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Executive Summary 1

EXECUTIVE SUMMARY

For the past 50 years the Semiconductor Industry has marched at the pace of Moore’s Law. Transistor scaling associated
with doubling the number of transistors every two years has been and continues to be the unique feature of the
semiconductor industry. As a consequence, as transistors became smaller they could also be switched from the off to the
on state at faster rates while simultaneously became cheaper to manufacture. System integrators assembled new products
utilizing the building block provided by the semiconductor industry but system integrators were barely able to complete
assembling a new system when a yet new more powerful IC was becoming available. Any new technology generation
enabled multiple new products with better performance than the previous ones. Integrated device manufacturers (IDM)
were in full control of the pace at which the electronics industry was progressing by setting the marching pace at which
the whole electronics industry ecosystem was moving forward. Therefore past editions of technology roadmaps
concentrated on forecasting the rate of transistor scaling and how transistor density and performance affected the
evolution of integrated circuits (IC).

In the past 15 years the advent of the Internet, the extensive deployment of Wi-Fi base stations, consumer acceptance of a
broad variety of wireless mobile appliances plus the successful combination of fabless companies working in conjunction
with foundries has completely changed the electronics industry. System integrators are nowadays able to conceive, design
and realize any integrated circuit they wish without having to recur to integrate device manufacturers. System Integrators
can nowadays integrate multiple functionalities in a single chip called System on Chip (SOC) or by means of integrating
multiple dice in a single package called System in Package (SIP) as opposed to connecting multiple specialized ICs on a
board. It is clear that these methods of integration are more efficient and less costly than acquiring several separate ICs
(e.g., microprocessor, graphic processor, multiple memory types, usb etc.) and assembling them on a board. System
integrators are by and large setting the pace of innovation for the electronics industry.

Each new technology generation produces faster transistors that can switch faster than those produced with the previous
technology generation. In the past this electrical feature of transistors enabled microprocessors to operate at higher
frequencies and therefore computer performance as measured by industry benchmarks, like measured by million of
instruction executed per second (MIPS), continued to improve at very fast rates. Computer architecture has not changed
since Von Neumann introduced its concept on how to perform computing in 1945. Through the years nobody paid too
much attention to the fact that power consumption of integrated circuits kept on increasing with any new technology
generation since the industry motto was: “performance at any cost!” This approach came to an end at the beginning of
the past decade when fundamental thermal limits were reached by some ICs. Even though the transistor count has kept on
increasing now and then at Moore’s Law pace and transistors are able to operate with each new technology generation at
higher frequency then before it has become practically impossible to keep on conjunctly increasing both of these factors
due to physical limitations on power dissipation; one of the two feature (i.e., either number of transistor or frequency) had
to level off in order to make the ICs capable to operate under practical thermal conditions. Frequency was selected as the
sacrificial victim and it has stalled in the few GHz since the middle of the previous decade.

These limitations on maximum useable frequency have impacted the rate of progress of the computer industry that has
been compelled to develop such methods as complex software algorithms and clever instruction management to improve
performance to partially compensate for the aforementioned conditions. The architecture of the microprocessors has
changed from single core to multi-core. In this arrangement the processor can run in the few GHz range while the output
rate is increased multifold by combining the output of multiple cores to produce the output signal. Unfortunately this
parallel type of solution cannot be used in all cases since some problems can only be solved in a serial way. However,
these performance limitations did not impact the development and expansion of the mobile Internet society. Consumers
began accessing the Internet via desktop appliances and then progressively got used to access it via mobile multipurpose
appliances. Reaching any source of information via the Internet takes tens of milliseconds due to the speed at which
signals can travel on any interconnect lines so microprocessors operating in the few GHz frequency range are more than
adequate to handle the communication traffic. Cell phones began operation in the 90s using frequencies in the 800-
900MHz ranges in accordance with specifications of the Global System for Mobile Communications (GSM). These
operational frequencies evolved with the use of 4G and LTE to the 2,500-2,700MHz ranges. Operation in these frequency
ranges is still well within the capabilities of ICs. In the past 10 years, cell phones and mobile appliances in general have
become a viable means of accessing the Internet. Cell phone power consumption is typically below 5 watts so this value is
well within the thermal limits of ICs operation. Most recently, access to the Internet via Wi-Fi has been continuously
increasing since the areas of coverage are continuously extending; mobile appliances have become the most convenient
means of communication and access to any source of information anywhere at any time.
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2 Executive Summary

The IC industry has also contributed to provide valuable technology building blocks to other industries and by so doing
enabling new devices like micro-mechanical systems (MEMS), flat panel displays, multiple sensors and so on. All of
these somewhat dissimilar technologies have been readily included into mobile appliances by means of heterogeneous
integration.

The insatiable demand for information has led to the creation of gigantic clusters of servers and memory banks named
Data Centers. In this environment performance is still the name of the game and using complex cooling systems can
mitigate power issues. Power consumption of Data Centers is rapidly escalating into the hundreds of Megawatts range.
Communications within the Data Centers and for long distances is handled via fiber optics because of their stellar low rate
of attenuation.

All of the above systems specifications dictate the requirements for the semiconductor industry.

Minimal power consumption of transistor operation has become the main requirement for the semiconductor industry
dictated by the new ecosystem of the electronics industry. On the other hand, the requirement for a continuously
increasing number of transistors according to Moore’s Law continues unabated. As an example this can be demonstrated
by observing that the number of transistors in the latest cell phone Application Processors has kept on increased from the
1Billion transistors of the A5 to 2Billions for A6 to 3Biliion for A6X. It is projected that the upcoming A9 will range
from 2.7 to 4.5 Billions depending upon the application.

To satisfy the product demand for higher transistor counts the semiconductor industry is approaching a new era of scaling.

Geometrical scaling characterized the 70s, 80s and 90s. This was the first generation of transistor scaling. Major material
and structural limitations were identified in the mid-90s and the research community initiated the foundation of a new
scaling approach that was heralded by the ITRS in 1998. This was named Equivalent Scaling. Strained silicon, high-
k/metal gate, FInFET and use of other semiconductor material (e.g., Germanium) represent the main features of this
scaling approach.

As features approach the 10nm range and below it becomes clear that the semiconductor industry is running out of
horizontal space.

Memory products have always been the leaders in transistor density and so it is not surprising that the solution to this
problem is coming from Flash memories. Multiple companies have announced that future products will fully utilize the
vertical dimension. This is not too dissimilar from the approach taken in Manhattan, Tokyo, Hong Kong or similarly
highly crowded places to deal with space limitations: skyscraper have become the standard approach to maximize
“packing density”.

For the reasons exposed above the new scaling method is called “3D Power Scaling”.

In the Beyond CMOS section the reader will find multiple new and exciting devices that after 10 years of research are
demonstrating the possibility of becoming key players in the next decade.

Finally, all these exciting technologies need to be realized in a High Volume Manufacturing (HVM) Factory. Controlling
nanometer features across 300mm wafers remain an amazing challenge that the industry is managing across the globe but
will this be possible on 450mm wafers? Real time data collection, analysis and consequent disposition of wafers via a
fully automated material handing system will remain the goals of the HVM Factory in the next decade until “full light
out” operation is reached.

1. INTRODUCTION: THE EVER CHANGING ENVIRONMENT

The Semiconductor Industry was born in the 70s as an electronics component industry with three main business drivers.
The first driver consisted in providing cost effective memory devices to the computer industry. Memories soon became
the undisputed volume leaders.

The second driver consisted in production of application specific integrated circuits (ASIC). Any company that required
new and unique functionalities to realize novel products developed a set of functional and electrical targets that were
communicated to one or more semiconductor manufacturers. The latters turned these targets into specifications for one or
more Integrated Circuits (IC) but all the Intellectual Properties (IP) belonged to the companies that commercialized the
final produces and not to the IC manufactures.
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Thirdly, ICs allowed cost effective integration of simple building blocks used in the design of many systems. These ICs
typically consisted in small logic gates (RTL, DTL, TTL, NAND, J-K Flip-Flop etc.) and operational amplifiers (LA 709,
UA 741 etc.) just to mention a few. Customers demanded pin-out and functionality standardization for memory devices
while ASIC products were customer specific. Logic devices reprogrammable by software (e.g., microprocessors) were
developed to minimize design cycle time and to pave the way for subsequent high volume ASIC devices once the product
functionality was demonstrated.

Phase 1

In the 70s and 80s system specifications were solidly in the hands of system integrators. New DRAM memory
technologies were introduced every three years to keep up with the introduction of new computer systems. Typically a
new generation of computers required a four-fold increase in memory and that it is why the famous “4X/3Years” memory
density and pace for introduction of new memory technologies was established. This 4x increase in memory size was
realized by means of decreasing transistor features but also by substantially increasing the die size and this had a very
negative impact on product cost as fewer dice were made available by this approach on each wafer. In the long rum the
latter resulted in a limiting factor for DRAM memory manufactures that had to default to doubling the number of
transistors every two years. Leading producers of memory technologies generated requirements for development of new
building blocks for the manufacturing process that required better equipment; makers of logic devices were operating on a
4 year cycle trailing behind memory manufactures and therefore adopted a subset of similar process blocks and most of
the same equipment developed for memory technologies.

Phase 2

In the early 90s the very profitable Personal Computer market required more complex and faster microprocessors. To feed
the growth of this market the makers of logic ICs were compelled to accelerate the introduction of new technologies from
4-years cycle to a more aggressive 2-year cycle to support faster introduction of new products. In the late 90s memory
makers were compelled to follow the 2x/2-year introduction cycle when eventually the die size of new memory products
became too large to be economic. The strong correlation between technology scaling and electrical performance of most
ICs, as for instance higher operational frequency, made the introduction of new higher performance products, and PC in
particular, completely subordinate to enhanced performance of microprocessors. This strong scaling-product correlation
made those IC makers that controlled the introduction of leading technologies the real controllers of the whole electronics
industry. As a direct result of this trend, a substantial part of system specifications, performance and profits shifted in
the hands of IC manufacturers. After all this ecosystem was beneficial to everybody in the electronics industry and as
long as performance of microprocessors and computers built accordingly to Von Neumann architecture was benefitting
form higher operational frequency, the entire semiconductor industry revenue continued to grew. The IC industry grew at
an average pace of 17%/year during this period. IDM manufacturers of logic devices were able to capitalize the most
from this new shift in the balance of power.

Like it happens very often, the IC industry believed in the 90s that this market model (i.e., faster processors supporting
larger amounts of memory supporting continuous growth for the semiconductor and electronics industries) was going to
last forever but things were going to change in a very dramatic way with the advent of the new century.

