t roduced 
Foveros [2],  a  3D tech nolog y that 
allows the stacking of logic-on-logic 
die for the first time. Foveros helps to 
deliver higher f lexibility for products 
fabricated with smaller chiplets such 
as I/O, static random access memory 
(SRAM), or power delivery circuits 
i n  t he  bot t om ba se  d ie  a nd  h ig h -
performance logic chips on top. It is 

F

Heterogeneous 3D integration for high-performance 
computing
By Séverine Chéramy, Emilie Bourjot  [CEA-Leti] Johanna M. Swan [Intel]

Figure 1: CEA-Leti’s 3D integration roadmap for high-performance computing. © CEA-Leti
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envisioned that the combination of EMIB 
with Foveros, or co-EMIB, will enable 
increased partitioning opportunities by 
interconnecting larger than reticle-sized 
base die and their respective stacked-die 
complexes (Figure 2).

A s  a  n e x t  s t e p  i n  o p t i m i z i n g 
pe r for ma nce ,  I n t e l’s  Component s 
Research introduced the  omni-directional 
interconnect (ODI) at SEMICON West 
in 2019 [3]. This new building block is 
complementary to EMIB and Foveros 
because it offers additional degrees of 
freedom for interconnecting die together 

for  even h ig he r  pe r for ma nce.  For 
example, ODI allows top-side chiplets 
to take advantage of 3D stacking’s 
high bandwidth while maintaining the 
benefits of direct power delivery from the 
package, thereby avoiding losses that can  
accompany TSVs.

B e y o n d  t h e s e  a r c h i t e c t u r a l 
developments, Intel researchers are also 
working to scale the vertical interconnect 
pitch between die. The shrinking of the 
pitch enables much higher interconnect 
density or die size area reduction, or a 
combination of both. The ever-smaller 

chiplets and denser interconnects bring 
about new demands for assembly of the 
3D stacks and may challenge traditional 
methods. A key area of focus is a shift 
from a solder-based interconnect to hybrid 
bonding, which Intel discussed brief ly 
at SEMICON West in 2019 and plans 
to publish more about at ECTC in 2021. 
Another vital area undergoing research is 
enabling high-volume throughput in the 
assembly of these small chiplets to ensure 
handling and high yield. In this regard, 
Intel is researching forward-looking 
methods such as self-assembly of chiplets 
into multi-die complexes (Figure 3).

CEA-Leti’s heterogeneous silicon 
technology strategies

H PC systems development  must 
take full advantage of 3D integration 
technologies to overcome bandwidth 
limitations between memory and CPU 
while improving performance for each. 
As the reduction of 3D interconnect pitch 
improves data bandwidth (Gb/s/mm²) for 
memory-bound applications, advanced 
assembly technologies leverage tight 
heterogeneous integration with a low 
energy profile (pJ/b), which is useful for 
compute-bound applications.

Pursuing this objective, CEA-Leti 
introduced IntAct in 2019 at IEEE ECTC 
[4], a proof-of-concept demonstration 
integ rat ing a 96 -core a rch itect u re 
comprising six chiplets (fully-depleted Figure 3: Interconnect technologies versus required pitch. © Intel

Figure 2: Intel’s packaging technology roadmap. © Intel

http://www.chipscalereview.com
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two technological t racks, one being 
new integration schemes and processes 
for reducing 3D interconnects pitch, 
and assembly technologies being the 
other, CEA-Leti pursued a technology 
road map tha t  combi nes  h is tor ica l 
techniques with newer options such as 
direct hybrid bonding, in addition to 
die-to-wafer approaches for reaching 
a die-to-die interconnect pitch of 5 to 
10µm, or even lower.

CEA-Leti initiated a direct hybrid-
bonding variant more than ten years 
ago, now well-known at wafer-scale, in 
a die-to-wafer integration [6] (Figure 5). 
What is now considered a mainstream 
t e c h n o l o g y  f o r  h e t e r o g e n e o u s 
integration was at that time quite exotic. 
In addition to developing the process 
and integ rat ion ,  the i ns t i t ute  a lso 
initiated collaboration with equipment 
suppl iers.  SET, a French leader in 
accurate f lip-chip bonding, and CEA-
Let i  together  demonst rated i n  the 
3D IRT Nanoelec program both the 
technical feasibility of the approach, as 
well as the industrial relevance of such 
an integration.

Consider  an example:  W hatever 
i t s  promise in te r ms of  d ie - to -d ie 
bandwidth and reliability, the die-to-
wafer approach, particularly compared 
to wafer-to-wafer integrat ion, only 
makes sense if dies can be selected 
prior to the bonding, making a known-
good-die (KGD) strategy mandatory. 
Even if evident on paper, it is not so 
plug-and-play from a practical point of 
view. Design-for-test (DFT) features 
are also required (demonst rated by 
CEA thanks to the IntAct interposer). 
Furthermore, test methods, classically 
used for  wi re  bond ing or  ther mo-
compression interconnect , must be 
adapted in order to be compatible with 
direct hybrid bonding topology and 
contamination constraints.

A t  t h e  e n d  o f  2 0 2 0 ,  C E A- L e t i 
successf u l ly  demons t r a t ed  p roof-
of- concept  for  t he  KGD approach 
that is compatible with direct hybrid 

silicon on insulator [FDSOI] 28nm node) 
three-dimensionally stacked on an active 
silicon interposer (complementary metal-
oxide-semiconductor [CMOS] 65nm 
node). The work described technologies 
such as TSV-middle and die-to-die fine-
pitch interconnects (20µm).

In 2020 at IEEE ISSCC [5], CEA-
Let i  and i t s  pa r t ners  u nvei led the 
architecture of this HPC demonstration, 
as well as it s per for mance met r ics 
(Figure 4). Working together within 
t h e  I R T  N a n o e l e c  3 D  p r o g r a m 

f r a m e w o r k ,  t h e  t e a m  j o i n t l y 
demonstrated world-class f igures of 
mer it ,  such as 3D network-on-chip 
( NOC) communicat ions at  1.2GHz 
while achieving up to 3Tbits/s/mm² in 
efficiency. As for power consumption, 
the demonst rat ion showed how an 
astonishingly low 1.1W for 3.2Tb/s 
could be achieved. The work paves the 
way for future high-efficiency systems 
supporting HPC.

Convinced that HPC systems can 
fully benefit from the development of 

Figure 4: IntAct interposer. © CEA-Leti

Figure 5: Die-to-wafer: make connection with 3D technology. © CEA-Leti

Figure 6: The self-assembly principle. © CEA-Leti
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bonding,  which involves select ing 
high-topography tested chips (>2µm) 
and transferring them to direct bonding 
that tolerates a maximum topography 
of 10nm [7]. This was made possible 
thanks to researchers’ deep expertise 
in planarization.

Intel Components Research/CEA-
Leti collaboration 

The semiconductor industry widely 
recognizes 3D integration technology 
and heterogeneous architecture as a 
solut ion for advancing chip design. 
Intel and CEA-Leti share the vision that 
advanced 3D integration and packaging 
t e c h n o l o g i e s  w i l l  s t r e n g t h e n  I T 
solutions, especially in the area of HPC. 
They signed an R&D agreement in 2016 
on several strategic research programs, 
including the Internet of Things (IoT), 
high-speed wireless communication, 
security technologies, and 3D displays 
[8]. They extended this collaboration 
in 2020, where Intel’s Components 
Research organization and CEA-Leti are 
working together on 3D heterogeneous 
technologies for HPC.

T h e  c o l l a b o r a t i o n  w i l l  a l l o w 
both organ i zat ions  to  cont i nue to 
investigate future opportunities for the 
heterogeneous integrat ion roadmap 
thanks to a combined broad base of 
3D technologies involving both chip 
packaging and interconnectivity. The 
work should u lt imately pay of f  i n 
solutions that offer flexibility in building 
large, high-performance, power-efficient 
systems out of smaller functions.

Self-assembly technologies: the 
new deal

CEA-Leti published an approach at 
IEEE ECTC 2019 [9] that combines 
advantages of  d ie - to -wafer  hybr id 
bonding and high throughput in the 
pursuit of anticipating coming challenges. 

The so-called self-assembly technology 
relies upon the engineering of the surface 
tension between two areas to be bonded 
and the use of an intermediate liquid in 
order to rearrange the physical orientation 
(in the three dimensions x, y, z) between 
them. Figure 6 describes the concept in 
the case of two chips to be assembled.

T h i s  t e ch nolog y  cou ld  of fe r  a n 
alternative to mechanical alignment 
between the two areas, which could 
be decisive in reaching high bonding 
throughput and ultimate accuracy as pick-
and-place bonders still have challenges to 
leverage throughput, alignment accuracy, 
and ultra-small dies bonding.

Summary
The collaborat ion between CEA-

Leti and Intel on silicon interconnect 
technologies between chiplet and active 
interposer and, more specif ically, on 
self-assembly, aims to overcome many 
of the challenges involving material, 
processes and integration, and equipment. 
Neve r t hele s s ,  t he  ea r ly  p roof- of-
concept released by CEA-Leti is very 
encouraging. With Intel’s support and 
the expected collaboration with different 
players in the supply chain, particularly 
equipment suppliers, this technology 
may be a must-have technology for low-
cost, high-performance heterogeneous 
integration in the future.
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Fan-out embedded bridge packaging for cost-effective 
chiplet integration
By C. Key Chung, Shuai-Lin Liu, Jackson Li  [Siliconware Precision Industries Co., Ltd.]

ith t ransistor scal ing 
reaching both physical 
and economic barriers, 

transistor performance and cost have been 
increasingly lagging behind the historical 
Moore’s Law trajectory. However, demand 
for silicon remains incessant with the 
growth of transmission rate. Development 
of electronic devices has increasingly 
required greater high-density package 
integration. The electronic industry’s 
response to this demand on package 
integration is to use chiplet-based devices 
for improving yield and lowering the total 
cost. Chiplet packaging has now become 
a key technology to continue Moore’s 
Law. Intensive research has resulted in the 
development of multiple chiplet packages, 
such as multi-chips on a Si interposer 
using through-silicon via (TSV) (2.5D), 
die-to-die stacked on each other (3D), fan-
out multi-chip module (FOMCM), and 
embedded multi-die interconnect bridge 
(EMIB). These packages were developed 
fo r  t he  se r ve r,  h ig h -p e r fo r m a nce 
computing, router, and switcher markets. 

In this paper, we introduce a scalable 
chiplet package technology, called fan-out 
embedded bridge (FOEB). This advanced 
package improves upon the 2.5D package 

by lowering the package cost, improving 
the electrical signals, and having better 
reliability performance. In this article, 
we present a demonstration of an FOEB 
test vehicle in which chips are integrated 
as follows: one application-specif ic 
integrated circuit (ASIC) die and 4 high-
bandwidth memory (HBM) dies with four 
embedded bridge dies on a mold-based 
interposer, and one layer of an RDL. 
The embedded bridge dies are fabricated 
using 65nm node technology with 0.56μm 
Cu line and space. By comparing the 
warpage of a 2.5D package with a similar 
package size, we show that the FOEB chip 
module has a similar warpage shape to the 
substrate, and the final package assembly 
with the substrate—so the warpage value 
is identical to the 2.5D package. Therefore, 
it has much lower stress residues as 
compared to a 2.5D package.  Because of 
this finding, the FOEB package has been 
validated: it has a 2x longer temperature 
cycle without a single failure as compared 
to a 2.5D package. This finding allows 
us to scale the package to a much higher 
I/O density, with finer L/S, a greater 
number of RDL layers, and a greater 
number of dies that nicely fit Moore’s Law  
trends for packaging. 

Introduction
By now, Moore’s Law has clearly 

ended with respect to Si scaling [1], and 
the role of advanced packaging to extend 
this trend is of utmost importance. The 
growth of semiconductors has been driven 
by the demands of smartphones and 
tablets, but these markets are now slowing 
down and being over taken by high-
performance computing (HPC) and big 
data computing (BDC). HPC and BDC 
demand very high-frequency and high-
speed transmission with lower latency, 
high-bandwidth and power efficiency 
requirements. These requirements have 
created a different level of packaging 
complexity and challenges. One solution 
to meet these demands is to integrate 
multiple dies into an electronic package. 
These packages are designed either 
homogeneously or heterogeneously 
with integrated devices [2-4]. Over the 
years, electronic assembly houses have 
developed a plethora of chiplet packages 
for multi-chip integration. 

Figure 1  shows the evolut ion of 
advanced packaging over time. The first 
2.5D package was developed by TSMC 
with two purposes: 1) for die partition, 
which was a homogeneously-integrated 

W

Figure 1: Evolution of advanced packaging in high-volume manufacturing.
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package; and 2) for a heterogeneously-
integrated package that was to integrate 
the HBW memory with system on chip 
(SoC) dies within the same package. 
The 2.5D package was  introduced in 
early 2011 to immense interest on the 
part of many design houses. Amkor then 
announced its Silicon-less Integrated 
Module (SLIM™) and its Silicon Wafer 
Integrated Fan-Out Technology (SWIFT®) 
package, which was a fan-out MCM—
but this technology had some limitations 
and did not take off into production. 
Then, TSMC introduced the integrated 
fan-out (InFO) package for Apple’s A8 
processor, which was a fan-out package 
on package (FO-PoP). Subsequently, 
ASE also certified its 2.5D package for 
AMD at 2016. In 2017, SPIL overtook 
other outsourced semiconductor assembly 
and test suppliers (OSATS) as the first 
such supplier to manufacture 2.5D 
packages in high volume. In 2019, many 
semiconductor companies were offering 
different versions of advanced packages, 
which were actually the extension of 2.5D, 
FOMCM, and 3D packages. In 2020, 
SPIL introduced its FOEB that has been 
certified in 2019 and started low-volume 
manufacturing in 2020. 

2.5D IC with th rough-sil icon via 
(TSV) technology is the package that 
has been developed to satisfy the need 
for a matured platform in the near term. 
Research has shown that a Si interposer 
can provide the fine-pitch technology 
to match the shrinking die pitch trend, 
and further implement the high-density 
interconnection needed between SoC 
and high-bandwidth memory (HBM) 
[5,6]. In view of the escalating demand 
for the enhanced per for mance and 
cost efficiency, assembly houses have 
devoted resources to the development 
of 3DIC [7-9] and fan-out technology 
that feature multiple layers of an organic 
interposer [3,4,10]. To achieve enhanced 
performance, using 3DIC TSV technology 
to directly stack logic on logic or logic 
on memory has advantages for providing 
improved computing ability and electrical 
properties, as well as wide I/O with less 
than 20µm pitch to achieve an ultra-high 
density interconnect [7-9]. However, 
whether 2.5D or 3DIC technology is 
used, either Si interposer or active dies 
with TSV has critical drawbacks in terms 
of parasitic resistances and expensive 
fabrication manufacturing processes 
[2,11]. Therefore, fan-out technologies 

with multiple RDL layers of an organic 
interposer have been developed to provide 
the die to die interconnection feasibility 
and cost benefit without having to use 
TSVs. Flexible and scalable designs that 
use more than three RDL layers for high 
I/O density provide sufficient signal and 
power/ground line distribution [3,4]. But, 
as the chip module is getting larger, the 
thermomechanical stresses generated 
between the die to die interfaces will 
break the RDL traces [10,12]. 

The fan-out technology called FOEB 
provides localized high-density wiring 
through the use of an embedded silicon 
br idge [13-19].  The pa r t ia l  br idge 
interposer is applied in the specific area 
of the high I/O density interconnection 
that is used for the integration of HBM 
dies, which is in comparison to 2.5D 
packaging in which the whole piece of Si 
interposer is used. Intel also demonstrated 
that the fan-out basis of EMIB technology 
is capable of supporting high-bandwidth 
interconnects with high-quality power 
networks to the satisfaction of signal/
power integrity demand [20-22]. In signal 
integrity, both the insertion loss and near-
end crosstalk show excellent agreement, 
and the link power efficiency can be as 
low as 0.7pJ/b at 1.2V [22]. The solution 
not only offers high bandwidth, but also 
consumes low power. For the SPIL FOEB 
package, instead of placing the embedded 
die inside the substrate, we introduce 
the embedded dies inside the organic 
interposer [13-19]. 

