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ver the past few decades, 
the integrated circuit (IC) 
industry has been relying on 
traditional chip scaling and 

innovative architectures for new devices, 
closely following Moore’s Law. In die-
level scaling, the idea is to pack ever more 
transistors on a monolithic die or system 
on a chip (SoC) with the development of 
each front-end process node, enabling faster 
chips with a lower cost per transistor. With 
traditional die-level scaling, however, the 
design cost has risen many times (e.g., 3nm 
design costs ~35-40X more compared to 
90nm) and manufacturing has become 
extremely complex, leading to an increase 
in time to market. Therefore, it is widely 
acknowledged that Moore’s Law is slowing 
down, if not dead.

While front-end scaling remains a work 
in progress in the background, the industry 
has been diligently leveraging on packaging 
technologies to improve system-level 
interconnection density and reduce the cost 
and time to market by scaling the package-
level pitch and integrating more functions 
into a single package. Packaging revenue has 
increased 70x from US$1 billion in 1970, to 
an expected US$68 billion in 2019. At the 
same time, the scaling gap between front 
end and back end, which has increased from 
50x to 600x from 1970 to 2019, has been 
significantly narrowed down by advanced 
packaging (Figure 1).

The OSAT business model is to provide 
third-party IC packaging and test services 
while remaining in the center of the 
semiconductor and packaging worlds. 
Therefore, OSATS remain the essential pillar 
between the widening technology gap of 
front-end and back-end scaling. Especially 
with the growing importance of advanced 
packaging, OSATS’ innovation and supply 
chain positions are now key to on-going 
system-level performance increases.

Packaging market forecasts and 
key trends 

The total IC packaging market was 
wor th US$68 bi l l ion i n  2019.  T he 
advanced packaging (AP) market was 
US$38 billion in 2019 and is expected to 

grow at a CAGR2019-2025 of 6.6% to reach 
US$42 billion in 2025 (Figure 2). At 
the same time, the traditional packaging 
market will grow at a CAGR2019-2025 of 1.9%, 
and the total packaging market will grow 
at a CAGR2019-2025 of 4% to reach US$43 
billion and US$85 billion, respectively. 
Because of the COVID-19 pandemic, the 
AP market will decrease by 7% in 2020, 
while the traditional packaging market 
will decrease by 15% [1].

Growing at a CAGR2014-2025 of 6.1%, 
the AP market is expected to more than 
double its revenue from US$20 billion in 
2014 to ~US$4 billion in 2025. Compared 
to traditional packaging, which will 
grow at a 2.2% CAGR2014-2025, AP will 
grow almost three times  faster with a 
CAGR2014-2025 of 6.1%. In 2019, the AP 

share of the total packaging market 
was 42.6% [1]. Because of the strong 
momentum in the AP market driven by a 
slowing Moore’s Law and heterogeneous 
i n t e g r a t i o n ,  a l o n g  w i t h  v a r i o u s 
megatrends (5G, artificial intelligence 
[AI],  h igh-per for mance comput ing 
[HPC], Internet of Things [IoTs], etc.), the 
share of AP in the total packaging market 
is increasing continuously, and it will 
reach almost 50% of the market by 2025 
(Figure 3) [2].

Heterogeneous integration using AP 
technologies is key to semiconductor 
innovat ion and the achievement of 
desired system performance. Advanced 
semiconductor packaging is seen to 
increase the value of a semiconductor 
product ,  add ing f u nct ional i t y  and 

O
The future of OSATS
By Favier Shoo, Santosh Kumar  [Yole Développement]

Figure 1: Semiconductor packaging value roadmap. SOURCE: [1]

Figure 2: 2014-2025 packaging overview in revenue split - advanced packaging focus ($B). SOURCE: [1]
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maintaining/increasing performance 
while lowering cost. A variety of multi-
die packaging (system in package [SiP] 
are being developed for both high- and 
low-end consumer, performance, and 
specialized applications. Key trends and 
developments in AP are: 1) a chiplet-
based approach to attain heterogeneous 
integration; 2) an opportunity for wafer 
on wafer (WoW) in 3D NAND; 3) pitch 
scal ing of high bandwidth memory 
(HBM) to 35µm; 4) various players are 
working on 3D system on chip (SoC) 
using hybrid bonding, with memory-
on-logic stacked 3D-ICs for computing 
in data centers; 5) various innovations 
in packaging to support 5G mmWave in 
mobile (e.g.,  double-side molded ball 
grid array [BGA], low dielectric loss 
materials, antenna in package (AiP) 
etc.; 5) high-density fan-out (HDFO) 
packaging development and adoption 
will accelerate for mobile, HPC and 
networking; 6) various designs are in 
development from TSMC, Samsung and 
top OSATS; 7) chip-last fan-out using 
redistribution layer (RDL) interposer 
development; and 8) an expected increase 
in adoption of all side-molded wafer-level 
chip-scale packaging (WLCSP).

OSATS face giant players in the  
supply chain

Foundr ies and integ rated device 
manufacturers (IDMs) have started to 
include advanced packaging products as 
part of their core competencies. It has 
not been easy for OSATS fundamentally 
because these giant players are deep-
pocketed and cont rol the f ront-end 
devices as well. Their decision to move 

into traditional OSAT ter ritory – as 
powerful competitors – can only mean 
limited oppor tunit ies for the OSAT 
industry as a whole (Figure 4). Foundries, 
such as TSMC that are expanding into the 
packaging area, have a huge impact on 
the OSAT business, especially at the high 
end. These players are instrumental in 
moving packaging from a substrate to a 
silicon platform.

TSMC has already entered into the 
advanced packaging business with its 
high-end integrated fan-out (InFO) 
WLP and 2.5D/3D IC packaging (Chip-
on-Wafer-on-Subst rate ® [CoWoS]), 
and is aggressively expanding its high-
end packaging portfolio with various 
InFO variants (InFO-MS [memory on 
substrate], InFO-oS [on-substrate], InFO-
AiP), WoW, small outline integrated 
circuit (SoIC), 3D Multi-stack (MUST) 
system integration technology, and 3D 
MUST-in-MUST (3D-MiM) fan-out 

package. With its mature InFO product 
line-up, and increased investment in 
SoIC package infrastructure along with 
the chiplet paradigm shift over the next 
3-5 years, TSMC is in a good position 
to take advantage of the heterogeneous 
integration revolution.

UMC is a key supplier of Si interposer 
for 2.5D packaging. It recently partnered 
with Xperi to optimize and commercialize 
ZiBond and DBI technologies for a 
wide range of semiconductor devices, 
including image sensors, radio frequency 
(RF), microelectromechanical systems 
( M E M S) ,  d i s p l a y  d r i ve r s ,  t o u c h 
controllers, SoC, analog, power and 
mixed-signal devices. ZiBond and DBI 
suppor t wafer-to-wafer (W2W) and 
die-to-wafer (D2W) bonding and 3D 
interconnect implementations.

SMIC is planning to raise a US$7.5 
billion investment through an IPO. It 
makes sense for SMIC to invest in high-
end AP activity (3D SoC, 2.5D, hybrid 
bonding, etc.) and evolve to a system 
foundry model similar to that of TSMC. 
In the coming months, we expect strong 
activity from SMIC in the AP space [2].

XMC provides the 3D IC through-
s i l i c o n  v i a  ( T SV )  p a ck a g i n g  fo r 
image sensor and high-performance 
applications. It was one of the f irst 
m a n u f a c t u r e r s  o f  i m a g e  s e n s o r s 
using TSV technology. The company 
h a s  c o m p l e t e d  R & D  o n  h y b r i d 
bonding technology and is about to  
begin mass production. 

For the past 20 years, IDMs have been 
making relatively fewer investments 
in packaging. There is a good mixture 
of IDMs invest ing in thei r own IC 
packaging operations and outsourcing 

Figure 3: WLP market dynamics revenue: Fan-out, WLCSP and 3D stacked PKG (in US $M). SOURCE: [3]

Figure 4: 2020 semiconductor supply chain. SOURCE: [1]
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taken by foundries, especially in high-
end devices. Foundries have flexed their 
financial muscle for investments, and 
locked-in major customers by leveraging 
front-end legacy with abundant capability 
and know-how to utilize wafer-level-
packaging. This has led to price and 
margin decl ines for OSATS in the 
megatrend driven business in the high-
end market segment.

The OSAT business model is still 
seen as appealing with the growing 
importance  of advanced packaging. 
Looking forward, however, OSATS 
will need to defend their market from 
foundries in order to increase, or at least 
maintain, growth rates.

M&A scenarios for OSATS in
2020-2025

Semiconductor M&A deals, which 
were in continuous decline since 2015 
from a historic high of ~US$108 billion, 
has increased in 2019 by 22%, compared 
to 2018.  There were more than 30 
semiconductor acquisition agreements in 
2019 with a combined value of US$31.7 
bi l l ion, which was a 22% increase 
f rom US$25.9 bi l l ion. Of the total 
semiconductor M&As, semiconductor 
packaging M&A was only worth ~US$3 
bill ion in all of the past four years 
combined [1].

Of the ~US$3 billion, the majority of 
M&A value was only from 7 deals: the 
JCET acquisition of STATSChip PAC 
(US$780 million), the TFME takeover of 
AMD plants in China (US$371 million), 
the Amkor takeover of J-Devices (US$105 
million), the Huatian takeover of Unisem 
(US$451 million), the Nepes takeover 
of Deca Philippines factory (~US$200 
million), the Amkor takeover of Nanium 
(undisclosed amount), and Samsung 
Electronics’ acquisition of SEMCO PLP 
business (~US$750 million) [1].

The packaging/assembly business was 
traditionally the domain of OSATS and 
IDMs. Players from different business 
models, i.e., foundries, substrate/printed 
ci rcu it  boa rd (PCB) suppl ie r s  and 
electronics manufacturing services (EMS)/
original design manufacturer (ODM) are 
entering the packaging/assembly business 
and cannibalizing the OSAT business. 
Consolidation through M&As is one of the 
ways for OSATS to survive in an era when 
players from different business models are 
entering the advanced packaging segment.

Based on thei r  revenue size and 
technology level, we propose various 
M&A scenarios among OSATS: 1) Small 
size - Medium AP technology Level 
OSATS acquired by Tier 1 OSATS; 2) 
M&As among Tier 1 OSATS; 3) M&As 
among players having complementary 

packaging production to the OSATS. 
It is believed that the outsourcing of 
packaging activities is growing at a 
faster rate for the IDMs. The balance of 
packaging value between the OSATS and 
IDMs is relatively well maintained.

I n  v i e w  o f  t h i s  c o m p e t i t i v e 
environment within the semiconductor 
supply chain, OSATS are increasingly 
trying to reposition their business by 
moving f rom a pure manufactur ing 
service provider model to providing 
turnkey offerings. In fact, OSATS were 
early adopters of wafer-level packaging 
technologies, including options for fan in 
and fan out. The intensity in this area has 
increased over the past years because this 
technology enabled OSATS, foundries 
and IDMs to venture into the shared 
territory of semiconductor packaging and 
wafer-level processing at the far back end 
of the line.

OSATS are carefully st rategizing 
their product and technology portfolios 
(Figure 5). Moving into 2.5D and 3D 
technology offerings, and combining 
t h e s e  of fe r i n g s  w i t h  w a fe r- l e ve l 
packaging, when suitable, is a way to 
bring margins back to a healthier level, 
making use of the upstream investment 
d e p loye d .  Howeve r,  OSAT S f a c e 
roadblocks because this position has 
been made redundant with the position 

Figure 5: Key OSATS positioning by technology and revenue. SOURCE: [1]
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technologies; and 4) M&As among players 
involved in similar business and market 
segments. Scenarios #1, 2 and 3 are more 
likely to happen, while #4 is less likely.

Financial ranking within top 25 
OSATS

Large OSATS have become separated 
from the rest. The top 8 OSATS continued 
with heavy investment in CapEx and R&D. 
The top OSATS with large investments 
have created a disparity with the rest of the 
pack. The top 8 OSATS now include three 
manufacturers  headquartered in China 
(Figure 6). UTAC maintained its 8th 
spot. Companies in the tail of the chart in 
Figure 6 are at a higher risk if there is no 
differentiated technology or IP for merger 
and/or acquisition as an exit strategy. 
Players not within the top 8 rankings need 

to catch up, otherwise, they risk being 
acquired, or going out of the business.

In 2019, ASE became a mega-OSAT 
outranking its peers with US$13.7 billion 
in revenue. The SPIL acquisition was 
finalized and USI’s ~10% YoY revenue 
growth in 2019 was able to shield it 
from YoY reduction compared to other 
OSATS, such as Amkor and JCET. In 
2019, with SPIL included within ASE, 
Lingsen Precision Industries became the 
#25 OSAT in ranking. TSMC’s position 
remained #4 at around US$2.8 billion 
for 2019 as it strengthened its InFO-x 
offerings with 5G deployment. Taiwanese 
OSATS continued to gain share of the 
worldwide OSAT market compared to 
other countries at 55% in 2019 as ASE 
rose to new heights with new capabilities 
and record revenue. Total OSAT revenue 

increased to US$28.1 billion in 2019 from 
US$27.9 billion in 2018. ASE represented 
almost 50% of the total OSAT revenue 
and ASE, Amkor, and JCET combined 
represented 74% of total OSAT revenue. 
OSAT R&D spending in 2019 rose slightly 
to US$1.31 billion from US$1.29 billion 
despite sluggish demand in 1H’2019. 
OSAT CapEx spending in 2019 remained 
at 2018 levels, around US$5.5 billion [1].

References
1. “Status of Advanced Packaging 

I n d u s t r y  2 0 2 0  r e p o r t ,”  Yo l e 
Développement, 2020.

2. “Application Processor Quarterly Market 
Monitor, Yole Développement, Q3 2020.

3. “Advanced Packaging Quarterly Market 
Monitor Q3,” Yole Développement, 
October, 2020.

Biographies
Favier Shoo is a Technology and Market Analyst in the Semiconductor & Software division at Yole 

Développement, part of the Yole Group of Companies. Based in Singapore, he is engaged in the development 
of technology and market reports, as well as the production of custom consulting reports. He holds a Bachelor’s 
in Materials Engineering (Hons) and a Minor in Entrepreneurship from Nanyang Technological U. (NTU) 
(Singapore). He was also the co-founder of a startup company. Email: favier.shoo@yole.fr

Santosh Kumar is a Principal Analyst and Director Packaging, Assembly & Substrates for Yole 
Développement’s activities in Korea. Based in Seoul, Santosh is involved in the market, technology and 

strategic analyses of the microelectronic assembly and packaging technologies. He received Bachelor’s and Master’s Degrees in 
Engineering from the Indian Institute of Technology (IIT), Roorkee, and the U. of Seoul, respectively. He has published more 
than 40 papers in peer reviewed journals and has obtained two patents.

Figure 6: Top 25 OSATS: 2019 revenue (in M$). SOURCE: [1]

http://www.chipscalereview.com


1010 Chip Scale Review   November  •  December  •  2020   [ChipScaleReview.com]

Enabling AI with heterogeneous integration
By Arvind Kumar, Mukta Farooq  [IBM Research]

r tif icial intelligence (AI) 
applications have become 
a pervasive segment of the 

computing landscape and are poised 
to continue explosive growth for many 
years. Delivering the very large demands 
of compute, memory, and bandwidth 
required by AI has become a leading 
challenge in computing system design 
and provided a major incent ive for 
deployment of specialized components 
t o  a c c e l e r a t e  t h e s e  w o r k l o a d s . 
Heterogeneous integration [1] has risen 
to the forefront of technology focus 
because of the need to enable high 
interconnectivity between these diverse 
components coupled with the need for a 
new technology paradigm to counter the 
diminishing returns of scaling. In this 
article, we address three fundamental 
questions framing the challenges in this 
area: 1) What are the compute, memory, 
and connectivity requirements for AI 
workloads? 2) What novel heterogeneous 
integ rat ion technologies a re being 
developed to deliver continued gains 
in AI system performance? 3) What 
is the path forward to deploy these 
heterogeneous integration technologies 
to address these challenges? We conclude 
by describing the requirements of the 
heterogeneous integrat ion platform 
needed to enable an upward trajectory for 
AI system performance.