Phase 3
A completely new ecosystem emerged during the past decade:

e  First of all, the relatively moderate incremental cost of technology development from one generation to the next
(10% or below) fueled the aggressive bi-annual introduction of new semiconductor technologies that allowed ICs,
consisting of hundreds of million of transistors, to be produced in a very cost effective manner. This made it possible
to integrate extremely complex systems constituted of logic, memory, graphics and other functionalities on a single
die at a very attractive cost. Furthermore, progress in packaging technology enabled the placement of multiple dice
within a single package. These categories of devices were defined as system on chip (SOC) and system in package
(SIP), respectively.

e  Second, manufacturers of integrated circuits offering foundry services were able to provide the capability of
realizing complex systems either on a single die or in a single package (the “New ASICs”) at very attractive costs.
This led to the emergence of a very profitable business model whereby fabless companies could generate IC designs,
while actual wafer production was done elsewhere by a foundry company.

o  Third, sophisticated process equipment, developed for the production of advanced integrated logic and memory
circuits, proliferated to adjacent technology fields making the realization of flat panel displays (FPD), MEMS
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sensors, radio components and passives, etc., possible at very reasonable costs. All these different technologies were
then integrated in a single revolutionary system. This new way of making products by integrating multiple
heterogeneous technologies successfully emerged around the middle of the previous decade and was named “More
than Moore” (MtM).

Under these conditions system integrators were once again in the position to fully control system design and product
integration.

In the same timeframe, the successful adoption of the Internet and the rapid rise of world-wide adoption of mobile phones
promoted the extensive deployment of fiber optic cables and the proliferation of multiple wireless technologies ranging
from communication satellites to tens of thousands of “base stations” which enabled an unprecedented level of global and
mobile connectivity.

This ecosystem facilitated also the creation of completely new and unexpected markets of which the many “Social
Networks” represents one of the latest examples.

Intense research on how to enhance the functionality of mobile devices continues to bear fruits and has made them the
ultimate instrument that allows customers to enjoy ubiquitous access to any type of communication and information
material. Furthermore, new additional capabilities enabled by the integration of computer and communication
technologies are fueling research on yet broader markets. Substantial in road is being made in making available to
customers multiple sensorial inputs that are remotely generated. Among other things this technology is opening the way
to enabling remote medical interaction between doctors and patience. Multiple companies also herald the arrival in the
next few years of self-driving automobiles as another example of the integration of powerful on-board computers
connected via Wi-Fi to navigation information and capable of simultaneously collecting information from multiple
sensors operating from optical to RADAR frequencies.

All of the above elements have been referred to as the “Internet of Things” (IoT) or recently even more generally as the
“Internet of Everything” (IoE) since any aspect of society ranging from human to objects to everything you can think of is
becoming an “element” connected to and by the Internet. Innovative products introduced by telecommunication
companies, by companies operating data centers and by content providers are battling for dominant positions in this
newly created market. It is clear that all of these innovations could not have occurred without the support of the
semiconductor industry that has provided the building blocks for all the above applications.

It was simple to understand the role of ICs in the product chain up to the 90s but with this completely different ecosystem
we must ask ourselves an important and fundamental question:

“What is the role of the semiconductor industry in this new ecosystem?”

2. INTERNET OF EVERYTHING (IOE)

The ITRS already emphasized the importance of the Internet in previous reports but in the past 5 years [oT has evolved
into IoE and it is important to dedicate a paragraph to this subject since the IoE is shaping the whole society and creating
multiple industries.

The US Department of Defense awarded contracts as early as the 1960s for packet network systems, including the
development of the ARPANET (which would become the first network to use the Internet Protocol.)

Access to the ARPANET was expanded in 1981 when the National Science Foundation (NSF) funded the Computer
Science Network (CSNET). Since the mid-1990s, the Internet has had a revolutionary impact on culture and commerce,
including the rise of near-instant communication by electronic mail, instant messaging, voice over Internet
Protocol (VoIP) telephone calls, two-way interactive video calls, and the World Wide Web. This worldwide connectivity
has created new phenomena like social networking and online shopping. Increasing amounts of data are transmitted at
higher and higher speeds over fiber optic networks operating at 1-Gbit/s, 10-Gbit/s, soon 40-Gbit/s and more. The
Internet's takeover of the global communication landscape was almost instant in historical terms: it only communicated
1% of the information flowing through two-way telecommunications networks in the year 1993, already 51% by 2000,
and more than 97% of the telecommunicated information by 2007. Today the Internet continues to grow, driven by ever-
greater amounts of online information, commerce, entertainment, and social networking. Access to the Internet was
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originally done via desktop computers but the introduction of smart phones in 2007 and tablets in 2010 has revolutionized
the way people interact via the Internet. The world of communications has truly become a wireless, ubiquitous and
continuously interconnected world.

Until 10 years ago the Internet was mostly used as a
means of collecting information and communications
but progressively it evolved into a commercial
instrument through which people could book services,
acquire goods, pay bills and so on. This however was
just the beginning since different types of cameras and
sensors began to be connected to the Internet and by so
.. doing opening new exciting uses and applications. At
present the Internet of Things allows objects to be
sensed and controlled remotely across existing
% % i network infrastructure, creating opportunities for

° ;_Ly;_E;...«n—«'* more direct integration between the physical world
B0 8 M  mee  mm  omw  mw  omw  we ad and computer-based systems, and resulting in

* £ i . . .
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Fig. 2.1 Internet Penetration

As the list of elements that can be connected to the Internet keeps on increasing a new term has been coined out: The
Internet of Everything (IoE). The term IoE expands on the concept of the “Internet of Things™ in that it connects not just

physical devices but quite literally everything by getting them all on the network. IoE works to connect more devices
onto the network, stretching out the edges of the network and expanding the roster of what can be connected. IoE has a
major play in all industries, from retail to telecommunications to banking and financial services. It also opens the door to
remote medicine in which a doctor can analyze results of tests remotely taken by patients and evaluates them. Of course
placing all this personal information on the web or accessible via the web poses a severe challenge for security. Almost
everyday we can hear news of hackers stealing valuable information and it is imperative that appropriate measures are
taken to prevent these problems but despite this more and more people are willing to “venture” in the IoE since the
benefits offered by the many capabilities offered by the IoE are overwhelming.

With this all said and done it is important to remember that the IoE could not happen if semiconductors did not power
communication devices, data centers, routers and sensors. The advent of Foundries and Fabless companies enabled the
customization of semiconductor products that now cover all the aspect of IoE and it would be a mistake to assume that the
semiconductor industry is by now a mature industry and it has not much more to offer. The advent of third phase of
device integration (i.e., 3D Power Scaling) plus the many new capabilities associated with the introduction of
revolutionary materials in the semiconductor industry will revolutionize how computers are built. New Computers built
with revolutionary Architectures enabled by New Devices will be surrounded from top to bottom with a variety of new
sensorial capabilities that will offer new and exciting options to system designers (see Rebooting Computing section for
more details).

But we should not be overwhelmed by the endless applications that we can dream of since in the end, from a system point
of view, the IoE is nothing more than a distributed computer capable of accessing via the Internet (Routers and base

stations) remote memories (Data Centers), connected to a variety of sensors and actuators. Software and protocols then tie
it all together.

In the near future the IoE will allow customers to retrieve, analyze, assemble, summarize information and provide also
actionable recommendations. Be careful, the IoT will soon think for you!

3.2015ITRS 2.0 EDITION AND MOVING FORWARD...

“Nothing is New, but never is the same”

The foundations of IC industry were laid out with the invention of the self-aligned silicon gate planar process in the late
1960s. Moore’s predictions of the doubling of transistor generated on an annual and then bi-annual pace formulated in
1965 and in 1975 in conjunction with Dennard’s scaling guidelines led to the growth of the semiconductor industry until
the beginning of the last decade.
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This was the (First) Era of Geometrical (classical) Scaling. This type of scaling was the foundation of the National
Technology Roadmap for Semiconductors (NTRS) initiated in 1991.

The ITRS laid out the foundations of the (Second) Era: Equivalent Scaling (e.g., strained silicon, high-K/metal gate,
Multigate transistors and use of non-silicon semiconductors in general) between 1998 and 2000.

The implementation of these technologies
The Ideal MOS Transistor successfully  supported the growth of the
semiconductor industry in the past decade and it will
continue to do so until the end of the present decade
and beyond.

Gate Insulator

In the next decade ITRS 2.0 predicts that the advent

Fully Surrmlndmg Fully Enclosed, of the third phase of scaling “3D Power Scaling” will
Metal Electrode Depleted become the driver of the rejuvenated semiconductor
industry and this answers the question posed before

Semiconductor

about the future of the semiconductor industry: “Yes
the semiconductor industry will continue to be a key
enabler of the IoE”

Gate Insulator Source/D
Band Engmeered Moore’s Law is now entering into a third phase
Semlcouductor characterized by vertical integration and performance
specifications driven towards reduction of power in
either the active or the stand-by modes.

1998 ITRS: Equivalent Scaling vision of required transistor innovation Fig. 1

Fig. 3.1 The Ideal MOS Transistor

It is important to realize that despite the many announcements of the end of Moore’s Law it is expected that the transistor
density of future IC will continue to increase in the foreseeable future at historical rates.

Even though producers of logic integrated circuits have been the most prominent champions of Moore’s Law it is also
true that producers of memory devices have been the leaders in production of Integrated Circuits with the tightest
tolerances and the smallest dimensions. In few words, they have been the real drivers of Moore ‘Law and will continue
to do so in the future.

DRAM producers already dealt with space problems as far back as the “Megabit” memory generation. In order to build
capacitors back then with enough storage capacity it would have required more silicon area than the area needed to build
the transistors and therefore DRAM producers adopted stack capacitor or trench capacitor solutions to take advantage of
the vertical dimension either above or below the surface of the silicon.

Nowadays, Flash memory producers are facing a similar problem since they are running out of horizontal space, cost of
producing integrated memory circuits of small dimensions keeps on rising while the number of stored electrons in the
floating gate keeps on decreasing [Fig.3.2]. To eliminate these problems Flash memory producers have already
demonstrated and announced several new products that stack multiple layers of memory on top of each other in a single
integrated circuit [Fig. 3.3]. As many as 32 and 48 layers of Flash memory have been reported. Flash memory devices
constituted by more than 100 layers have been predicted. Flash memory producers promise a transistor density
acceleration of memory ICs realized with 3D technology far exceeding the historical 2x/2year rate. Moore’s Law is once
again on the verge of a substantial acceleration.
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Fig. 3.2 The numbers of electrons on a floating gate will be reduced to 10 when design rules reach the
10nm

Source Line

Fig. 3.3 Toshiba’s BiCS (Bit Cost Scalable)

Once again it is relevant to notice that, as a method of manufacturing the densest IC reaches physical limits a new, more
powerful one, takes over the role of carrying the industry forward for at least one or two decades. Despite this recurrent
“demise and resurgent” sequence of events many prophesies about the end of Moore’s Law have been published every 10
years or so. May be the best way to eliminate these recurrent misunderstandings consists in capturing in a single phrase
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the essence of these repeating events. This goal could be accomplished by using a well-known and familiar saying and
morphing it to epitomize the most relevant historical trend of the semiconductor industry as follow:

“Moore’s Law is dead, long live Moore’s Law!”

4. OVERALL 2015 2.0 PROCESS AND STRUCTURE
4.1. BACKGROUND

As outlined before the advent of Fabless Design Houses and Foundries has revolutionized the way in which business is
done in the new semiconductor industry, System Integrators have regained full control of the business model. This
implies that system requirements are set at the beginning of any new product design cycle and step by step related
requirements percolate down through the manufacturing production chain to the semiconductor manufactures. No longer
a faster microprocessor triggers the design of a new PC but on the contrary the design of a new smart phone generates the
requirements for new ICs and other related components. Under these conditions it became clear in 2012 that the ITRS
needed to adapt and morph to the new ecosystem [Fig 4.1]. It was anticipated that this transformation process would take
sometime and it was decided that the 2013 ITRS was going to be the last of its kind. Next, 2014 and 2015 were going to
be dedicated to the construction of a new roadmap that was named ITRS 2.0.