FOEB package technology
The FOEB architecture is described 

in Figure 2a. The thin Si bridge dies are 
embedded within the organic interposer 
and RDL layers are fabricated on the 
organic interposer. The range of the 
Cu line/space (L/S) goes from 2/2 to 
10/10μm. The RDL layers can be either 
one or more in number, depending on 
the design needs. Within the organic 
interposer, there are embedded bridge 
dies that are fabricated with Cu wire with 
L/S values ranging from 0.56~0.8µm. 
The Cu microbump pitch is 40μm. The 
ASIC die is connected to the adjacent 
HBM dies via the bridge dies. Figure 2b 
shows that the Cu posts are built up with 
C4 bumps for the vertical transmission 
of signal, ground and power from the top 
dies to the substrate. FOEB technology 
is highly f lexible for advanced package 
design in terms of the Cu wire inside 

the br idge dies and R DL layers. It 
can be customized for the various die 
combinations with as many as 19 dies 
(with 9 bridge dies), and the basic 2.5D 
structure with three dies (with one bridge 
die), as illustrated in Figure 2c.

The FOEB process f low is brief ly 
introduced in Figure 3. The first layer of 
RDL is fabricated on the glass carrier, 
and then the Cu post is built up using 
standard lithographic technology and 
plating. In parallel, the embedded bridge 
die is fabricated with microbumps and 
then die bonding on the first RDL layer as 
depicted in Figure 3a. The assemblies are 
molded in wafer form and then grinding 
is to expose the Cu post and the Cu bump 
as shown in Figure 3b. With that, the 
organic interposer is built up; Figure 3c 
shows the build-up of RDL layers and 
forming the micro pad. After that, Figure 
3d-f illustrate the processes to attach SoC 
die and HBM dies on the micro pad by 
reflow joint, underfill dispensing and the 
curing process. Then, a second molding 
is applied to cover the entire wafer, and 
the wafer form assemblies are ground 
away so as to expose the die surface. 
The glass carrier is removed by laser 
ablation, and C4 bumping fabrication is 
plated up accordingly. These wafer form 

Figure 2: FOEB Illustration of a) elements of the 
architecture; b) a section view; and c) possible  
scalable features.
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chip modules are then singulated into 
individual units. The final process step is 
the attachment of the chip module on the 
organic substrate using conventional flip-
chip processes. 

Results
The FOEB package is the alternative 

solution providing cost efficiency and 
better electrical performances as opposed 
to 2.5D technology [22]. According 
to our cer t if ication, the mechanical 
strength and package reliability can be 
comparable and even better than that for 
2.5D. The thermal moiré results indicated 
that FOEB chip module warpage has 
the same deformation behavior with the 

organic substrate at high temperature (see 
Figure 4a). As a result, the well-matched 
contact for solder wetting was expected 
and the attachment of the FOEB chip 
module on substrate had 2x lower residue 
stress than for the 2.5D case [10]. At the 
finished package level, Figure 4b shows 
that FOEB package warpage is similar 
to that for the 2.5D package. The similar 
coplanarity indicated the low risk in the 
surface mount technology (SMT) process 
of packaging on a PCB. Owing to this 
result, the benefit of the lower internal 
stress could make the FOEB platform 
useful to the product application in larger 
package sizes. It passed the reliability 
test up to TCG 2500 cycles, the unbiased-
highly accelerated stress test (HAST) of 

264hrs, and the high-temperature storage 
life (HTSL) test  (1000hrs) [13-19]. Owing 
to these reasons, the FOEB package has 
a great chance to supersede the 2.5D 
package as it has better design flexibility, 
scalability, and the benefit of a lower cost.

One of the technologically certificated 
FOEB dev ices compr ises  1 SoC + 
4HBM package structure with a package 
dimension of 5,075mm2 with a fan-out 
module size of 1,250mm2. The structure  
passed JEDEC standard reliability tests. 
The packages were first preconditioned 
using moisture soaking level 4 (MSL4) 
requirements, and then subsequently 
stressed for temperature cycling under 
- 40 to  125°C for  120 0 cycles  and 
then subjected to the unbiased high 
accelerated stress test at 130°C for 264 
hours. The HTSL test was done at 150°C 
for 1000 hours [19]. In order to certify 
the structural st rength under severe 
conditions, we tightened the TCJ cycle 
test up to 3000 cycles. Again, the units 
passed based on the open/short (O/S) test 
as tabulated. The units were then cross-
sectioned and examined under SEM. The 
integrity of the package was well intact. 
Figure 5 shows the cross section details 
after TCJ 3000 cycles.

Summary
T h e  F O E B  p l a t f o r m  h a s  b e e n 

d e m o n s t r a t e d  a s  a  n e w  p a c k a g e 
paradigm that provides a localized high-
density interconnection between two 
or more dies that are being integrated. 
In the f lourishing industry of artificial 
intelligence (AI), 5G applications, and 
cloud comput ing,  the f undamental 
infrastructure is being developed for the 
higher speed and terabyte/s bandwidth 
needed for the large amounts of data 
being transmitted. The FOEB package 
not only provides  an alternative and 
acceptable cost /benef it solut ion for 
chiplet integration, but it also provides 
the mechanical performance that well 
exceeds the mature 2.5D technology. 
With the advantages of controllable 
warpage and less internal stress, FOEB 
technology is the proper platform to 
build up a much larger package size for 
the integration of greater numbers of 
multiple dies. In addition, FOEB meets 
the scalability and design f lexibility 
needed for the customized requirements. 
We are now converting the bridge dies 
to active dies for vertical communication 
and better functionality.

Figure 3: FOEB process flow.

Figure 4: Thermal Moiré results: a) chip module and substrate; and b) package level.

Figure 5: Cross sections of FOEB package integrity after 3000 cycles of TCJ testing.
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Enabling wafer thinning using a glass carrier
By Julia Brueckner, Andreas Gaab, Steven Lin, Erica Chang, Toshihiko Ono, Varun Singh, Jay Zhang  [Corning Incorporated] 
and Sebastian Tussing, Walter Spiess  [SÜSS MicroTec]

a f e r  t h i n n i n g  i s  a n 
industry trend driven by 
functional requirements 

or form factor considerations. For example, 
3D stacked memory uses silicon (Si) that 
is thinned to <50µm to enable through-
si l icon v ia (TSV) interconnect ion. 
Insulated-gate bipolar transistor (IGBT) 
chips rely on very thin wafers for vertical 
structural realization. Many components 
used for mobile devices are thinned before 
packaging to accommodate the height 
constraints imposed by design or aesthetics. 
When the final wafer thickness is greater 
than 100µm, backgrinding tapes are 
typically used to support the wafer during 
the thinning process. Thinning beyond this 
thickness often necessitates the use of a 
more rigid support, such as a carrier wafer.

Wafer thinning is often accompanied 
by post-thinning processing that happens 
at elevated temperatures, e.g., metal or 
dielectric deposition. Differences in the 
coefficient of thermal expansion (CTE) of 
the carrier and that of the wafer can cause 
shape distortion, resulting in undesirable 
consequences such as lithography errors, or 
even wafer breakage. For convenience, we 
use the term warp in this article to describe 
shape distortion.

An ideal carrier wafer for wafer thinning 
should have a CTE matched to that of the 
wafer to be thinned. In this article, we will 
also discuss other levers that may be used to 
minimize shape distortion during thinning 
and post-thinning processing.

This article will explain why glass is 
an ideal carrier material. We will also 
demonstrate why glass carrier wafers are 
not only ideal for laser debonding, but that 
they can also be used with automated, 
mechanical debonding tools.

What impacts wafer warp? 
We begin by f i rst developing the 

fundamental understanding of what 
impacts wafer warp. In a previous article 
in this journal [1], we showed a simplified 
formula that can be used to estimate bi-
layer warp as a function of material and 

W

Figure 1: Warp as a function of ΔCTE, carrier Young’s modulus, and carrier thickness.
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sheet properties. If we assume the post-
thinning wafer layer is significantly thinner 
than the carrier, the warp expression is:

 

Here we use subscript s to designate the 
material properties of the semiconductor 
wafer to be thinned: Es for Young’s 
modulus, ts for the wafer thickness, υs 

for Poisson’s ratio, and αs for the thermal 
expansion coefficient. For the carrier glass, 
we use subscript g for the same parameters 
accordingly. L is the size of the carrier.

From the simplified formula shown 
above, we can see the trends clearly. The 
warp is linearly proportional to CTE 
mismatch, as well as the temperature 
d i f fe rent ia l  be t ween bond i ng a nd 
operation; it is inversely proportional to the 
carrier’s Young’s modulus; and the warp 
is also inversely proportional to the square 
of the carrier thickness. When we use the 
typical conditions encountered in wafer 
thinning and post-thinning processing, we 
see these trends in Figure 1.

Benefits of glass as a carrier 
The discussions above focused on three 

levers for a carrier to help manage warp. 
We discuss specific requirements and 
constraints for each of the three below.

CTE is the most important attribute. 
Table 1 shows the CTE of the most 
commonly used wafer types. These include 
Si on the low-CTE end, all the way to 
LiTaO3 on the high-CTE end. Glass can 
cover the entire CTE range, and if the 
market warrants the investment, a glass 
company can design and make glass with 
very fine granularity, down to ~0.2ppm/°C.

Young’s modulus. Young’s modulus 
is an effective lever to control warp when 
a perfect CTE match is not possible. 
W hi le popula r  g lass composit ions 
typically show Young’s modulus in the 
65-75GPa range, a highly technical glass 
can exhibit Young’s modulus as high as 
140GPa. In the real world, compromises 
must be made between performance 
and manufacturability, which translates  
into cost.

Carrier thickness. Carrier thickness 
is another lever available to the user. The 
thickness-squared relationship makes 
it highly effective in controlling warp, 
especially in the 0.5-1.0mm range.

Glass is an ideal carrier wafer material 
because it can offer a CTE that matches 

the wafer to be thinned, its Young’s 
modulus engineered to be relatively 
high, and its thickness to be optimized 
within the constraints of the application. 
The transparent nature of glass makes 
laser debonding possible, and the same 
transparency also makes bonding quality 
control simple and straightforward. Other 
glass benefits include: the ability to reach a 
very low total thickness variation (TTV), 
its reusability, etc. Figure 2  compares 
glass to Si and the backgrinding tape 
(BGT) used for wafer thinning.

Figure 3  shows the availability of glass 
wafers that cover the range of 3-13ppm°C 
f rom Corning. Corning’s Advanced 

Packaging Carriers (APC) product was 
engineered to have a relatively high 
Young’s modulus and a wafer thickness of 
up to 2mm.

Mechanical debonding of a glass 
carrier

Because of their excellent transparency, 
glass carrier wafers are often associated 
with laser debonding. This does not have 
to be the case. Glass carriers provide 
benefits for the mechanical debonding 
process as listed below.

Enabling visual inspection. Glass 
carriers add value to the mechanical 
debonding by enabling visual inspection 

Figure 2: Comparison of substrates used for wafer thinning and their bonding properties.

Figure 3: CTE and Young’s modulus of APC wafer products from Corning Incorporated.

Table 1: CTE values of commonly used wafer types.
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Wafer stack bonding was performed with 
a SUSS XBS300 temporary bonding 
system and two different market-proven, 
commonly used adhesive systems for 
mechanical debonding (one with device 
release, one with carrier release). Edge 
t r imming and g r inding detai ls  a re 
discussed in the next section.

The subsequent metrology step controls 
the backgrinding process to ensure that 
the final Si thickness of 50µm is within 
the expected tolerance. In addition, the 
uniformity of the adhesive thickness can 

after the device wafer has been bonded to 
the carrier. Bonding performance can be 
inspected by simply looking through the 
carrier (optical defect inspection) instead 
of sophisticated inspection tools required 
with Si carriers.

Flex ibi l i t y.  As t he  t rend i n  t he 
industry asks for thinner substrates, we 
believe that laser debonding will become 
essential moving forward. Having the 
f lexibility now to use a carrier that can 
work with current mechanical debonding 
processes, and that aligns with the future 
thinning roadmap, can help companies 
save on development time and cost.

Below, we describe a demonstration of 
Corning glass carriers working with SUSS 
MicroTec’s mechanical debonding tool.

General process f low. In order to 
demonstrate the ability to mechanically 
deb ond  g l a s s  ca r r ie r s ,  C or n i ng’s 
SG3.4 glass wafers (200mm diameter, 
0.5mm thickness) were bonded to Si 
wafers (200mm diameter and 0.525mm 

thickness) (see Figure 4). The CTE of 
this glass is well matched with that of Si 
in the typical temperature range used for 
Si thinning and post-thinning processing. 
I n  orde r  to  conduct  a  mean i ngf u l 
expe r i ment  a nd m i m ic  rea l -world 
semiconductor process conditions, we 
performed thinning down to a 50µm final 
thickness. The study started with Si edge 
trimming prior to wafer/glass bonding 
to prevent edge chipping during the 
grinding process. A C-type chamfer was 
used as the edge finish for the glass wafer. 

Figure 4: General process flow: edge trimming, bonding, backgrinding, taping, debonding.

Figure 5: Cross-sectional view of edge trimming, temporary bonding, and backgrinding.

Figure 6: Summary of debonding results.
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be monitored. In the next step, the device wafer is attached to the 
dicing tape before the final mechanical debonding process takes 
place. Finally, mechanical debonding is performed on a SUSS 
XBC300 Gen2 mechanical debonding system. This is a critical 
part of the study that needs to be established for a glass carrier to 
succeed as a material for mechanical debonding processes. Here, 
the wafer stack is placed with the silicon side on a vacuum chuck. 
A wedge-shaped initiator is used to initiate the separation between 
the carrier and device wafer. The initiator is lifted and positioned 
at a specific height, h. A flex plate is placed on top of the glass 
carrier, and with the help of a roller that moves away from the 
initiator point, the debonding continues until the carrier is fully 
separated. Figure 6 shows a picture of the debonding tool, as well 
as a schematic showing the flex plate in action. Please refer to the 
stress calculation in the sub-section entitled “Stress calculation” 
that shows that the induced stress is much lower than the strength 
of the glass. The result shows the thinned device on tape and the 

Figure 8: Schematic illustration of glass bending during debonding.

Figure 7: Successful debonding using a mechanical debonder. The carrier can 
be reused.
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the pivot distance are listed in Table 2. 
The smallest radius is 307mm when the 
lifting is 2mm and the pivot distance is 
35mm. Figure 9 plots the relationship 
between the radius of curvature and 
the bending stress of glass wafer for 
two thicknesses, 0.5mm and 0.7mm. 
A horizontal, blue line indicates the 
typical, low-end edge strength value 
of glass wafers made by Corning. The 
low-end strength value is much higher 
than the stress generated by the tightest 
curvature 307mm during the debonding 
process (blue arrow marks). Therefore, 
the glass wafer can be used in the 
debonding process without failure. From 
the low-end strength line and curvature, 
the allowable bending curvatures are 
167mm and 234mm for 0.5mm and 
0.7mm thick glass, respectively.

Summary
For semiconductor wafer thinning, 

glass is an ideal carrier material because 
of the following: 1) its ability to deliver 
variable CTE to match the wafer CTE; 
2) f lexible thickness to minimize shape 
change du r i ng th i n n i ng and pos t-
thinning processing; 3) transparency to 
enable bonding quality control; and 4) 
compatibility with multiple debonding 
technologies. This paper demonstrated 
successful debonding.
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debonded glass wafer that can be cleaned 
to remove adhesive residues and recycled 
multiple times, which is common practice 
for glass wafers used in laser debonding 
processes.