Background
To understand the compute, memory, 

and connectivity requirements for AI 
workloads, we start with some history. 
The revolution in AI computing has 
been the product of three factors. First, 
voluminous amounts of data are being 
collected across many domains (social 
media and data from sensors are two 
example sources), and AI algorithms 
are adept at analyzing this unstructured 
data. Second, following a period of many 
decades of little progress, there have been 
many recent advances in AI algorithms 
to gain insights into this data, attaining 
human-level accuracy at tasks such as 

speech  recog n i t ion . 
Finally, there has been 
a spectacular growth in 
computing capability 
f u e l e d  b y  s c a l i n g , 
which has led to the 
widespread availability 
of computing resources 
facilitated by the cloud. 
This third factor is the 
one on which we will 
focus because its continued success is 
critical to sustaining the unrelenting 
growth of AI, making clear the need 
for  new pa rad ig ms to  add ress  t he 
diminishing benefits of scaling.

Before  d i scu ss i ng  t he  pot ent ia l 
benefits of heterogeneous integration, 
we first summarize some fundamentals 
of AI [2]. The engine of AI computing 
is the deep neural network (DNN). As 
shown in Figure 1, a DNN consists 
of a series of layers that transform an 
input (e.g., the pixels of an image) to an 
output (e.g., the classification of what is 
in the image) by discovering the most 
important features (e.g., the distinct 
characteristics distinguishing a cat from 
a dog). A large DNN may consist of tens 
or even hundreds of layers (hence the 
name “deep”). These layers consist of 
matrices with parameters called weights 
that transform the input of the layer to an 
output, which feeds into the next layer. 
Typical DNNs have tens of millions of 
weight parameters, but the number of 
parameters in very large models (e.g., 
for language translation) is approaching 
the t r illion level. DNNs have found 
widespread application in many domains, 
with speech,  lang uage,  and v ision 
comprising three of the most common. 

Training and inference phases of
a DNN

Before a DNN can be used, it must first 
be trained, typically with a very large 
number of  examples, in order to find the 
weight values. Each training example is 
sent forward through the network, and 
the weights of the network are adjusted 

based on the difference, or error, between 
the calculated output and the correct 
output during a subsequent backward 
pass through the network. Propagation 
from one layer to the next involves a set of 
computationally-intensive steps, of which 
matrix multiplication of the layer’s input 
by the weights of that layer dominates 
the computation time [3]. This procedure, 
called backpropagation, has to be repeated 
many times over the full set of training 
examples, until the accuracy on a separate 
verification set saturates, representing the 
achievable accuracy of the network. Once 
the model is trained, it can be deployed in a 
phase called inference. Unlike the training 
phase, which involves forward, backward, 
and update passes through the network 
for each training example, inference 
involves only the forward pass. Moreover, 
it is often possible to downsize the model 
after training while preserving accuracy, 
reducing the computational burden even 
further.

Computational requirements
We now discuss the compute, memory, 

and con nect iv it y requi rements for 
t raining and inference. Several key 
dr ivers have emerged to accelerate 
A I  w o r k l o a d  c o m p u t a t i o n  [ 3 ] . 
First , specialized accelerators have 
a r ch i t e c t u r e s  t o  s p e e d  up  m a t r i x 
multiplication as a dominant operation 
of DNN computation. Second, unlike 
many other workloads, the memory 
access patterns and order of instructions 
are completely deterministic (set by the 
DNN), so that specialized accelerators 
with dataflow architectures can achieve 
very high compute utilization. Rather 

A
Figure 1: Example of a deep neural network (DNN).
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than the caches in generalized processors, 
which guess at the best data to store, 
on-chip memory scratchpads storing 
precisely predictable data can be used 
to optimize data f low and maximize 
data reuse. Finally, it has been amply 
demonstrated that AI applications simply 
do not need the high precision required 
for many other workloads; the state of 
the art is to use 8 bits for training [4] 
and 4 bits (with even 2 bits possible) 
for inference [5] while preserving the 
accuracy achieved at higher precisions. 
The use of lower precision leverages the 
quadratic scaling of compute energy and 
area with the number of bits.

W i t h  t h e s e  d r i v e r s ,  s e v e r a l 
specia l i zed component s  i nclud ing 
graphics processing units (GPUs), field-
programmable gate ar rays (FPGAs), 
and AI accelerators have been widely 
deployed to accelerate AI workloads. 
Because of the huge computat ional 
requirements, training workloads are 
of ten pa ra l lel i zed among mult iple 
accelerators; nonetheless, large models, 
with billions of weights, may still take 
days to train. Although inference involves 
similar mathematical operat ions as 
training, there are many fewer operations 
and one processor is usually sufficient for 
inference workloads.

AI workloads have large memory 
requirements on account of the large 
size of models and the need to store 
intermediate data structures as data 
p r op a g a t e s  t h r ou g h  t he  ne t wor k . 
The requ i rements  for  t r a in ing a re 
particularly taxing because of the need 
to store multiple training examples in 
memory (called a “minibatch”), the 
model weights, the weight updates, 
and the intermediate results at each 
layer (activations). Because of the large 

number of training examples, throughput 
is key. On the other hand, inference has 
fewer data structures, involving only the 
forward pass. If possible, storage of the 
full DNN model near memory is highly 
desirable to reduce latency and minimize 
the energy cost of data movement. Low 
latency is of prime importance for many 
inference applications because of the 
need for real-time processing.

Although great st r ides have been 
made in accelerat ing AI workloads 
through compute units such as GPUs 
and specialized accelerators, it is equally 
impor tant  to increase the memor y 
bandwidth in tandem; otherwise the 
compute units can remain idle waiting 
for data, leading to unbalanced system 
per for mance.  To suppor t  t he h igh 
bandwidth requirements, memories such as 
the high bandwidth memory (HBM) have 
been introduced [6]. An illustrative study 
found that, over a 10-year period, GPU 
compute performance increased by 41x 
while bandwidth increased only 10x [7]. To 
illustrate this point further, we simulated 
[8] the training of Resnet-50 (a common 
network for image classification) using a 
system of 16 interconnected AI accelerator 
chips, asking whether the maximum 
benefit from system performance would 
come from improving compute or from 
increasing memory bandwidth. As shown 
in Figure 2, for an accelerator which has 
already leveraged many tricks to improve 
compute performance, proportionate 
improvements in memory bandwidth at 
fixed compute capability far outperform 
fur ther improvements in compute at 
fixed memory bandwidth. The maximum 
improvements are achieved by increasing 
c o m p u t e  c a p a b i l i t y  a n d  m e m o r y 
bandwidth in a balanced way, as illustrated 
by the top curve. This gap between 

compute performance 
a n d  m e m o r y 
bandwidth presents an 
excit ing oppor tunity 
f o r  h e t e r o g e n e o u s 
integration to contribute 
to AI. 

As discussed earlier, 
AI t raining is highly 
c o m p u t a t i o n a l l y 
i n t e n s i v e ,  o f t e n 
requiring parallelization 
among many chips, or 
“ worke r s .”  Be cau se 
c o m m u n i c a t i o n 
c os t s  i nc r e a se  w i t h 

the number of parallel workers, high 
bandwidth communication between AI 
chips also becomes a critical bottleneck 
where heterogeneous integration can help. 
For example, in data parallelism, each 
worker takes a subset of the training data 
and determines the changes to the model 
for its part of the data. However, as the 
training proceeds, these weight changes 
must be exchanged and synchronized 
so that all workers have an updated 
copy of the model. Several topologies 
such as hypercube mesh and torus with 
high-speed links are being employed to 
optimize chip-to-chip communication [9].

To summarize this section, AI compute 
requires dense compute modules capable 
of accelerating operations common to 
DNNs, such as matrix multiplication. 
AI memory demands high bandwidth 
to match the compute throughput and 
high capacity to support large DNN 
models. Finally, large t raining jobs 
require multiple chips connected by high-
bandwidth, energy-efficient interfaces.

Classical packaging vs. 
heterogeneous integration

A classical packaging construct may 
comprise several individual first-level 
assemblies that are joined to a card or 
board, often referred to as discrete chip-
on-package assembly. Alternatively, it 
may be a system on chip (SoC), where a 
single chip comprises an entire “system,” 
meaning it has logic, memory, and other 
entities that function in unison as a 
complete system; in this case, the chip 
is likely to be very expensive, and the 
packaging assembly yield has to be very 
close to perfect (100%). A different type 
of system integration is seen in the system 
in package (SiP) case, where a number 
of integrated circuit chips are attached to 
a single packaging substrate, creating a 
single module that performs all or most 
of the functions of a full system. The SiP 
case has the advantage that chips may be 
sourced from various suppliers, to create 
a cost-effective solution, such as found in 
mobile phones.

However, these classical packaging 
solutions fall short of delivering the key 
requirements of AI compute, i.e., 1) high 
compute density, 2) high bandwidth access 
to memory, and 3) chip to chip connectivity 
with high bandwidth, low latency, and low 
energy cost. Heterogeneous integration 
provides innovative solutions where 
classical options are unable to meet these Figure 2: System performance improvement comparing changes in compute 

vs. bandwidth.
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requirements. Heterogeneous integration 
options are classified as belonging to 
one of three primary types shown in 
Figure 3: interposer, redistribution wiring, 
and three-dimensional (3D) integration. The 
interposer option can further be classified 
into a silicon interposer and an organic 
interposer. The redistribution wiring option 
can be either a silicon bridge with back 
end of line (BEOL) wiring or a fan-out 
wafer-level packaging (FOWLP) option. 
The 3D integration option has several sub-
categories, but in all these, the key common 
factor is that there are active dies that 
contain through-silicon vias (TSVs). 

Interposers
An interposer is fundamentally an 

entity that is placed (or interposed) 
between two other entities—in this case, 

a silicon chip and a packaging substrate. 
An important attribute of all interposers 
is that they enable the transmission of 
elect r ical signals through them and 
thereby provide a conduit between 
silicon and package, as shown in Figure 
4. A silicon interposer is therefore a 
passive entity that may have on one 
surface, one or more chips joined to it 
by solder or copper interconnects, while 
on the opposing surface it may be joined 
to a packaging substrate with solder 
interconnects. Addit ionally, it may 
have passive elements like capacitors, 
resistors, and/or inductors joined to 
either or both surfaces. It may also 
contain built-in passive elements, such 

a s  d e e p  t r e n c h 
c a p a c i t o r s  ( D T 
caps) or inductors. 
T h i s  s i l i c o n 
i n t e r p o s e r  h a s 
TSVs that  a l low 
for communication 
b e t w e e n  t h e 
e n t i t i e s  o n  t h e 
opposing surfaces, 
as well as surface 
w i r i n g  t h a t 
m ay  b e  bu i l t  i n 
d ie le c t r ic  f i l m s 
s u ch  a s  ox id e s , 

thereby enabling connectivity between 
components placed on the same side of 
the interposer. Silicon interposers are 
completely compatible with standard 
fabrication processing, but they also 
have manufacturing costs that stem from 
builds in wafer fabrication lines.

On the other hand, organic interposers 
are fabricated in laminate manufacturing 
companies; they build on the existing 
organic laminate structures by adding 
f iner su r face st r uctu res that al low 
for super ior  con nect iv it y bet ween 
components on the top side of the 
interposer [10]. And they already have 
th rough-vias that enable elect r ical 
connection to the other side, thereby 
enabling signal and power transmission.

A silicon interposer may fall short of 
AI requirements because of its limited 
scalability. Although a 2x reticle size has 
been practiced routinely, and 3x reticle 
sizes are being offered, the larger the 
interposer gets, the more the potential 
for stress-related issues. When silicon 
interposers are joined to organic packaging 
substrates, there is differential expansion 
and contraction between them because of 
differences in the coefficients of thermal 
expansion (CTE); the silicon interposer 
CTE is around 2.6ppm/ºC, whereas that 
of the organic substrate is 
12-17ppm/ºC. Differential 
expansion and contraction 
c r e a t e  s t r e s s e s  i n  t h e 
assembly, including stresses 
in the interconnections, and 
the surfaces to which they 
are joined. As the silicon 
gets larger in size, there are 
larger shear stresses in the 
interconnects at the extreme 
edges, which may create 
manufacturability, as well as 
reliability concerns.

In the case of organic interposers, 
the dielectr ic materials used for the 
f iner surface layers do not have this 
tremendous difference in the CTE as 
compared to the underlying organic 
package. The silicon die attached to the 
top side of the fine layers are generally 
smaller than a single reticle size (~26mm 
x 32mm), so there is no instance of a large 
piece of silicon (2x reticle size or larger) 
attached to an organic substrate, as in the 
case of the silicon interposer.

Redistribution wiring
Redistribution wiring that enables 

connectivity between components can be 
made using either inorganic dielectrics 
or organic dielectrics. Figure 5a shows 
two conf igurat ions where a si l icon 
br idge connects two or more chips. 
Many varieties of bridges are seen in the 
literature, including bridges on the surface 
of the packaging substrate, bridges that 
are embedded inside the packaging 
substrate, and bridges that are placed in a 
recess or trench on the top surface of the 
packaging substrate. This bridge typically 
uses inorganic inter-level dielect r ic 
materials and copper wiring fabricated by 
traditional silicon fabrication processes. 
A bridge is generally a passive entity 
without active logic functionality. It may 
use a surface dielectric material such 
as oxide, which has a relative dielectric 
permeability “k” of around 4, or other 
materials with k<4. When k is low, the 
transmission of signals in the embedded 
copper wiring is superior. However, these 
materials are typically more fragile and 
less robust than silicon oxides and may 
cause reliability issues during the life of 
the component. The advantage of silicon 
bridge technology is very f ine lines 
and spacings, leading to a rich density 
of transmission lines connecting the 
chips. However, bridges are physically 

Figure 3: Heterogeneous integration options.

Figure 4: Classical packaging configuration.

Figure 5: Example(s) of: a) Bridges; b) Fan-out wafer-level packaging. 
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juxtaposed in the narrow space between 
neighboring die, which limits the area 
of connection to the edges of the chips  
being connected.

Red is t r ibut ion  w i r i ng  may a l so 
be achieved using organic dielectric 
materials and copper wiring; this allows 
for  super ior  con nect iv it y bet ween 
chips on the subst rate (Figure 5b). 
This category is also known as fan-out 
wafer-level packaging (WLP) in one 
manifestation. The key idea is to use 
known good die (KGD) and connect 
them using copper wiring in a polymer 
(organic dielectric). This connection may 
be done by using KGD, placing them 
on a temporary carrier with an adhesive 
layer, then covering them in a molding 
compound, grinding down the mold to 
reveal their contact pads, and finally 
creating redistribution wiring. Examples 
of organic redistribution layer wiring are 
given in [11].

Pairs or small groups of die may 
thereby be connected to each other, and 
diced out as a set of die, ready to be 
joined to packaging substrates. Several 
variations of this idea exist, but the 
fundamental concept is to use polymer 
dielectric layers and copper wiring to 
provide f ine wiring to connect chips 
without the use of silicon substrates. This 
delivers a solution with lower insertion 
losses while still providing excellent die 
to die interconnections. Because it is not 
restricted only to die edges, this solution 
optimizes connections between two die, 
and it also enables optimal connections 
among a group of dies. 

3D integration
Of the entire suite of heterogeneous 

i n t eg r a t ion  solu t ion s  t houg h ,  t he 
mos t  p rom isi ng one  for  t he  h ig h-
bandwidth demands of AI compute is 
3D integration, wherein die are stacked 

ve r t ica l ly,  and com mu n icate  w ith 
each other using TSVs as shown in  
Figure 6. The power of 3D integration 
lies in its ability to provide relatively 
sho r t  z - d i r e c t ion  c om mu n ica t ion 
chan nels ,  and to  avoid longer  x-y 
travel between chips, thereby avoiding 
s u s c e p t i b i l i t y  t o  c r o s s  t a l k  a n d 
insertion loss, both of which impede 
p e r f o r m a n c e .  3 D 
integration can therefore 
create tight coupling with 
very high bandwidth. In 
the case of accelerator 
to memory connections, 
such a coupling enables 
the accelerator to have 
rapid access to memory 
a t  v e r y  l o w  e n e r g y 
c o s t .  T h i s  c o u p l i n g 
m a y  b e  e n h a n c e d 
further if the die to die 
i n t e r c o n n e c t i o n s  a r e 
finer, and traditional Sn-
based solder is replaced 
by copper, such as in copper-copper 
or hybr id bonding. Hybr id bonding 
generally refers to the bonding of two 
opposing surfaces that have copper 
regions as well as dielectric regions, 
wherein like regions face each other, 
and are joined together.