The new ecosystem needed to be viewed though a top-down viewer and for this purpose the elements outlined in Fig. 4
led to the formation of seven Focus Teams [Fig.4.2]

Zeyorid 2029

Focus Teams

Beyond 2020

Heterogeneous Integration
& " h 2hi

Themes

System Integration System Integration

Outside System Connectivity Outside System Connectivity

Heterogeneous Integration

o
P
S
Y
S
T
E
M

More than Moore Heterogeneous Components

Beyond Moore Beyond CMOS

More Moore More Moore

ITRS 2012
Manufacturing Factory Integration

Dec 2015 P.Gargini

Dec 2015

Fig. 4.1 The New Ecosystem Fig. 4.2 The New Focus teams

4.2. ROADMAPPING PROCESS

The ITRS process and content has kept on evolving to match the needs of the semiconductor industry. Collaboration of
industry and research continues to be essential to understand the technical challenges and future needs in the various
spectra of micro- and Nano-electronics. Over the past few years, the ITRS teams have worked closely to assess emerging
technologies. They have been preparing to support the technical needs of both the new world of interconnectedness
between humans and hardware (IoE) as well as how to handle the complex world of information processing known as Big
Data. These examples are only part of the new frontiers of inventions and discoveries. As these new focus topics
continue to emerge, the ITRS teams will continue to determine what this means for the global electronics industry. The
industry must define the new drivers to help it stay on a path of productivity and profitability, while promoting
environmental health and encouraging areas of innovation for new scientists and technologists
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The most relevant subjects of the ITRS were originally divided among eleven International Technology Working Groups
(ITWGs). As time went by the industry became more complex and the number of ITWGs increased to 17 in 2013.
During the 2014-15 timeframe ITRS 2.0 was reorganized into 7 Focus Teams.

For the 2015 ITRS 2.0 the Focus Teams are the following:

e  System Drivers

e  Heterogeneous Integration

e  Heterogeneous Components

° Process Integration, Devices, and Structures

e  Outside System Connectivity

e  More Moore Beyond CMOS

e  Factory Integration

The existing 17 ITWGs were redistributed according to this new organization [Fig 4.3]. All the ITWGs are still
operational but most of their output is channeled into the Focus team. An additional section “For Expert Only” includes
additional detailed information provided by the ITWGs that was not completely included into the Focus Teams. The
Focus Teams and the ITWGs are composed of experts from industry (chip-makers as well as their equipment and
materials suppliers), government research organizations, and universities.

ITRS 2.0
1 2 3 4 5 6 7
Sl 0sC HI HC MM BC Fl

>

Fig. 4.3 Transition from ITWGs to FTs
4.3.2015ITRS 2.0 Focus TEAMS

System Integration (Sl)

The mission of the System Integration (SI) chapter in ITRS2.0 is to establish a top-down, system-driven roadmapping
framework for key market drivers of the semiconductor industry drivers in the 2015-2030 period. The SI chapter is
currently developing and constructing roadmaps of relevant system metrics for mobile, datacenter and Internet of Things
(IoT) drivers.

Heterogeneous Integration (Hl)

Heterogeneous Integration refers to the integration of separately manufactured components into a higher-level
assembly that in the aggregate provides enhanced functionality and improved operating characteristics. In this definition
components should be taken to mean any unit whether individual die, MEMS device, passive component and assembled
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package or sub-system that are integrated into a single package. The operating characteristics should also be taken in

its broadest meaning including characteristics such as system level cost-of-ownership.

The mission of Heterogeneous Integration Focus Team is to provide guidance to industry, academia and government
to identify key technical challenges with sufficient lead-time that they do not become roadblocks preventing the
continued progress in electronics that is essential to the future growth of the industry and the realization of the
promise of continued positive impact on mankind. The approach is to identify the requirements for heterogeneous
integration in the electronics industry through 2030, determine the difficult challenges that must be overcome to meet
these requirements and, where possible, identify potential solutions.

Heterogeneous Components (HC)

Heterogeneous Components are electronic devices that are manufactured using micro and Nano fabrication technologies
and assembled together into the heterogeneous systems. The Heterogeneous Components Chapter identifies trends in
high-market-growth-potential applications, determines the device performance requirements that are needed to enable
those applications, and uses this information to discover technology gaps that must be solved in order to produce the
future products that are envisioned by the roadmap.

The Mission of Heterogeneous Components Focus Team is to provide industry, academia and government to identify key
technical challenges related to new heterogeneous components needed by the IoE ecosystem.

Outside System Connectivity (OSC)

The mission of OSC consist in identify and assess capabilities needed to connect most elements of the Internet of
Everything (IoE) and highlight technology needs and gaps. This includes supporting connection of a broad range of
sensors, devices, and products and to support information communication, processing and analysis for many applications
(i.e. mobility, energy, health, and others) with wire line, wireless and optical interconnect technologies.

More Moore (MM)

MM Focus Team in ITRS provides physical, electrical and reliability requirements for logic and memory technologies to
sustain More Moore (PPAC: power, performance, area, cost) scaling for big data, mobility, and cloud (IoT and server)
applications and forecast logic and memory technologies (15 years) in main-stream/high-volume manufacturing (HVM)

Beyond CMOS (BC)

The goal of this Focus Team is to survey, assess and catalog viable new information processing devices and system
architectures due to their relevance on technological choices. It is also important to identify the scientific/technological
challenges gating their acceptance by the semiconductor industry as having acceptable risk for further development.
Another goal is to pursue long-term alternative solutions to technologies addressed in More-than-Moore (MtM) ITRS
entries.

This is accomplished by addressing two technology-defining domains: 1) extending the functionality of the CMOS
platform via heterogeneous integration of new technologies, and 2) stimulating invention of new information processing
paradigms.

Factory Integration (Fl)

The Factory Integration (FI) focus area of ITRS 2.0 is dedicated to ensuring that the semiconductor-manufacturing
infrastructure contains the necessary components to produce items at affordable cost and high volume. Realizing the
potential of Moore’s Law requires taking full advantage of device feature size reductions, new materials, yield
improvement to near 100%, wafer size increases, and other manufacturing productivity improvements. This in turn
requires a factory system that can fully integrate additional factory components and utilize these components collectively
to deliver items that meet specifications determined by other ITRS 2.0 focus areas as well as cost, volume and yield
targets.
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5. SYSTEM INTEGRATION: ITRS 2.0 VIEW OF THE NEW ECOSYSTEM

In providing a top-down view of the new ecosystem it is necessary to have some simple depiction of what is under study
including some basic definitions

ITRS 2.0 has developed also several tables to capture all of these elements and the reader will be able to find detailed
information in the chapters addressing these subjects.

The executive summary presents a succinct overview of the above elements progressing from system requirement all the
way to device specifications.

8 Disaster Recovery Data Centres

Lsars

Provisioned Disaster
Recovery Servers

Clusterad Cisco
Security Appliances

L
Raphcation L]
Services

Remote Usars

Head Office BCP Sile Mobile Users

Fig.5.1 Internet: Example of Data Centers and Connectivity

5.1.DATA CENTERS

Data centers are physical or virtual infrastructure [Fig. 5.1] wused by enterprises to house
computer, server and networking systems and components for the company's information technology (IT) needs, which
typically involve storing, processing and serving large amounts of mission-critical data to clients in a client/server
architecture.

In order to improve processing performance the IC industry has adopted a multi-core architecture for any type of
Processors. This technical approach derives from the power limitations imposed by operating with a single core. Multiple
cores, however operating at a lower frequency than a single core can provide enhanced output by processing information
in a parallel way.

The increased demand for information processing in a data center will drive a 30-fold increase in the number of cores.
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Data Centers

Categories | yeqr 2015 | 2017 | 2019 | 2021 | 2023 | 2025 | 2027 2029

Number of Cores (K) 360 1044 3008 4935 5825 7578 8967 10602
12626 37879

Total Memory Storage (PB) 300 1559 4676 14029 | 42088 4 2 1136377

Data

Center Area of One Server Building (MSF) 0.5 0.9 1.6 2.2 2.2 2.42 2.42 2.42
Total Power Consumed by

Global Datacenter (MkWh) 779.8 839 1004.7 | 1137.2 | 1226.1 | 1380.7 | 1635.6 2044.3
Total Switching Capability of

Indicators | Datacenter BW (Th/s) 1000 2512 6309 10000 | 15849 | 25119 39811 63096
Data Center Efficiency (GFLOPS/W) 2.4 4.9 10 17 24 33.9 47.9 67.8
Server Units/Rack 40 40 40 40 40 40 40 40
Number of Cores/socket 18 29 a7 59 74 93 117 147

Servers Power /Single Server Unit (W) 700 700 700 700 700 700 700 700
Main Memory / Single Server Unit
(GB) 32 45 64 76 91 108 129 154
Power Consumed by Cores/single
socket (W) 165 159 153 149 145 141 137 133
Network Bandwidth/Unit (Gb/s) 40 40 100 100 100 400 400 400

Switching | Network Bandwidth/Rack (Gb/s) 1600 1600 4000 4000 4000 16000 16000 16000
Rack Switch Capacity BW (Gb/s) 1200 1200 3000 3000 3000 12000 12000 12000
Power efficiency (Grid
delivery/Data Center Use) 0.55 0.57 0.59 0.61 0.63 0.65 0.67 0.69
Power Consumed by Networking

Power and Switching (MkWh) 21.91 55.05 | 138.26 | 87.66 | 138.93 | 220.19 | 348.97 553.08
Power Consumed by Storage
(MkWh) 0.0657 | 0.259 0.449 0.778 1.347 2.334 4.043 7.004
Power Consumed for facility
cooling (MkWh) 38.99 55.02 86.13 237.31 | 264.26 | 307.03 | 374.89 482.56

Data Centers operate as repository of data and given the insatiable need expressed by the user for more and more data it is
expected that the requirement for memory storage will be the fastest growing item in the ITRS 2.0 Horizons an almost a
4000-fold increase in memory is forecast.

Under these conditions the area of the building will keep on increasing by 5x. These requirements will more than double
the power requirements as measured in GWh (or MKWh). In order to control the rate of increase in power it is mandatory
that the power of each server and the number of servers/rack be kept constant across the next 15 years.

Moving information within the Data Center and moving data to the network and receiving data from the network is of
fundamental importance for the efficient operation of the Data Center and its connection to the Internet as an efficient
means of communication to the users. Switching bandwidth per unit is presently operating at 40Gb/sec but it will need to
reach the 400 Gbit/sec by 2025. This will require that the Network Bandwidth /rack will need to reach the 16,000 Gb/sec
range to feed the insatiable need for data requested by the network.