E d g e  t r i m m i n g  a n d  g r i n d i n g 
conditions. Before bonding, an edge 
trimming process was applied to the Si 
wafer using a dicing saw tool (DFD6361) 
from Disco (see Figure 5). The purpose 
of edge trimming is to reduce the risk of 
interfacial delamination and edge chipping 
during the backside thinning process. The 
edge trimmed profile is 100µm in width and 
50µm in depth. After bonding, a multi-step, 
backside thinning process was performed 
using the Disco grinder (DGP8761). The 
first step is to use a coarse wheel grit 
to remove the bulk of the excess wafer 
thickness until it reaches 92µm. The second 
step is to use the finer wheel grit to grind 
the Si thickness from 92µm to 52µm. The 
final step is to use the finest grit to precisely 
and slowly polish the Si thickness to the 
target thickness of 50µm.

Results. The debonding results are 
summarized in Figure 6. All samples 
were successfully debonded, independent 
of the adhesive system used, and no 
damage was observed on the wafers. 
The images in Figure 7 show the intact 
carrier and device wafers with some 
imprints in the remaining adhesive layer 
at the initiator position, which is typical 
for mechanical debonding. The bulk 
adhesive is on the glass for material 
A (device release) or on the device for 
material B (carrier release). Adhesive 
residues or imprints of the initiator can 
be removed in the subsequent cleaning 
step. As mentioned above, the debonded 
glass carriers are in excellent condition 
w i t h  no  me ch a n ica l  f l aws .  A f t e r 
removing the adhesive traces on the glass 
surface, the carrier can be easily reused 
with no issue.   

Stress calculat ion.  The bending 
stress on the wafer during the debonding 
process can be calculated and compared 

to the edge strength to assess the risk of 
glass failure due to bending. The bending 
stress generated on the glass edge can be 

estimated from the radius of curvature 
with beam bending theory as Eq. 1 below:

 

where t is the wafer thickness, E is 
Young’s modulus of the glass wafer, 
and r is the bending radius during the 
debonding process.

The bending radius, r, is obtained from 
the lifting height, h, and the distance at 
pivot from lifter, l, as shown in Table 2. 
Eq. 2 is based on the assumption that the 
deformation is simply cylindrical. 

The calculated radius of curvature 
r from the typical lifting height h and 

Table 2: Calculated radius from typical lifting height 
and pivot distance values.

Figure 9: Relation between the radius of curvature 
and the bending stress.
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he successful rollout of 5G 
w i rele s s  de pend s  on  t he 
deployment of a significant 

quantity of base stations with a higher 
density of radio frequency (RF) power 
amplifiers (PA) compared to the older 
4G technology. Each 5G base station has 
more channels, and each channel needs 
one RF PA device. These devices are 
key components that boost the RF power 
signals in base stations.

Before the 5G era , si l icon-based 
lateral double-diffused metal oxide 
semiconductor (Si-LDMOS) was the 
mainst ream solut ion in the R F PA 
market for 4G long-ter m evolut ion 
(LTE) technology. Those devices are 
now regarded as almost commodities 
with a high level of technical maturity. 
Traditional Si-LDMOS performs well at 
3.5GHz and below, but is unable to meet 
the higher frequency requirements for 
5G applications. The operating frequency 
of gallium arsenide (GaAs) applications 
is mainly within 8GHz, suitable for 
medium- and low-power devices for 
5G cell stations. In the high-power RF 
application, gallium nitride (GaN) has 
obvious advantages and is a necessary 
material for 5G macro stations. GaAs 
and GaN are on the rise to replace silicon 
as the backbone of power switching 
technology thanks to bet ter power 
systems efficiency, performance, and 
cost, of GaAs and GaN. As wide-bandgap 
( W BG)  se m iconduc t o r  m a t e r i a l s , 
both GaAs and GaN devices are more 
efficient than Si. GaAs/GaN devices are 
replacing Si-LDMOS devices in 5G base 
stations, radar, and avionics, as well as 
other broadband applications. In future 
network designs, GaAs/GaN and other 
WBG materials will replace most of 
the existing Si-LDMOS devices due to 
limitations of their physical properties [1]. 
Generally speaking, 5G base stations will 
incorporate GaAs/GaN-based PAs for the 
higher frequencies, while Si-LDMOS will 
remain just a part of the mix for lower 

bands [2]. According to Yole’s report [3], 
the total GaN RF market will increase 
from $740 million in 2020 to more than $2 
billion by 2025, with a compound annual 
growth rate (CAGR) of 12%. Telecom 
infrastructure and military radar are the 
main drivers for RF GaN. The telecom 
infrastructure market segment for 5G 
wireless will enjoy a 15% CAGR.

This ar ticle discusses an essential 
element in automating RF power amplifier 
device manufacturing—a fully automated 
die bonding solution to support the flexible, 
high-precision, high-volume manufacturing 
required for large-scale deployment of RF 
PA devices in 5G applications.

Manufacturing requirements 
and challenges

RF PA devices have two major die 
bonding assembly methods: eutectic and 
epoxy. The eutectic process, which is the 
most common die bonding technique for 
power electronic devices, has historically 
been the only method for making higher 
power RF PA devices used in base 
stations. The eutectic alloy between the 
die and the heat sink is typically gold-
silicon (AuSi) or gold-tin (AuSn), which 
gives the best thermal conductivity and 
lowest possible void rate after bonding. 
On the other hand, the traditional epoxy 
process may be cheaper, but has lower 
thermal conductivity and a higher void 
rate after bonding. This may be sufficient 
for some low-power/ low-rel iabil ity 
devices. In recent years, some new die 
bonding adhesive materials and processes 
have been developed to replace AuSi/
AuSn solder for cost reduction for high-
power devices. For example, the pressure-
less nanosi lver sinter ing mater ials 
are expected to have good thermal 
conductivity for high-power devices and 
to be able to adapt the standard epoxy 
dispensing equipment and process. The 
materials and processes have not yet 
matured enough for RF PA devices.

There are f ive major challenges to 

achieving a good die bonding process 
using a fully-automated solution in order 
to enable multi-process and multi-die 
manufacturing required for RF PA device 
production for 5G base stations. The 
sections below discuss these challenges.

RF PA chip handling. Electrostatic 
discharge (ESD) is a major factor that 
can potentially destroy or damage the RF 
PA chips. To solve this problem, the die 
bonder should be properly grounded and 
periodically tested for ESD compliance 
for all work surfaces that contact the 
product to minimize or eliminate ESD 
risk during production.

These R F PA ch ips have un ique 
character ist ics—they may be larger 
than other chips, with an aspect ratio of 
more than 10. They are long and thin 
dies (thickness can be as little as 30µm), 
with air bridges or sensitive structures on 
the top that can be damaged if excessive 
force or stress is applied to the top. These 
characteristics require delicate handling 
including placement force control that is 
only achieved with real-time force feedback. 
The die pick and place process uses vacuum 
collets that hold the chip edges. GaAs and 
GaN are naturally brittle materials. The 
bonding force ranges from 10g to 100g, 
which must be tightly controlled to avoid 
damage and for the best bonds.

GaAs and GaN eutectic processes. 
Gold-tin (AuSn 80/20) is the alloy most 
commonly used in the industry for bonding 
GaAs and GaN chips, because of its 
compatibility with gold-based components 
and its long-term stability. The backsides 
of GaAs and GaN chips are plated with a 
gold layer to provide a good thermal and 
electrical interface and allow flexibility 
in the die attachment method. The solder 
preforms (12~50µm in thickness) are often 
used in this process. The solder preform 
size is determined experimentally. Al2O3, 
Cu-W, Cu-Mo, and Si and SiC, etc., are the 
common materials for substrates. 

The lowest melting point of the AuSn 
80/20 alloy is 280°C. A 2% decrease of 

T

Automating RF PA device manufacturing to accelerate 
5G wireless rollout
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tin to 18% increases the melting point to 
350°C. The eutectic reflow temperature 
should be 20-40°C higher than the 
melting point. Because of reliability 
concerns, a maximum reflow temperature 
of 320°C for a maximum of 30 seconds 
is recommended for GaAs and GaN. 
The temperature profile is dependent on 
the eutectic stage, the size and number 
of dies, and the substrate, etc. The first 
step of the process is to pick and place 
the solder preform while at a pre-heating 
temperature. The second step of the 
process is to pick and place the die. The 
die are placed on top of the solder preform 
either at the reflow temperature, or just 
before reaching it. The die are placed with 
a force of 10~100g and scrubbed according 
to some preprogrammed parameters. In 
some cases, the preform is pre-deposited 
on either the substrate or the PA chip.

LDMOS eutectic process. AuSi is 
used for ult ra-high thermal demand 
applicat ions, such as si l icon-based 
LDMOS. The packaging or substrate 
materials of LDMOS RF PA devices are 
Cu-W or Cu-Mo. With AuSi bonding, an 
additional alloy material is not included. 
I ns tead ,  t he  process  rel ie s  on t he 
diffusion of gold and silicon that occurs 
at a high temperature. This process is 
done in the presence of forming gas with 
5-10% hydrogen.

AuSi eutectic bonding occurs at a high 
melting temperature of 363°C. In order to 
maintain the LDMOS performance, the 
bonded chip-on-substrate (CoS) needs to 
be processed quickly and removed from 

heat as soon as possible. The bonding 
force of the eutectic process may be set 
to 30~100g. Scrubbing must be applied 
during die attachment to eliminate voids.

Void-free processing. Solvent cleaning 
of solder prefor ms and subst rates /
packages is recommended to remove 
any existing surface contaminants (from 
machining, packaging, handling, etc.). 
GaAs and GaN can be cleaned using 
an oxygen or plasma cleaning process 
before the eutectic process. During the 
eutectic process, an inert gas (nitrogen or 
nitrogen with 5-10% hydrogen) is used 
to surround the parts and remove oxygen 
during reflow, preventing oxidation of the 
interconnect surface.

Reliable eutectic die attach of high-
power/high-frequency devices requires 
ne a r ly  a  void -f r e e  a t t a ch me nt .  A 
better than 95% void-free attachment 
is achievable with a scrub assist. An 
oxygen level >10,000ppm contributes to 
voiding poor quality solder joints. The 
oxygen level in the eutectic chamber of 
<5000ppm is necessary to achieve a low 
void rate. The oxygen level should be 
controlled <1000ppm to have a buffer for 
different eutectic processes. For process 
cont rol, the amplitude of the scrub 
cycle, time of scrub, and force, must all 
be optimized to form a good void-free 
attachment. Scrub-assisted automatic 
die at tach is a common process that 
relies on “scrubbing” of the die into the 
gold or package surface to break up the 
oxidation layer and have good mixing to 
form the eutectic alloy. The scrubbing 

process usually is a 5-10 cycle scrubbing 
movement under a certain amplitude and 
frequency in X-Y-Z directions. During 
the eutect ic process, the scrubbing 
process d is t r ibutes  the solder  and 
removes the gas bubbles that are among 
the main reasons for void generation.

Epoxy process. The epoxy process 
has mostly been used for at taching 
passive components, such as capacitors, 
but not active components in RF PA 
devices. In recent years, new adhesive 
materials have been developed to replace 
AuSn. Silver micron-particle sintering 
joining technology developed by Prof. 
Katsuaki Suganuma of Osaka University 
has enabled pressureless die bonding 
in ambient temperature at a low cost. 
Because this technology showed high 
reliability at high temperatures over 
250°C, its use is spreading as a key next-
generation power semiconductor die 
bonding technology. There is a lot of 
ongoing research and development work 
on the pressureless nano Ag sintering 
materials and sintering processes [4]. 
Potentially, the new materials will be 
used for high-power RF PA  [5-7].

The thinner the epoxy bond lines, 
the higher their thermal conductivity. 
Ach ie v i n g  t h e s e  t h i n  b o n d  l i n e s 
requires a careful design of the dispense 
pat tern, die placement and process 
parameters during the epoxy process. 
A thicker bond line may help mitigate 
CTE mismatches between the chip 
and the substrate, especially for GaN 
dies (that can handle a slightly higher 
mismatch), but the resulting increase 
in thermal resistance may not be an 
acceptable trade-off. High-performance 
stamping and dispensing functions, as 
well as bonding force control, provided 
by the die bonder are necessary for a 
satisfactory bond line control.

MRSI automation solution
MRSI has developed fully-automated 

die bonding solutions to enable multi-
process and multi-die manufacturing 
of RF PA devices for 5G base stations. 
These systems have the f lexibility and 
high throughput required for this high-
mix and high-volume manufacturing 
environment and solve the challenges 
outlined above. The sect ions below 
summarize the bonding solutions.

Automation solutions for RF PA. 
Our new assembling solutions have two 
platforms, the 1.5µm MRSI-H-LDMOS 

Figure 1: MRSI’s “on-the-fly” tool changer.
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precision f luid control technology. The 
substrate surface is measured by a three-
point laser height system that maps the 
plane to ensure that the gap between the 
needle and surface is maintained at all 
locations. We also provide an option for 
a confocal height sensor to measure bond 
line thickness. Consistent bond lines 
are achieved through a combination of 
precision epoxy volume control and closed-
loop force control.

RF PA process results
Below, we share the performance 

results achieved using the MRSI-H-
LDMOS. Th is  sys tem included an 
indexing conveyor for high-volume 
manufacturing. We used 60 industry 
standard glass dies to test the machine’s 
pick and place accuracy, the 3σ results 
of x<1.21µm and y<0.84µm surpassed 
the machine specification <1.5µm @3σ. 
The machine oxygen level at the eutectic 
bonding station was tested by using a Pro 
OX-100 Digital Oxygen Purge Monitor. 
The results show the oxygen level at the 
eutectic bonding area is <100ppm.

The real AuSn process was done for 
two different size GaN chips bonding on a 
substrate by using AuSn solder preforms. 
Chip sizes were about 3 x 1mm and 4 x 
1mm. Both chips were 100µm thick. Au-
Sn solder preform sizes were slightly 
smaller than the chips. As the carriers were 
indexed through the machine, parts were 
heated to a pre-heat temperature before 
arriving at the bond station. The bond 
station was ramped from the preheat to 
reflow temperature during the processing. 
Optimal force and scrub parameters were 
found through process development. 
Metrology revealed that the bonding 
process accuracy met the requirements 
well. The results are shown in Figure 3. 
The left image shows 15 samples, the right 
image shows the real size sample. These 

and the traditional 5µm MRSI-705 with 
horizontal turret. Both platforms support 
AuSi and AuSn process requirements 
and have high-performance stamping and 
dispensing options.

Both of our products come with an 
integrated turret that can hold up to 12 tips. 
The turret enables “on-the-fly” tool changing 
to achieve zero-time between tip changes. 
Figure 1 illustrates our “on-the-fly” tool 
changer. Any version of custom die pick up 
tip or epoxy stamping tip can be used in the 
turret. It can flexibly handle multiple dies, 
multiple processes, and multiple products 
in one machine. This helps users to create 
flexible production lines that can be rapidly 
reconfigured for different products.

Furthermore, high-volume production 
is aided by the in-line eutectic die bonding 
system we developed. By utilizing a 
progressive heat stage system that indexes 
through heat zones, eutectic die attach can 
be performed on parts transported in “boats” 
or carriers that are loaded, processed, and 
unloaded to cassettes automatically. The 
in-line eutectic system is a “Universal” 
P r o g r e s s i v e  I n d e x i n g  C o n v e y o r  
(Figure 2). It is a modularly-designed 
common architecture across multiple 
machine platforms (MRSI-705, MRSI-M3, 
MRSI-H), and supports both AuSn and 
AuSi eutectic processes. This in-line mode 
is also applicable to the epoxy process.