A key consideration is determining 
at what level die to die 3D stacking 
is desired. AI compute requires the 
accelerator-memor y con nect ion to 
have high bandwidth, low latency, and 
low energy cost (i.e., pJ/bit of data 
movement). The question then is: at what 
level should accelerator and memory 
connect to achieve this objective? It is 
important to keep in mind that multiple 
accelerator and memory die connectivity 
may be needed. A connection between 
the f ield-effect transistors (FETs) on 
accelerators and those on memory is not 
mandated. So, there is no major driver 
yet for monolithic 3D with integrated 
circuit-level stacking of transistors. We 
do, however, need a connection between 
accelerator and memory die at t ight 
pitch, which makes the case for stacked 
die with fine-pitch interconnections.

The above discussion brings us to the 
next questions: what is the ideal TSV 
fill material, and at what level should 
TSVs be integrated in the 3D wafer? 
The highest performance is achieved 
by TSVs with low resistance and low 
capacitance. This points to copper TSVs, 

because copper has among the lowest 
resistivities of all materials compatible 
with silicon fab processing. The copper 
TSV integration must necessarily occur 
after the FEOL is completed because 
of the high-temperature processing 
in the FEOL, which copper is unable 
to withstand. The TSV is therefore 
integrated during the BEOL fabrication 

process. The exact point at which the 
TSV is integrated into the BEOL is 
determined by a number of factors 
including the effective resistance of 
the TSV and process considerations. 
Generally, a TSV built high in the back 
end will have superior current-carrying 
capability because it circumvents the 
high resistance paths in the fine wire 
levels as shown in Figure 7 [12].

Another aspect to consider is the 
thickness of the final thinned 3D die. Die 
handling and final module assembly are 
factors that often restrict this thickness 
to about 50-100µm. This final thickness 
closely approximates the TSV depth, which 
in turn determines the TSV diameter, 
because of aspect ratio (diameter: depth) 
considerations in wafer processing. Finally, 
3D integration with TSVs may have 
impacts on devices and BEOL structures 
because of the presence of the TSV, which 
must be assessed with reliability stressing 
to ensure that any 3D die with TSVs can 
operate predictably during their life [13].

AI pathways using heterogeneous 
integration

We now give several examples of how 
heterogeneous integration technologies 
can pave the path for ward to meet 
the growing demands of AI. Two key 
drivers of heterogeneous integration are: 
1) node optimization: enabling compute, 
memory, and I /O to be designed in 

Figure 6: 3D die stack on packaging substrate.

Figure 7: TSV integration options: a) (left) high in the BEOL; or b) (right) 
immediately after middle of line (MOL).
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different nodes for cost and technology 
optimization; and 2) die disaggregation: 
allowing higher yielding and lower 
cost smaller dies that can be f lexibly 
combined. The most common example 
of heterogeneous integrat ion in AI 
today is the use of the Si interposer 
for connectivity between a GPU or AI 
accelerator and 3D-stacked HBM. A 
notewor thy research example of die 
disaggregation for an AI application is 
NVIDIA’s inference engine consisting 
of 36 small chiplets [14].

In the short term, several alternatives 
to Si interposers, including bridges, 
FOWLP solutions, and high-density 
o rga n ic  subs t r a t e s  a r e  e me rg i ng , 
offering better scalability and lower 
cost. As bandwidth demands grow, 
h owe ve r ,  t h e s e  t wo - d i m e n s io n a l 
solutions will be supplemented with 
more and more 3D solutions. Although 
3D solutions are state of the art for low-
power memory stacking thanks to the 
easily managed thermal concerns, 3D 
stacking of accelerators and memories 
has been h indered by ther mal and 
power delivery challenges. We view 
this challenge, however, as a vital next 
step to achieve order of magnitude 
improvements in bandwidth and energy/
bit (Table 1).

An impor tant consideration while 
stacking an accelerator and a memory 
die is to determine stacking order. The 
top die will be a full thickness die, 
while the bottom die will be thinned 
and contain TSVs to supply power and 
signals to the top die. Both accelerator-
on-memory and memory-on-accelerator 
3D stacking present signif icant but 
different challenges, as illustrated in 
Figure 8. For accelerator-on-memory, 
the power delivery to the accelerator 
using TSVs in the memor y can be 
challenging, although the cooling of 
the high-performance accelerator is 

made easier by its proximity to the top 
heat sink. For memory-on-accelerator, 
the power delivery to the accelerator 

is much easier, but the heat from the 
accelerator must escape upward through 
t he  memor y,  posi ng  a  s ig n i f ica nt 
thermal challenge.

In the long te r m, heterogeneous 
integration can help facilitate two other 
possibilit ies related to analog-based 
elements. In the first of these, the analog 
elements a re used as h igh-densit y 
memory elements, enabling much higher 
capacity than for a dynamic random 
access memory (DRAM) [15]. This 
is particularly valuable for inference 
applications as model sizes increase 
and off-chip DRAM accesses of model 
weights are highly energy inefficient. 
Heterogeneous integration can provide 
high-bandwidth connections of these 
emerging memories to AI accelerators 
through the 2D and 3D high-density 
interconnect solutions above.

In the second possibility, analog-
based elements can also be used for 
“in-memory computing” by storing the 
weight values of a DNN in a crosspoint 
a r ray of  resis tor s  [16].  T he major 
advantage of such a configuration is that 

the very costly matrix multiplication 
ope ra t ion ,  wh ich dom i nates  DN N 
computation, can be done in a single 
step exactly where the weights are 
stored, without having to move them 
from memory to the processor. Such 
accelerators, with different process 
requirements because of the analog 
elements, are likely to be fabricated 
in a technology different from other 
digital-based components. As shown in  
Figure 9,  t hey w i l l  requ i re  h ig h-
ba ndw id t h  con ne c t ion s  t o  d ig i t a l 
accelerators that can offload operations 
to them [17].

Summary
We summar ize the requi rements 

of  t he  he t e roge ne ou s  i n t eg r a t ion 
platform needed to enable an upward 
trajectory for AI system performance in  
Figure 10. Tiling of multi-core chiplets 
provides the h igh compute density 
needed for the strenuous demands of 
AI computing. Specialized components 
a nd accele r a tor s ,  i nclud i ng  t hose 
with 3D stacking, are used for further 

Table 1: Comparison of 2D and 3D stacking 
solutions with respect to bandwidth and energy/bit.

Figure 8: Possible configurations for 3D stacking of accelerator and memory.

Figure 9: Analog-based computational memory connected to digital processors and memory (from [17]).
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acceleration. Central to this concept 
are highly efficient interfaces to enable 
connect iv it y between components. 
These inter faces should have h igh 
bandwidth (Gbps/mm), low power (pJ/
bit), high area efficiency (Gbps/mm2), 
and be based on an open standard to 
al low connect ivity between a wide 
variety of components. Through such a 
platform, facilitated by advancements 
i n  t he  he t e roge ne ou s  i n t eg r a t ion 
technologies descr ibed earl ier,  we 
bel ieve t hat  t he  cha l lenges  of  t he 
AI revolut ion in comput ing can be 
successfully overcome. 
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his article will discuss the 
i m p a c t  o f  l a s e r  d e b o n d 
processing for 2D and 3D 
heterogeneous applications. 

To this end, the fundamentals of laser 
debonding will be introduced. The focus, 
however, will be on highlighting its use 
in several imec programs such as fan-out 
wafer-level packaging (FOWLP), die-to-
wafer stacking, collective hybrid bonding, 
and 2D material transfer.

The semiconductor industry is readying 
itself for the transition from mechanical 
peel debond processing to laser debond 
processing. Several aspects of the latter 
process that make it very appealing include 
the improved throughput compared to a 
peel debond process and the selectivity 
regarding debond interface. Where a 
mechanical peel debond process can take 
from several minutes to up to tens of 
minutes, laser debonding typically takes 
less than a minute for a full 300mm wafer. 
In more complex systems encountered in 
2D-3D heterogeneous processing, multiple 
wafer flip operations can be required in 
order to enable both front-side and back-
side processing. The adhesive strength, on 
which a successful peel debond depends, 
can become a limiting factor in these 
cases, but may be overcome when peel 
debond is replaced by laser debonding 
[1]. Furthermore, the strength required to 
debond might damage fragile systems like 
ultra-thin Si layers or 2D monolayers. In 
the laser debonding scheme, the adhesive 
strength of the temporary bonding material 
(TBM) is not an issue during debonding 
because this function is replaced by the so-
called laser release layer (LRL) [1]. This 
transition, however, does require a redesign 
of existing temporary bonding flows and 
a material selection reassessment based 
on the type of laser used for the ablation 
process. In this review, we describe several 
imec programs that clearly benefit from 
laser debonding. Before describing these 
benefits, we will briefly introduce laser 
debonding for a thin wafer flip on tape.

During the laser debond process, an 
LRL is ablated by the laser. Imec opted 
for an ultraviolet (UV) laser and, as such, 

uses glass carrier substrates whenever laser 
debonding is required. The UV photons are 
transmitted through the glass and absorbed 
by the LRL (Figure 1). This layer will 
photochemically degrade and break up 
into smaller fragments, which will result 
in adhesive strength loss between the LRL 
and the temporary adhesive. Next, the 
glass can be lifted off with near zero force. 
In this specific example, the LRL is coated 
on the glass wafer before bonding with 
the TBM, but the LRL can also be coated 
on top of the thin wafer on the condition 
that the TBM is transparent for the laser 
wavelength used.

The design and selection of the LRL 
depend on several criteria. First, the 
specif ic laser wavelength used will 
dictate the optical proper ties of the 
LRL. The material will absorb the UV 
photons that penetrate just a few hundred 
nanometers of the LRL. In this way, the 
primarily photochemical reaction does 
not contribute to a significant thermal 
hot spot near the device interface, and 
therefore, the device is unaffected. 
Second, the LRL will be selected based 
on its compatibility with the stack (on 
top or below the TBM) as required by 
the application. In each of the following 
described applications, the choice of the 
used LRL and the stack order will be 
explained in detail.

FOWLP
The flip-chip on FOWLP concept aims 

to enable a high chip-to-chip connection 
density within a package [2]. This density 
is achieved via the use of a sil icon 
bridge with back-end-of-line (BEOL) 
interconnection layers and f ine-pitch 
microbumps. The final target is built 

using the following assembly f low. For 
more information on this project and flow 
we refer to the literature [2]. In short, 
after through-package via (TPV) and 
logic placement on a temporary carrier 
system, the silicon bridges are stacked 
on top (Figure 2). Wafer-level molding 
and planarization via grinding exposes 
the µ-bumps on the front side. Next, the 
memory needs to be stacked on the TPVs. 
In order to do this, a first wafer f lip is 
introduced. After memory placement and 
the second molding process, the system 
is placed on tape for die singulation via a 
second wafer flip process.

Several wafer f lipping operations 
using temporary carrier substrates are 
required in order to complete the whole 
assembly process f low. During chip 
placement on the first temporary carrier, 
the chips are typically placed face down 
into the adhesive material. Re-accessing 
this or iginal device f ront side af ter 
bridge placement, molding and grinding 
requires a first wafer flip. Hence, there is 
a strong selectivity competition between 
the adhesive on carrier 1 (TBM 1) and 
the adhesive on carrier 2 (TBM 2). The 
latter needs to enable a high selectivity 
during the first carrier removal. However, 
it still needs to be able to release during 
the second wafer flip, which is required 
for package singulation. Furthermore, in 
this specific application, TBM 1 needs to 
meet a very specific set of requirements 
regarding the high die placement accuracy 
that is expected. These properties involve 
t ransparency for al ignment pat tern 
recognition, low temperature die-TBM 
tackiness, and zero-ref low/–die shift 
during the molding process. It is this set 
of requirements on TBM 1 that makes 
finding a suitable TBM 2 more complex. 

T
Laser debonding in 2D and 3D heterogeneous applications
By Koen Kennes [imec]  Alice Guerrero [Brewer Science]

Figure 1: Laser debonding a thin wafer on tape frame.
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As mentioned in the introduction, the 
selectivity competition between a set of 
TBMs can be partially replaced by the 
introduction of a LRL layer for laser 
debonding. We therefore opted to use a 
laser debonding scheme for the second 
wafer flip operation.

Because of the use of an LRL, TBM 
2 can be chosen based on its adhesive 
properties, the capability to efficiently 
strip it after laser debonding, and of 
course its compatibility with the chosen 
LRL. A TBM with a very high adhesion 
to the LRL and the mold was chosen. 
Dur ing a peel debond process, the 
debonding of the second carrier with such 
a TBM would be very difficult, certainly 
with a mold on t ape f rame, which 
typically suffers from poor adhesion. 
The final result after laser debonding 
and stripping of the remaining adhesive, 
shown in Figure 2, does not indicate any 

damage or residues on the 200µm thin 
reconstituted substrate.

Die-to-wafer stacking via 
microbumps

High-density interconnects increase the 
bandwidth of logic devices and the capacity 
of memory stacks by decreasing through-

silicon vias (TSVs) and microbump pitches. 
Implementing such fine-pitch microbumps 
for multi-die stacking requires a careful 
assembly process to prevent any damage to 
the tiny microbumps. In this study, a glass 
carrier is bonded to the bump side of the 
wafer followed by mechanically debonding 
the silicon carrier and mounting the front 
side on tape. At the end of the assembly 
process, the glass carrier is removed 
with laser debonding, cleaning and 
dicing (Figure 3).

A conventional mechanical debonding 
process in this assembly will have a 
negative impact on the microbumps 
because this method can damage and 
deform the bumps (Figures 4a-b) [3]. 
Therefore, a laser debonding scheme, 
followed by solvent cleaning to remove 
the adhesive, was chosen. In this process, 
there was no damage on the bumps after 
laser debonding. The measured electrical 
yield of daisy chains and kelvins for 
different pitches of microbumps together 
with cross section scanning electron 
microscope (SEM) images of the 7µm 
pitch area are shown in Figure 4. It 
can be seen that the electr ical yield 
is close to 100% for large pitches and 
is around 50% for the 7µm pitch for 
all three stacked interfaces. The SEM 
image shown in Figure 4b shows good 
thermocompression bonding alignment 
and intermetallic compound formation 
for the 7µm pitch structure at all three 
die interfaces. This study demonstrated 
that when using a glass carrier bonding 
and laser debonding process, a good 
bonding performance for <10µm pitch 
microbumps can be obtained without 
damaging the microbumps.  

Collective die-to-wafer hybrid bonding
For a detailed descr iption on this 

process we refer to [1,4], but in short: 
this process aims to enable the vertical 
stacking of devices built in different 

Figure 2: FOWLP flow and the full reconstructed substrate on tape before die-singulation.

Figure 3: Assembly process of fine-pitch microbumps using a laser debonding process.

http://www.chipscalereview.com


2121Chip Scale Review   November  •  December  •  2020   [ChipScaleReview.com]

http://www.yieldengineering.com


2222 Chip Scale Review   November  •  December  •  2020   [ChipScaleReview.com]

the evolution of the process. These dies 
are typically very thin (50µm) and very 
sensitive. In a recent publication [1] it was 
shown that the properties of the TBM 
have a major effect on the bond quality of 
the dies to the target wafer. At the same 
time, the adhesion between it and the dies 
not only needs to be sufficient to survive 
several cleaning and stripping steps, but 
also needs to be weak enough to enable 
debonding through a peel debond process. 
During this mechanical debonding step, 
a low die-transfer yield was observed [4]. 
Furthermore, many transferred dies appear 
to be damaged. A laser debonding scheme 
was proposed in order to increase the 
die transfer yield [1]. To this end, a glass 
carrier substrate was used, and an LRL 
was coated on top of the dies. This way, a 
reliable 100% die-transfer yield could be 
achieved. However, a few dies still appear 
to have cracks after laser debonding 
(Figure 5b). These cracks could be due to 

the final thickness of the LRL (~120nm). 
During the laser ablation process, a 
small shockwave is generated during the 
formation of gaseous ablation products. 
Whenever this shockwave is generated too 
close to the LRL/die interface, the dies can 
show some limited damage. Increasing the 
thickness of the LRL layer or separating 
it by coating an additional organic layer 
between the die/LRL interface prevents 
this and leads to a 100% damage-free die 
transfer (Figure 5c-d).