A severe concern is constituted by the amount of energy needed to cool the facility that will escalate to almost 500 GWh
in the time horizon. It is not surprising that Data centers need to come with an associated power plant. This escalating
power consumption explains also while many Data Centers are located in proximity of large water sources, like lakes, and
in predominantly cold regions.
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5.2.10T AND IOE

The IoE has four main components inextricably connected to each other: physical things, data, processes, and people.

1. The Internet of Things (IoT) is the global network of physical objects accessed through the Internet and
incorporating the infrastructure for the internet-connected world of devices-objects-things. As it was stated before, the IoT
is growing into the globally interconnected world where everything is connected. World. The IoE includes the following
ITRS 2.0 application areas: mobile products, big data systems, the Cloud 2.0, biomedical products, transportation
components and subsystems and interconnect.

2. Data that are generated by all of the devices-objects-things in item 1 above.

3. Smart applications_for processing in a timely manner the data generated by the IoT to deliver the right information
to the right machine or person at the correct time and thereby for solving problems (societal, economic, environmental,
and the like) for industry and governments.

4. Application software/programming interfaces that connect people in more relevant and valuable ways

loE
Categories Year 2015 | 2017 | 2019 | 2021 | 2023 | 2025 | 2027 | 2029
Energy source
B B B+H | B+H | B+H | B+H | B+H | B+H
(B = battery; H = energy harvesting)
Lowest VDD Used By Components (V) 0.8 0.75 0.7 0.65 0.65 0.55 0.45 0.45
Deep suspend current of MCU (nA) 100 72 52 38 27 20 14 10
Power :i/oo;\versmn efficiency of DC-to-DC Conversion 80% 82% 26% 38% 89% 91% 93% 95%
Spatial Power Density of DC Converter 1 | 117 | 136 | 1.59 | 1.85 | 216 | 2.52 | 2.9
(W/mm°)
Peak Current Consumed by Connectivity 50 19.2 2.44 2.87 111 0.43 0.16 0.06
Interface (mA) 8
- . . 0.97 0.38 0.14 0.05 0.02 0.00 0.00
Transmission Power per bit (WW/bit) 2.48 N 1 9 3 3 9 4
Form factor | Module footprint (mm2) 500 500 280 179 115 73 47 30
MCU Number of Cores 1 1 1 1 1 1 1 1
MCU Current / Operation frequency (mA/MHz) | 30 | 21.7 | 15.7 | 113 | 8.9 7.7 6.7 5.8
Performance | Max MCU Frequency (MHz) 200 235 277 306 316 327 338 350
MCU Flash Size (KB) 1024 | 1024 | 2048 | 4096 | 4096 | 8192 | 8192 | 8192
MCU Dhrystone MIPS (DMIPS) 200 242 293 354 429 519 628 759
Peripheral Number of Sensors Integrated to System 4 8 10 12 12 13 13 13
Max Sensor Power (LW) 2850 | 1397 | 1009 729 617 522 442 374

Devices utilized in the IoE environment need to consume the list amount of power in order to insure extended operability.

This requires operation at progressively lower supply voltage whether this is provided by battery sources or by
scavenging energy from the environment. It is very challenging to operate CMOS at 0.5V to 0.4V. This requirement is
driving device research towards new transistor like Tunnel transistors (TFET) that are expected to operate at voltages as
low as 300mV or even lower.
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This requirement for lower power consumption is
driving completely new device specifications. This is
one of the fundamental changes in methodology
introduced by ITRS 2.0.

For similar reasons, transmission power for bit needs to
be reduced by about 3 orders of magnitude in the time
horizon. Module footprint remains a major challenge, as
more ICs or other devices need to be assembled in a
limited space (e.g., smart phone). MCU frequency is
expected to only moderately increase due to the
limitation imposed on power consumption both during
operation and in standby. The number of sensors [Fig.
5.2] will easily increase by 3X while the sensor power
will have to be reduced to about 13% of nowadays
power consumption for mobility sake.

5.3. MOBILITY

In recent years, mobile devices [Fig. 5.3], notably
smartphones, have shown significant expansion of
computing capabilities. Since smartphone systems are
built with multiple heterogeneous ICs (e.g., logic,
memory, Microelectromechanical systems (MEMS),
and radio-frequency (RF)), it is imperative that the
tradeoffs at the system level be fully understood.
Beyond the current ITRS SOC-CP roadmap, ITRS 2.0
introduces a new mobile driver to comprehend and
roadmap metrics at a higher, system level for mobility
applications. The number of cores for Application
Processors (AP) will moderately increase by 4x in the
time horizon. The increase in the number of cores in
mobile is much smaller than what is forecasted to occur
in the Data center but the extreme restriction on power
consumption is responsible for this slow rate of
increase. It is however relevant to notice that total
number of transistors continues to increase
(A7~1Billion, A8~2Billion) while the die size is
actually decreasing (A7 to A8, 13% die size reduction)
to accommodate for the limited space available in the
phone platform [Fig. 5.4, Fig. 5.5].
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Fig. 5.2 Sensors will populate the world of the IoE

Fig. 5.3 The wireless world
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Mobile
Year 2015 | 2017 | 2019 | 2021 | 2023 | 2025 2027 2029
Number of AP cores 4 9 18 18 28 36 30 25
Number of GPU cores 6 19 49 69 141 247 273 303
m:t;requency of any Component in System 2.7 2.9 3.2 34 3.7 4 43 4.7
Number of Mega pixels in Display 2.1 2.1 3.7 8.8 8.8 33.2 33.2 33.2

Band Width between AP and Main memory

Input (Gb/s) 25.6 | 348 | 52.6 57.3 61.9 61.9 61.9 61.9

Metrics " Number of Sensors 14 | 16 | 20 20 21 21 22 22
Number of Antennas 11 13 13 14 15 15 15 15
Number of ICs 7-10 | 7-10 7-10 7-10 7-10 7-10 7-10 7-10
Cellular data rate growing ~1.3x/year (MB/s) 12,5 | 12.5 | 21.63 | 40.75 | 40.75 | 40.75 | 40.75 | 40.75
Wi-Fi data rate evolving with standards (Mb/s) 867 867 867 7000 | 7000 | 28000 | 28000 | 28000
PCB area of main Components (cm2) 62 69 76 84 93 103 103 103

Output

Metrics | Board power averaged at ~7%/year (W) 4.2 4.64 5.12 5.64 6.22 6.86 7.56 8.48

On the other hand, the number of cores in Graphics Processing Units (GPU) will increase by 50x in this time horizon.
This increase in GPU processing capacity is necessary to keep up with the increasingly growing number of megapixel
offered by the displays. The number of megapixels will in fact increase by 15x in the future. It is expected that the traffic
between AP and memory will have to correspondingly increase more than 2x.
Sensors associated with mobile devices will about double in the time horizon but the total number of major ICs will need
to remain almost constant at around 10 units or below due to the limitations of space and power.
Cellular data will continue to grow at about 1.3x/year. This due to the fact that users are becoming more and more
familiar to utilizing the phone for data acquisition and manipulation.
According to the announced standards, ranging from the present 802.11ac to the future Wireless HD 1.1, the Wi-Fi data
rate will grow at ~1.4x/year. Power growth will have to be limited but some growth cannot be avoided.
The whole cell phone mobility relies on the existence of a cell within which the phone can operate. The size of the cell
depends on

1. The Application Processor (AP) power level

2. The protocol used (e.g., 802.11a/b/g/n/ac etc.)

3. The Data rates that are allowed

As an example 802.11g standard works in the 2.4 GHz band (like 802.11b) and it operates at a maximum physical
layer bit rate of 54 Mbit/s exclusive of forward error correction codes, or about 22 Mbit/s average throughput. An
access point compliant with802.11g using the stock antenna might have a range of 100 m (330 ft.).

The maximum power depends on country regulations and on the availability of channels. As an example depending on the
specific regulatory class the power limits at 5GHz may range from 40mW to 1000mW according to Federal
Communication Commission (FCC). In essence, the mobile devices will have to rely very heavily on the surrounding
infrastructure to be able to communicate with the IoE.
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6. HETEROGENEOUS INTEGRATION

Heterogeneous Integration refers to the integration of separately manufactured components into a higher-level assembly
that, in the aggregate, provides enhanced functionality and improved operating characteristics.

The mission of the Heterogeneous Integration (HI) Focus Team is to provide guidance to industry, academia and
government to identify key technical challenges with sufficient lead-time that they do not become roadblocks preventing
the continued progress in electronics that is essential to the future growth of the electronics industry and the realization of
the promise of continued positive impact on mankind. The approach is to identify the requirements for heterogeneous
integration in the electronics industry through 2030, determine the difficult challenges that must be overcome to meet
these requirements and, where possible, identify potential solutions.

The focus for Heterogeneous Integration (HI) is identification of the difficult challenges and the potential solutions for
meeting those demands for the next 15 years. The primary integration technology for the potential solutions will be
complex, 3D System in Package (SiP) architectures.

System in Package (SiP) is a combination of multiple active electronic components of different functionality, assembled
in a single unit, which provides multiple functions associated with a system or sub-system [Figure 6.1]. A SiP may
optionally contain passives, MEMS, optical components, and other packages and devices.

Mobil
Big dats Each application, packaging
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Packaging Technologies

Fig. 6.1 Elements incorporated into complex SiP packages through heterogeneous integration

There are several types of SiP solutions as shown in Figure 6.2. Each of these solutions applies to a different application.
For instance combining stacking and side-by-side multichip module Ball Grid Arrays (BGAs) are used across the PC,
consumer and communication applications for their low cost, design flexibility and proven technology. Particularly
important would be the integration of several different semiconductor technologies, from different foundries onto a single
package.
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Fig. 6.2 Categories of SiP

The state of the art today replaces the wire bond in the staggered die stack with stacked die using TSV interconnects
between die. The specification for the device using the TSV based package has higher speed, decreased package volume,
decreased latency and has reduced operating power 50% (Toshiba data). The specification for this SiP is in the Table 1
below.

Package Type NAND Dual x8 BGA-152
Storage Capacity (GB) | | 128 256
Number of Stacks 8 16
W|| 14 14
External Dimension
D|| 18 18
(mm)
H|[1.35 1.90
Interface Toggle DDR

Table 1 Specification for SiP

Besides the comparison with SoC, SiP is often compared with multiple monolithic packages for a new subsystem or
system level product package. SiP has often been considered more costly than the corresponding combination of
monolithic packages. It is sometimes true when only the packaging costs are compared. But the total cost of the system
building and the accompanying advantages must be taken into account. SiP offers customers benefits of smaller footprint
of devices and fewer numbers of connecting traces between devices, which results in lower number of PCB layers.

The heat generation from an IC is highly non-uniform with areas of very high local heat fluxes at few locations on the die.
Future trends show an increase in thermal design power and an increase in both average power density and local power
density (also known as “hot spots”). Hot spot thermal management limits the thermal solution for the package. Even
when total power of the component remains within design specification, the hot spot power density increase could limit
the device performance and reliability.
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The technical challenges of 2D scaling in CMOS technology are becoming evident as we reach the practical limits of
planar features and new solution utilizing in a variety of ways the third dimension are becoming available at both the

device and the package level.