Temperature prof i le control. To 
achieve eutectic bonding, a heating 
s t a t ion is  t y pica l ly employed that 
c a n  r a m p  u p  a nd  r a m p  d ow n  t he 
temperature rapidly and precisely to 
maintain good temperature uniformity 
on the hotplate. Our eutectic station 
is a pulsed heat ing stat ion, with a 
maximum temperatu re of 450°C, a 
temperature control accuracy of <±1°C, 
a temperature ramp-up speed of up to  
40°C/s, and a cool-down speed of 30°C/s.

Oxygen environment control. The 

eutectic process is performed in an inert 
environment to prevent oxidation of the 
bonding surfaces, as the RF PA device 
is subjected to heat. We used a specially 
designed gas cover over the eutectic 
stat ion. The f low of forming gas is 
carefully managed to create an oxygen-
free environment for the eutectic process. 
The standalone eutectic station can achieve 
a <100ppm oxygen level environment and 
the indexing eutectic station can achieve 
a <500ppm oxygen level environment, 
using pure nitrogen forming gas. Both 
cases far exceed the process requirements 
mentioned earlier.

Scrubbing process. Scrubbing is a 
critical process step in the formation of a 
common material (bond) between AuSi and 
AuSn by forcing out air to reduce voiding. 
Also, the solder is better distributed 
across the die and the pressure assists the 
diffusion process. As a starting point, 
our software includes a pre-programmed 
library of scrub patterns to guide users 
as they quickly develop their process. 
The scrubbing parameters are completely 
programmable for customization to the 
specific process. Scrubbing consists of 
applying vertical and lateral forces to a 
chip during its placement. The chip is 
usually moved in a figure eight pattern that 
is repeated for several cycles. Movements 
in alternate directions are also possible. 
Rotational scrubs are sometimes employed. 
Scrub parameters consist of amplitude, 
speed, and frequency in the x, y, and theta 
directions. Parameters are determined by 
process requirements, such as the surface 
area of the chip, and process constraints, 
such as proximity to adjacent die.

Bond l ine control for the epoxy 
process. Our epoxy stamping process 
uses a rotat ing stamping-well with 
multiple epoxy grooves presenting epoxy 
for stamping. The dispensing process 
uses time-pressure dispensing units with 

Figure 2: “Universal” progress indexing conveyor. Figure 3: 15 samples show solder flowed evenly without oxidation.

http://www.chipscalereview.com


3333Chip Scale Review   March  •  April  •  2021   [ChipScaleReview.com]

high production throughput to support 
the GaN AuSn eutectic process. The 
machines also support the AuSi eutectic 
process by using different pre-heat 
and eutectic temperatures and can be 
configured to add epoxy dispensing and 
epoxy stamping. Our fully-automated 
solution for RF power amplifier device 
manufacturing meets the challenges 
posed by the accelerated deployment of 
5G at an attractive return on investment 
for users.
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images show that all of the 15 samples of 
the solder flowed evenly without oxidation.

After the build, f ive samples were 
tested for voiding through the use of a 
scanning acoustic microscope (SAM). 
The average total void is 1.6% and the 
average single void is 0.89%. The results 
are shown in Figure 4.

Summary
We have developed a highly f lexible 

automation solution to support multi-
die, multi-process production for RF PA 
devices for 5G base station applications. 
T he t e s t s  show that  t he  mach i nes 
achieve high die bonding accuracy 
and very low void percentage with 
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evolutionizing the safety 
of  t he  mo de r n  ca r  w i l l 
r e d u c e  r o a d  t r a f f i c 

fatalities and associated costs. Each 
ye a r,  ap p rox i m a t e ly  1.35  m i l l ion 
people die due to road traffic crashes 
wor ldw id e .  A nd ,  t he s e  a c c id e n t s 
cost most countries 3% of their gross 
domest ic product [1]. Human er ror 
is the leading cause for a major ity 
of these traff ic fatalities. According 
t o  t he  Na t io n a l  H ig hway  Tr a f f i c 
Safet y Ad min is t rat ion’s  ( N HTSA) 
annual report for 2018 (published in 

2020), nearly 34,000 crashes resulted 
i n  fa t a l i t ie s  i n  t he  Un it ed St a tes; 
a d d i t ion a l ly,  1.9  m i l l ion  c r a she s 
resu lted in i nju r y and 4.8 mi l l ion 
crashes resulted in property damage [2]. 
While automotive car manufacturers 
(or ig inal equipment manufacturers 
[OEMs]) have integrated the modern 
car with a suite of sensors, such as 
radio detection and ranging (radar), 
cameras, iner tial measurement units 
( I M U ),  a nd  a n  a n t i - lo ck  b r a k i ng 
system (ABS), continued improvements 
will fur ther automate driving tasks. 

In recent years, l ight detect ion and 
r a ng i ng  ( LI DA R)  t e ch nolog y  ha s 
gained viability for applications such 
as advanced driver assistance systems 
(ADAS) and autonomous driving (AD). 
As the automotive industry pushes the 
safety envelope of the newer vehicles 
with ADAS and AD capabilities, the 
variety of state-of-the-art solutions is 
promising. Most OEMs and system 
(Tier 1) suppliers believe a combination 
of  L I DA R ,  r a d a r  a nd  c a m e r a s  i s 
essential for a robust safety platform. 

R
Packaging trends for automotive LIDAR applications
By Ajay Sattu, Weilung Lu, Mike Sleiman, Burt Barber  [Amkor Technology, Inc]

Figure 1: SAE autonomous driving levels. SOURCE: SAE International
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Industry trends
Accord ing to SA E Inte r nat ional 

(formerly the Society of Automotive 
Eng i nee r s  [SA E]) ,  t he  au tomat ed 
driving capabilities of vehicles can be 
defined from Level 0 to Level 5. The 
general description and guidelines of 
various levels, according to the SAE 
J3016 standard, are seen in Figure 
1. Some of the key driver assistance 
features each of these levels enable are 
discussed below. For example, Level 1 
includes automatic emergency braking 
(AEB) and lane depar tu re war ning 
system (LDWS) features, while Level 
2 further enables safety options such 
a s  lane keepi ng a ssi s t  (LK A) and 

adapt ive cr uise cont rol (ACC). For 
some extended periods of time, a driver 
can take his/her hands off the steering 
wheel and foot off the pedals in Level 
2 vehicles, enabling partial automation. 
Though Level 2 features can intervene 
in certain driving scenarios, the driver 
is expected to remain attentive on the 
driving environment. As such, bigger 
challenges remain in enabling Level 
3 as vehicles migrate from partial to 
conditional automation.

Vehicles with Level 3 will enable 
features such as traffic jam assist (TJA) 
and driver monitoring system (DMS) as 
the driver-to-machine transition occurs. 
Unlike Level 2, Level 3 places the burden 

of monitoring the surroundings on the 
vehicle’s sensor suite. However, the shift 
from Level 2 to Level 3 has been granular, 
as the industry defined an intermediate 
level called 2+. Level 2+ is empowered by 
high-definition maps with foresight of the 
horizon in both optimal and sub-optimal 
driving conditions. Essentially, Level 
2+ heightens a vehicle’s understanding 
of its path, especially during absence of 
lanes and unfamiliar driving destinations. 
Beyond Level 3, ADAS Levels 4 and 5 
will include autopilot (AP) on highways 
and everywhere else, with high and full 
automation capabilities that are a must for 
robotic vehicles.

Most vehicles manufactured today 
are Level 0, however, it is expected 
that the adoption of Level 1 and above 
will increase as shown in Figure 2. For 
example, in 2019 one in every six cars 
sold was equipped with Level 2 and 
above capability. However, towards the 
end of the decade, nearly one in two 
cars is expected to be at Level 2 and 
above capability. The typical approach 
of most OEMs has been to design Level 
2 using mult iple radar and camera 
sensors. While this has been acceptable 
so far, relying on just radar and camera 
sensors may not be sufficient to enable 
Level 3 and higher levels. Other sensors 
such as LIDAR are gaining attention 
because of their complementary nature 
to radar and cameras. Figure 3 shows a 
comprehensive view of how each of these 
sensors compares against each other 
under similar measurement conditions. 

Q u a l i t a t ive ly,  c a m e r a s  r e q u i r e 
signif icantly more computing power 
due to the image processing for the 
acquired images. On the other hand, 
LIDAR sensors rely on analog detection 
or  s t a t i s t ica l  methods to  generate 
point cloud images. So, fewer number 
of compute cycles are required with 
LIDAR. While LIDAR sensors have 
better range, resolution and accuracy 
than cameras, LIDAR cannot replace 
cameras because of a camera’s ability 
to recognize road t raff ic signs and 
different colors. Alternatively, both 
LIDAR and camera sensing benef it 
f rom using radar as an antecedent 
technology for ADAS systems. For 
example, operation of camera sensors 
can be impaired by snow, while weather 
conditions can change the refractive 
index of the propagation medium and 
reduce the possible range of LIDAR.

Figure 2: Light vehicle forecast and ADAS levels. SOURCES: Yole, IHS Markit

Figure 3: Relative comparison of radar, camera and LIDAR. SOURCES: Quanergy, Velodyne
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tighter compared to EELs. Finally, the 
wavelength of emission is another key 
factor to consider in emitter sources. In 
the context of maximum permissible 
exposure, most of the emitters used today 
are around 905nm near-infrared (NIR), 
which are relatively unsafe for the human 
eye at elevated powers. Because of this 
concern, emitters around 1550nm short-
wave infrared (SWIR) wavelengths are 
garnering a lot of attention because of 
better eye-safe levels.

On the receiving side, FoV is essential 
to ensure that returning light is captured 
effectively and processed via analog 
detection or statistical detection. The 
active area of the photo detector, focal 
length of the lens, and placement of the 
optical bandpass filter determine the FoV. 
In principle, a wider FoV is preferred, but 
it is achieved at the cost of larger photo 
detector die, resulting in higher terminal 
capacitance and higher noise. There are 
different types of detectors that are used 
in LIDARs today, such as photodiodes 
(PDs), avalanche photodiodes (APDs), 
silicon photomultipliers (SiPMs), and 
single-photon avalanche diodes (SPADs). 
Detectors paired with NIR emitters are 
silicon based and, as a result, cost is not 
a concern. However, SWIR detectors 

LIDAR sensor landscape
To understand the underlying driving 

forces, the current landscape of the LIDAR 
sensor market can be broadly divided into 
four segments: measurement technique, 
emit ter source, detector, and beam 
steering. From a measurement perspective, 
two dominant approaches are being 
pursued: time of flight (ToF) and frequency 
modulation continuous wave (FMCW). 
In ToF, range is measured by determining 
the difference in time of transmission and 
time of arrival of the pulse. The pulses 
used in such systems tend to be of very 
high power, but with narrow pulse width. 
Detectable range is directly proportional 
to the peak power of the pulse. In this 
measurement technique, range of the object 
is measurable, but not velocity.

With ToF, signal-to-noise ratio (SNR) 
issues are higher, especially in bright 
cond it ions.  Because of  ach ievable 
receiver sensitivities of current ToF 
systems, range is often limited to 100-
200m. On the other hand, FMCW is 
relatively immune to SNR problems 
because this technique relies on the 
number of transmitted photons, not on the 
peak laser power. Additionally, because 
of the coherent detection nature, only 
the relevant wavelengths are amplified 

for signal processing. FMCW enables 
detection of both range and velocity of 
objects at a relatively lower power.

In terms of emitter technology, most 
designers prefer laser diodes over fiber 
lasers or other types because they offer 
better cost, performance and system-
level integration. Among the oft-used 
laser diode designs, edge-emitting lasers 
(EELs) and ver t ical-cavity sur face 
emit t ing lasers (VCSELs) are being 
discussed extensively. Because light is 
emitted from the side in EELs, they are 
better suited as discrete elements rather 
than arrays. However, for a wider field 
of view (FoV) and longer range, arrays 
are preferred over discrete diodes and 
emitters operating at high peak powers. 
This often results in higher costs for 
cooling systems. VCSELs, on the other 
hand, can be manufactured as arrays 
because of their top emission. Though 
VCSEL technology is an emerging area, 
its cost/watt is expected to improve with 
its adoption in automotive applications. 
Range is believed to be up to 500m from 
EEL sources, however, illumination 
is a disadvantage given the elliptical 
nature of the beam. Alternatively, the 
usable range of VCSEL sources can be 
up to 300m with a beam shape that is 

Figure 4: LIDAR beam-steering technologies [3]. (* Indicates scanning mechanism.)

http://www.chipscalereview.com


3939Chip Scale Review   March  •  April  •  2021   [ChipScaleReview.com]

are not based on silicon and relatively 
expensive, resulting in higher system 
cost at around 1550nm wavelengths. 
While sensitivity and infrared detection 
performance is acceptable among all 
of these detector types, gain is much 
h ig he r  i n  Si PMs a nd  SPA Ds.  For 
effective detection, the receiving signal 
power cannot be increased without 
increasing the aperture of the collecting 
lens or using a detector with h igh 
photosensitivity. Another challenge is 
the design of bandpass filters that need 
to work at wavelengths of sun during 
the day, and streetlights and headlights 
during the night. Consequently, analog 
detection still has a lot of challenges. 
Some designers have opted for statistical 
detection using SPADs because SPADs 
work on the principle of received pulses 
and histogram development.

Fi n a l ly,  t he  key  b e a m - s t e e r i ng 
technologies that are being implemented 
a n d  r e s e a r c h e d  t o d a y  (a s  s h ow n 
in Figure 4)  i nclude:  mechan ical , 
m ic r o e l e c t r o m e ch a n ic a l  s y s t e m s 
(MEMS), Flash, and optical phased 
arrays (OPAs) and discussed more in 
depth in reference [3].  Mechanical 
L I DA R s  a r e  p r i m a r i l y  u s e d  i n 
robotic cars today. These are multi-
channel devices with multiple lasers 
and detectors that rotate 360°. The 
mechanical designs are bulky, costly 
and present aesthet ic problems for 
the average customer,  l imit ing it s 
implementat ion in l ight  passenger 
v e h i c l e s .  M E M S  L I DA R  u s e s  a 
microscanning mirror integrated with 
actuators on silicon that steer the laser 
beam during illumination. These designs 
are relat ively cheaper, compared to 
mechanical LIDARs, but reliability 
concer ns per sis t  u nder  a l l  t e r ra in 
conditions. In Flash LIDARs, instead of 
scanning over an entire area, the laser 
beam is illuminated all at once. There 
are no moving parts in such LIDARs, 
offering better reliability for automotive 
use  cases .  Obv iously,  an  a r r ay of 
detectors is needed to form an image. A 
slight variation of the Flash concept is 
sequential Flash where illumination of 
an entire scene is not done at once, but 
rather, column by column. Lastly, OPA 
steers the illumination by controlling 
the phase of an array of lasers. Similar 
to Flash LIDARs, there are no moving 
parts and therefore, OPA offers good 
reliability as well.

Packaging solutions
Lacking government mandates for 

LIDAR, vehicle OEMs have chosen the 
path of redundancy to ensure safety in 
autonomous driving. Cameras, radar 
a nd  LI DA R not  on ly  complement 
each other, but also compete in some 
applications as shown in Figure 3. We 
are able to provide package solutions 

for the emerging LIDAR sensors of the 
ADAS market. Because of the varying 
requirements of LIDAR customers, the 
market consists of highly fragmented 
solut ions. Today, however, the cost 
of LIDAR systems is higher because 
of  t he  lack of  econom ies  of  sca le 
and inherently expensive incumbent 
technologies for mass markets such as 

Figure 5: LIDAR cost breakdown and trends. SOURCE: IHS Markit

Figure 6: LIDAR building blocks. SOURCE: IHS Markit
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applications such as infotainment, it 
begs the question of how integrated a 
LIDAR package solution can be and 
the possibility of integration trends. 
For example, an integrated APD and 
a trans-impedance amplifier (TIA) or 
an integrated SPAD with an ASIC can 
be packaged either in a side-by-side 
or as a chip-on-wafer (CoW) solution. 
Fur ther, a digital signal processing 
(DSP) die can be co-integrated through 
a possible hybrid solution on a printed 
ci rcu it  board (PCB) or monol ith ic 
system on chip (SoC) detector solution. 
Both have their own advantages and 
disadvantages. For example, monolithic 
solutions offer low NIR sensitivity and 
better speed of detection, while hybrid 
solutions offer higher NIR sensitivity 
a nd  h ave  a  b e t t e r  ap e r t u r e  r a t io. 

automotive. One example of the cost 
breakdown of a mechanical LIDAR is 
shown in Figure 5. According to IHS 
Markit, the cost of a mechanical LIDAR 
system with 64-channel scanning could 
reach a price point below $800 by 2025. 
If achieved, such a price point for a 
LIDAR module might be affordable 
for OEMs focusing on mobility as a 
service (MaaS) with ADAS capabilities 
higher than Level 4. For personal use 
vehicles, cheaper LIDAR solutions may 
be preferred.