2D-material transfer
F o r  m o r e  t h a n  5 0  y e a r s ,  t h e 

semiconductor industry was doubling 
the number of transistors roughly every 
two years (i.e., Moore’s Law). As a 
result of this, the transistors became 
smaller, faster, and much cheaper to 
produce. Physical scaling is becoming 
very challenging nowadays, while other 
transistor parameters (e.g., frequency, 

technologies and to apply the known-
good-die selection method [1,4]. The 
goal is to collectively transfer dies from 
one wafer to another wafer and to repeat 
this process N times to achieve N>2 die 
stacking. In order to achieve this goal, dies 
that are coated with a LRL are stacked on 
top of the TBM/glass carrier system. For 
contamination reasons, these dies have a 
protection layer on top (resist). Just before 
the collective hybrid bonding, this resist is 
stripped, and the wafer pair is cleaned and 
activated with a proper plasma treatment. 
After hybrid bonding to the target wafer, 
the glass carrier with TBM is removed 
via laser debonding. A simplified flow is 
shown in Figure 5a. You will note that 
in this flow, the laser passes through the 
glass and TBM to perform debond at the 
LRL and TBM interface and the LRL is 
present only at die level and not over the 
entire wafer surface.

To further explain the advantage of an 
LRL on the die itself, it is worth detailing 

Figure 4: a) An optical image shows damaged 
microbumps <10µm after mechanical peel 
debonding; b) A cross section SEM image shows 
multi-die stacks for three interfaces.

Figure 5: a) Flow for collective die-to-wafer hybrid bonding; b) Picture of the transferred dies in the case where 
a thin LRL layer is used without TBM 2; c) Picture of the transferred dies in the case where a thin LRL is used 
with TBM 2; and d) The corresponding scanning acoustic microscope (SAM) image of the bond interface in c).
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power) can no longer follow the pace 
of Moore’s Law [5]. To enable further 
physical scaling (“more Moore”), and to 
incorporate new functionalities to devices 
that do not necessarily follow Moore’s 
Law (“more than Moore”), a high number 
of novel materials are being investigated. 
A promising new material class is 2D 
materials (e.g., graphene, h-BN, WS2, 
MoS2). Some of the sensor applications 
based on 2D materials have already made 
it to the market (e.g., graphene-based 
visible short-wave infrared [VIS-SWIR] 
imagers), while others are st ill in a 
research phase (e.g., graphene-based light 
modulators, WS2 CMOS transistors). 

An important reason for the lack of 
industrial 2D applications remains the 
absence of a reliable integration process 
of high-quality 2D mater ials in the 
semiconductor industry. Synthesizing 
epitaxial 2D materials needs to be done 
on an epitaxial surface (e.g., sapphire 
wafer for transition metal dichalcogenides 
[6] and Cu(111) for g raphene [7]). 
Furthermore, a high growth temperature 
seems preferred to obtain epitaxial 2D 
materials on sapphire. The combination 
of  t hese t wo bou nda r y cond it ions 
(epitaxial template and high growth 
temperature) makes it necessary to 
develop a 2D material transfer. Advances 
in bonding and debonding technologies 
are clearly needed to enable such a layer 
transfer approach. Almost all 2D material 
t ransfer developments discussed in 
literature make use of a flexible support 
layer. This support layer can be a thin 
polymer layer, which is often combined 
with a f lexible tape (e.g., thermal or 
pressure release tape) [8]. These support 
tapes are not compatible with front-end-
of-line (FEOL) semiconductor processing 
and make it very diff icult to control 
strain in 2D materials on microscopic 
and macroscopic levels. Furthermore, 
bonding of the 2D material to the target 
wafer needs to be performed in a vacuum 
environment to be able to control the 2D/
target wafer interface. To that end, the 
support (i.e., carrier) needs to be removed 
with a very low mechanical force after 
2D mater ial t ransfer because of the 
intrinsically low adhesion between a 2D 
material and the target wafer.

Because the temporary and permanent 
bonding steps in a 2D transfer module 
make use of pressure at an elevated 
temperature, a carrier release step without 
heat and pressure is preferred. All these 

boundary conditions make clear that the 
laser debonding that makes use of a rigid 
glass carrier combined with a laser release 
and adhesive layer is an ideal carrier for a 
2D material transfer approach.

The t ransfer of a monolayer WS2 
grown on a 300mm Si wafer with a thick 
SiO2 (1.6µm) has been demonstrated 
using laser debonding [9]. Figure 6a 
shows the 2D WS2 t ransfer scheme, 
a nd F i g u re  6 b  depic t s  a  s t i t ched 

microscopy image of a monolayer WS2 

sheet transferred to a 50nm-thick SiO2 

layer. Photoluminescence measurements 
acquired after the different steps of the 
transfer process show that the maxima of 
the photoluminescence peak before and 
after the transfer did not change after the 
whole 2D wafer, which indicates that the 
material strain and doping are controlled 
when transferring on a blanket target 
wafer using laser debonding (Figure 6c). 
Recently, a full WS2 transistor integration 
u s i ng  30 0 m m processe s  ha s  been 
demonstrated with a transferred WS2 
layer that was enabled by the laser release 
technology [10].

Several  chal lenges remain to be 
solved when developing a 2D material 
transfer module, but laser debonding is 
an enabler for the development of such 
a transfer module. A first challenge that 
needs to be addressed is the increased 
adhesion between epitaxial-grown 2D 
mater ials (e.g., WS2 on sapphire or 
graphene on sapphire/Cu(111)) and its 
growth template. This makes a reliable 
d r y delaminat ion f rom the g rowth 
substrate more challenging. Adjustments 
t o  t h e  2 D  g r o w t h  p r o c e s s  a n d 
improvements in intercalation methods 
and/or modifications to the debonding 
process are likely needed to improve the 
reliability of the 2D debonding from the 
growth wafer. Furthermore, the electrical 
characteristics of these 2D materials are 
hampered by their surroundings, which 
implies that the target wafer preparation 
(planarization and chemical passivation) 
are critical before transferring a 2D 
layer. Finally, the transfer f low makes 
use of an adhesive layer  that needs to 
be cleaned from the 2D layer after the 
full transfer process. Therefore, cleaning 
developments – probably together with the 
use of a protection layer (e.g., h-BN) – are 
needed to fully enable a semiconductor-
compatible 2D material transfer module 
enabled by laser debonding.

Summary
In this brief review, we have introduced 

laser debonding and demonst rated 
the advantages that it can bring with 
respect to more complicated 2D-3D 
heterogeneous applications. In all these 
applications, a debond is required under 
certain mild conditions in order to not 
damage the systems. Either the selectivity 
or compet it ion of several TBMs is 
making the target f low complicated or 

Figure 6: a) Scheme of a fully automated 2D material 
transfer process based on laser debonding technology; 
b) A stitched microscopy image of a monolayer WS2 
transferred on a 300mm Si/SiO2 (50nm) blanket 
target wafer; c) Excitation energies derived from 
photoluminescence measurements after growth and 
the different stages of a 300mm 2D material transfer 
process. Excitation peak positions after growth and 
after the complete transfer are comparable.
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unreliable (FOWLP, die-to-wafer) or the 
fragility of the system itself (collective 
hybrid bonding and 2D material transfer) 
requires an alternative approach than the 
more conventional peel debond scheme. 
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xpanding applications for 
advanced power packaging 
have created the need for new 
package design concepts to 

fill the gaps between existing discrete and 
power module designs. The integrated 
power market continues to expand and 
evolve with established and advanced 
power semiconductor technologies. 
Understanding the current environment 
and the challenges of moving forward are 
necessary to embrace a new integrated 
power packaging technology.

The evolving power electronics market
Telecom, data centers, electric and 

hybrid electric vehicles, and wireless 
power are among the current applications 
d r iving advanced power elect ronic 
designs. The global data center power 
market alone is expected to grow at a 
compound annual growth rate of 12% 
from 2019 to 2025 to reach approximately 
$1 billion by the end of that period [1]. 
However, DC-DC conversion, DC-AC 
conversion and simple power switches 
are required for all electronic products. 
Improving power electronics in today’s 
designs requires:

• Lower resistance/inductance;
• Integrated controller/logic/passive 

components; and
• Reduced form factor.

Low on resistance (RDS(on)), as well as 
low inductance (LDS), are necessary to 
achieve low switching losses in power 
circuits. Without proper attention to these 
design details, the package must handle 
even greater power losses or address 
lower power application because its power 
capabilities are restricted. Integrating the 
controller has become more common with 
the availability of numerous power control 
integrated circuits (ICs). Available space 
in any end design is always at a premium, 
so a reduced form factor is a must.

To address increasingly tougher system 
design goals, power discrete packaging 
has progressed from through-hole to 
surface mount devices (SMDs) with leads, 

to leadless SMDs, to SMDs with dual-
sided cooling and chip-scale metal-oxide-
semiconductor field-effect transistors 
(MOSFETs). Current options to address 
these requirements include  power quad 
flat no-lead (PQFN), routable lead frame 
and a host of discrete solutions including 
exposed double - decawat t  package 
(eD2PAK), TO-leadless package (TOLL) 
and loss-free package (LFPAK). Figure 
1 shows examples of existing discrete 
power packaging and the evolut ion 
of PQFN packaging. Table 1 shows a 
comparison of different characteristics of 
these packages.

Wide-bandgap (WBG) semiconductor 
technologies, such as silicon carbide 
(SiC)  a nd  ga l l iu m n i t r ide  (Ga N ), 
have a higher f igure of merit (FOM) 
compared to silicon MOSFETs and have 
extended the efficiency, output power 
and /or  switch ing f requency range 
and operating temperature range for 
power electronics. At the same time, 

they have created new challenges and 
opportunities for power packages.

With lower losses, a given size power 
device can control higher power loads. 
For example, with GaN power transistors, 
a power system can have ¼ the size, 
weight and efficiency losses compared to 
a silicon-based system. GaN technology 
can solve the system challenges from 
the low-power (50W) end to medium- 
and even high-power levels in wireless 
systems and more. Its acceptance in 5G 
applications makes it well-positioned 
for sophisticated low- to medium-power 
packaging. Similarly, SiC has power 
control capabilit ies beyond those of 
Si MOSFETs and requires advanced 
packaging for many applications. The 
gains and advantages in WBG devices 
need new packaging options to maximize 
the value of the entire power system.

I n d u s t r y  s t a n d a r d s  a r e  a m o n g 
the ongoing developments that can 
accelerate the adoption of SiC/GaN 
power technologies. This is the focus 
of the JEDEC Solid State Technology 
Associat ion’s JC-70 commit tee that 
was star ted in 2017. With the recent 
publ icat ion of J EP180, “Guidel ine 
for switching rel iabil ity evaluat ion 
procedures for gallium nitride power 
conversion devices [2],” to ensure the 
inherent robustness of GaN devices 
in power conversion applications, the 
interest in innovative packaging should 
increase. An ongoing discussion of JC-70 
with automotive-related organizations is 
also in progress.

E
Chip-scale power transistor packaging
By Shaun Bowers [Amkor Technology, Inc.]

Figure 1: Available power discrete capabilities include: a) PQFN evolution, b) eD2PAK with heat spreader tab, c) 
TOLL variations, and d) LFPAK.

Table 1: Comparative data on existing power packages.
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Similarly, the JC-70.2 subcommittee 
is determining guidelines for the testing 
and reliability of SiC power devices. 
Both effor ts should incentivize and 
simplify the adoption of these advanced 
semiconductor technologies, especially 
if packaging advancements match the 
semiconductor’s capabilities. 

Current packaging technology gaps
Today’s discrete power packages are 

limited to the electrical performance of 
clip, wire and solder interfaces. In general, 
discrete packaging follows the design 
philosophy that greater size/volume 
correlates to higher power handling 
capability. However, more eff icient 
transistor technology (such as GaN and 
SiC) provides the ability to handle more 
power in the same size package or to 
reduce the form factor significantly.

A PQFN can handle mult iple die 
where power MOSFETs can be stacked 
or side by side within the same package. 
To further reduce printed circuit board 
(PCB) space and improve elect r ical 
ef f ic iency,  i nduc tor s  a nd  pa ss ive 
devices can be integrated within or on 
top of the package.

An ongoing challenge that discrete 
power packaging and PQFNs encounter 
is the difficulty to effectively integrate 
a package size that handles the power 
required for the application with an 
adequate interface to address the heat 
dissipation. A large form factor (LFF) 
PQFN can have exposed pads for passive 
integration but is constrained in the  
I /O density and Cu thickness of the 
lead frame. A LFF PQFN achieves its 
capabilities with the tradeoffs of thermal 
capacity and the increased process 
complexity of many die attach steps.

For the highest power requirements 
in appl icat ions handl ing hund reds 
and even thousands of watts, power is 
packaged in power modules and package 
d imensions sh if t  f rom mil l imeters 
to cent imeters. These packages are 
normally attached to large heat sinks 
with bolts and nuts ,  and elect r ical 
connections are made with large size 
wires or cables attached with screws. 
These high-power modules may even 
be water cooled at the system level. As 
Figure 2 shows, this leaves a gap in the 
low- to medium-power range that is not 
filled by either discrete devices or large 
power modules. This space is ripe for 
innovation and optimization.

Previous attempts to bridge the gap 
with embedded technologies have resulted 
in highly complex designs that were 
vulnerable to low yield issues, but they 
did address specific application needs. 
While many can be considered technical 
successes, especially to address the niche 
markets they targeted, their adoption has 
been limited. With a supply chain mostly 
enabled through substrate manufacturers, 
the ownership of yield as well as cost 
responsibility hindered their adoption and 
ability to transition to a mainstream power 
packaging technology.

Ultimately, the need to increase power 
to package density by removing lossy 
interfaces has created an opportunity 
window for a new integrated power 
packaging concept for low- to mid-range 
power applications. 

A new design concept
To radically improve functionality in 

the integrated power space discussed 
above, three things must occur. First, 

the total conductivity from source and 
drain needs to be maximized. Second, 
thermal and electrical interfaces need to 
be eliminated or considerably reduced in 
length/thickness. Third, the conductive 
material density of the package needs to 
be increased. Reimagining or reinventing 
the chip-scale package (CSP) for power 
appl icat ions ,  Power CSP™ (PCSP) 
technology accomplishes all three of 
these objectives, while at the same time 
reducing the overall size of the device. 
Figure 3 shows key aspects of this 
package design including heat spreader 
(HS) and other options.

To maximize the total conductivity in 
traditional power packaging, the source 
and drain need to be connected to current 
carrying materials at or near 100% of 
the available space in the die design. 
Traditionally, this is done by increasing 
the number of wires, increasing the wire 
diameter or maximizing the size of the 
clip attached to the source or drain. In the 
PowerCSP technology, designs allow the 
die to use all the available source and drain 
area by connecting the die directly through 
a Cu pad that serves both as the current-
carrying and heat-dissipating element. 
Figure 4 shows connectivity options.

Each interface in a power device can 
act as a thermal or electrical throttle 
or an opportunity for failure in harsh 
environments. As a result, the fewer 
interfaces in the device and the system, 
the better, and the trend is to eliminate 
them to provide a predictable electrical 
path. PCSP technology minimizes the 
interfaces to a single connection from 

Figure 2: Low- to mid-range power applications 
provide opportunities for innovative integrated power 
packaging that overlaps the discrete and PQFN spaces.

Figure 3: The first implementation of PowerCSP™ technology shows its flexibility and many construction options.

Figure 4: The PowerCSP™ design provides many connectivity options for chip-scale power.
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operate at temperatures of 175°C to 200°C. 
Packaging is an integral part of addressing 
the high-temperature challenge.

To achieve a small form factor, one of 
the tradeoffs of PCSP design is a limited 
amount of copper in the package in the 
lateral direction. Even though the new 
technology uses a thick lead frame above the 
die, the package mass and size are greatly 
reduced because of the small form factor. 

This reduces its integral thermal capacity 
and requires external heat sinking to achieve 
an acceptable thermal solution in some 
applications. Figure 6 shows the relative 
junction temperature and mass of various 
packages modeled when the package is 
solely responsible for thermal dissipation. If 
the heat sinking is available or easily added, 
this limitation is easily resolved.

Each of the design variations will still 
utilize the refined process to manufacture 
high-density power devices that are already 
well-established. Eliminating the need for 
wires and/or clips removes process steps 
in the manufacturing flow compared to 

traditional power packaging. For 
the PCSP design, the frame is the 
electrical clip, so 2-3 process steps 
are avoided in the manufacturing 
process. The key process steps are 
die attach, mold and singulation, 
whereas other package variants 
might have additional steps like 
wire bond, solder printing, clip 
placement, and an addit ional 
cleaning step.