6.1. 2.5 D INTEGRATION

The use of silicon interposers for advanced
packaging, first introduced as a product by
Xilinx, is now in use for 2.5D integration [Fig.
6.3]. The introduction of product with 2.5D
integration used a TSV interposer to connect
multiple chips side by side and provide high
bandwidth connections between the die, RDL
to map the die geometries to the printed circuit
board geometries and TSVs to connect the top
and bottoms layers of the interposer. The
benefits of higher bandwidth, lower power and
reduced latency are compelling and several
other products are in development using this
technology.

The initial selection of this packaging
technology was driven by the need for
improved performance and it was very
successful in achieving that goal. Nevertheless
the widespread adoption of this technology has
not followed. The primary limitation was the
high cost of the interposer incorporating TSVs.
Driving the cost down for the 2.5D technology
is a critical challenge since it not only delivers
major performance advantages, it also drive
the industry down the learning curve for the
cost effective adoption for 3D-TSV.

6.2. 3D INTEGRATION

High-bandwidth,
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Through-Silicon Vias (TSV)

C4 Bumps

7 44— Z8nm FPGA Die
E—— Si lnterposer

Package Substrate

Micro bumps
Siinterposer with TSV

C4 bumps

Fig. 6.3 2.5D Interposer for Xilinx FPGA

The effort to continue the pace of progress for the semiconductor industry has been focused on two technical directions.
Functional diversification is referred to as “more than Moore” and it is one technical direction. It is the driving force
behind System-In-Package (SiP) architecture. The second is the use of the third dimension. This allows increase in
functional density for a given node and also improves performance and reduces power requirements. There are several
driving forces for 3D integration [Fig. 6.4]. The potential benefits include higher performance, reduced power
requirement, reduced latency, smaller size and eventually lower cost compared to 2.5D and conventional 2D packaging.
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Fig. 6.4 Driving Forces for 3D Integration

6.3. WAFER LEVEL PACKAGING

Wafer Level Packaging (WLP) has been defined as a technology in which all of the IC packaging process steps are
performed at the wafer level. The original WLP definition required that all package 1O terminals be continuously located
within the chip outline (fan-in design) producing a true chip size package.

This definition described a Wafer Level Chip Scale Package, or WLCSP, with the processing of a complete silicon wafer.
From a systems perspective, under this definition, the limitation on WLP was how many I/O could be placed under the
chip and still have a board design that can be routed.

However, there are products coming to market that do not fall under this earlier definition of WLP. These new packages
have been described as “Fan-out” WLP. They are constructed by placing individual sawn die into a polymer matrix or
silicon carrier that has the same form factor as the original silicon wafer. These “Reconstituted” artificial wafers are then
processed through all of the same processes that are used for “real” silicon wafers, and finally sawn into separate
packages.

WLCSP are mainly being used in portable consumer markets where small size, thickness, weight, and electrical
performance are additional advantages to cost. Major trends include work for cost efficient rerouting with multi-layer
RDL and improved design and simulation tools for WLP technologies.

With the introduction of TSVs, IPDs, Fan-out, and MEMS packaging technologies, WLP products can be used in a much
broader range of applications, with higher I/O counts, and greater functional complexity. These packaging technologies
open new opportunities for WLPs in the packaging field.

WLP now incorporates many different structures to meet specific application targets. A variety of WLP types are shown
in the Figure 6.5
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Wafer level CSP in the simplest structure Wafer level CSP with copper post and resin mold
SCHOTT OPTO-WLP
Glass N
Opto wafer level CSP with tapered TSV Opto wafer level CSP with beam lead metallurgy

interconnection

High-Capacity Memory
—_—_—

IPD embedded silicon substrate Build-up substrate through wafer level
fabrication

Thin chip integration Embedded wafer level ball grid array
(embedded device in polymer dielectric)

Stacked devices with Through Silicon Via’'s
(TSVs)

Fig. 6.5 Examples of existing Wafer Level Packaging Types

6.4. DIFFICULT CHALLENGES FOR SIP

The major challenges for digital systems today are power requirement and integrity, thermal management and the
limitations in physical density of bandwidth.

The total power requirement can be reduced by dropping the operating voltage, reducing the interconnect distance,
reducing the capacitance and reducing the operating frequency. Stacking the circuits in layers will reduce the interconnect
length by approximately the square root of the number of layers.

In 3D integration the thermal density is increased and the surface area to exhaust the heat is reduced. Several solutions are
described in the HI Chapter.

As the density and performance of the logic circuits are increased and the physical area available to address the resulting
increase in demand for bandwidth is reduced new approaches are necessary. There have been proposals to bring photonic
data transmission to the IC. These proposals may address the bandwidth but the wavelength employed for photonic data
transmission is many times larger than the transistors.

The solution is to bring photonics to a direct bandgap semiconductor circuit in a SiP package and convert to a very wide
electrical bus on the package. The photonic connection must us wavelength multiplexing in a single mode fiber to reach
the physical density of bandwidth required for future SiPs.

6.5. DIFFICULT CHALLENGES FOR HETEROGENEOUS INTEGRATION

Several key limitations faced by the Semiconductor industry in the near term will involve most, if not all, of the Technical
Working Groups (TWGs) and Focus Teams. These include:
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e  Manage the power and thermal dissipation requirements through both reduction in power requirements and
improving the heat dissipation capability of packages.

e Increasing the physical density of bandwidth in order to make use of the enormous gains in the physical density of
Processor power.

e  Support the growing functional diversity requirements driven by “More than Moore” technologies.
e  Support the reliability, power integrity and thermal management challenges of 3D integration.
e  Drive down cost in assembly and packaging to reduce the impact of packaging cost not scaling to match device cost.

e  Reduce time to market and by co-design and simulation that includes electrical, thermal, mechanical and, in some
cases chemical, requirements for the device, package and system.

. Support reliability in the face of transistors that will wear out.
e Support the global network changes required to handle the coming yottabyte (10**) level data traffic requirement.

o  Developing designs, equipment, materials and processes to support the introduction of 450mm wafer production.

6.6. HETEROGENEOUS COMPONENTS

The advent and fast growing market demand of hand-held mobile devices, such as smartphones and tablet computers, has
driven components manufacturers to produce miniaturized components with ever increasing performance and
functionality. Their performance requirements are driven by systems evolution or new “killer apps” that can emerge
unexpectedly into the scene. While the market for smartphones and tablets is expected to continue to grow with
continuing advances in product performance and functionality, new markets are also emerging including wearables and
many other applications related to the Internet of Everything. These applications fuel requirements, development, and
production of Heterogeneous Components [Fig.6.6]. Heterogeneous components can have use in multiple applications,
such as automotive and portable consumer devices, but each of the applications often has different device performance
requirements. For example, automotive applications require accelerometers with high reliability and use in extremes in
environmental conditions yet accelerometers in mobile devices require low cost and low power consumption. Thus a
main requirement for low cost could be traded off with other requirements such as long-term reliability or accuracy.
Device performance requirements will need to be developed for each application area that is considered in this roadmap.
In summary, the development of a roadmap for Heterogenecous Components is intrinsically much broader and more
fragmented than most of the traditional roadmaps outlined in other paragraphs.

The ITRS established the MEMS Technology Working Group in 2010 and published the first edition of the MEMS
chapter of the ITRS Roadmap in 2011. The MEMS Chapter included accelerometers, gyroscopes, inertial measurement
unites, microphones, and RF MEMS resonators, galvanic switches, and varactors. As the ITRS transitions its
roadmapping activities to ITRS 2.0, the MEMS TWG has transitioned its efforts to support the Heterogeneous
Components Focus Area (HC FT) of ITRS2.0. This provides an opportunity to expand the range of applications and
device technologies that were originally addressed in the MEMS Roadmap.
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Fig. 6.6 Illustration of Heterogeneous Components in a Heterogeneous System.

A major challenge to roadmapping MEMS technology has been the diversity of applications for MEMS. For example,
MEMS devices include pressure sensors, ink jet printers cartridge, accelerators, digital projectors, bolometers, gas
sensors, surgical tools, microphones, portable medical diagnostic systems, and more. Furthermore, there has been a long
history of MEMS of a one-device one-application paradigm, where each device had a unique manufacturing process. In
order to address these challenges, the working group chose to set focus on applications related portable, wereable, and
automotive.

6.7. AUTOMOBILES

As automobiles become more complex, signal processing technologies are increasingly being used to create the
automobile of the future. This future car will need to adapt to changes in driving conditions, provide driving directions,
keep in touch with the office and family members, and provide quality audio and video entertainment—all while
providing more safety and running more efficiently than ever before. No easy task.

The most common application beyond airbag systems is the almost ubiquitous Automatic Braking System (ABS). Until
very recently, most ABS systems did not use an inertial sensor. They simply read wheel speed and apply pulsed braking if
the wheels are thought to be skidding. However, most all-wheel-drive systems and some newer high performance ABS
systems, look at longitudinal acceleration to determine if the chassis is still moving. This is particularly important for all-
wheel-drive equipped vehicles where all four wheels may have lost traction due to the application of drive torque.
Electronic Stability Control is another application for MEMS sensors that assists the driver in regaining control of the
automobile just as it is starting to skid.

MEMS Gyros used for roll over sensing do not require the same resolution as those used in ESC systems, but they must
have excellent rejection of external shock and vibration and have a larger dynamic range. MEMS gyroscopes are now
commonly used in this application because of their insensitivity to external shock and vibration.

6.8. CONSUMER PORTABLE

The release of the Nintendo Wii in November 2006 can be considered to mark the beginning of consumer portable
MEMS device applications. The Wii wireless controller incorporated a 3-axis MEMS accelerometer that determined
motion and position of the controller, bringing a new dimension to game playing applications. The remote allows the user
to interact with the console using gestures and by pointing at the screen. The accelerometer and optical sensor that are
built into the remote enable this functionality.
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Table 2 Examples of heterogeneous components with their key attributes for automotive, smart phone,
wearable, and medical applications, exemplifying how their requirements may differ with application.

Automotive

Smart Phone

Wearable

Medical

Inertial Sensors

Crash Sensors, Inertial

Tilt, Movement,

Movement sensor,

Movement, tilt —

(accelerometers, Positioning: reliability, | Inertial Positioning: heart rate — low cost, reliability, low power,

gyroscopes and IMUs) accuracy, large ambient | low cost, low power. low power. FDA approval
temperature range

Microphones Hands free Voice, noise Voice, heart rate, Voice, heart rate -
communications cancellation, ultrasonic | ultrasonic reliability, low power,

communications

communications — low
cost, low power

FDA approval

Pressure Sensors

Tire, manifold,
altitude, vapor pressure

Altitude, barometric
pressure

Blood pressure — low
cost, low power

Blood pressure —
reliability, low power,
FDA approval

Micro Speakers

Sound reproduction —
small size, low power

Sound reproduction —
small size, low power

Conductivity Perspiration

Humidity Ambient
environmental
conditions

eNose Environmental and Environmental and

Health monitoring

Health monitoring

Apple introduced the iPhone in June 2007. Analogous to how the Wii remote revolutionized gaming, the iPhone can be
considered to have revolutionized mobile phones. The iPhone advanced the functionality of mobile telephones by
providing a more advanced graphical user interface with Internet browsing and email, among other things. iPhone has
continued to evolve and utilize a broad variety of MEMS [Fig. 6.7]. For instance, the MEMS accelerometer technology
detected the direction of gravity, which enabled the display to rotate so that it was always kept upright, and also provided

an interface to game applications that could be purchased from the “app store.”