Being an outsourced semiconductor 
assembly and test (OSAT) supplier, 
we bring knowledge and economies of 
scale to offer cost-effective solutions. 
For example, successful cost reduction 
has been demonst rated by using a 
standardized process f low th rough 
our MEMS sensors platform. Cavity 
ball grid array (BGA)/land grid array 
(LGA) and molded cavity BGA/LGA 
standardized packages can target many 
market categories such as biometric 
authent icat ion, automot ive, human 
interface, environmental and healthcare/
f itness. Standardizat ion also offers 
faster time to market. Though most of 
the current laser diode and detector 
packag ing uses h igh-cost  ce ramic 
s ubs t r a t e s ,  l eve r ag i ng  s up pl ie r s’ 
continued development of laminates, 
lid and mold compounds can ensure 

qu a l i t y  and pe r for mance for  low-
cost solutions. To further understand 
the levers to reduce cost and improve 
functionality, one needs to understand 
the building blocks for a LIDAR system 
( F ig ure  6 ) .  T he  cu r rent  bu i ld i ng 
blocks for a LIDAR system contain an 
emitter that illuminates the scene, a 
detector to capture the ref lected light, 
an application-specific integrated circuit 
(ASIC) to process the signal, and a 
processing unit to analyze the data. 
While most of the solutions today are 
in discrete form, integration of multiple 
chips in a single package or multiple 
packaged parts on a single substrate 
could be possible future trends.

W i t h  s y s t e m - i n - p a c k a g e  (S i P) 
modules being so successful in other 
automotive applicat ions, as well as 

Figure 7: Amkor’s packaging solutions.

Figure 8: Clear die attach film transparency spectrum. (SOURCES: Loctite, Henkel Adhesives
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With low inductance being a priority, 
especially for ToF applications in the 
detectable range, high-power shor t-
pulse is a requirement and a transition 
f rom long-lead , th rough-hole laser 
packages (with high inductance) to 
surface mount packages with an array of 
laser diodes will be key. Beam quality 
is another requirement that will depend 
heavily on reducing package electrical 
losses. To find the right path forward, 
the successful technology achievements 
i n opt ica l  f i nger pr int  sensors  and 
MEMS sensors can be leveraged to 
offer improved packaging solutions for 
LIDAR customers.

In addition, molded-cavity fingerprint 
sensor packaging (Figure 7, structures 
A and B) has been successfully qualified 
for automotive applications under the 
Automot ive Elec t ron ics  Cou nci l’s 
AEC-Q100 Grade 2 specif icat ions. 
While automotive grade packages need 
to undergo more stringent requirements 
than consumer fingerprint sensors, we 
have been able to use a standardized 
process and qualify them specifically 
for automotive complementary metal-
oxide-semiconductor (CMOS) image 
sensors, ToF and LIDAR applications. 
The current molded-cavity structures 
can be modif ied to meet customers’ 
needs including, f lip-chip/copper pillar 
bonds i ns tead of  w i re  bond ,  LGA 
instead of BGA and varying glass attach 
epoxies for different applications.

As an example of the d iscussion 
above, consider that a ToF sensor within 
the cabin of a vehicle for a gesture 
control application might not need an 
extremely clear and precise image, so 
by eliminating the need for an air gap 
and attaching the glass using a clear 
die attach film (DAF), pressure buildup 
within the package might be reduced. 
Figure 8 shows the t ransparency at 

different wavelengths for a clear DAF 
solution adhesive that offers over 93% 
transparency in the infrared spectrum 
(770-1000nm wavelength). Structure 
B (Figure 7) utilizes a clear DAF to 
attach the glass while structure A uses 
an ultraviolet (UV) curable epoxy to 
attach the glass to create an air gap. A 
UV-curable epoxy aids in mitigating 
pressure buildup within the cavity that 
would be increased with a thermal cure 
epoxy. By utilizing similar technologies, 
multiple sensors can be integrated into 
one package and continue to evolve 
into the future. As shown in Figure 
7, structures C, D and E show three 
different solutions for combo-sensors 
including a ceramic substrate with a 
stacked die solution on top (structure 
C). Because of the high average power 
of approximately 12-25W for long range 
LIDAR, a ceramic substrate such as 
the top solution might be required. The 
top solution is also optimal for many 
ToF applications where a large amount 
of heat is produced because it poses 
the best thermal performance and least 
warpage. Structures D and E both utilize 
wire-bond interconnects with a laminate 
substrate. The difference is one utilizes 
a molded solution (E), while the other 
a liquid crystal polymer (LCP) lid (D). 
Both solutions are optimal for lower 
power applications. An example of this 
might be short-range LIDARs where the 
typical power output may be <6W. These 
packages can be used to bring a lower 
cost, high-quality LIDAR solution to the 
market through strategic partnerships 
with the supply chain and customers.

Summary
Driven by environmental, economic 

a n d  s o c i a l  f a c t o r s ,  d e m a n d  f o r 
s o p h i s t i c a t e d  a u t o m o t i ve  s a f e t y 
solut ions wil l increase. Affordable 

safety being a priority, LIDAR is being 
developed as a major component for 
ADAS. We are positioned to provide 
package solutions for each segment 
of ADAS, including cameras, radar 
and LIDAR. Utilizing geographically 
d i s p e r se d  f a c t o r ie s ,  s e r v ic e s  a r e 
strategically implemented to customers 
worldwide in automotive, industr ial 
and consumer appl icat ions.  W hi le 
focused on delivering products from 
the ex is t ing por t fol io of  packages 
in the photo detector por tion of the 
LIDAR block, innovative solutions in 
the form of system-in-package (emitter 
and receiver) that fur ther spearhead 
integration in a single package/module 
will be developed as LIDAR continues 
t o  e volve  t ow a r d s  c o s t - e f fe c t ive 
solutions. Going forward, we will rely 
on our strong technology know-how 
and customer partnerships to deliver 
advanced solutions to these challenges.
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Estimating BGA reliability of 2.5D packages using 
coupled thermal-mechanical simulation
By Manish Nayini, Janak Patel  [Marvell Semiconductor]  Timothy Horn, Lloyd Burrell  [GLOBALFOUNDRIES]

ilicon interposer technology, 
or 2.5D, is a type of system-
in-package (SiP) that provides 

an oppor tunity to integrate several 
heterogeneous integrated circuit (IC) 
devices in the same package. Placing 
multiple IC chips next to each other on 
a passive silicon interposer allows for 
short and dense interconnection between 
the chips. This configuration enables 
lower power, lower latency and higher 
bandwidth compared to traditional 2D 
packages [1]. 2.5D technology is seen 
as an important solution to overcome 
limitations of Moore’s Law scaling and 
finds use in several high-performance 
applications such as networking, graphics, 
ar t if icial intell igence (AI)/machine 
learning, etc. 2.5D packages consisting 
of logic die and high-bandwidth memory 
(HBM) stacked die are one of the most 
common configurations to increase the 
performance of the logic die.

Motivation
Wit h  t he  i nc r e a s i ng  ba ndw id t h 

r e q u i r e me nt s ,  t he  log ic  d ie  s i z e , 
number of HBMs and, by extension, 
interposer size, organic laminate size, 
are increasing. This has necessitated 
the move to low coefficient of thermal 
expansion (CTE) organic laminates to 
improve the package coplanarity and 
also maintain ultra low-k (ULK) layer, 
underfill, and C4/micro-pillar reliability. 
However, this move to low CTE organic 
laminates results in an increased CTE 
mismatch between the package and 
conventional FR4 printed circuit board 
(PCB). The low CTE organic laminate 
combined with large package sizes 
(higher distance f rom neutral point 
[DNP]) leads to lower ball grid array 
(BGA) solder joint reliability, especially 
in thermal cycling.

2.5D packages are used in many 
applications and each application has 
different temperature excursions due to 
unique environment, power management, 

etc. The JEDEC TC-J test is considered 
an industry standard test to evaluate 
thermal cycling fatigue reliability of 
BGA solder balls. The test is a uniform 
temperature cycling with a fixed profile 
and the test results need to be bridged 
to the field application case. Therefore, 
there is a need to model and predict 
the 2nd level interconnect reliability for 
different applications.

Several papers in previous literature 
h ave  eva lu a t e d  BGA solde r  jo i n t 
reliability in both thermal and power 
cycling using finite element modeling 
(FEM). S. Shao, et al., [2] reported on a 
parametric study of 2.5D package board-
level reliability in thermal and power 
cycling using combined computational 
fluid dynamic (CFD)-structural modeling. 
J. Wang et al., [3] discussed the effects of 
package geometry and material properties 
on board-level solder joint reliability of 
a 2.5D package in accelerated thermal 
cycling. Various authors, such as B. 
Rodgers, et al., [4], L. Yin, et al., [5] 
have investigated thermal cycling and 
power cycling using coupled thermal-

mechanical modeling techniques. Few 
papers such as those by L. Garner, et al., 
[6], T-C. Chiu, et al., [7], P. Bhatti, et al., 
[8] have analyzed the effect of heat sink 
load on solder joint reliability.

In this study, we discuss a mix of FEM 
simulations and test data to understand 
BGA fatigue reliability in accelerated 
thermal cycling and field-like cycling 
conditions. The JEDEC standard TC-J 
thermal cycling reliability test procedure 
for a large body lidless 2.5D package 

with reticle stitched interposer, reticle 
size application-specific integrated circuit 
(ASIC) and two HBMs, is detailed. Two 
conf igurations are evaluated in this 
test: with and without heat sink. The 
data collected from these tests are used 
to validate the FEM simulation of the 
thermal cycling. The coupled thermal-
mechanical simulation technique is then 
used to predict BGA lifetime in field-like 
cycling conditions using the TC-J thermal 
cycling lifetime as a reference.

TC-J reliability test
The reliability test boards are designed 

as a 20 plus layer, 10” x 8”, 147.2mil-
thick, copper metal and FR-4 dielectric 
build-up layers with non-solder mask 
defined (NSMD) pads. For monitoring 
of high-risk connections in the board, 
electrical connections are made to a 540-
pin connector (interval measurement 
only) and a 4-pin connector (in situ 
measurement only). In situ measurements 
are the pr imary focus of this study 
because of their capability to sense the 
exact time to fail under stress, enabling 

more precise estimation of the BGA life. 
2.5D packages joined to the test boards 
are assembled with a 30PSI heat sink 
(Figure 1). A total of 26 assemblies are 
monitored in this assessment: 13 with 
heat sinks, and 13 without.

The assemblies are subject to thermal 
cycling between 0°C to 100°C, with set 
points at -5°C and 105°C, respectively. 
A ramp rate of less than 20°C/min is 
applied. Worst case dwell time is set at 
11 minutes. The thermal cycling profile 

S

Figure 1: Package, PCB and heat sink assembly.
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is according to the industry standards 
JEDEC TC-J condition [12], and IPC-
9701A [13]. The thermal chamber used 
for the assessment is a Thermotron SE-
600-10-10, single-zone chamber. Target 
failure criteria is a 100 ohm shift from 
time zero set points for greater than 50% 
of the hardware.

Modeling methodology
The simulation in this study aims to 

analyze and compare BGA reliability in 
two different thermal cycling conditions. 
The first case is the JEDEC standard 
TC-J thermal cycle, which is uniform 
temperature cycling. Within this case, we 
have two configurations: one  with and one 
without a heat sink. The second case is a 
representative field-like cycle. We call it a 
field-like cycle because the actual cycling 
conditions usually depend on the customer 
application. In this case, we analyze only 
the configuration with a heat sink. This 
condition is nonuniform temperature 
cycling and therefore it involves both 
thermal and mechanical models.

3D FEM models are generated using 
ANSYS Mechanical software (Figure 2). 
The model consists of a fully-assembled 
lidless 2.5D package with a stiffener ring, 
printed circuit board (PCB), backing 
plate (when a heat sink is used) and a full 
array of BGAs. The heat sink/pressure 
plate component of the assembly itself is 
not modeled and is instead replaced with 
an effective pressure or convection heat 
transfer coefficient. In order to model 

the BGAs to a higher degree of accuracy 
without being computationally expensive, 
a global-local modeling approach is 
utilized [9,10]. The material properties 
in the global and local model are all 
temperature-dependent elastic properties 
except BGA solder. Anand’s viscoplastic 
relation is used to define the constitutive 
behavior of solder.

The TC-J cycling condition 
applies a uniform temperature 
distr ibution across the entire 
package on board assembly, 
and therefore only requires a 
mechanical model to complete 
the analysis. A total of six TC-J 
thermal cycles (0°C to 100°C) 
are run in the model to achieve 
stability in the plastic strain/
plastic work accumulated per 
cycle. For the field application 
m o d e l ,  t h e  t e m p e r a t u r e s 
w i t h i n  t h e  p a c k a g e  a r e  a 
result of Joule heating inside 
the logic die and HBM. The 
t emperat u re  d is t r ibut ion i s 
also nonuniform  because of 
the different dimensions and 
thermal properties of the package 
components. Therefore, a steady 
state thermal model is solved 
first to evaluate the temperature 
distr ibution across the entire 
assembly. These temperature 
values are then input into the 
mechanical model as thermal loads. The 
temperatures evaluated in this model 
correspond to the ON state of the module. 
For the OFF state, a uniform temperature 
o f  2 5° C  c o r r e s p o n d i n g  t o  r o o m 
temperature is assigned. The thermal 
model is run only once for a given set of 
boundary conditions. Once the model is 
completed, the same temperature values 
stored in the results file are read into 
the structural model for each field cycle. 
Three different Tjmax (maximum junction 
temperat u re) condit ions of 100°C, 
115°C, and 160°C are analyzed. These 
correspond to different use conditions 
of the product in the field. A cycle time 
of 24 hours with 11 hours dwell at ON, 
OFF states and 1 hour transition times is 
considered. Similar to the TC-J cycling 
model, a total of six field cycles are run 
to achieve stability in the plastic strain/
plastic work accumulated per cycle.

Results and discussion
The following sections discuss results 

obtained from TC-J reliability testing, 
TC-J cycling simulations, and f ield 
cycling simulation.

TC-J reliability test. The normalized 
Weibull failure rate plot for the two 
configurations is shown in Figure 3. A 
clear difference is noted in the time to 
failure between the two configurations. 
The 63.2% Weibull characteristic life (η) 

for assemblies with heat sinks is seen to 
be nearly half the characteristic life for 
the assemblies with no heat sinks. Using 
the 540-pin connector to isolate fails 
and further leveraging the dye and pry 
technique to characterize failures, the 
presence of BGA fails was observed at the 
corners of the module (Figure 4). Using 
this analysis, several corner failing BGAs 
were detected with pad rupture observed 
on surviving solder balls. Additionally, 
100% failure was observed for the heat 
sink mounted hardware. There were no 
signs of electrical or physical failures in 
the interposer or chip shadow regions of 
the laminate.