The result of the PCSP design 
elements allows low resistance 
(R), low inductance (L) and 
good capacitive (C) performance 
compa red  to  o t he r  d i sc re t e 
packages. Figure 7 shows the 
modeled RLC of the package 
against other discrete power 
packages (refer to Figure 1) and 
with different interface materials 
for the die to body connection. 
The results are predictable for 
a  package with a  ver y h igh 
density of conductive material. 
Resistance is very low compared 
to other packages because of the 
large conductive interface and 
direct connection to the PCB. 
The inductance is low for the 
same reasons and capacitance is 
slightly lower than other packages. 
The RLC performance does not 
appear heavily dependent on the 
conductivity of the die attach 
material or thickness of the new 
design itself, although this will 
benefit thermal and maximum 
current delivery from a basic point 
of view. Loss density is very low 
compared to devices using wires. 
The electrical simulation validates 
the performance of the design 
compared to both smaller and much 
larger packages.

the die to the current-carrying element 
and allows for either the source or drain 
to be directly connected to the supply or 
signals in a PCB or other substrate.

To maximize both the thermal and 
electrical properties, it would be preferred 
to have as much conductive material 
as possible within the volume of the 
package. In most power packaging today, 
the conductive material in the package 
rarely goes above 25% (refer 
to Table 1), whereas our new 
technology is typically in the 40-
70% range. This increase is due 
to the use of a continuous Cu 
substrate instead of a clip.

There are many tailor-made 
power packaging designs to 
address specif ic needs in the 
market, but a flexible design that 
accepts many of the vertical and 
horizontal MOSFET designs in 
use today is needed to ensure 
wide adoption. PCSP variations 
can utilize the core concepts to 
address individual application 
needs while maintaining a high 
power density. Whether the design 
involves an exposed source and 
gate or a routed gate internal to the 
package, all designs using the new 
technology achieve a high power 
density, high conductive material 
density, and minimal interfaces. 
Variations also might include 
additional thickness heat sinks, 
single- or dual-sided drain designs 
and the use of solder, sintered, or 
hybrid materials as needed for 
individual device performance. 
Application-specific enhancements 
l ike wet table f lanks are also 
possible where needed.  The 
overall size of this new concept 
can be adjusted to individual die 
sizes or use common industry 
footprints. Figure 5 shows some  
possible variations.

Whether it is Si, GaN or SiC 
technology, one of the issues in 
all semiconductor power devices 
is higher operating temperatures. 
Automotive represents the worst 
case, where under hood operation 
could require power devices to 

Figure 5: Packaging variations for chip-scale power based on the flexibility of the PowerCSP™ design.

Figure 6: Relative junction temperature vs. package volume for various 
power packages.

Figure 7: Simulated comparison of RDS, LDS and Ciss for the PowerCSP™ 
(PCSP) design to different versions of eD2PAK, TOLL and LFPAK packages.
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Low- to mid-power integration using the PCSP concept
There is a strong movement towards integration within the 

power market—and power density plays a big part in the adoption 
of various integration methods. In the low- to mid-power range, 
integration can involve different methods depending on the use 
case and the original package format.

Three basic approaches outline different paths to integration. 
One is to simply include the controller and MOSFET devices into 
a split-pad lead frame, or PQFN. This is common, but limited as 
far as power and performance  are concerned and options to add 
passive elements are typically done off-package. Another is to 
include more exotic materials within the molded interface such 
as direct bonded copper (DBC), which is common in insulated-
gate bipolar transistor (IGBT) modules. Last, there are efforts 
to directly embed the MOSFET dice into a laminate substrate 
or redistribution layer (RDL) package. Although the embedded 
option has merit in mid-power options, supply chain issues have 
historically slowed widespread adoption of a fully-embedded 
option. Each of these integration paths has advantages and 
disadvantages, but share a few common traits. They all attempt 
to maximize the contact area to the source and drain of the FET, 
put as much conductive material as possible within the module, 
and design a reduced electrical path for successful integration.

An approach to integration that uses PCSP technology might 
resolve some of the fundamental issues inherent in the other 
approaches. Starting with a common form factor and integrating 
this approach into more mainstream module aspects will allow 
for wider adoption. Allowing the MOSFET(s) to be pre-packaged 
allows for individual or gang testing, therefore it can be treated 
as known good die (KGD) for improved yield. Mounting a 
package directly to a substrate and PCB may reduce the overall 
complexity and cost.

The modular approach should also enhance the performance of 
the overall system because of some specific design options for the 
integrated device. Signal paths directly to the PCB will maintain 
low resistance/inductance. Using a high-density but small form 
factor package allows thick Cu interfaces only in areas critical 
to the design. Also, critical components and devices can be 
distance-optimized for performance and cost. By applying this 
approach to a typical half-bridge circuit, the advantages of the 
design freedoms become more obvious. In a half-bridge circuit, 
one of the critical design aspects that greatly affects performance 
is the distance from the source of one MOSFET to the drain 
of another and the inductor. With the use of PCSP design, the 

inductor can be placed directly between the MOSFETs and 
the distance can be very short and optimized to minimize line 
inductance between the MOSFETs and the passive components. 
Figure 8 shows this approach.

Figure 8: The PowerCSP™ design methodology can be used to construct a power 
module package.
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efficiency and lower noise. A patent has 
been filed for this design approach.

T h e  l o w - p o w e r  m a r k e t ,  l i k e 
smartphones, has already implemented 
wafer-level CSP MOSFETs. This mounting 
of a power transistor directly to the mother 
or a daughterboard is already occurring 
and could expand with the availability 
of advanced chip-scale power packages. 
With this evidence of surface-mounted 
packaging in consumer power electronics, 
the acceptance of a low-noise package in 
lower power applications should provide 
a means for our new methodology to 
extend that design philosophy into higher 
(medium) power regions.

While integrated device manufacturers 
(IDMs) typically have their own in-
house approach for packaging and use 
outsourced assembly and test suppliers 
(OSATS) for special purposes, integrated 
power could be one of those special 
purposes that dictates a dedicated OSAT 
position. This inherent supply chain 
benefit of OSAT production simply adds 
to the advantages of the smaller, cooler 
(with appropriate heat spreader), quieter 
and cheaper capabilities of our new design 
approach. Combined, these advantages 
could lead to widespread adoption of this 
low-resistance/low-inductance package.
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If further integration is needed, or routing is needed on both sides of the MOSFET, 
there are simple concepts that can be used as alternatives to embed within substrate 
technologies. In Figure 9, two thin laminate structures are used with a molded MOSFET 
structure in between. These designs and processes are mature but used in mobile, rather 
than power, applications. The simplicity and process re-use may make this a valuable 
alternative in the future because of its maturity and fast time to market.

Low- to mid-power integration innovation
New applications for power electronics in automotive, telecom, data centers, 

consumer and other areas, as well as advanced power transistor technologies, have 
created the need for innovative power packaging to fill the gap between existing discrete 

power packages and 
power modules in 
power conversion.
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Figure 9: Increased integration of power using the PowerCSP™ methodology.
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his a r t icle is a fol low up 
t o  a r t i c l e  [1]  w h e r e  we 
described different options 
for high-volume over the air 

(OTA) testing of antenna in package 
(AiP) modules with automated test 
equipment (ATE). We also presented 
a  h ig h - leve l  c omp a r i s on  of  t he i r 
advant ages  and d isadvant ages .  I n 
this follow-up article we will present 
measurement results for two of the 
presented OTA test ing approaches: 
far-field and radiating near-field OTA. 
But before we go to the measurement 
results, we need to first define an AiP 
device under test (DUT) that can be 
used as a DUT for the measurements.

Creating an AiP evaluation vehicle
To properly evaluate an ATE OTA 

measurement setup, it is critical to use 
an AiP module. Using, for example, 
a reference antenna instead of an AiP 
DUT (e.g., a reference horn antenna) 
would not take into account all the 
components that are specif ic to an 
ATE implementation like the DUT test 
fixture printed circuit board (PCB) or 
the DUT socket. Using a commercial 
AiP module is also not cur rently a 
fea s ible  opt ion  becau se  t he re  a re 
very few commercially-available AiP 
modules and there would always be 
intellectual property (IP) restrictions 
on using them to publicly show OTA 
measurement results.

Because of the reasons cited above, 
we decided to create the simple AiP 
module shown in Figure 1. The module 
was manufactured in a multilayer PCB 
with a Rogers 4350B top layer and a ball 
grid array (BGA) on the bottom. The 
antenna array comprises a 2 by 2 array of 
dual polarized patch antennas [2]. They 
are a microstrip feed with two quarter-
wavelength transformers for impedance 
matching. This antenna design is narrow 
band, and it was tuned for 28GHz, but 
can support our measurement modulation 
range, which will be 100MHz. We used 

a 0.4mm pitch for the BGA array on the 
bottom of the PCB. The objective was not 
to create a 5G-compliant antenna array, 
but just a demonstration vehicle. Note 

that AiP modules come in a multitude 
of package types [3]. We chose this one 
because it was the simplest to design  
and manufacture.

T

Testing AiP modules in high-volume production for 
5G applications
By Jose Moreira  [Advantest]

Figure 1: Simple antenna in package module demonstration vehicle for OTA measurements.

Figure 2: Socket lid impact in the AiP module antenna array beam: a) (top) without a lid, and b) (bottom) with a lid.
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I n  o rde r  t o  obt a i n  con s t r uc t ive 
i n t e r f e r e n c e  o f  r a d i a t i o n  i n  t h e 
direction normal to the antenna array 
plane – whi le feed ing al l  fou r co -
polarized patches – adjacent patches 
must  be  fed i n-phase  and patches 
on  t he  opp os i t e  s ide  mu s t  be  fe d 
with a 180 degree phase difference. 
By select ing the appropr iate phase 
difference, it is then possible to move 
the beam direct ion as expected for 
an AiP phased-ar ray antenna. One 
critical point on OTA testing of AiP 
modules with ATE is that a socket 
must be used. The challenge is that 
the socket lid will have an impact on 
the antenna array beam as shown in 
Figure 2. But in an ATE environment, 
a DUT socket is always a must. One 
can try to minimize the impact of the 
socket by proper design and  material 
selection (especially the lid), but at the 
same time there are other conf licting 
r e q u i r e m e n t s  i n  a  h i g h - v o l u m e 
production test cell. These include, 
fo r  ex a m ple ,  s u p p o r t i ng  ho t  a n d 
cold testing, as well as guaranteeing 
a proper elect r ical contact into the 
electrical side of the socket even in the 
presence of a small package warpage.

T he  m is s i ng  poi n t  t o  a ch ieve  a 
complete AiP module emulation is the 
active par t—that is, the silicon die, 
which is part of any AiP module. To 
emulate that part, we used an external 
evaluat ion board (Anokiwave 0151-
DK). This board provides four dual-
pola r i zed m mWave cha n nels  w it h 
independent phase and gain control 
of each channel. With this complete 
setup shown in the high-level diagram 

in Figure 3, we can fully emulate the 
OTA testing of an AiP module. In the 
ATE system used for the presented 
measurements, only two ATE mmWave 
measurement channels were available. 
Therefore, we used a solid-state switch 
to switch between polarizations.

Figure 4 shows the DUT test fixture 
(or load board) with the far-field socket 
installed, but without a DUT. For the 
electrical side of the AiP module we used 

an elastomer socket because we needed 
to support 28GHz signaling. The DUT 
test fixture is a very simple mmWave 
de s ig n  w i t h  t he  s ig n a l s  f rom t he 
Anokiwave evaluation board connected 
to the DUT AiP via microstrip traces. 
We also implemented some auxiliary 
test and calibrat ion st ructures. The 
Anokiwave evaluation board resides 
on a garage space below the DUT test 
fixture. It is powered by the ATE power 
supplies, and it is programmed with ATE 
digital channels using a serial peripheral 
interface (SPI). Figure 5 shows the 
ATE system configured for far-field and 
radiating near-field OTA measurements. 
All the measurements presented in the 
next sections were performed using an 
Advantest V93000 WaveScale mmWave 
ATE system.

Before we go ahead with the OTA 
me a s u r e me nt s  of  t h i s  eva lu a t ion 
AiP module, it is necessary to have 
some reference numbers for the far-
field distance from the antenna array. 
F i g u re  6  shows  t he  A i P  a n t e n n a 
a r ray d imensions.  It  a l so shows a 
computation of the far-f ield distance 
using the Fraunhofer distance equation 
[4]. The computed far-f ield star t ing 
distance is 32mm for this case.

Results with a far-field OTA 
measurement setup

In the far-field setup (Figure 5a), the 
measurement antenna is a dual-polarized 
horn antenna (Ainfo LB-SJ-180400) that 
is at a 10cm distance from the DUT AiP. 
So it is clearly in the far-field zone (see 
Figure 6). The measurement antenna 
gain is known. Because the measurement 

Figure 3: Block diagram of the used ATE OTA measurement setup.

Figure 4: DUT test fixture.

Figure 5: ATE measurement setup showing a) (left) the far-field setup, and b) (right) radiating near-field setup. 
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se t up i s  ve r y s t r a ight for ward and 
provides an easy way to correlate with a 
5G-compliant bench measurement setup. 
Although the far-field OTA measurement 
setup is excellent for characterization, 
as discussed in [1], it presents major 
challenges for test-cell integration in a 
multisite high-volume testing setup due 
to its mechanical requirements.

 
Results with a radiating near-field 
OTA measurement setup

In the rad iat ing near-f ield set up 
(Figure 5b), a dual-polar ized patch 
measurement antenna is used on the 
socket (as shown in Figure 4 of [1]). 
This measurement antenna is placed at 
a distance of 11mm from the AiP DUT, 
so it is within the near-field region as 
shown in the Figure 6 computations. 
The 11mm distance was not selected at 
random. It was selected based on the 
standing-wave effect that is present 
on any radiating near-field OTA setup 
as described in [1,5]. Figure 8 shows 
the EVM and constellation diagram 
measurement of the AiP DUT in the 
exact same conditions as for the far-field 
measurements shown in Figure 7.

In Figure 8 we show a measured 
2.76% EVM value for the radiat ing 
near-f ield, while the far-f ield EVM 
measured result shown in Figure 7 was 
2.74%. Although in this example the 
EVM results correlate, for a different 
AiP module with a different antenna 
a r r ay or  a  d i f fe rent  desig n of  t he 
measurement antenna and its distance 
to the DUT, the difference between a 

far-field OTA measurement setup and a 
radiating near-field OTA measurement 
setup might be significant.

Note that in the near-field region it 
is no longer possible to do a standard 
cal ibrat ion using the measurement 
antenna gain and the path loss as in the 
far-field case. Although it is possible to 
make a transformation from the radiating 
near-field region to the far-field region 
[6], this requires a complete spherical 
measurement of power and phase in the 
radiating near field, which is not the case 
in this OTA measurement setup.

What the above discussion indicates 
is that for OTA testing in the radiating 
near-field region, the best calibration 
approach is to use a golden device 
approach. Also, one should not expect 
for all tests in the radiating near field 
to have a straightforward numerical 
cor rela t ion be t ween t he  r ad ia t i ng 
near-field results and far-field results. 
What one should expect and t ry to 
achieve is to obtain a set of testing 
criteria in the radiating near field that 
provides pass/fail correlation with the  
far-field measurements.

F i g u r e  9 a  s h o w s  t w o  o t h e r 
measurement examples done in the 
radiating near-f ield OTA setup—the 
f irst one is a linearity measurement 
of the phase programming on each 
antenna on the antenna array (that is, 
the phase-delay elements inside the 
Anokiwave evaluation board IC). This 
is a ser ial measurement where only 
one antenna is measured at each time 
with the others turned off. The second 

antenna to DUT distance is fixed, we 
also know the path-loss through air. 
These values are then used to calibrate 
the measured results. Figure 7 shows 
the measured error vector magnitude 
(EVM) and corresponding constellation 
diagram measurement of the AiP DUT 
using a 28GHz 5G QAM64 waveform 
with 100MHz modulation bandwidth. 
This measurement is performed with 
the entire antenna array transmitting 
and pointing in the horizontal direction 
to the measurement antenna. Only the 
H-polarization field is measured (see 
Figure 3). As previously mentioned, 
this AiP device is intended to be a 
demonstration vehicle; because of its 
simplistic design, one cannot expect 
good performance. This measurement 

Figure 6: Far-field distance computation for the 
antenna array.

Figure 7: Measured transmitted far-field EVM and constellation diagram of a 
28GHz 5G QAM64 waveform (100MHz modulation bandwidth) for H-polarization.