The MEMS technologies that supported these consumer portable applications did not require the same levels of accuracy
and reliability as the automotive applications from which the technologies evolved. The primary drivers for these

applications were cost, size and low power dissipation.
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Fig. 6.7 Sensors bridge the world of Electronics with the world of humans

Another significant component of the consumer MEMS evolution was in the area of packaging. Previous MEMS
products, mostly automotive sensors, had a cost structure that allowed the use of mechanically robust, open cavity
packages, such as ceramic DIP packages. The benefit of such packages was that the MEMS device could be mounted in
an elastically isolated way, decoupling it from package induced stresses. However, such package technologies were much
too expensive for the consumer market. Methods for using low cost, plastic packages were required to meet cost targets.
This lead to technologies for capping the MEMS device, to allow plastic over-molding and the development of
sophisticated die attach and stress relief methods.

6.9. CONSUMER WEARABLE AND HEALTHCARE

The rapid increase of digital data and connected technologies is revolutionizing healthcare. The healthcare system used to
be highly centralized, disease oriented and focused on acute care. It is changing today towards keeping people healthy,
raising each individual's awareness of their health and inducing efficient behavioral changes. As they become empowered
to maintain a healthy lifestyle, a large portion of them is eager to collect data about their health, track trends over time and
share their health performance on their social network. Others could have a mild condition that can benefit from
continuous monitoring. This growing part of the population with the desire to monitor lifestyle and health is often called
the Worried-well. Worried-wells are information seekers. In the last decade, worried-wells were searching the web for
symptoms they would experience, looking to correlate them with possible health conditions. In the last few years,
websites have been introduced to connect people with similar conditions or symptoms (e.g. patients-like-me). In the
future, the worried-wells will have a new army of technologies at their disposal to monitor and improve their health.
Silicon and MEMS technologies are making that revolution possible.

Today the mobile phone can already provide a great deal of health information. Accelerometers can track activity and
sleep. Built-in optical sensors are available that can sense heart rate when the user is touching the phone. The camera in
the phone can be used for purposes as diverse as checking the calorie content of a food item, or identifying your emotions
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based on facial expression recognition. A broad spectrum of mobile phone apps has been developed to analyze this data,
and deliver it to the consumer in an intelligible and actionable manner. A recent survey reported over 16,000 consumer
health apps available on the Apple store as of August 2013 and that 66% of Americans would use mobile health apps to
manage their health.

In summary, MEMs have found a key role by means of heterogeneous integration in a variety
of applications in the new ecosystem of the electronics industry [Fig. 6.8].

MEMS market by device, 2006-2017

MEMS market by device, 2006-2017
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Fig. 6.8 The multi-faceted market of MEMS

7. CONNECTIVITY

Mobile devices and systems are connected to the internet primarily through RF wireless communications such as WiFi.
Communication between fixed systems is achieved through a combination of RF wireless, copper wiring and photonic
interconnects. Information processing systems are physically limited by both energy dissipation and communication of
information, especially in dense, high-speed systems. Overall, the majority of energy dissipation in systems is in the
interconnections and communication parts of any system. Photonic interconnects, consisting mainly of lasers and fibers,
offers solutions to both of these problems, enabling lower energy communication and higher information densities,
especially for all longer distance connections beyond the chip itself.

7.1. RF & AMS WIRELESS

Radio frequency (RF), high frequency (HF), and analog/mixed-signal (AMS) technologies serve the rapidly growing
communications markets that include many of the physical components for the Internet of Everything (IoE) and represent
essential and critical technologies for the success of many semiconductor manufacturers. RF wireless technology is one of
the simplest ways to connect [oT devices to the Internet through WiFi, Cellular or proprietary wireless connections. Thus,
the number of devices employing wireless RF is expected to increase dramatically over the life of the roadmap. This will
require high volumes of energy efficient devices and ICs with RF and AMS capabilities. Furthermore, more sophisticated
antennas will be needed to connect to multiple networks in compact systems, such as mobile phones, etc.

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS 2.0: 2015
LINK TOITRS 2.0, 2015 FuLL EDITION DETAILS



Executive Summary 27

Communications products and emerging products with functionalities enabled by more-than-Moore (MtM) RF, HF, and
AMS technologies are becoming key drivers for volume manufacturing. Consumer products account for over half of the
demand for semiconductors. Fourth generation (4G) cellular phones and tablets now have a much higher RF and AMS
semiconductor content and now are a very large fraction of the mobile market compared to only 5 % of the market a few
years ago. With different technologies capable of meeting technical requirements, time to market and overall system cost
will govern technology selection.

The requirements for transceiver integrated circuits (ICs) are technology drivers that contribute substantially to the recent
ITRS-defined More-than-Moore (MtM) thrust. This 2016 ITRS RF and AMS Section is divided into the four analog-
carrier frequency bands — low frequency (LF) less than 0.4 GHz, radio frequency (RF) 0.4 GHz to 30 GHz, millimeter-
wave (mm-wave) 30 GHz to 300 GHz, and terahertz (THz) greater than 300 GHz. The table below lists a few examples of
applications for each of these bands.

Analog - Carrier Frequency Bands

LF Analog RF Millimeter-Wave THz
(0.0 GHz-0.4 GHz) (0.4 GHz-30 GHz) J (30 GHz-300 GHz) (> 300 GHz)

Example Applications for Each Frequency Band

Automotive controls Cellular 60 GHz point-to-point
On-chip regulators WLAN Touchless gesture
control, Imaging,
sensing
Power management Serializer/ Automotive radar
Deserializer
ADC,DAC Wireless backhaul

The IoT-enabled applications listed above are part of the scope for the RF and AMS ITWG and currently lag technology
and processing capabilities for reliable manufacturing similar to digital CMOS. Although no applications are currently
identified for the THz band, capabilities are being developed and potential applications are being investigated in research.

7.2. PHOTONIC TRANSMITTERS

The most commonly used optical transmitters are semiconductor devices such as light emitting diodes (LEDs) and laser
diodes. The difference between LEDs and laser diodes is that LEDs produce incoherent light, while laser diodes produce
coherent light. For use in optical communications, semiconductor optical transmitters must be designed to be compact,
efficient, and reliable, while operating in an optimal wavelength range, and must be capable of being directly modulated
at high frequencies.

7.3. FIBER-OPTIC COMMUNICATION

Fiber-optic communication is a method of transmitting information from one place to another by sending pulses
of light through an optical fiber. The light forms an electromagnetic carrier wave that is modulated to carry information.
First developed in the 1970s, fiber-optics revolutionized the telecommunications industry and played a major role in the
advent of the Information Age. Because of its advantages over electrical transmission, optical fibers have largely
replaced copper wire communications in core networks in the developed world. Fiber-optics are used by many
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telecommunications companies to transmit telephone signals, Internet communication, and cable television signals.
Researchers at Bell Labs have reached Internet speeds of over 100 petabitxkilometer per second using fiber-optic
communication.

The process of communicating using fiber-optics involves the following basic steps: Creating the optical signal involving
the use of a transmitter, relaying the signal along the fiber, ensuring that the signal does not become too distorted or weak,
receiving the optical signal, and converting it into an electrical signal.

The two main advantages associated with the use of optics are:

1. Low power loss over distance. Attenuation of single mode optical signals is < 0.3db/Km over hundreds of
Km.

2. Very high information density. A single mode 0.125 mm diameter optical fiber can transmit information
>100 Exabits/s/mm”. (This implies: A bandwidth of ~200Terahertz, spectral efficiency of 10 bits/Hz and a
fiber diameter of 125 microns.)

In addition, in the future, optical technology could offer new possibilities for information processing at low or even
essentially zero power; however, significant research is still needed for both materials and devices capable of optical
amplification and logic functions

Office &
Factory LAN
Year 2015 2017 2019 2021 2023 2025 2027 2029
LAN to ~10Km Max
Data Rate/ 40 100 400 400 1000 1000 2000 2000
Wavelength (Gb/s)
Multi Multi Multi Multi Single- Single- Single- Single-
LAN Mode Isingle- | Isingle- | /single- | /single- mode / mode / mode / mode /
mode mode mode mode multimode | multimode | multimode | multimode

LAN Wavelengths 4 4 4 4 8 8 8 8
Physical Modulation | Direct/ | Direct/ | Direct/ | Direct/ Direct / Direct / Direct / Direct /
Method (direct or external | external | external | external external external external external
external)

VCSEL/ | VCSEL/ | VCSEL/ | VCSEL/ VCSEL/ VCSEL/ VCSEL/ VCSEL/
Laser edge edge edge edge edge edge edge edge

emitters | emitters | emitters | emitters emitters emitters emitters emitters
LAN wavelength 20 20 20 20 10 10 10 10
spacing (nm)
LAN Energy
Consumption 45 25 20 20 10 10 10 10
(pJ/bit)

7.4. LocAL AREA NETWORKS

Local Area Networks (LANs) that transmit data 100 meters to a few kilometers utilize much of the basic technology
originally developed by the telecommunication industry. LANs generally require data rates of at least 1Gb/s and rarely
use more than a few wavelengths in each fiber. While copper has worked well to 1Gb/s, optical methods are more in
demand to implement 10Gb/s & 100 Gb/s Ethernet. The 100 Gb/s Ethernet Standard recommends fiber for distances
greater than 7 meters. In many cases, the cost to raise capacity is minimized by adding more fiber rather than
implementing multiplexing or changing to higher data rate transceivers.

7.5. LONG DISTANCE CONNECTIVITY

The first transatlantic telephone cable to use optical fiber went into operation in 1988.

Third-generation fiber-optic systems operated at 1.55 um and had losses of about 0.2 dB/km. Engineers overcame earlier
difficulties using conventional InGaAsP semiconductor lasers. Scientists used fiber designed to have minimal dispersion
at 1.55 um or by limiting the laser spectrum to a single mode. These developments eventually allowed third-generation
systems to operate commercially at 2.5 Gbit/s with repeater spacing in excess of 100 km.
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The fourth generation of fiber-optic communication systems used optical amplification and wavelength-division
multiplexing to increase data capacity. These two improvements caused a revolution that resulted in the doubling of
system capacity every 6 months starting in 1992 until a bit rate of 10 Tb/s was reached by 2001. In 2006 a bit-rate of 14
Tbit/s was reached over a single 160 km line using optical amplifiers.

The focus of development for the fifth generation of fiber-optic communications is on extending the wavelength range
over which a WDM system can operate. The conventional wavelength window, known as the C band, covers the
wavelength range 1.53-1.57 um, and dry fiber has a low-loss window promising an extension of that range to 1.30-
1.65 pm.

7.6. WAVELENGTH-DIVISION MULTIPLEXING (WDM)

In fiber-optic communications, wavelength-division multiplexing (WDM) is a technology which multiplexes a number
of optical carrier signals onto a single optical fiber by using different wavelengths (i.e., colors) of laser light. This
technique enables bidirectional communications over one strand of fiber, as well as multiplication of capacity.