TC-J thermal cycling simulations. 
Equivalent plastic strain is used as a metric 
to track the damage in solder. The location 
of the critical BGA is determined using 

Figure 2: Global FEM model of a 2.5D package on a 
PCB with a backing plate.

Figure 3: TC-J cycle Weibull failure rate plot.

Figure 4: Die and pry test showing failed BGAs 
at corners.
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the highest strain BGA at the end of the 
last cycle in the global model. Figure 5 
shows the location of the highest strain 
BGA in TC-J thermal cycling for the case 
where heat sink is used. This matches the 
fail location determined using the dye and 
pry technique. The critical BGA location 
for both of the configurations – with and 
without heat sink – is observed to be at the 
package corner, which matches the fail 
data. This corner failing BGA indicates a 
shear dominant failure mode because of 
the higher CTE mismatch between organic 
laminate and PCB and high DNP as a 
result of the large package size. Once the 
critical BGA is identified, the local model 
is evaluated at that location. The plastic 
strain distribution in the local model BGA 
at the end of the last cycle indicates that 
the highest strain regions are towards the 
organic laminate side of the BGA near the 
copper pad.

Plastic strain accumulated (Δεp) for the 
last cycle in the local model is used as 
the metric to evaluate BGA lifetime. The 
Coffin-Manson strain-based relation (Eq. 1) 
[11] is used to calculate acceleration factors. 
Using one known data point from the test 
data, other lifetimes can be estimated using 
the acceleration factor. 

          
      (Eq. 1)

In this case, the characteristic lifetime 
(η) of the heat sink configuration is used 
as the reference point (N1). Using the 
Coffin-Manson relation, the lifetime of 
the configuration without the heat sink 
is calculated. The normalized values for 
the lifetime are plotted in Figure 6. The 
characteristic life of the configuration 
without a heat  sin k obtained f rom 
simulation is very close to the value 

dete r mined f rom tes t  dat a  (<10%) 
indicating good model-data correlation. 
The combination of heat sink load and 
backing plate is observed to significantly 
degrade BGA lifetime as it constrains the 
assembly from warp and channels the CTE 
mismatch between organic laminate and 
PCB into additional stress in the BGA.

Field cycling simulation. To estimate 
the characteristic lifetime for the field 
cycles, the same technique as described 
for the TC-J thermal cycling case is 
applied. The normalized characteristic 
lifetimes for the three field cycles are 
calculated using the Coff in Manson 
relation. The characteristic lifetime of 
the configuration with heat sink in TC-J 
cycle is used as the reference point in the 
Coffin Manson relation. Figure 7 shows 
that the number of cycles to fail for field 
cycles are, in general, higher than in the 
TC-J cycle. This can be explained by the 
lower overall stress in field cycle compared 
to the TC-J cycle for the critical BGA. 
Further, the lifetime values for the three 
different Tjmax cases show that as the Tjmax 
value is lowered, the lifetime increases. 
A smaller ΔT between the hot and cold 
ends of the cycle results in a less stress-
inducing condition. There is also lower 
strain accumulated because of the lower 
temperatures at the high temperature end 
of the cycle.

Summary
As bandwidth requirements in 

high-performance applications 
keep increasing, robust and reliable 
2 .5D packages have become 
pertinent technology to address the 
needs. The JEDEC standard TC-J 
test is a standard test to evaluate 
BGA solder fatigue reliability in 
thermal cycling. But the results 
need to be bridged to the end 
application use conditions. Using 
the coupled thermal-mechanical 
simulation technique, field lifetime 
for a product can be evaluated 
using the accelerated test ing 
lifetime. In this study we review 
a simplified method of modeling 
field cycles. Further work in this 
area needs to be carried out to 
model actual field cycles, which 
can be more complex.
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Silicon die bonding using a photostructurable
adhesive material
By Kai Hollstein, Kirsten Weide-Zaage  [Institute for Microelectronic Systems, RESRI Workgroup]

h is  a r t icle  add resses  the 
usage of a photostructurable 
a d h e s i v e  m a t e r i a l  f o r 

bonding a silicon chip onto a wafer 
s u r f a c e .  S u c h  a  p r o c e s s  s t e p  i s 
needed for a packaging technology 
cu r rent ly under development .  The 
process under analysis demands that 
a silicon chip be bonded face down 
onto a wafer subst rate (Figure 1). 

The bonding layer should not have 
a  t h i c k n e s s  g r e a t e r  t h a n  2 0 µ m . 
Furthermore, the adhesive layer needs 
to be structured. The combination of 
these varying requirements cannot be 
fulfilled using state of the art bonding 
technologies. This ar ticle introduces 
relevant literature, defines the research 
methodology to solve the project task, 
and presents cor responding results. 
Figure 1 shows the schematic of the 
bonding task under analysis.

C o m m o n  t e ch n olog ie s  l i ke  d ie 
bonding, pin t ransfer, jet t ing, etc., 
cannot be used because the adhesive 
volume has to be precisely controlled 
and the dimensions of the adhesive 
bond are too coarse for the application. 
The desired thickness of the adhesion 
laye r  ca n  on ly  be  ach ieved  u s i ng 
photostructurable materials.

Discussion
A s  a n  e x a m p l e  o f  t h e  a b o v e 

con side r a t ion s ,  a  s i m i la r  p rocess 
technology is applied in microf luidic 
applications, where bonding processes 
using photostructurable adhesives are 

commonly applied in order to build 
microchannel systems. The following 
literature provides an overview with 
respect to thin adhesive layers used in 
wafer-to-wafer or substrate-to-wafer 
bonding applications.

I n  [ 1 ] ,  a  p h o t o s e n s i t i v e 
benzocyclobutene dielect r ic (BCB) 
is used to bond together a glass 
wafer and a silicon wafer. The 
resulting compound is analyzed 
using wedge-opening test and 
tensile methods. The successful 
i mplement a t ion  i s  show n for 
applications in RF system design 
and a microf luidics system.

In [2] and [3], a BCB material 
i s  u s e d  f o r  a  n o v e l  s i l i c o n 
photonic build-up. Here, a III-V 
substrate wafer is bonded onto 
a  s i l i c o n - o n - i n s u l a t o r  (SOI ) 
m a t e r i a l .  T h e  c o m p a r a b l e 
stress-free bonding process and 
reduced clean i ng and sample 
prepa ra t ion requ i rement s  a re 
b e n e f i c i a l ,  b u t  t h e  m a t e r i a l 
i s  no t  phot os t r uc t u r able  a nd 
the bonding layer is very thin 
(below 50nm).

In [4],  an adhesive bonding 
method for  wafe r  bond i ng i n 
m ic r of lu id ic  a p p l i c a t io n s  i s 
introduced. This paper provides 
an overview of applicable wafer-
to-wafer bonding technologies 
l ike adhesive bonding, f usion 
bonding, direct bonding, anodic 
bonding and eutect ic bonding. 
A d d i t i o n a l l y ,  t h e  a u t h o r s 
concluded that SU-8 resist could 
be used as a bonding mater ial. 
In order to select ively deposit 
the photoresist ,  an impr int ing 
met hod i s  u sed  becau se  spi n 
coating cannot be applied for this 
particular microfluidic application 
(microchannel system).

The authors of [5] bonded a 
glass lid on a glass wafer with 

lithographically-st ructured SU-8 on 
top. The resist has a thickness of 30µm 
and a minimum structure size of 5µm. 
The paper addresses the inf luence 
of pressure and bonding time on the 
b ond  qu a l i t y,  wh ich  i s  eva lu a t e d 
u s i ng  m ic rosc opy  a nd  pu l l  t e s t s . 
Furthermore, the authors showed that 

T

Figure 1: Build-up under analysis: silicon die 
bonded face down onto a structured adhesive layer.

Figure 2: Process chain: bonding die onto the adhesive layer.
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using a reactive ion etch (RIE) plasma clean is not beneficial for bond 
quality. The process is used for a microf luidic system.

In [6], several photostructurable mater ials for wafer-to-wafer 
bonding are compared. The underlying chemistry of the materials is 
either epoxy-based, siloxane-based, phenol-based or acrylic-based. 
The authors needed materials with a curing temperature below 250°C, 
so using BCB or a polyimide was not an option. In this study, a glass 
wafer and a silicon wafer were bonded to each other. The result was 
analyzed using optical microscopy and scanning electron microscopy 
(SEM) imaging. Thermogravimetric analysis was used to assess the 
thermal stability of the materials and Fourier transform infrared 
(FTIR) spectroscopy was applied to analyze chemical crosslinking of 
the materials. The bond strength was determined using tensile testing 
for all the materials that depend on the bonding temperature and 
bonding pressure. Cross-sectional SEM images conclude the paper. In 
[7], a similar comparison between BCB and SU-8 was done, and in [8], 
BCB was used for building a microf luidic device.

In the application analyzed in this article, the silicon chips are 
placed face down onto the adhesive layer. This process step is done 
using a standard die bonding machine. Both the substrate and the chip 
can be heated during this process step. A force needs to be applied 
on the chip in order to achieve sufficient bonding strength. The shape 
of the adhesive material at the edges is expected to be inf luenced by 
the process parameters. Furthermore, the resulting strength of the 
bond and the resulting shape of the adhesive  with respect to their 
dependence on the process parameters have not yet been referenced in 
literature.

One of the main differences between the application under analysis 
and the microf luidic application is the resulting pressure field within 
the adhesive. Pressur izing the sandwich of two wafers and the 
adhesive layer results in a homogeneous distribution, whereas the 
single placement of the silicon die results in a local deformation and 
a local temperature change only. Therefore, the process parameters 
referenced in the given literature (like temperature and bonding force) 
cannot be used for this application and are analyzed in detail in the 
following sections.

Methodology
The material under analysis is expected to show the desired bonding 

behavior after the lithographical structuring process steps. Therefore, 
bonding temperatures above 150°C are needed. This process window 
will be used to place the silicon chip into the adhesive material. 
Furthermore, the ref lowing of the material is expected to assist the 
covering of the edges. The build-up of wafer, adhesive layer and 
silicon dies can be cured accordingly after bonding. Because of the 
underlying chemistry, the material is expected to show high chemical 
and mechanical durability.

Figure 2 shows the applied process chain. First, the processed 
wafer is heated to a standby temperature of 50°C. This ensures a 
homogeneous activation of the adhesive material, but is still low 
enough for the material not to show any curing or outgassing effects. 
Second, the silicon die is picked up from a waff le pack and heated 
up to the  required chip temperature, which will be analyzed later. 
A delay is implemented to ensure sufficient heat f low from the tool 
tip to the silicon component. Next, the component is placed onto the 
adhesive and pressure is applied. The inf luence of the applied pressure 
will be analyzed in detail in the results section.

The bond quality needs to be tested, therefore, standard die 
shear testing is used to quantify the bond strength. Standard light 
microscopy is used to analyze the resulting fracture after die shear 

Table 1: Variation of parameters under analysis.

Figure 3: Shear testing results before curing with respect to 
temperature and bonding force variation.

Figure 4: Shear testing results after curing with respect to 
temperature and bonding force variation.

Figure 5: Direct comparison of shear values before and after curing at 
a 220°C tool temperature.
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t e s t i n g .  C r o s s - s e c t i o n  a n a l y s i s 
provides further information about the 
resulting shape of the adhesive and its 
dependence on the process parameters.

In Table 1,  the var iat ions under 
a n a l y s i s  a r e  g ive n .  T h e  s t a n d b y 
temperatu re of the wafer was kept 
constant at 50°C. The main parameters 
under analysis are the chip temperature 
and the bonding pressure. After pick-
up, a delay of 10s is applied so that 
the die is able to reach a homogeneous 
t e m p e r a t u r e  d i s t r i b u t i o n .  T h e 
temperature set points under analysis 
a r e  16 0 °C ,  180 °C ,  20 0 °C ,  220 °C 
and 240°C. For each temperature, a 
bonding force of 0.6N, 1.0N, 1.4N, 1.8N 
and 2.2N is applied. For the second 
layout, fewer set points were analyzed 
(1.0N, 3.0N and 5.0N). The chips were 
shear tested before and after curing of 
the adhesive material. A total number 
of five shear tests were performed for 
each set point.

Results
First, the inf luence of temperature 

a nd appl ied  force  were  a na lyzed . 
Figure 3  shows the resu lt s  before 
cur ing the adhesive mater ial. Er ror 
bars represent minimum and maximum 
shear values. The results clearly show 
that a die temperature of only 160°C 
leads to a significant decrease in shear 
strength. Furthermore, it can be seen 
that increasing the applied bonding 
force results in an increased shear 
strength. A temperature of 240°C leads 
to the highest shear values, but the 
increased thermal load could likely 
damage the die.

The shear values af ter cur ing are 
shown in Figure 4. The bond strength 
seems to  be  le ss  i mpac ted  by t he 
variation in the process parameters. 
The inf luence of the applied force is 
not as signif icant as in the previous 
analysis before curing. Only for the 
lowest temperature of 180°C could a 
clear dependency on the applied force 
be seen.

A direct comparison of the values 
before and af ter cur ing is shown in 
Figure 5 where one can see the increase 
in shea r  s t reng th before and af te r 
curing. In order to better analyze the 
failure criterion, the resulting fracture 
has to be evaluated. Figure 6 shows a 
representative result. The damage is 
occurring within the adhesive material. 

T h e  r e s i d u e  i s  s t i l l  i n 
contact with the silicon die 
after testing.

To  a ch ieve  good  bond 
qu a l i t y,  t he  cove r i ng  of 
t h e  e d g e s  o f  t h e  d i e  i s 
another important factor to 
be considered. Therefore, 
cross-sectional images were 
taken in order to analyze 
the impact of the parameter 
var iat ion on the result ing 
s h a p e  o f  t h e  a d h e s i v e . 
Figure 7 shows the result for 
a constant force of 2.2N and 
a variation in temperature. 
I t  c a n  c l e a r l y  b e  s e e n 
that  h igher temperat u res 
are causing the d ie to be 
covered by the adhesive much better, 
however, the thickness of the remaining 
layer under neath the si l icon die is 
decreasing accordingly. Depending on 
the application, this decrease needs 
to be considered when choosing the 
process parameters.

Another question under analysis is 
the inf luence of the adhesive thickness 
on the resulting shear strength of the 
bond. Figure 8  shows the gathered 

results. A slight trend towards lower 
shea r  va lues  for  t h i n ne r  ad hesive 
layers is evident, but the temperature 
va r i a t ion  s t i l l  p rove s  t o  b e  more 
significant. Furthermore, an alternative 
adhesive design has been used. Instead 
of using the frame structure, the entire 
face area of the die is in contact with 
the adhesive material. Figure 9 shows 
the results for a variation of applied 
force and temperature. Additionally, 
the cross-sectional image of a silicon 

Figure 6: Resulting damage in the adhesive layer after shear testing (shear direction from top to bottom).

Figure 7: Cross-section images of the resulting adhesive layer shape after curing: a) 2.2N, 180ºC; b) 2.2N, 
200ºC; c) 2.2N, 220ºC.

Figure 8: Resulting die shear strength for varying adhesive layer 
thicknesses after curing.

http://www.chipscalereview.com


5151Chip Scale Review   March  •  April  •  2021   [ChipScaleReview.com]

a p pl i c a t io n .  L i t e r a t u r e 
h a s  b e e n  c i t e d  w i t h 
comparable appl icat ions 
mainly in microf luidics. 
The available literature is 
not showing any application 
of these technologies for 
si l icon die f ixat ion on a 
wafer substrate. The work 
discussed in th is a r t icle 
ha s  show n t he  ef f icacy 
of the photost r ucturable 
adhesive for the application 
under analysis. Bonding 
parameters and adhesive 
layout and thickness have 
been va r ied i n  orde r  to 
b e t t e r  u n d e r s t a n d  t h e 
b o n d i n g  p r o c e s s .  T h e 
results were analyzed using 

die shear testing and cross-sectional 
imaging. Trends for the dependency 
between force and pressure could be 
demonstrated using die shear testing. 
Cross-sectional images of the first layout 
variation show a proper covering of the 
edges of the die for higher temperatures. 
For variation 2 the resulting shape of the 

die bonded with 220°C and 3.0N is 
shown. The result ing shape of the 
ad hesive mater ia l  va r ies  f rom the 
results of the previous analysis. The 
image in Figure 10 shows that the edge 
of the silicon die is covered less, which 
is caused by the lack of possibility for 
the material to deform as a result of the 
applied pressure.