Figure 8: Measured transmitted radiating near-field EVM and constellation diagram 
of a 28GHz 5G QAM64 waveform (100MHz modulation bandwidth) for H-polarization.
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measurement example in Figure 9b 
is of an adjacent channel leakage ratio 
(ACLR) measurement with all antennas 
transmitting in a beam-forming mode.

There a re several  other possible 
measurements that can be done in an 
OTA measurement setup. As a general 
guideline, almost all the measurements we 
can do in a conductive mmWave testing 
(e.g., at wafer level) can be done at OTA.

It is clear that the radiating near-
field OTA measurement setup presents 
significantly more complex correlation 
challenges than a far-field OTA setup. But 
the critical point of a radiating near-field 
OTA measurement setup is its simplicity 
and mechanical dimensions. It is very 
close to a standard ATE socket, which 
means it can be easily incorporated into 
a multi-site standard ATE test cell. This 
makes its cost of test much lower than a 
far-field OTA setup.

Summary
OTA testing with ATE is possible in 

different configurations: in the far field, 
radiating near field, and reactive near field 
as described in [1]. An OTA loopback 
configuration can also be possible for OTA 

testing in some circumstances. We have 
shown that parametric measurements can 
be done in the radiating near field if careful 
attention is paid on the measurement antenna 
design and also on the choice of the distance 
between the DUT and the measurement 
antenna. In the radiating near-field case 
a straightforward value correlation is not 
always possible with the far field. But in a 
production setup, the important task is to be 
able to differentiate good from bad devices, 
and that is achievable with a radiating near-
field OTA configuration. As shown in 
[1], the radiating near field has significant 
advantages for high-volume production in 
terms of complexity and cost. Finally, in this 
article we did not present the correlation to 
the reactive near-field OTA approach due to 
size constraints, but Advantest will present 
this topic in the future.
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Figure 9: Phase linearity measurement: a) (left) for each antenna in the array, and b) (right)  ACLR measurement for the H-polarization using the radiating near-field OTA setup.
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in the shortest time to realize customer satisfaction and impression

ISC HQ 
Seong-nam, Korea

ISC International
Silicon-valley, CA

Tel: +82-31-777-7675 / Fax: +82-31-777-7699
Email: sales@isc21.kr / Website: www.isc21.kr
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D, P, T BA, LA, SM, TH CP > 0.5mm (>0.5 CM)
CL > 2,500x
OT = -CM
FQ < 3.5GHz @ -0.9dB
CF < 18g
CR < 2.8A

Advanced Interconnections Corporation
5 Energy Way
West Warwick, RI 02893 USA
Tel: +1-401-823-5200
www.advanced.com

T BA, LA, SM CP > 0.4mm
CL > 50,000x
OT = -50°C to +125°C
FQ < 30GHz
CF & CR = CM

AEM Holdings Ltd.
52 Serangoon North Ave. 4
Singapore 555853
Tel: +65-6483-1811
www.aem.com.sg

P BA, LA, SM, TH CP > 1.0mm
CL & FQ = CM
OT = -65°C to +240°C
CF = CM
CR < 1.0A

B, D, T BA, LA, SM CP > (0.2-0.5)mm
CL > 500,000x
OT = -55°C to +160°C
FQ < (1.1-34.6) GHz @ -1dB
CF < (19-39)g
CR < (1.5-4.0) A

Contech Solutions Incorporated
631 Montague Avenue
San Leandro, CA 94577 USA
Tel: +1-510-357-7900
www.contechsolutions.com

Andon Electronics Corporation
4 Court Drive
Lincoln, RI 02865 USA
Tel: +1-401-333-0388
www.andonelect.com

D, T BA, LA CP > (0.3-0.6)mm
CL > (100k - 500k)x
OT = -40°C to +155°C
FQ < (24-37) GHz @ -1dB
CF < (11-30)g
CR < 2.0A

Ardent Concepts, Inc.
4 Merrill Industrial Drive
Hampton Beach, NH 03842 USA
Tel: +1-603-474-1760
www.ardentconcepts.com

B, D, P, T BA, LA, SM, TH CP > (0.3-0.5)mm
CL > (10k - 500k)x
OT = -55°C to +250°C
FQ < (1-80)GHz @ -1dB
CF < (15-110)g
CR<(1.0-3.0) A

Aries Electronics, Inc.
2609 Bartram Road
Bristol, PA 19007 USA
Tel: +1-215-781-9956
www.arieselec.com

D, T, B, P BA, LA, SM, TH CP > 0.5mm
OT to -55°C to +250°C
CL, FQ, CF & CR = CM

Azimuth Electronics, Inc.
2605 S. El Camino Real
San Clemente, CA 92672 USA
Tel: +1-949-492-6481
www.azimuth-electronics.com

T BA, LA CP = CM 
CL = CM 
OT = CM
FQ = CM
CF = CM
CR = CM

BeCe Pte Ltd
Blk 5000, #03-09
Ang Mo Kio Ave 5.
Singapore 569870
Tel : +(65) 6853 1065
www.bece.com.sg

T BA, LA, SM CP > 0.3mm
CL > 500,000x
OT < +160°C
FQ = CM
CF = CM
CR < 2.0A @ 150°C

Centipede Systems Inc.
2196 Ringwood Avenue
Santa Jose, CA 95131 USA
Tel: +1-408-321-8201
www.centipedesystems.com

D, P, T BE, BD, LA, SM CP > 0.20mm
CL = up to 3 Million
OT = -60°C to 175°C
FQ = < 81GHz
CF =  5 – 50 gram
CR = < 5A

Cohu, Inc
12367 Crosthwaite Circle
Poway, CA 92064-6817 USA
Tel: +1-858-848-8000
www.cohu.com
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B, D, P, T BA, LA CP > .35mm
CL >  (50k - 250k)x
FQ < (4.4 -40GHz) -50-150
CF < (10-50g)
CR = 8 amps/pin

High Connection Density, Inc.
820A Kifer Road
Sunnyvale, CA 94086 USA
Tel: +1-408-743-9700
www.hcdcorp.com

B, D, T BA, LA, SM CP > 0.5mm
CL > (100k - 300k)x
OT = -50°C to +150°C
FQ < 3.0GHz @ CM
CF = CM
CR < 5.0A

High Performance Test
48531 Warm Springs Blvd., Suite 413
Fremont, CA 94539 USA
Tel: +1-510-445-1182
www.hptestusa.com

D, P, T BA, BD, LA, SM CP = ≥0.3mm
CL = Product Dependant
OT = -55° to 155°C
FQ > 15-40Ghz @ -1dB
CF = Product Dependant
CR = 2-4A

HiCon Co., Ltd.
9th floor, Star Tower, 37, Sagimakgol-ro 62
beon-gil, Jungwon-gu,
Seongnam-si, Gyeonggi-do
Republic of Korea 13211
Tel: +82-31-698-2741
www.hi-con.kr

B, D, T CM CP > (0.4-0.5)mm
CL > (20k - 1,000k)x
OT = -55°C to +155°C
FQ < (4.6-16.0)GHz @-1dB
CF & CR = CM

Gold Technologies Inc.
1648-A Mabury Road
San Jose, CA 95133 USA
Tel: +1 408-321-9568
www.goldtec.com

D, T BA, LA, TH CP > 0.5mm
CL > 500,000x
OT = -60°C to +150°C
FQ < 40GHz
CF = CM
CR < 5.0A

Custom Interconnects, LLC
7790 E. Arapahoe Rd, Suite 250
Centennial, CO  80112 USA
Tel: +1- 303-934-6600
www.custominterconnects.com

B, D, T BA, LA, SM CP > 0.4mm
CL > (10k - 200k)x
OT = -65°C to +150°C
FQ = CM
CF < (14-35)g
CR < (0.5 -1.0) A

Enplas Tech Solutions Inc.
3211 Scott Blvd, Suite103
Santa Clara, CA 95054 USA
Tel: +1 669-243-3600
www.enplas.com

T BA, LA, SM, TH CP > 0.3mm
CL > (20k - 250k)x
OT = -40°C to +145°C
FQ < 30GHz @ -1dB
CF < (15-40)g
CR < (0.5-1.0) A

Essai, Inc.
45850 Kato Road
Fremont, CA 94538 USA
Tel: +1-510-580-1700
www.essai.com

D, T LA, SM CP > 0.4mm
CL > (100k - 1,000k)x
OT = -70°C to +200°C
FQ < 40GHz @ CM
CF < (10-12)g
CR = CM

Exatron, Inc.
2842 Aiello Drive
San Jose, CA 95111 USA
Tel: +1-800-392-8766
www.exatron.com

D, T BA, LA, SM CP= > 0.2mm
CL= (10K – 200K) x
OT= (-40 ~ 150) degree C
FQ = > 20GHz @-1db
CF = (4 ~ 40g) 
CR= (1.0 ~ 7.0) A

Inno Global Inc.
123 Cheomdan, Gwagiro 
Bukgu, Gwangju
Republic of Korea
Tel: +82-10-5236-2581
www.inno50.com

D, P BA, LA, SM CP > (0.4-0.5)mm
CL > (100 - 10,000)x
OT = -55°C to +125°C
FQ < (17.7 - 38.3) GHz @ -1dB
CF < 40g
CR < (0.5-3.0) A

E-tec Interconnect AG
Friedhofstrasse 1
2543 Lengnau
Switzerland
Tel: +41 32 654 15 50
www.e-tec.com
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B, D, P, T, CM BA, BD, LA, SF, TH CP > 0.1mm
CL = >200K OT=-55C~150C
FQ = 6ghz ->50ghz@ -1db
CF = 6g-50g
CR = =<3.0A @0.4p

Leeno Industrial Inc.
(46748) 10, Mieumsandan-ro 105beon-gil
Gangseo-gu, Busan, Korea 
Tel: +82-(0)51-831-3232
www.leeno.com

B, D, T BA, LA, SM, TH CP > (0.25-0.4)mm
CL = CM
OT = CM
FQ = CM
CF = CM
CR = CM

Loranger International Corp.
303 Brokaw Road
Santa Clara, CA 95050 USA
Tel: +1-408-727-4234
www.loranger.com

D, T BA, LA, SM CP > 0.3mm
CL > 500,000x
FQ < 25GHz @ -1dB
OT, CF & CR = CM

M Specialties LLC
1815 W 1st Ave, ST 112
Mesa, AZ 85202 USA
Tel: +1-800-892-8760
www.mspecllc.com

B, D, T BA, SM CP > 0.2mm
FQ < 40GHz @ -1dB
CL, OT, CF & CR = CM

Micronics Japan Co., Ltd.
2-6-8 Kichijoji Hon-cho, Musashino-shi
Tokyo 180-8508, Japan
Tel: +81-422-21-2665
www.mjc.co.jp

B, D, P, T, CM BA, BD, LA, SM, TH CP > 0.01mm
CL = 300K to 1000K
OT = -55°C to 155°C
FQ = 3.0~40GHz@-1dB
CF = 6g to 50g
CR < 6.0A

Incavo Otax, Inc.
4407 Bee Cave Road, Suite 512
Austin, TX 78746-6496 USA
Tel: +1-512-328-2220
www.incavo.com

B, D, P, T, CM BA, BD, LA, SM, TH CP = 0.3mm
CL = 10K - 500K
OP = -55C to +300C
FQ = < 75GHz
CF = 10 – 40 gm
CR = 2 - 8A

JC Electronics Corporation
1-33-14, Todoroki, Setagaya-ku,
Tokyo 158-0082 Japan
Tel: +81-3-5706-4360
Website: www.jcel.com 

D, P, T, CM BD, LA, SM, TH CP = ≥ 0.3mm
CL = >300K to 2KK
OT = -60°C to +180°
FQ = 40GHz@ -1dB
CF = 20g to 120g/Pin *
CR = >3A to >100A *
*depend on test pin design

JF Microtechnology Sdn. Bhd.
Lot 6, Jalan Teknolologi 3/6
Taman Sains Selangor 1
Kota Damansara
47810 Petaling Jaya
Selangor, Malaysia
Tel: +603-61408668
www.jf-technology.com

B, D, P, T, CM BA, BD, LA, SM, TH CP > 0.2mm
CL > 2K – 500K
OT =  -70C to +200C
FQ < 75 GHz @-1dB
CF < 15 - 50g
CR < (2.0 -8.0) A

Ironwood Electronics
1335 Eagandale Ct
Eagan, MN 55121 USA
Tel: +1-800-404-0204
www.ironwoodelectronics.com

D, P, T BA, BD, LA, SM CP > 0.3 mm
CL > (300k - 1,000K)x
OT = -40°C to +155°C
FQ < (3.0 - 40) GHz @ -1dB
CF < (20 - 150) g
CR<(0.8-6.7) A

Johnstech International Corporation
1210 New Brighton Blvd.
Minneapolis, MN 55413 USA
Tel: +1-612-378-2020
www.johnstech.com

B, D, T BA, LA, SM CP > (0.3-0.4)mm
CL > 200,000x
OT = +150°C Max.
FQ < 40 GHz
CF < 50 g
CR < 2.0 A

ISC Technology Co., Ltd.
Keumkang Penterium IT-Tower F6
333-7 Sangdaewon-Dong, Jungwon-Ku
Seungnam-City, Kyunggi-Do, Korea
Tel: +82-31-777-7675
www.isctech.co.kr
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B, D, T BA, LA, SM CP > (0.4-0.5)mm
CL > (10k - 100k)x
OT = -55°C to +150°C
FQ < (7.0-12.4)GHz @ -1dB
CF < (7-15)g
CR < (0.5-1.0) A

OKins Electronic Co., LTD.
#501, 13 OjeonGongup-gil
Uiwang, Gyeonggi
Korea 16072
Tel: 82-31-467-5580
www.okins.co.kr

B, D, P, T BA, LA CP > (0.1-0.4)mm
CL > 1,000,000x
OT < 150°C
FQ < 40GHz @ -1dB
CF & CR = CM

Paricon Technologies Corporation
500 Myles Standish Blvd
Taunton, MA 02780 USA
Tel: +1-508-676-6888
www.paricon-tech.com

D, P, T BA, BD, LA, SM CP > 0.3mm
DL > 1,000,000
OT = -55C to +155C
FQ > 40GHz @ -1dB
CF = 20-45g
CR = 3.5-8.5A

Phoenix Test Arrays
3105 S. Potter Drive
Tempe, AZ 85282 USA
Tel: +1-602-518-5799
www.phxtest.com

B BA, LA, SM CP > (0.4-0.5)mm
CL > (5k-20k)x
OT = -65°C to +150°C
FQ < 15GHz @ -1dB
CF < (7-50)g
CR < (0.4-1.2) A

Plastronics Socket Company
2601 Texas Drive
Irving, TX 75062 USA
Tel: +1-972-258-2580
www.plastronics.com

D, P, T, CM BA, LA, SM, TH Refer to company
website for
additional information

Precision Contacts Inc.
990 Suncast Lane
El Dorado Hills, CA 95762 USA
Tel: 1+ 916-939-4147
www.precisioncontacts.com

D, T BA, LA, SM CP < (0.4-0.5)mm
CL < (200k - 500k)x
OT = CM
FQ < (9-25)GHz @ -1dB
CF < (18.5-40)g
CR < (1.0-4.0) A

Qualmax Inc.
17F, SK V1 Center
830 Dongtansunhwan-daero
Hwaseong-si, Gyeonggi-do
Republic of Korea
Tel : +82-070-4481-3302
www.qualmax.com

D, P, T BA, BD, LA, SM CP < 0.3mm
CL = 150,000x
OT = -40° to 150°C
FQ > 38GHz @ -1dB
CF = 15g
CR = 4A

R&D Altanova
3601 So. Clinton Avenue
South Plainfield, NJ 07080 USA
Tel: +1-732-549-4554
www.rdaltanova.com

B, D, P, T BA, LA, SM CP > (0.3-0.4)mm
CL > 25,000x
OT = -50°C to +150°C
FQ < 30GHz @ -1dB
CF = CM
CR < 3.0A

Robson Technologies Inc.
135 E. Main Avenue, Suite 130
Morgan Hill, CA 95037 USA
Tel: +1-408-779-8008
www.testfixtures.com

B, D, T BA, LA, SM, TH CP > 0.35mm
OT = -55°C to +150°C
FQ < (9-10)GHz @ CM
CR < (1.0-15.0)A
CL & CF = CM

RS Tech Inc.
2222 W. Parkside Lane, Suite 117-118
Phoenix, AZ 85027 USA
Tel: +1-623-879-6690
www.rstechinc.com