The term wavelength-division multiplexing is commonly applied to an optical carrier (which is typically described by
its wavelength), whereas frequency-division multiplexing typically applies to a radio carrier (which is more often
described by frequency). Since wavelength and frequency are tied together through a simple directly inverse relationship,
in which the product of frequency and wavelength equals ¢ (the propagation speed of light), the two terms actually
describe the same concept.

Optical Carrier transmission rates are a standardized set of specifications of transmission bandwidth for digital signals
that can be carried on Synchronous Optical Networking (SONET) fiber optic networks. Transmission rates are defined
by rate of the bitstream of the digital signal and are designated by hyphenation of the acronym OC and an integer value
of the multiple of the basic unit of rate, e.g., OC-48. The base unit is 51.84 Mbit/s. Thus, the speed of optical-carrier-
classified lines labeled as OC-n is n x 51.84 Mbit/s.

wavelength-division multiplexing (WDM)

Transponders Transponders

Y

= signal flow

Fig.7.1 WDM schematics

A WDM system uses a multiplexer at the transmitter to join the several signals together, and a demultiplexer at
the receiver to split them apart [Figure 7.1]. With the right type of fiber it is possible to have a device that does both
simultaneously, and can function as an optical add-drop multiplexer. The optical filtering devices used have
conventionally been etalons (stable solid-state single-frequency Fabry—Pérot interferometers in the form of thin-
film-coated optical glass).
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WDM Module

Performance CWDM4

Year 2015 2017 2019 2021 2023 2025 2027 2029
Data Rate/ Lane (Gbit/s) 25 25 50 50 50 100 100 200
Single Channel GBaud/s 25 25 100 200 200 400 400 800
Distance (km) <2km <2km <10km | <80km | <80km | <80km | <80km | <80km
Number of Wavelengths 1 4 8 8 8 8 16 16
Number of Bits per symbol

(HOM) 1 1 2 4 4 4 8 8
ﬁgcljvilti(zga;l link penalty due to 0 0 5 8 8 8 1 1
TX1/0 loss (dB) 2.5 2.5 2 1.5 1.5 1.5 1 1
RX /O loss (dB) 4 4 3.5 3 2.5 2 2 2
MUXIL (dB) 0 2 1.5 1.5 1.5 1.5 1.5 1.5
DEMUXIL (dB) 0 2 1.5 1.5 1.5 1.5 1.5 1.5
Target RX Sensitivity (dBm) -12 -12 -12 -12 -12 -12 -15 -15
Noise Penalty at the receiver

side (dB) (25G as reference) 0 0 1.5 3 4.5 6 7.5 9
Laser Output Power (dBm) [3] 13 14 16 16 16 16 16 16
Photo detector BW (GHz) 17.5 17.5 35 35 35 70 70 140
Modulator BW (GHz) 17.5 17.5 35 35 35 70 70 140

HOM: higher order modulation (i.e. PAM Qpsk, etc.)
TX: transmitter path

RX: receiver

TIA: trans impedance amplifier

PD: photodetector

FEC: error code correction

PAM: Phase amplitude modulation

Qpsk: Quadrature Phase-Shift Keying

7.7. TELECOMMUNICATIONS (LONG RANGE COMMUNICATIONS)

Telecommunications will continue to support increasing data volumes both to Data Centers, Offices, and FTTX to
support home users. To support this increased volume of data, the data rate per wavelength will need to increase from the
current 200Gb/sec-wavelength to 1000Gb/s-wavelength in 2029. The maximum data rate per fiber will increase from
50Tb/s to 250Tb/s in 2023 as shown in Table OSC7, which requires over 100 wavelengths per fiber and modulation of
polarization and higher order modulation. The telecommunication industry is leading the development of these
technologies.
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Fiber to the x (FTTX) is a generic term for any broadband network architecture using optical fiber to provide all or part
of the local loop used for last mile telecommunications. As fiber optic cables are able to carry much more data than
copper cables, especially over long distances, copper telephone networks built in the20th Century are being replaced by
fiber. FTTX is a generalization for several configurations of fiber deployment, arranged into two groups:
FTTP/FTTH/FTTB (Fiber laid all the way to the premises/home/building) and FTTC/N (fiber laid to the cabinet/node,
with copper wires completing the connection).

Telecommunications Optical
Interconnect Requirements

Year 2015 2017 2019 2021 2023 2025 2027 2029

Data rate/

wavelength

single 200 400 400 400 1000 1000 1000 1000

transceiver

(Gb/s)

Bandwidth

efficiency, 8 12 16 16 20 20 20 20

Bits/ symbol

Modulation s

Method DP-QPSKx 2 DP-16QAM DP-16QAM DP-16QAM DP-64QAM DP-64QAM DP-64QAM DP-64QAM

g?:/gs;ar 50Tb/s 50Tb/s 100Th/s 100Tb/s 250 Th/s 250 Th/s 250 Th/s 250 This

E;t:::: 80km to 80km to 80km to 80km to 80km to 80km to 80km to 80km to
1000km 1000km 1000km 1000km 1000km 1000km 1000km 1000km

repeaters

Optical 1310, 1310, 1310, 1310, 1310,1 1310, 1310, 1310,

wavelength 1550/1610 1550/1610 1550/1610 1550/1610 550/1610 1550/1610 1550/1610 1550/1610

Single channel | 464, 16dbm 16dbm 16dbm 16dbm 16dbm 16dbm 16dbm

optical power

;gm:’p"ca' 20dbm 20dbm 20dbm 20dbm 20dbm 20dbm 20dbm 20dbm

# wavelengths/ <168 <168 <168 <168 <168 <168 <168 <168

waveguide

Wavelength 50/100 50/100 50/100 50/100 50/100 50/100 50/100 50/100

spacing, GHz

PhyS|caI_ Secondary Secondary Secondary Secondary Secondary Secondary Secondary Secondary

Modulation

Method (direct modulator, modulator, modulator, modulator, modulator, modulator, modulator, modulator,

PIC PIC PIC PIC PIC PIC PIC PIC

or secondary)

Optical mode; single single single single single single single single

multi/single 9 9 9 9 9 9 9 9

8. MORE MOORE
8.1. OVERALL TRANSISTOR TRENDS

Transistor cost and performance will continue to be strongly correlated to dimensional and functional scaling of CMOS as
information processing technology is driving the semiconductor industry into a broadening spectrum of new applications
according to 2015 ITRS 2.0.

Strained silicon, high- k /metal-gate and Multigate transistors are now widely used in IC manufacturing. A significant part
of the research to further improve device performance is presently concentrated on III-V materials and Ge. These
materials promise higher nobilities than Si devices.

In order to take advantage of the well-established Si platform, it is anticipated that the new high-mobility materials will be
epitaxially grown on Si substrate. Beyond implementation of these new materials, the Emerging Research Device (ERD)
section reports completely new transistors, operating on new principles like tunneling (e.g. TFET) or spin that offer the
possibility of operating at very low power. A lot of progress has been reported on these devices and their introduction into
manufacturing appears consistent with the advent of the next decade.

Furthermore, a large variety (like never before) of new memory devices operating on completely new principles are
extensively reported and some of them are approaching the pre-manufacturing phase.
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FIN FET devices can be simply characterized by observing that these transistors are nothing more than planar transistors
rotated by 90 degrees along the source-gate-drain side. It has been already demonstrate that by means of a combination of
horizontal scaling and by reducing the number of FINs it is possible to scale linear dimensions of transistors by more than
historical 70%. Elimination of one FIN does not have any deleterious effect on performance since making the remaining
FINs proportionally taller can compensate the lack of current carrying capability of the missing FIN. On the other hand,
FIN FET transistors were primarily introduced to reduce leakage current and for being capable of operating at lower
voltages than classical planar CMOS. Low power operation is now the most sought after attribute. Despite this enhanced
scaling capability 2D scaling will eventually approach fundamental limits towards the end of this decade and therefore
both logic and memory devices are exploring the use of the vertical dimension (3D) as a means of continuing packing
more transistors in each cm? of silicon.

The combination of 3D device architecture and low power device will usher the (Third) Era of Scaling, identified in
short as “3D Power Scaling”. Increase in the number of transistors per unit area will eventually be accomplished by
stacking multiple layers of transistors

No new breakthroughs are reported for classical interconnections since no viable materials with resistivity below copper
exist. However, progress in manipulation of edgeless wrapped materials (e.g., carbon nanotubes, graphene combinations
etc.) offer the promise of “ballistic conductors,” which may emerge in the next decade.

3D integration of multiple dice offers possible avenues towards reducing interconnect resistance by increasing the
conductor cross-section (vertical) and by reducing the length of each interconnect path. For instance, integrating memory
device (die) immediately above logic device (die) and connecting them by means of wide through silicon vias (TSV) can
accomplish this result.

8.2. MEMORY TRENDS.

Memory technologies will continue to drive the most aggressive pitch scaling and the highest transistor count. Memory
technologies have been and will always be the drivers of Moore’s Law.

DRAM products are approaching fundamental limitations as scaling DRAM capacitors is becoming very difficult in 2D
structures. It is expected that these limits will be reached by 2024 and after this year DRAM technology will saturate at
the 32Gbit level unless some major breakthrough will occur.

Flash memory on the other hand will lead the semiconductor industry towards the next revolution in transistor density.
By 2020 the 2D Flash topological method will reach a practical limit with respect to cost effective realization of pitch
dimensions. Due to the small volume of the floating gate charge amount and charge retention will become fundamental
problems as fewer and fewer electrons will be available for the memory function. However, Flash producers are turning
the transistors completely vertical in order to increase density while relaxing the dimensions of the storage gate to higher
values. By so doing it will be possible to store more charge in the floating gate. Already prototypes of 32 and 48 layers of
Flash transistors planes have been announced. This integration technology will become dominant in the next few years
and will spread to logic circuits as well. However, the concept of “increased functionality” in the era of IoE is not longer
exclusively equivalent to either increased transistor density or performance. New ways of integrating a system have
become essential to producing system of higher functionality. The first method consists in extending the functionality of
the CMOS platform via heterogeneous integration of new technologies, and the second method consists in stimulating
inventions of devices that support new information-processing paradigms
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h

Half Pitch (Calculated Half pitch) (nm) 24 20 17 14 11 8.4 7.7
DRAM cell size (um’) 0.00346 0.00240 0.00116 0.00078 0.00048 0.00028 0.00024
DRAM cell FET structure RCAT+Fin | RCAT+Fin VCT VCT VCT VCT VCT
Cell Size Factor: a 6 6 4 4 4 4 4
Array Area Efficiency 0.55 0.55 0.5 0.5 0.5 0.5 0.5
Vi (support FET voltage) [V] 1.1 1.1 1.1 1.1 0.95 0.95 0.95
Support min. V,, (25C, Gy ars V=55mV) 0.40 0.40 0.40 0.40 0.37 0.37 0.37
Minimum DRAM retention time (ms) 64 64 64 64 64 64 64
DRAM soft error rate (fits) 1000 1000 1000 1000 1000 1000 1000
Gb/Ichip target 8G 8G 16G 16G 32G 32G 32G
?’f)m])VAND Flash uncontacted poly 1/2 pitch — F 15 14 12 12 12 12 12
3D NAND minimum array 1/2 pitch -F (nm) 80nm 80nm 80nm 80nm 80nm 80nm 80nm
Number of word lines in one 3D NAND string 32 32-48 64-96 96-128 128-192 256-384 384-512
Dominant Cell type (FG, CT, 3D, etc.) FG/CT/3D | FG/CT/3D | FG/CT/3D | FG/CT/3D | FG/CT/3D | FG/CT/3D | FG/CT/3D
Product highest density (2D or 3D) 256G 384G 768G 1T 1.5T 3T 4T
3D NAND number of memory layers 32 32-48 64-96 96-128 128-192 256-384 384-512
Maximum number of bits per cell for 2D NAND 3 3 3 3 3 3 3
Maximum number of bits per cell for 3D NAND 3 3 3 3 3 3 3