Discussion
It is shown that for variation 1, the 

temperature is the main inf luencing 
parameter on die shear st rength. It 
i s  clea rly ev ident  that  a  th reshold 
temperature needs to be applied in order 
to achieve suff icient bond st rength. 
Because of the high spread of measured 
values ,  a h igher sample count and 
more sub-steps need to be analyzed in 
order to better describe the dependency 
between bond strength and the applied 
temperature and bonding force. For 
full contact between the silicon die and 
the adhesive layer (second layout), the 
inf luence of temperature was much 
lower, but overall shear values have 
been much higher. The cross-sectional 
images clea rly show that  the edge 
covering is less for variation  2 when 
compared to layout 1. In order to better 
understand the f lowing behavior of 
the material, temperature-dependent 
rheological measurements  need to be 
conducted in the future.

Summary
This ar ticle introduced a bonding 

technology using a photostructurable 
adhesive layer with a thickness range 
of 10 to 20µm for a silicon die bonding 

E-Tec Interconnect  AG, Mr. Pablo Rodriguez,  Lengnau Switzerland
Phone : +41 32 654 15 50, E-mail: p.rodriguez@e-tec.com

Figure 9: Resulting die shear strength for full contact between the 
silicon die and the adhesive layer after curing with respect to the 
variation of bonding temperature and applied force.

adhesive material varies significantly 
showing less edge covering.

For addit ional analysis ,  a h igher 
sample count at each set point needs 
to  be appl ied and more se t  point s 
need to be defined. Additionally, the 
material has to be further analyzed (e.g., 
rheological measurement, differential 
scanning calorimetry [DSC] analysis, 

Figure 10: Cross-section image showing the 
resulting shape of the adhesive layer for full contact 
layout for 3.0N @ 220°C.
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etc.) in order to better understand the 
bonding process.  Fu r ther research 
needs to be done on the rel iabil ity 
of the bond. It is concluded that the 
p roposed process  t ech nolog y i s  a 
possible solution for bonding silicon 
chips on a wafer substrate using a thin 
and photostructurable adhesive layer.
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omplexities in integrated 
ci rcuit ( IC) applicat ions 
a n d  t h e  d r i v e  t o w a r d 

miniaturization has put fan-out packages in 
the limelight. Many advantages have been 
noted for the fan-out structure, including 
high reliabil ity and good elect r ical 
performance. The fan-out structure has 
enabled a multi-die configuration for 
2.5D and 3D applications, allowing the 
packaging of high-density chips, as well 
as <5µm line/space redistribution layer 
(RDL) traces. These advantages, however, 
came with significant production costs. In 
an attempt to cut these costs, the idea of 
large-area packaging emerged.

Since the introduction of the fan-out 
package, however, several companies 
have been exploring the large panel-level 
space to provide a much more competitive 
cost solution. Companies like ASE, 
nepes, Samsung, and PTI have already 
either started investing in research and 
development, or have established a low-
volume production line.

D e s p i t e  t he  p r o of  of  e c o nom ic 
advantage, fan-out panel-level package 
(FOPLP) processing was met with some 
skepticism from equipment suppliers 
because it required a new equipment 
design concept compared to fan-out 
wafer-level packaging (FOWLP) that 
uses standard semiconductor types of 
manufactur ing equipment. The lack 
of panel size standardization has also 
played a significant role in the delay of 
mass utilization. FOPLP requires a new 
landscape for equipment makers, such as 
what type of handling and thermal control 
are needed to be able to create a robust and 
repeatable process for thermal debonding.

Fan-out in a nutshell 
Fan-out structures can be categorized 

into two types: chip last and chip first. 
This investigation focuses on the chip-
first type of structure.

The chip-first process (Figure 1) is 
more widely used by companies like 
Inf ineon, ASE, and Deca and has a 
reverse order compared to the chip-last 

process flow. The process starts with die 
bonding, molding, debonding and then 
RDL processing, respectively.

Die bonding.  Die bonding is the 
process of picking known good dies 

(KGDs) from a sawn silicon wafer, then 
placing them onto a temporary carrier 
laminated with thermal sensitive tape.

Molding. The compression molding 
process is commonly used for the chip-
first structure. It starts with dispensing 
a specif ic amount of mold on top of 
the ca r r ie r  with bonded d ies .  The 
machine then starts closing the cavity 
at a cont rolled speed, temperature,  
and timing.

Debonding. The debonding process is 
the separation of the reconstituted wafer 
from the carrier by applying heat or 
laser exposure. The sensitive (thermal or 
ultraviolet [UV]) tape layer softens and 
loses adhesion to aid the separation of the 
wafer from the carrier. 

Photo, plating and etching processes. 
With the RDL built into the chip or 

C
Effects of FOPLP layouts on large-area thermal chucks
By Debbie Claire Sanchez, Klemens Reitinger, Sophia Oldeide, Wenxuan Song  [ERS electronic GmbH]

Figure 1: Chip-first structure.

Figure 2: Panel format - array arrangement (e.g., single array, 2x2 array or 3x3 array).

Figure 3: Fan-out wafer reconstruction process flow.
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carrier, the wafer or panel is now ready 
for final wafer processing involving ball 
drop, wafer thinning, laser marking, 
singulation, and tape and reel. 

Common issues for fan-out 
packaging

As initially stated, fan-out architecture 
has an inherent yield issue because of the 
very structure of the package. The issues 
impacting yield are die shift and warpage. 

Die shift. Die shift is the misplacement of 
the die with respect to its designed position. 
It can happen in several key processes of the 
panel reconstruction flow, like die bonding, 
molding, and thermal debonding. It becomes 
a problem when the shift is so high that it 
causes misalignment during the formation 
of the interconnects from the die bond pads 
to the redistribution layer. 

Warpage. Warpage is caused by the 
mismatch of the coefficient of thermal 
expansion (CTE) between silicon and the 
epoxy molding compound (EMC). EMC, 
having a higher CTE value, results in an 
imbalance, which will cause the wafer or 
panel to warp.

Several pieces of research have been 
conducted to understand the effects of 
warpage as the wafer is processed through 
the line. Research has been done by 
John Lau, et al., [1] regarding the top six 
process stages that are hugely affected 
by the wafer/panel warpage. In wafers, 
warpage profiles can be categorized into a 
bowl shape (concave and convex) and taco 

shape (smiling or frowning). The warpage 
profiles change depending on several 
factors such as silicon to mold density, die 
shape (i.e., square and rectangular), number 
of RDLs, and specifically for the panel 
format, the chip layout plays a significant 
factor (Figure 2).

Figure 4: Thermal shot illustrating heat dissipation when a high-temperature wafer is in contact with a low-
temperature object.

Figure 5: Standard pick and place robot with custom end effector design for panel handling.

Figure 6: Contactless transport mechanism of the 
Tritemp slide system.

Figure 7: Thermal shot illustrating nonuniformity on 
thermal control: a) higher nonuniformity; and 
b) lower nonuniformity.

Figure 8: Die shift response in relation to 
nonuniform temperature on the chuck: a) higher die 
shift correlating to Figure 7a with high nonuniformity; 
and b) lower die shift correlating to Figure 7b with 
higher thermal uniformity.
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a tilted platform. Gravity then causes 
the panel to slide down. The panel, 
when moving, is not in contact with the 
handling robot; therefore, the elevated 
temperature is kept uniform across the 
panel while being t ranspor ted. The 
mechanism to be applied for panel-level 
debonding is baselining the effectiveness 
on a 300mm format contactless transport.

Thermal control
A round 300mm thermal chuck surface 

is proven to be within the ±2°C for 200°C 
(tighter range on lower temperature), 
which is above the release temperature 
range of 175-195°C of the commercially-
available thermal release tapes.

A previously presented paper [3] showed 
the effects of thermal nonuniformity 
on die shift. Wafers subjected to a high 
nonuniformity chuck vs. a chuck of 
186°C ± 1°C showed significant yield 
performance (Figure 7). The wafer in 
Figure 7a showed high nonuniformity, 
while the wafer in Figure 7b has ±1°C 
uniformity. The corresponding die shift 
showed that with higher nonuniformity 
the die shif t is larger in magnitude 
compared to a chuck with high thermal 
uniformity [3] (Figure 8).

Large-panel thermal debonding
I n  t h e r m a l  d e b o n d i n g  ( F i g u r e 

3) ,  p r o c e s s  t e m p e r a t u r e ,  t i m i ng , 
and handling are def ined as cr it ical 
factors to ensure high yield. Panel 
handl ing is  essent ia l  to ensu re no 
excursion occurs. This is the first step 
where panel fragility (thickness, die 
placement layout, etc.) and weight will 
be a factor to consider in def ining a 
handling mechanism.

Thermal control needs to be robust 
to maintain adequate uniformity across 
a larger surface. The thermal sensitive 
tape needs to activate across the entire 

surface uniformly to eliminate not only 
potential cosmetic defects, but also 
excursion. The mechanical separation 
of the carrier and the panel can only 
happen when the thermal release tape 
has been ful ly act ivated uniformly 
across the whole surface.

H a n d l i n g  a n d  t r a n s p or t .  T h e 
handling method of molded wafers is 
critical in minimizing handling-induced 
warpage [2]. With a high-temperature 
molded wafer,  any int roduct ion of 
low-temperature objects will create 

thermal imbalance, causing the part in 
contact to shrink/contract resulting in 
warpage (Figure 4).

Handling is more complicated with 
a larger area. The end effector design,  
weight ,  and si ze of  the panel  wi l l 
contribute to the overall warpage and the 
stability of the panel when transported. 
A common handling mechanism is pick-
and-place using a robot with a customized 
end effector (Figure 5).

Another method is the air cushion 
m e ch a n i s m ( F i g u r e  6 ) ,  wh ich  i s 
contactless transport whereby the panel 
is lifted with controlled air pressure on 

Figure 9: Defined test vehicle based on the panel layout: a) single matrix; b) 2x2 matrix; and c) single matrix 
with rectangular die.

Figure 10: Temperature profile of the chuck measured at: a) 100°C; b) 150°C; and c) 200°C.

Figure 11: Warpage profiles for: a) sample 1; and b) sample 2.
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Maintaining heat for a 300mm round chuck is relatively more 
straightforward than for a 600mm square chuck. The power 
requirement difference and control mechanism needed to achieve 
setpoint temperature and maintain good uniformity, as well 
as the ramp-up rate, is significantly higher. As the surface is 
larger, tight planarity criteria are affected by the thickness of the 
chuck. Because power is directly proportional to volume, this 
also affects temperature. All aspects considered, temperature 
uniformity of ±3°C from 20°C to 200°C, is achieved.

Thermal debond evaluation
Taking learnings from the FOWLP thermal debonding process 

f low, a manual panel-level system was made and optimized, 
baselining the contactless transport and ensuring good thermal 
control across a large surface area. Aspects of the evaluation are 
discussed below.

Scope of the experimentation. Different panel structures were 
evaluated with the system described above and warpage response 
was recorded. The thermal performance of the chuck was also 
examined to ensure good uniformity prior to processing the panels.

Methodology. A two-phase evaluation was performed as follows: 
1) Checked the thermal performance of the large-area chuck in 
comparison with 300mm round chucks; and 2) Evaluated the 
performance of the thermal chuck plus the air-cushion handling 
mechanism to see the magnitude and profile of the output panel 
from the defined process flow.

An 81-point temperature mapping was performed on the chuck at 
three different temperatures: 100°C, 150°C, and 200°C.

Warpage was measured post-debond with a “shock and lock” 
treatment and compared to debonded panels through a pick-and-
place debond method. 

Samples preparation. A number of factors were hypothesized to 
affect warpage level as observed from wafer-level fan-out packaging 
and will also be tested for panel-level  fan-out packaging. Five 
samples were prepared with a different structure configuration, 
taking into consideration the hypothesized warpage contributors. 
Samples 1 and 2 are single-matrix (Figure 9a) with 4x4mm2 die size 
and thicknesses of 550µm and 800µm, respectively. Samples 3 and 
4 have a 2x2 matrix panel layout with 4x4mm2 dies, and thicknesses 
of 550µm and 800µm, respectively. Sample 5 is a 550µm-thick 
panel, single matrix with a 5x7mm2 rectangular die.

Table 1 summarizes the data collected as listed above. 

Table 1: Overview of samples.

Figure 12: Warpage profiles for: a) sample 3; b) sample 4; and c) sample 5.

http://www.chipscalereview.com
mailto:james@jhtek.com.tw


5757Chip Scale Review   March  •  April  •  2021   [ChipScaleReview.com]

Results and observations
The temperature test performed on the 

large format chucks showed good thermal 
uniformity (Figure 10 and Table 2). The 
good thermal performance is evident with 
the uniform release of the thermal tape 
during the debond test vehicle runs. The 
debonding temperature was set to 190°C 
with 90 seconds soak time.

Warpage response
Table 3 shows warpage response data. Samples 1 and 2 showed a similar profile with different levels of magnitude. The thinner 

mold cap had less warpage compared to the thicker one (Figure 11).
Samples 3, 4 and 5 displayed different profiles to the first two samples (Figure 12).The warpage response of Samples 3 and 4 

showed that the thinner panel was less warped than the thicker panel, matching the responses seen from Samples 1 and 2.

Summary
As we observed from wafer-level experience, mimicking the 

optimized methods, such as contactless transport, will result 
in an acceptable warpage level that succeeding processes can 
handle. Layout and thickness of the panel play a significant 
role in the output magnitude and profile of the panel warpage. 
High thermal uniformity >97% (+/-3°C) was achieved as tested 
up to 200°C for a large-panel chuck.

The manual thermal debonding system has been proven 
to overcome large-scale adoption from wafer-level format 
to panel-level format. The next action to take is to create an 
architecture with full automation.
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Table 2: Observed temperature uniformity across 
the chuck surface.

Table 3: Overview of warpage response data.
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Hi-resolution dry-film PID material for high-density packaging
By Yuya Suzuki, Chihiro Funakoshi, Daisuke Shibata, Daichi Okamoto, Yoko Shibasaki  [Taiyo Ink Mfg. Co.., Ltd.]

his paper reports a new dry-
f ilm type photo-imageable 
dielectric (PID) material for 

fine-pitch and high-density multi-layer 
RDL structuring. High-density packaging 
technologies are substantially required for 
high-speed signal transmission in a variety 
of applications, such as high-performance 
computing, artificial intelligence (AI), 
and 5G communications. To achieve high 
functionality, new integrated circuit (IC) 
packaging technologies including fan-
out wafer-level packaging (FOWLP), 
fan-out panel-level packaging (FOPLP), 
and high-density substrates have been 
intensively studied and developed. These 
technologies endeavor to have high-
density redistribution layers (RDLs) 
for signal routing with <5µm fine-pitch  
L/S Cu wiring and <10µm small interlayer 
via structures. Evolution in semi-additive 
process (SAP) technology has enabled 2µm 
L/S wiring formation by applying the latest 
materials and processing technologies. 
However, cur rent mainst ream laser 
processing for via formation by CO2 laser 
or Nd-YAG laser cannot achieve ultra-
small vias <10µm [1,2].