D, T BA, LA, SM, TH CP > 0.3mm
CL > 1,000,000x
OT = +200°C Max.
FQ < 20GHz @ CM
CF < 35g
CR < 5.0A

Modus Test LLC
651 North Plano Road, Suite 419
Richardson, TX, 75081 USA
Tel: +1-972-914-7866
www.modustest.com
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D, T, P BA, BD, LA, SM, TH CP  0.15mm
CL > 300k
OT = -40°C to+180°C
FQ < 81GHz @ 1dB
CF = 8 to 45g
CR < 6.0A

Test Tooling Solutions Group Pte Ltd
Blk 196 Pandan Loop, #06-08
Pantech Business Hub
Singapore 128384
Tel: +65 6779 6866
www.tts-grp.com

TwinSolution Technology (Shanghai) Co., Ltd.
Room 214 Building 20, No.498 Guo Shou Jing Road, 
Pudong, Shanghai
China
Office：+86 21 5027 2817
www.twinsolution.com

B, D, P, T BA, BD, LA, SM CP > 0.08mm
CL > 250K~1M
OT = -55°C~200°C
FQ < 40GHz@-1dB
CF = (0.5~150)gf
CR = (1.5~10)A

B, T SM CP > 0.4mm
OT = -40°C to +150°C
FQ < (6-8)GHz @ CM
CL, CF & CR =CM

Unitechno Inc.
#2 Maekawa Shibaura Bldg., 13-9
2-Chome Shibaura, Minato-ku
Tokyo 108-0023, Japan
Tel: +81-3-5476-5661
www.unitechno.co.jp/en

B, D, P, T, CM BA, BD, LA, SM CP> 0.12mm
CL> (50k-1000k)x
OT= -55*C to +180*C
FQ= FQ=80GHz/112Gbps@-1dB
CF= (6~60)g
CR=(0.5~7)A

WinWay Technology Co. Ltd.
No. 68, Chuangyi S. Road, Second
District of Nanzih Export Processing
Zone, Nanzih Dist
Kaohsiung City 81156, Taiwan
Tel: +886-7-361-0999
www.winwayglobal.com

D, P, T BA, BD, LA, SM, TH CP > 0.2mm
CL > 250k-1M
OT - 40° to 150°C
FQ < 25GHz @ -1db
CF 8–85 grams
CR 1.5 to 5Amps

Smiths Interconnect
860 Hillview Court; Suite 240
Milpitas, CA  95035 USA
Tel: +1-408-957-9607 x-1125
www.smithsinterconnect.com

B BA, LA, SM CP > (0.4-0.5)mm
CL > (3,000 - 10,000)x
OT = -55°C to +150°C
FQ = CM
CF < (10-25)g
CR < 1.0A

Sensata Technologies
529 Pleasant Street
Attleboro, MA 02703 USA
Tel: +1-508-236-3800
www.sensata.com/products/
semiconductor-interconnect-devices 

B, D, T BA, LA, SM, TH CP > (0.3-0.4)mm
CL > (20k - 500k)x
OT = -40°C to +150°C
FQ < (5-20)GHz @ CM
CF & CR = CM

S.E.R. Corporation
1-14-8 Kita-Shinagawa Shinagawa-Ku
Tokyo 140-0001, Japan
Tel: +81-3-5796-0120
www.ser.co.jp

B, D, P, T BA, BD, LA, SM, TH CP > 0.4mm
CL = CM
OT = -65°C to +150°C
FQ < (2.7-6.9)GHz @ -1dB
CF < (13-30)g
CR < (0.5-1.0) A

Yamaichi Electronics Co., Ltd.
Technoport Taiju Seimei Bldg. 2-16-2
Minamikamata, Ota-ku
Tokyo 144-8581
JAPAN
Tel: +81-3-3734-0110
www.yamaichi.co.jp

B, D, T BA, LA, SM CP > 0.3mm
OT = -55°C to +150°C
FQ < 16GHz @ -1dB
CL, CF & CR = CM

Yokowo Co. Ltd.
5-11 Takinogawa 7-Chome, Kita-Ku
Tokyo 114-8515, Japan
Tel: +81-3-3916-3111
www.yokowo.com

CM CM CP > 0.2mm
CL = CM
OT = -40°C to +150°C
FQ < 40GHz @ -1dB
CF < (15-25)g
CR < (4.0-5.0) A

Sanyu Electric Pte Ltd.
Block 4010, Ang Mo Kio Ave 10
#05-14, Techplace 1
Singapore, 569626
Phone: +65-6458-2377
www.sanyu-sg.com
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Functionalized materials enable yield improvement in 
package test
By Jerry Broz, Bret Humphrey  [International Test Solutions, Inc.]

ppl ica t ion  dema nd s  a re 
b e i n g  d r i ve n  b y  m a jo r 
technological megatrends in 

personal devices, data cloud, connectivity, 
and automotive content. Additionally, 
Moore’s Law is slowing, so semiconductor 
manufacturers are pursuing heterogeneous 
integration strategies that combine the 
benefits of multiple processors, memory 
modules, and other intellectual property 
(IP) from different nodes and various 
integrated device manufacturers (IDMs) 
and outsourced semiconductor assembly 
and test suppliers (OSATS). Heterogeneous 
integration refers to the integration of 
separately manufactured components into 
a higher-level assembly, such as system 
in package (SiP) that, in the aggregate, 
provides enhanced functionality and 
improved operat ing character ist ics. 
Before integration into the highest value 
modules, each of the various parts must be 
individually verified to provide a high level 
of confidence that they are “probably” good 
die (often called known good die, or KGD). 
During the device test flow, the passing 
parts may or may not be 100% “known 
good” and could be better categorized at 
each step as “known not bad,” or what can 
be called KNB die [1]. With the added test 
complexity requirements for the high-value 
devices, a paradigm shift is needed away 
from assuming just because the die was 
good enough to pass-on, that it will also be 
good enough to meet the requirements of 
each subsequent test insertion [2]. A single 
failure within these assembled systems 
creates new requirements for earlier testing 
and test coverage, and will drive the overall 
total cost of test.

Even before multi-die modules, IDMs, 
foundries, and off-shore assembly and 
test suppliers would implement multiple 
insertions for wafer-level, device-level, 
and package-level testing. As part of 
that process, stable electrical contact at 
each stage is critical for data reliability 
and to assu re fau lt  ident i f icat ion.  
Figure 1 highlights the broad future 

t ech nolog y t rends  for  goi ng f rom 
typical spring pins and sockets to higher 
performance small-pin designs and 
innovative, advanced sockets and materials. 
These, combined with wafer-level test, 
address the broad industry demands for 
testing complexity and KGD strategies.

Ac c u r a t e  t e s t i ng  u s i ng  so cke t s 
with high-volume device handlers is 
the primary method of verifying that 
the f inal assembled devices meet the 
necessary performance and reliability 
criteria. Repeated test insertions demand 
efficient, controlled physical and electrical 
contact. The performance requirements 
for bandwidth frequencies greater than 
40GHz, high power, and reduced pitch 
require shorter pins and precise ball-to-
pin alignment. Over time, contamination 
from the package, pads, and solder balls 
will accumulate within the socket and 
onto the contactor surfaces. During high-
volume package testing, yield metrics and 
binout trending are closely monitored and 

when performance specification limits are 
exceeded, the testing operations must be 
paused to facilitate some level of cleaning 
execution [3]. Contactor cleanliness, 
especially at the temperature extremes 
often used for automotive devices, will 
adversely affect socket performance, and 
detrimentally impact the device first-pass 
yields such that one or more recovery 
passes are needed. Unscheduled downtime 
and inefficient procedures will result in 
increasing the overall test costs [4].

Automated contactor cleaning
In legacy handlers, socket cleaning 

must be performed with the handler in an 
idle state at room temperature to prevent 
risk of injury to operators and technicians. 
Manual off line cleaning is executed 
reactively (i.e., cleaning is performed after 
yield drops below the specification limit) 
or proactively (i.e., cleaning is performed 
at some predetermined interval before 

A

Figure 1: Technological trending challenges for contactor pins and sockets to meet the test frequency 
requirements for processors, communication, and radar devices.

Figure 2: Examples of test contactor cleaning (TCC) unit designs that emulate various device page types and 
facilitate auto contactor cleaning (ACC) execution within a high-volume test cell.
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the yield drops below the specification 
limit). Both procedures are time intensive 
and result in variable yields, as well 
as increases in the overall test time for 
reduced throughput [5]. The amount 
of downtime increases substantially 
when the handler must be brought to 
room temperature and returned to test 
temperature after socket cleaning.

Practically all roadmap handlers built 
within the past five years implement some 

type of automated contactor cleaning 
(ACC) process using on-board functions 
and hardware for minimal idle time. 
Unlike the manual cleaning operations, 
the ACC functions can be performed 
during device testing, at temperature, 
and on-demand to maintain the highest 
throughput [6]. The automated cleaning 
execution is performed with engineered 
test contactor cleaning (TCC) devices 
that match the device under test (DUT) 

[7].  These su r rogate packages a re 
turn-key units (shown in Figure 2), 
fabricated to match the XYZ dimensions 
of the package and emulate the device 
package type (ball grid array [BGA], 
package on package [PoP], quad-flat no-
leads [QFN], quad-f lat package [QFP], 
leaded, leadless, etc.). Two basic types of 
cleaning materials are available for the 
applications: 1) abrasive polymer-based 
materials, or 2) tacky abrasive materials 
[5,7]. Both material types are configured 
to collect the contamination from the 
contactor, remove debris accumulated 
within the bed of the socket, and polish 
the contactor surface to recover electrical 
performance. Using a preprogrammed 
cleaning recipe, the devices are regularly 
cycled through a handler with minimal 
downtime. Depending on the application 
requirements, the cleaning efficiency of 
these materials can be optimized across a 
wide temperature range [7].

Case study: high-volume 
manufacturing

In th is col laborat ive project ,  the 
benefits of ACC were characterized in a 
high-volume application [8,9]. Multiple 
production test cells were selected, 
each with throughputs of approximately 
750K to one million devices per month. 
Four of the test cells were upgraded and 
enabled with the ACC function; and two 
of the test cells used a reactive manual 
cleaning strategy. Because of the units 
per hour (UPH) requirements of this 
applicat ion, unscheduled downtime 
a s so c i a t e d  w i t h  m a nu a l  c le a n i ng 
operat ions would have sig n i f icant 
impact on the throughput and the total 
test time. Multiple lots of three different 
leadless multiplexer devices (devices A, 
B, and C) were split across the six test 
cells. During the evaluation period, the 
production performance results of the 
test cells were closely monitored. The 
f irst-pass yield, retest yield, and test 
time metrics were tracked for the three 
devices across multiple split lots.

Upon completion of the evaluation 
period, the test cells using the in situ 
ACC cleaning function averaged first-
pass yield gains of approximately 1.11%, 
0.77%, and 3.23% (Figure 3) for the 
three devices [8,9]. In all instances, the 
re-test, or recovery yields, on the ACC-
enabled test cells were consistently 
lower, indicating a high level of test 
effectiveness during the first-pass test 
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[9]. Improvements for electrical data 
integ r it y can be infer red f rom the 
higher first-pass yields and suggest that 
the passing die are certainly “known 
not bad.” In addition to the consistent 
y ield gains ,  the ACC-enabled tes t 
cells had significant test time savings 
during first pass and retest for all three 
devices (Figure 4). The total test time 
improvements ranged from 20 minutes 
to as much as 73 minutes [8,9]. Overall, 
a combinat ion of higher yields and 
reduced total test times were obtained 
with all three devices and resulted in 
a 10X return on investment for the 
hardware upgrades [8]. Greater UPH 
with higher yield values can reduce the 
need for capital expenditures (CapEx) of 
additional test cell hardware. Depending 
upon the commercial value of the IC 
packages, relatively small improvements 
i n  f i r s t - p a s s  y i e ld  a n d  t e s t  t i m e 
reductions will have immediate benefits 
for net revenue.

Cleaning innovation for advanced 
sockets

For applications that demand zero-defect 
manufacturing and high reliability, such 
as the devices used for advanced driver-

assistance systems (ADAS) content, a 
different class of test socket solutions are 
needed. Low inductance sockets with 
extremely short pins and reduced pitches 
are required for at-speed testing with 
minimal signal distortion. The fine-pitch 
IC packages often exhibit variable XYZ 
tolerances such that relying on mechanical 
alignment within the socket is insufficient 
and can create unnecessarily high retest 
rates. Poor coplanarity could damage both 
the device and socket, especially if the 
package is mis-seated when introduced and 
actuated against the contactors.

A socket nest with a base that “floats” 
on spr i ngs  for  a  one -ba l l /one -pi n 
alignment f loor enables the device and 
solder balls to align centered above the 
probe tips. This type of socket is used 
for most bumped devices such as BGA, 
chip-scale package (CSP) and wafer-level 
chip-scale package (WLCSP). Once the 
balls are centered in the guide holes, the 
device can be introduced to the spring 
probes without r isk of ball or probe 
damage. A f loating base design also 
enables the use of shorter and low-travel 
pins by acting as a hard stop to protect 
the pins and DUTs from damage because 
of over compression [10].

Eventually, these advanced sockets need  
cleaning to remove debris from within the 
pin cavities. Disassembly of the floating 
base sockets requires substantially long 
downtime that reduces overall equipment 
effectiveness (OEE) and often requires a 
spares inventory. In situ cleaning with a 
cleaning device and the ACC functions is 
possible; however, there is an additional 
challenge because the compressed pins 
extend slightly or not at all above the floor 
level (Figure 5). Internal testing at the ITS 
Center for Cleaning Materials Expertise 
(CCME) has shown that flat, unfeatured 
cleaning units do not provide sufficient 
cleaning unless the tips of the compressed 
pins extend at least 100µm above the floor 
to penetrate the cleaning polymer. To keep 
pace with the cleaning demands, a new 
class of surrogate was developed and built 
with “functional cleaning ball” features to 
provide cleaning performance.

Functionalized st ructures provide 
improvements and benefits that are not 
possible with unfeatured materials. The 
next generation of “turn-key” test contactor 
cleaning (TCC) units are fabricated not 
only to match the package, but also to 
emulate the ball grid array [11]. Rather 
than a simple flat “unfeatured” surface, 

Figure 4: Total test time savings when using in situ auto 
contactor cleaning rather than reactive manual cleaning during 
high-volume production testing of PA Duplexer Modules [8,9].

Figure 5: In situ cleaning sequence of a floating base socket using a flat cleaning unit with 
cleaning polymer.

Figure 3: First-pass yield gains with auto contactor cleaning over 
reactive off-line manual cleaning during high-volume production 
testing of PA duplexer modules [8,9].

Figure 6: In situ cleaning sequency of a floating base socket using a featured cleaning unit with 
functional polymer balls.
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the featured cleaning units are built with 
functionalized abrasive polymer “cleaning 
balls” that match the size and layout of the 
solder balls on the device under test (DUT). 
During cleaning execution, the “cleaning 
balls” nest into the socket, centered within 
the pin cavities of floating base (Figure 
6). There is precise cleaning ball to pin 
alignment to facilitate cleaning execution, 
especially when the pins protrude less than 
100µm above the socket floor.

Case study: cleaning optimization 
In another collaborative project, the 

benefits of auto contact cleaning using 
featured cleaning units were investigated 
and characterized. High-volume BGA 
devices being tested with f loating bed 
sockets were selected. The crown tips 
of the spring pins within the test socket 
protruded between 80 to 90µm above the 
f loor. Because the spring pins protrude 
less than 100µm above the socket floor, 

the crown tips are not expected to make 
suff icient contact with the cleaning 
polymer surface. Two types of cleaning 
units were selected for the evaluation: 1) 
standard units with a f lat “unfeatured” 
cleaning surface; and 2) featured units 
with funct ional cleaning bal ls that 
emulated the BGA layout, sizes, and 
pitches. The cleaning BGA featured 
unit for this evaluation is shown in  
Figure 7a. In the scanning electron 

microscope (SEM) image of Figure 7b, 
the abrasive particles are visible across 
the surface of the cleaning polymer as 
well as within the body of the cleaning 
balls. The height and pitch of the cleaning 
balls were verified and measured using a 
3D laser microscope (Figure 7c).