Although new laser processing such 
as short-wavelength solid lasers and 
excimer lasers have been developed 
to achieve <10µm via structures [3,4], 
installation of new laser tools requires 
a large investment, careful handling, 
and labor ious maintenance. On the 
other hand, photosensitive dielectric 
materials can form small vias by existing 
photol i t hog raphy s tepper  or  mask 
aligner tools, so the materials are useful 
for high-density RDL manufacturing. 
Taiyo Ink has developed a new PID 
material, featuring: 1) Dry-film type for 
high surface planarity; 2) Low curing 
temperature (180°C); 3) Low coefficient 
of thermal expansion (CTE); 4) High 
resolution for 6-10µm via formation; 
5) Resistance to organic solvents; and 
6) High dielectric reliability. Table 1 
summarizes the material properties of the 
PID. The material has low CTE, which is 
enabled by organic-inorganic composite 

technology. Also, the PID 
has high tensile strength 
and elongation, which 
are beneficial for high 
resistance to mechanical 
s t r e s se s — e spe c ia l ly 
when it is applied for a 
multi-layer RDL.

T h i s  p a p e r  f i r s t 
describes the benef its 
and challenges of our 
previous generation PID 
material (original PID), and then reports 
the technical development and evaluation 
of the latest PID material (new PID) with 
respect to solvent resistance and dielectric 
resistance. To demonstrate  the reliability 
of the new PID, test coupons for line-
to-line reliability and layer-to-layer 
reliability were fabricated, and biased 
highly-accelerated stress tests (BHAST) 
were conducted.

PID material processing
PID materials are organic dielectrics 

with f ine-pat ter n ing capabi l it y by 
photolithography processes (Figure 
1). First, the PID is laminated on base 
substrate layers by vacuum lamination. 
After the lamination, photopatterning 
w i t h  u l t r a v i o l e t  ( U V )  e x p o s u r e 
t ool s  a re  pe r for med ,  fol lowed by 
polyethylene terephthalate (PET) film 
removal and development processes. 

T
Table 1: Material properties of a new PID.

Figure 1: Process flow of PID patterning.
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The PID materials are negative tone, 
so the UV exposed area of the material 
u n d e r g o e s  t h e  p h o t o r e a c t i o n  b y 
radical polymerization and becomes 
insoluble to developer chemicals. For 
developer chemicals, weak alkaline 
aqueous solutions such as Na2CO3 and 
t e t r amethyl  am mon iu m hyd rox ide 
( T M A H )  a r e  u s e d .  F i n a l l y,  U V 
cure with an excess amount of UV 
irradiation, and thermal cure at 180°C, 
are applied to complete photo- and 
ther mal-poly mer izat ion react ions , 
r e s p e c t i ve l y.  T h e  PI D  m a t e r i a l s 
are dry-f ilm format, and have high 
resolution and low CTE.

Many of conventional photodielectric 
mater ials are in l iquid format, and 
they conformally cover the Cu wirings 
u nd e r ne a t h ,  a nd  fo r m a n  u neve n 
su r face af te r  t he coat ing process . 
Such an uneven surface of dielectric 
laye r  l i m it s  t he  f i ne -pi t ch w i r i ng 
formation on top. On the other hand, 
PID materials in this study are in a 
dry-film format, and a very f lat surface 
is attained after vacuum lamination, 
even if there are Cu wiring structures 
under the PID layer. Therefore, it is 
benef icia l  for  f i ne - Cu pat te r n ing, 
e s p e c i a l l y  fo r  m u l t i - l a ye r  R DL . 
Figure 2  shows a cross sect ion of 
the demonstrated multi-layered RDL 
st ructure on the PID mater ial. The 
highly uniform PID surface on top 
of the underlying Cu wirings made it 
possible to form 4µm L/S structures on 
top of the PID without any additional 
planarization processes.

The PID mater ials have excellent 
patternability and can form <10µm vias 
by photolithography. In addition to the 
high resolution, the PID materials have 

low CTE that is quite impor tant for 
high reliability with reduced internal 
st ress in packaging applicat ions. A 
reduction in CTE of dielectric materials 
is generally at tained by addit ion of 
inorganic filler particles. Meanwhile, 
addition of inorganic f iller increases 
UV light scattering at the inorganic-
organic interface, thereby exacerbating 
the photol ithography resolut ion of 
PID. To overcome this trade-off, nano-
sized f iller was applied to minimize 
M ie  sca t t e r i ng  a t  a  U V exposu re 
wavelength (365nm). Consequently, the 
PID successfully enables both low CTE 
down to 35-45ppm/°C, and down to 
6µm via resolution (Figure 3).

A dry-f i lm format with low CTE 
and high resolution are quite useful 
features for IC packaging applications. 

However, the or iginal PID had two 
technical challenges for high-density 
packag ing appl icat ions ,  i nclud ing 
FOW LP, FOPLP, and h igh-densit y 
package subst r a tes  (Figure 4):  1) 
limited resistance to organic solvents 
fo r  pho t o r e s i s t  s t r i p p i ng ;  a nd  2) 
insuff icient BHAST reliability with 
very fine-pitch Cu wirings.

For  f i ne -pitch Cu pat te r n ing by 
semi-additive processing (SAP), the 
latest photoresist materials with ultra-
high resolution are applied. After Cu 
plat ing processes, these photoresist 
materials are stripped off by organic 
solvents. However, the original PID 
experienced severe damage by organic 
solvents, especially when acetone was 
used as a stripping agent. As a result, 
PID materials had microcracks after 

Figure 2: Multi-layer RDL formation in the original 
PID example with 4µm L/S/ structures.

Figure 3: Filler size vs. PID resolution.

Figure 4: Challenges of the original PID example: a) Micro-cracks after acetone immersion; b) Cu migration 
with L/S=10/10µm after 100 hours of BHAST.  
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For improving solvent resistance, the 
amount of chemically reactive groups 
for crosslinking was increased in the 
new PID. As a result, the new PID is 
expected to have higher crosslinking 
d e n s i t y,  w h i c h  c a n  l e a d  t o  l e s s 
permeability of solvent molecules in 
the material [6] and less microcrack 
generation (Figure 5).

To  e v a l u a t e  t h e  c r o s s l i n k i n g 
density of the original PID and new 
PID mater ials, dynamic mechanical 
analysis (DMA) was applied in this 
s t udy.  In the DM A char t  of  cu red 
polymer materials, the storage modulus 
(E′) value above the glass transition 
temperature (Tg) and the loss tangent 
(E′′/E′ = tan δ) value at Tg indicate the 
crosslinking density of the material 
[7]. The Tg value of the mater ial is 
gene ra l ly  u nder s tood to  be  a t  t he 
temperature where the tan δ cur ve 
peaks out. The original PID has an E′ 
value around 10E+7Pa at temperatures 
above Tg, and a tan δ value of 0.55 at 
Tg. Meanwhile, the new PID with an 
increased crosslinking reaction group 
had an E′ of 10E+8 at temperatures 
above Tg, and a tan δ value of 0.28 
at Tg. This higher E′ and lower tan 
δ peak st rongly indicate increased 
crosslinking density in the new PID. 
After the DMA evaluation to confirm 
increased crosslinking density in the 
new PID, the material was immersed 
in acetone at the same condit ion as 
the original PID, and no microcrack 
wa s  obse r ve d .  T h i s  con f i r m s  t he 
new mate r ia l  des ig n  successf u l ly 
improved the solvent resistance of the  
PID (Figure 6).

After the demonstration, f ine Cu-
pat terning by SAP on the new PID 

30 minutes of dipping in acetone at 
room temperature. Another issue was 
BHAST reliability of the original PID. 
The original PID has acid-modif ied 
epoxy-acrylate as the main component, 
and a residual amount of raw material 
(epichlorohydrin) generated chloride 
ion in the final product. Chloride ion 
in the acid modif ied epoxy-acrylate 
catalyzes the Cu migration and leads to 
compromised dielectric reliability.

To overcome the technical challenges 
noted above, design of the mater ial 
and evaluation of the impact of new 
formulation were investigated. First, 
a  new mate r ia l  desig n for  solvent 
resistance will be descr ibed. Then, 
chemistry design of the new PID for 

higher dielect r ic rel iabil ity will be 
studied, and finally, BHAST analysis 
to demonstrate the improved reliability 
will be reported.

Design of a new PID 
T he  fol low i ng  se c t ion s  d i scu s s 

elements of the design of a new PID.
Solvent resistance for f ine l ine 

SAP. Generation of microcracks in PID 
at solvent immersion is explained by 
the following mechanisms [5] (Figure 
5): 1) Internal stress generation during 
the curing processes of PID; 2) The 
low crosslinking region in the PID has 
high permeability of solvent molecules 
such as acetone; and 3) Stress release 
initiates the microcrack.

Figure 5: (upper) Mechanism of micro-crack generation in PID by solvent immersion; and (lower) Concept of 
improving solvent resistance.

Figure 6: a) (left) DMA charts (E’ and tanδ) of the original PID example (in red), and the new PID example (in 
blue), and b) (photos on the right) the improved solvent resistance.  

Figure 7: SEM images of L/S=2/2µm fine-Cu 
patterns on the new PID.
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was per formed. Fi rst ,  the new PID 
(10µm thick) was laminated on a 4” 
wafer by vacuum lamination. Af ter 
the laminat ion, a UV dose of 1.0J/
cm2 was applied by an i-line exposure 
tool.  Then, the PID was ther mal ly 
cured at 180°C for 60 minutes. On 
top of the PID, Cu pat ter n ing was 
fabr icated by SAP as fol lows: a Ti 
and Cu seed layer (50nm and 300nm, 
respectively) was first deposited with 
a  sput te r ing tool .  Photoresis t  was 
then coated on top of the seed layer 
by using a spin coat ing process at 
5µm thickness. The photoresist layer 
was patterned with a photomask with 
a  L/S = 2 /2µm comb pat t e r n ,  and 
then developed. After the photoresist 
pat ter n ing, elect roly t ic Cu plat ing 
was conducted to build 4µm-thick Cu 
patterns. Photoresist was then stripped 
off with organic solvent, and the seed 
layer  was e tched out .  As a resu lt ,  
L / S = 2 / 2 µ m  C u  p a t t e r n s  w e r e 
s uc c e s sf u l ly  fo r me d  w i t hou t  a ny 
r e s i d u e  o f  p h o t o r e s i s t  o r  s e e d 
laye r  ( F ig ure  7 ) .  T h i s  f i ne -pi t ch 
Cu pat te r n ing can be ach ieved by 
improved solvent resistance of the 
new PI D,  wh ich  ma de  i t  poss ible 
t o  s e l e c t  t h e  l a t e s t  p h o t o r e s i s t 
for patterning.

C u  m i g r a t i o n  r e s i s t a n c e  f o r 
high BHAST rel iabi l ity.  Mater ial 
design for bet ter BHAST reliability 
at f ine-pitch L/S was investigated by 
reducing chloride ion content in the 
PID mater ia l .  Cu mig rat ion under 
BHAST condit ions is catalyzed by 
the presence of chlor ide ion in the 
system. A Cu ion is stabilized by the 
presence of  a  ch lor ide ion ,  wh ich 
reduces the activation energy of Cu 
ion dissolution from the anode side, 
and a redeposition of Cu metal at the 
cathode side. Finally, as a result of Cu 
diffusion, Cu migrat ion occurs. As 
the spacing between the Cu wirings 

Figure 8: Chemical reactions to produce resins for the: a) (left) original PID, and b) (right) new PID.
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get s  smal le r,  a  s t ronger  elec t r ica l 
f ield is appl ied in between the Cu 
wires, and they get more susceptible 
to elect r ical shor t ing. As discussed 
in pr ior sect ions, the or ig inal PID 
includes chloride ion as an impurity, 
because of the conventional chemical 
process to synthesize epoxy-acrylate 
re s i n .  T he refore ,  a  new sy nt hesi s 
of acid-modif ied resin was studied 
to el iminate the chlor ide impur ity. 
Fi r s t ,  a l k y l e n e - ox id e  w a s  a d d e d 
to the phenol ic resin ,  fol lowed by 
dehydrat ion between the alcohol ic 
group and the acrylic acid. Then acid 
dehydrate reacted with the molecule 
to complete the reaction (Figure 8). 
Un l i ke  t he  epich lorohyd r i n-based 
synthesize route, this new synthetic 
rou t e  doe s  no t  have  a ny  ch lo r ide 
i m p u r i t y.  S o ,  n o  c h lo r i d e  i o n  i s 
expected in the new resin.

To  v a l i d a t e  t h i s  h y p o t h e s i s , 
ion  ch romatog r aphy a na lys i s  wa s 
c ond uc t e d  t o  de t e c t  ch lo r ide  ion 
contents in the convent ional acid-
m o d i f i e d  e p ox y- a c r y l a t e  a n d  i n 
t he  new ac id-mod i f ied  re s i n s .  As 
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Figure 9: BHAST test coupon a) (left) overview, and b) (right) magnified image. 

Figure 10: a) (left) Cross-section SEM image, and b) (right) EDS Cu mapping image of 2µm L/S structure after 
300 hours of BHAST.
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designed, no chloride ion was detected 
in the new resin ,  whi le more than 
500ppm of chloride ion was included 
in the conventional resin. Once the 
synthesis of the new resin without 
chloride ion was established, the new 
resi n  was appl ied to  t he  new PI D 
formulation, and a BHAST reliability 
analysis was conducted.

Demonstration of BHAST reliability
Test coupons for BHAST analysis 

we r e  L /S  =  2 /2µ m c o mb - l i ke  C u 
pat ter ns,  and they were fabr icated 
on t he  f i r s t  l aye r  of  t he  new PI D 
by  t he  sa me SA P processe s  a s  i n 
the previous sect ion. Af ter the Cu 
patterning, the second layer of the new 
PID was laminated on top by vacuum 
lamination and cured to complete the 
test sample fabrication (Figure 9).

Fabricated test coupons were applied 
to  t he  rel iabi l i t y  t e s t i ng w ith  t he 
following conditions:

•	 P r e c o n d i t i o n i n g :  12 5° C / 2 4 h 
⇒ 85°C/168h ⇒ Ref low 260°C/ 
3 times; and

•	 B H A S T:  1 3 0 ° C ,  8 5 %  @ 5 V 
(failure criteria : 1.0E+6 ohm)

F o r  a  B H A S T  c h a m b e r ,  a 
H A S T E S T ®  M O D E L  P C - R 8 D 
(Hirayama) was used, and for in situ 
elect r ical resistance measurement , 
a  M IGR AT ION T EST ER MODEL 
MIG-8600B (IMV) was used. There 
was no migration or electrical failure 
after 300 hours of BHAST condition. 
The cross-section analysis was then 
conducted, and the X-ray scanning 
electron microscope (X-SEM) images 
of 2µm L/S structures (Figure 10) also 
show no sign of Cu migration from the 
fine-pitch Cu wirings. Layer-to-layer 
BHAST reliability of a PID thickness 
of 5µm was also conducted and no 
failure after 300 hours was confirmed.
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Summary
I n  t h i s  s t u d y,  a  n e w  P I D  w a s 

d eve lo p e d  b a s e d  on  t he  m a t e r i a l 
d e s i g n .  T h e  P I D  h a s  l o w  C T E 
(35-45ppm/°C) and high resolut ion 
(down to 6µm), which is beneficial for 
multi-layer RDL formation. The PID 
has high resistance to organic solvents 
fo r  f i ne -p i t ch  SA P,  a nd  no  c r a ck 
in the PID was for med by acetone 
dipping. As a result, very fine Cu line 
patterning of 2µm L/S was successfully 
demonstrated. A new synthetic method 
of acid modified acrylate resin with no 
chloride impurity was developed. The 
new PID applies the new resin, and 
BHAST evaluation showed more than 
300 hours of electrical reliability with 
2µm L/S and a 5µm thin PID layer. 
The PID material has fine-patterning 
c a p a b i l i t y,  a s  w e l l  a s  e x c e l l e n t 
rel iabi l it y,  therefore it  is  a h igh ly 
beneficial dielectric material for high-
density packaging applications, such 
as FOWLP, FOPLP, and high-density 
package substrates.
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