Figure 7: Cleaning ball array layout of the cleaning 
unit is matched exactly to the ball grid array layout of 
the actual device under test (DUT): a) Cleaning ball 
grid array TCC unit; b) SEM image (X150) of cleaning 
balls and abrasive polymer layer of the TCC unit; c) 
Three of the cleaning balls’ size, height, and pitch of 
the TCC unit.
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Fo r  t h e  p r o d u c t i o n  t e s t i n g ,  a 
dimensionless contact resistance ratio 
(CRESRATIO) was defined and used to 
assess the cleaning performance. The 
CRESRATIO is defined as the maximum 
resistance value (CRESMAX) divided 
by the upper specif icat ion l imit of 
the resistance (CRESUSL). In a stable 
testing process, the CRESRATIO should 
have a value that is less than or equal 
to 1.0. If the CRESRATIO is greater than 
1.0, the testing process is considered 
to be less than optimal with a high 
probabil ity for addit ional recovery 
passes. During the qualif ication, the 
two types of cleaning units (f lat and 
featured) were loaded simultaneously 
i nto  d i f fe rent  clean ing repositor y 
locations of the high-volume handler. 
T h i s  r e la t ively  s i mple  eva lu a t ion 
strategy allowed for an iterative “on-
off-on” compar ison to val idate the 
use  of  f u nc t iona l  fea t u res  for  t he  
process stability.

I n  t h e  t e s t  s e q u e n c e ,  f e a t u r e d 
c l e a n i n g  u n i t s  w e r e  i n i t i a l l y 
i m p l e m e n t e d  a n d  t h e  C R E S R AT I O 
remained below 1.0 during the testing. 
After the first set of featured units were 
cycled through, a second set of flat units 
were used for the cleaning execution. 
As these cleaning units were cycled 
through the test cell, the trending for 
the CRESR ATIO values progressively 
i nc reased with  a  g reate r  va r iance 
(Figure 8). The f lat cleaning units 
can remove debris f rom the surface 
socket f loor; however, because the 
crown tips of the spring pin protruded 
le s s  t h a n  9 0µm ab ove  t he  so cke t 
f loor, these were not getting properly 
cleaned. Upon reimplementat ion of 
the featured units in the sequence, the 
CR ESR ATIO incremental ly recovered 
as the crown tips and the guide holes 
s t a r t ed  ge t t i ng  p rope r ly  clea ned . 
After several cleaning executions, the 
CRESRATIO stability was reestablished. 
By creating the functional features, 
it was possible to control debris from 
within the f loating base socket guide 
holes that could not be addressed with 
the flat, unfeatured units. The “on-off-
on” sequences were performed several 
times with practically identical results. 
At the conclusion of the project, it was 
clear that the featured cleaning units 
were signif icantly more effective for 
maintaining stable electrical contact 
integrity for the floating bed socket.

Summary
Advanced processes, tooling, and 

practices are necessary to meet these 
industry and consumer expectations. 
Reliable package-level testing is critical for 
meeting the requirements of KGD, KNB 
die, and “zero-defect” manufacturing 
without cost of test escalation. To maintain 
yields and consistently attain high data 
integrity, regular socket cleaning is 
needed. Reactive or proactive manual 

cleaning methods negatively affect UPH, 
and consequently, increase the overall cost 
of test.

A l l  major  suppl ie r s  of  road map 
handlers have developed and incorporated 
programmable ACC functionalit ies. 
Programmed preventative cleaning using 
the handler automation for “on-demand” 
cleaning execution dramatically improves 
test cell OEE. Auto cleaning execution 
is performed using customized cleaning 
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devices that match the IC package 
form factor. Upon deployment of the 
automated cleaning function, significant 
improvements in first-pass yield and total 
test time are typically attained.

By “functionalizing” the cleaning 
devices and su r faces it  is possible 
t o  ma x i m i ze  t he  pe r for ma nce  for 
contaminant particle removal for advanced 
sockets. These process improvements 
enable higher UPH metrics and reduce the 
need for additional test hardware. Small 
improvements in these key metrics will 
have immediate benefits for net revenue 
and lowered cost of test.
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Enhancing the quality and reliability of 2.5D IC packages

By Sajay Bhuvanendran Nair Gourikutty, Lin Ji, Ratan Umralkar, Surya Bhattacharya
[A*STAR Institute of Microelectronics] 
Xueren Zhang, Kok Keng Chua  [Xilinx Asia Pacific]

n  r e c e n t  y e a r s ,  2 . 5 D 
integrated circuit (2.5D IC) 
p a c k a g i n g  t e c h n o l o g i e s 
h a v e  s e e n  s i g n i f i c a n t 

commercial success. The increasing 
input/output (I/O) count, I/O density, 
and the large package size needed for 
h igh-per for mance and net work ing 
appl icat ions for 2 .5D ICs,  and for 
ensuring quality and long-term reliability 
of 2.5D IC packages, continues to be 
a focus in ter ms of manufactu r ing 
operations. To address these concerns, 
A*STA R’s  I M E  a n d  X i l i n x  h ave 
successfully demonstrated improved 
methodologies for: a) material testing 
and mechanical reliability modeling, and 
b) nondestructive fault localization for 
2.5D IC packages.

Material testing and mechanical 
reliability modeling

Thanks to the excellent electrical, 
chemical, and mechanical properties, 
polymeric materials have been widely 
applied in large-volume manufacturing 
for advanced packaging.  In Yole’s 
repor t [1], the polymer ic mater ials 
market revenue is predicted to double 
over the next f ive years. Polymeric 
m a t e r i a l s  c a n  b e  fo u n d  i n  m a n y 
integration process steps: redistribution 
l a y e r  ( R D L) ,  b u m p / u n d e r b u m p 
metallization (UBM), through-silicon 
via (TSV), and assembly levels, as 
well as at the bonding interface. They 
have shown increasing importance in 
manufacturability, performance, and 
rel iabi l it y in advanced elect ron ics 
appl ica t ions  becau se  t he  package 
materials strongly affect the product 
performance and reliability. Despite the 
superior properties, polymeric materials 
usually degrade under thermal aging 
conditions. Such material degradation 
w i l l  adve r sely  a f fec t  t he  package 
reliability performance. However, in the 
past, the material characterization was 

mostly done under time zero conditions, 
i.e., without thermal aging. As a result, 
it is not possible to predict the product 
failure caused by material degradation 
under thermal aging conditions. This 
imposes great challenges for the product 
reliability performance assessment.

With the aim of providing a better 
understanding of the thermal aging-
induced polymeric material degradation, 
n e w  m a t e r i a l  c h a r a c t e r i z a t i o n 
methodologies and a new modeling 
a p p r o a ch  we r e  d eve lo p e d .  T he s e 
e f f o r t s  w e r e  i m p o r t a n t  b e c a u s e 
Xilinx’s products serve markets with 
a broad range of quality and reliability 
requirements and as such,  the products 
must be qualif ied to ensure that they 
have su f f ic ient  rel iabi l i t y  ma rg i n 
i n  t he  mos t  s t r i nge nt  appl ica t ion 
conditions with the appropriate level 
of qual ity. The developed mater ial 
character izat ion methodologies are 
able to capture the shifts in material 
thermal-mechanical properties under 
thermal aging conditions for modulus, 
coefficient of thermal expansion (CTE), 
and the volume shrinkage after high-
temperature storage (HTS) test ing. 
Meanwhile, in order to predict the 
thermal aging-induced package failure 
as early as in the design stage, a novel 
numerical finite element analysis (FEA) 
approach using a swell-strain model 
was developed. By incorporating the 
measurement results f rom mater ial 

ch a r a c t e r i z a t ion  t e s t i ng  i n t o  t he 
modeling, the swell-strain model can 
successfully predict the stress caused 
by the material shrinkage due to both 
thermal shrinkage and the shrinkage 
that occurs because of thermal aging at 
the same time. 

With a strong culture of continuous 
improvement ,  X i l i n x ensu res  that 
its products are always compliant to 
the demanding quality and reliability 
needs of the markets they serve. The 
developed mater ial character ization 
and model ing methodolog ies  have  
therefore been implemented into the 
reliability assessment study on a 2.5D 
IC package with a TSV interposer as 
shown in Figure 1. The study focused 
on the underfill material as it is the key 
material to bridge die, interposer and 
substrate, thereby reducing the solder 
bump stress. Its performance during the 
whole life cycle is important to maintain 
the overall package reliability. First of 
all, material characterization tests are 
performed on bulk underfill samples. 
The underfill material property shifts 
under different thermal aging conditions 
are measured and are compared with the 
results for time zero samples. It is found 
that the thermal aging effect on the 
underfill CTE is not significant because 
the underf il l samples show an only 
slightly lower CTE after thermal aging. 
With respect to the modulus, thermal 
aging reduces the underf il l storage 

I

TECHNOLOGY TRENDS

Figure 1: Schematic of a 2.5D IC package with a TSV interposer.
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modulus below Tg while increasing 
it above Tg. Therefore, thermal aging 
makes the underf ill st iffer and less 
deformable at high temperature (>Tg). 
This may lead to high st ress within 
the underfill. The measured underfill 
volume sh r in kage is a lso found to 
increase with a longer thermal aging 
duration. Such an increase may cause 
higher stress inside the underfill as well 

as at the interfaces with surrounding 
mater ials. Therefore, the impact of 
such an aging effect needs to be well-
understood and addressed.

The thermal aging-induced underfill 
mater ial  degradat ion measurement 
results are subsequently taken into 
FEA simulations. As shown in Figures 
2a and 2b, high stresses are predicted 
at the top and bot tom interfaces of 

underfill in the gaps between chips and 
near the through-silicon interposer (TSI) 
corner. In Figure 2c, the maximum 
underfill shear stresses predicted by the 
newly developed swell strain model are 
compared with those predicted by the 
conventional FEA approach. For both 
modeling approaches, underfill stress 
increases with the increasing thermal 
aging duration.

The collaboration activities described 
above demonstrated that the material 
c h a r a c t e r i z a t i o n  a n d  m o d e l i n g 
methodologies developed in this study 
are able to accurately predict the stress 
and potential risk for a 2.5D IC package. 
With the well-characterized material 
proper ties and established modeling 
methodolog y,  t he  overa l l  package 
reliability is predictable under different 
customer applications, and the potential 
risk is well controlled. 

Nondestructive fault localization 
for 2.5D IC packages

Accurately ident ify ing the exact 
loca t ion  of  a  defec t  i s  c r i t ica l  t o 
improving product quality, especially 
for  mu lt i - ch ip  2 .5D IC packages . 
Investigating yield loss and reliability 
mechanisms of these packages is made 
particularly challenging by the multitude 
of possible failure locations such as 
TSVs, micro bumps, underfill, solder ball 
joints, and RDL layers. Without accurate 
fault localization, failure analysis is both 
cumbersome and often dependent on a 
best-guess approach that tends to be time 
consuming and relatively expensive to 
be implemented. Current electrical and 
physical failure analysis tools do not have 
sufficient capability and/or resolution 
to localize the failure location in 2.5D 
IC packages to the desired accuracy. 
To address the need for a rapid, cost-
effective technique, we demonstrated a 
methodology to localize interconnection 
fa i lu res  i n  2 .5D IC packages i n  a 
nondestructive manner with an accuracy 
of  le ss  t han 10μ m. T he fau lt s  a re 
detected by automated test equipment 
(ATE), and then localized by applying a 
terahertz pulse through the interconnects 
a n d  s u b s e q u e n t l y,  c o n f i r m e d  b y 
employing a nondestructive 3-D X-ray  
microscopy imaging.

Figure 2: FEA modeling results: a) Stress of underfill between two chips; b) Near the TSI  corner; and c) Effect 
of HTS thermal aging duration. 
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A multi-channel system on chip (SoC) 
ATE – an established tool to detect 
defects in a package – is used to identify 
the faulty pin. However, ATE results 
cannot define the correct location of 
the failure in a package. Therefore, an 
improved technique called electro-optical 
terahertz pulse ref lectometry (EOTPR) 
is engaged to localize the failure. It is 
capable of rapidly and nondestructively 
localizing shorts, leakages, and open 
failures in different device architectures 
with good localization accuracy. High-
frequency electrical pulses are injected 
into the device under test (DUT) through 
a probe, which is contacted to the DUT 
solder ball using a probe station. A 
photoconductive switch records the 
reflection of the launched signal caused 
by st ructures within the device and 
faults as a voltage-time waveform. By  
making use of this time-based data, 
faults inside advanced packages are 
localized with minimal references to the 
internal structure.

To assist and evaluate the defect 
localization, a model is created that 
employs a one-dimensional lump circuit 
model to quickly simulate the measured 
data. The simulation enables equivalent 
circuits to be defined as elements in 
a  sequence that  may include R LC 
impedances and t ransmission l ines 
with radiative transmission losses. The 
process of creating the model can be 
completed in not more than 30 minutes 
and the optimized model can be saved for 
subsequent usage. The complete defect 
localization procedure typically takes 
less than 5 minutes while importing a 
waveform of a failed sample into a pre-
optimized model. Post-defect localization, 
the faults are nondestructively visualized 
and con f i r med by ut i l i z i ng a  3 -D 
X-ray microscopy (XR M) imaging 
method. XRM can nondest ructively 
pass through advanced IC packages 
with multiple stacks and image internal 
structures with a high resolution of <1μm 
without damaging the sample. Besides 
the nondestructive capability of this 
technique, it does not need any time-
consuming sample preparation steps. As 
it offers images of the internal structures 
in 3D, it facilitates a detailed study of 
failures by providing limitless cross-
sectioning from all preferred angles 

vir tually. Here, good resolutions are 
accomplished even for large samples 
by ut il izing a two-stage technique: 
geometric and optical magnifications 
faci l i t a ted by mult iple object ives. 
In compar ison, convent ional micro 
computed tomog raphy (micro - CT) 
employs geometric magnification and as a 
result, the resolution diminishes intensely 
while processing large samples.

Fault localization methodology for 
a through-Si interposer-based 2.5D IC 
package comprising dies assembled 
onto the silicon interposer, which is then 
assembled on the organic substrate, is 
described in Figure 3. The fault was 
found to be a short defect that could be 
inferred by a distinct low-impedance 
feature from the EOTPR experiment 
(Figure 3b); the location of the defect 
was identified to be at a C4 bump near 
to the substrate surface. Figures 3c 
and 3d show the 3D and extracted 2D 
images of the short between four C4 

bumps. The potential root cause for such 
a defect could be due to the bridging 
of bumps induced by package warpage 
during ref low, or a particulate issue. 
The developed methodology can be 
successfully applied to carry out rapid 
nondestructive failure analysis of 2.5D 
IC packages by accurately localizing the 
defects that are internal to the package.

H e t e r o g e n e o u s  i n t e g r a t i o n  i s 
increasingly adopted by the industry 
to address current and next-generation 
p r o d u c t  r e q u i r e m e n t s .  I M E  a n d 
Xilinx will continue to collaborate to 
enhance the reliability performance 
of next-generation products that use 
heterogeneous integration on stacked-
silicon interposers and in advanced fan-
out wafer-level packages.

Reference
1. “Polymeric Materials for Advanced 

Packaging at the Wafer-Level,” Yole 
Développement, 2018.

http://www.chipscalereview.com
mailto:sales@chiptargets.com
http://www.chiptargets.com


5252 Chip Scale Review   November  •  December  •  2020   [ChipScaleReview.com]

Biographies
Sajay BG is a Scientist at the Institute of 

Microelectronics, A*STAR, Singapore. He 
holds a Master’s degree in Mechatronics 
and a PhD in Electrical & Electronic 
Engineering (Microelectronics). His work 
is focused on semiconductor system in 
a package and is currently involved in 
several publicly-funded research projects. 
Prior to this position, he was with the 
semiconductor industry associated with 
wafer-level packaging and MEMS. Email: 
nairs@ime.a-star.edu.sg

Xueren Z ha ng i s  a  Sen ior  St a f f 
Engineer at Xilinx Asia Pacific, Singapore. 
He holds a PhD in Aeronautical and 
Mechanical Engineering. His main focus 
is on electronics packaging, assembly and 
reliability. Prior to his current position, 
he worked at  STMicroelec t ron ics , 
and at UTAC on package simulation 
and development. He has served as an 
organizing committee member of EPTC, 
and was the General Chair of EPTC 2017.

Figure 3: a) Methodology of fault localization; b) A short failure localized by sending a terahertz pulse along 
interconnects of a 2.5D package; c) 3D X-ray image of shorted bumps; and d) 2D images of the failure extracted 
from 3D volume data showing the cross section from the different orientations. 
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