8.3.LoaGic TRENDS

The advent of ubiquitous access to the Internet by means of Wi-Fi communication technologies has led to a vast
deployment of mobile products. The need for extended time of operation by means of energy provided by a battery has
changed the driver of transistor performance from maximum speed to reduced power consumption. This is accomplished
by reducing power supply voltage and by designing transistors with steeper sub threshold slope. However, the need for
improved performance is reflected in the drive for Vt reduction of more than 100% in the time horizon for Low (Power)
Performance transistors to partially compensate for the reduction if power supply voltage.
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Electrical Properties of Transistors

Logic device technology naming P70M56 P48M36 P42M24 P32M20 P24M12G1 | P24M12G2 | P24M12G3
Logic industry "Node Range "16/14" "11/10" "8/7" "6/5" "4/3" "3/2.5" "2/1.5"
Labeling (nm)

FinFET FinFET FinFET FinFET
Logic device structure options VGAA, Vﬁ:DA’ Vﬁ:DA’

FDSOI FDSOI LGAA LGAA M3D

VGAA

Power Supply Voltage - Vdd (V) 0.80 0.75 0.70 0.65 0.55 0.45 0.40
Subthreshold slope - [mV/dec] 75 70 68 65 40 25 25
Inversion layer thickness - [nm] 1.10 1.00 0.90 0.85 0.80 0.80 0.80
Visat (mV) at loff=100nA/pm - HP 129 129 133 136 84 52 52
Logic
Vi sat (mV) at loff=100pA/pm - LP 351 336 333 326 201 125 125
Logic
Effective mobility (cm2/V.s) 200 150 120 100 100 100 100
Rext (Ohms.um) - HP Logic 280 238 202 172 146 124 106
Ballisticity. Injection velocity (cm/s) 1.20E-07 1.32E-07 1.45E-07 1.60E-07 1.76E-07 1.93E-07 2.13E-07
Vdsat (V) - HP Logic 0.115 0.127 0.136 0.128 0.141 0.155 0.170
Vdsat (V) - LP Logic 0.125 0.141 0.155 0.153 0.169 0.186 0.204
fon (uAsum) at Toff=100nA/pm - HP 2311 2541 2782 2017 3001 2670 2408
logic w/ Rext=0
Ton (uA/pm) at loff=100n4/pm - HP 1177 1287 1397 1476 1546 1456 1391
logic, after Rext
Ton (uA/rm) at Toff=100pA/pm - LP 1455 1567 1614 1603 2008 1933 1582
logic w/ Rext=0
Ton (pA/um) at Ioff=100pA/pm - LP 596 637 637 629 890 956 821
logic, after Rext
Cch, total (fF/um2) - HP/LP Logic 31.38 34.52 38.35 40.61 43.14 43.14 43.14
Cgate, total (fF/um) - HP Logic 1.81 1.49 1.29 0.97 1.04 1.04 1.04
Cgate, total (fF/um) - LP Logic 1.96 1.66 1.47 1.17 1.24 1.24 1.24
CV/I (ps) - FO3 load, HP Logic 3.69 2.61 1.94 1.29 1.11 0.96 0.89
I/(CV) (1/ps) - FO3 load, HP Logic 0.27 0.38 0.52 0.78 0.90 1.04 1.12
Energy per switching [CV2]
(lsrarohing) . FO3 Joad, HP Logic 3.47 2.52 1.89 1.24 0.94 0.63 0.50

Requirements for power reduction apply also to the High Performance transistors. Similarly, despite these reductions in
operating voltage it is expected that lon for both types of transistors will remain almost constant across the time horizon
and this in not an easy result to accomplish. Total channel capacitance will increase by about 30% event though gate
capacitance will continue to decrease. Finally transistor speed will continue to increase by a 4X factor for HP transistors
enabling 1THz intrinsic functionality. Overall energy per switching will decrease to about 15% from nowadays values.

The introduction of FinFET transistors into manufacturing in 2011 revolutionized the way transistors are built and it
resulted essential not only to extending Moore’s Law but to also to accelerate the pace of reduction of transistor and pitch

dimensions in this decade [Fig.8.1].
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Fig. 8.1 Increased transistor density enabled by FinFET

However, it is expected that new types of transistors will be required in the next decade to accomplish the indicated
reduction in Subthreshod slope. Beginning with 2005 an extensive search for a new “switch” was initiated across the
world under very broad guidelines. Multiple new types of switches were identified by 2010 and substantial experimental
results were reported in 2015. Early on the new desirable properties of the new “switches” were classified in three
categories:

1. The new devices were required to function in al least two separate logic states but the more the better

2. It was desirable that the devices could operate with minimal power consumption (i.e., consuming less power
than CMOS devices) and with no power consumption at all in their stand-by mode

3. It was also desirable that the devices should have the ability to retain memory information with essentially no
power consumption (i.e., no power supply)

Based on past experience few fundamental modes of physical operation were identified. In one case the devices relied on
flow of electric charge, in another case the devices relied on magnetic properties and finally some devices would operate
in a completely new way. While the first mode of operation could still be associated with charges flowing from one
location to another the second mode of operation was associated with stationary magnetic dipoles that did not consume
any power in their stand by condition. It was quickly realized that even though it was well known that electrons carried a
negative charge it was also known that they also carried a magnetic dipole (spin) associated with them even though this
latter property had never been used for construction of commercial Integrated Circuits.

In 2010 an extensive review of progress on novel devices and possible applications was published in the Proceeding of
IEEE (Vol.98, No.12, December 2010). Among these devices the tunnel transistor appeared as a leading candidate with
respect to operation at very low voltage. The operation can be explained in very simple terms. In a typical NMOS
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transistor the charges in the conduction band of the source region are prevented from flowing to the drain region by the
potential barrier generated by the NP junction existing between the source and the body of the transistor. Application of
positive voltage to the gate lowers this barrier and lets electrons flow to the drain. However, the electrons in the source
region have an energy distribution that spreads to values exceeding the potential barrier even when there is no voltage
applied to the gate. Under these conditions some level of leakage cannot be eliminated. Conceptually, it is possible to
completely eliminate the effect of the tail of the electron energy distribution by deciding to operate via the electrons
located in the valence band of the source region. Under these conditions charges would not be able to overcome the
combination of the band gap and junction barrier voltage when operating in a stand-by mode! While it is true that any
leakage from source to drain could be eliminated under these conditions it is also true that in order to allow any current at
all to flow from the source to the drain region it would be necessary to somehow apply a voltage that would overcome the
combination of band-gap and PN junction potentials. So, no leakage but also no current could flow under normal voltage
operations.

However, Prof. Leo Esaki had demonstrated that when two energy bands are brought into very close proximity, charges
could flow from one band to the other by tunneling though this band-to-band potential barrier. He received a Nobel Prize
in 1973 for this invention.

Further improvements in the practical implementation of this concept to transistor fabrication has led to very promising
results in recent years. It has been demonstrated that, under proper conditions, flow of current can occur at very low gate
voltage and leakage current is practically negligible in the off state. Subthreshod slopes below 30mV/dec have been
demonstrated. The research effort is now concentrated on selecting the appropriate materials. However, while essentially
steep subthreshold transition from off to on state have been observed when TFETs operate at low temperature (i.c.,
28mv/Dec at 77K) at present leakage increases as operation approaches the 300K temperatures. This is due to unwanted
electronic states that allow current to flow between the two bands. The problem to be solved is not different from the
problem of eliminating surface states in early MOS that scientists had to deal with for 20 years. This time the “states” are
buried somewhere between the two bands across which the charges have to tunnel. Among the many proposed solution
the use of 2D material seems very promising since their very own structure eliminates one set of undesirable “dangling
bonds”.

Several devices utilizing the spin property of electrons have also shown promising results.

In particular, the concept of operating a device with current (dynamic mode) but then storing the result by means of a
magnetic state (static mode) has been demonstrated. Spin-transfer torque (STTM) is an effect in which the orientation of a
magnetic layer in a magnetic tunnel junction or spin valve can be modified using a spin-polarized current. Once the
magnet is polarized no current is required to keep the magnet in this state. In essence this device embodies both the
current carrying properties of electrons as well the ability of transferring magnetic information to create a permanent state
in a magnetic layer. This effect represents the ability to electrically program a magnetic memory that can store
information without using any energy.

These few are just few examples indicating that by the year 2020 several new devices will be available to work in
conjunction or better that CMOS on some specific applications.

“Moore’s Law is dead, long live Moore’s Law”

The question of how long will Moore’s Law last has been posed an infinite number of times since the 80s and every 5-10
years publications claiming the end of Moore’s Law have appeared from the most unthinkable and yet “reputedly
qualified” sources. Despite these alarmist publications the trend predicted by Moore’s Law has continued unabated for the
past 50 years by morphing from one scaling method to another, where one method ended the next one took over. This
concept has completely eluded the comprehension of casual observes that have mistakenly interpreted the end of one
scaling method as the end of Moore’s Law. As stated before, bipolar transistors were replaced by PMOS that were
replaced by NMOS that were also replaced by CMOS. Equivalent Scaling succeeded Geometrical Scaling when this
could not longer operate and now 3D Power Scaling is taking off.

By 2020-25 device features will be reduces to a few nanometers and it will become practically impossible to reduce
device dimensions any further. At first sight this consideration seems to prelude to the unavoidable end of the integrated
circuit era but once again the creativity of scientists and engineers has devised a method

“To snatch victory from the jaws of defeat”
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The basic concept of this solution is actually rather obvious if we only observe places like Manhattan, Tokyo, Seoul or
Hong Kong; once real estate space was fully utilized people discovered the unexplored space of the vertical dimension
and began building skyscrapers.

Nowadays, Flash memory producers are facing a similar problem as they are running out of space to further scale Flash
transistors. Furthermore, cost of producing integrated memory circuits of small dimensions keeps on rising while the
number of stored electrons in the floating gate keeps on decreasing. To eliminate this problem Flash memory producers
have already demonstrated and announced several new products that stack multiple layers of memory transistors on top of
each other in a single integrated circuit. As many as 32 and 48 layers of Flash memory have been reported. Flash
memory devices constituted by more than 100 layers have been predicted. The basic approach consists in building
transistors that are 100% vertically oriented. Arrays of columns of 32 or 48 transistors have been built to increase
transistor density as measured by the number of transistors/cm” and reduce cost since this approach requires fewer mask
layers that traditional 2D manufacturing methods.

This vertical trend is led by Flash memories but it is expected that it will become an industry wide trend in the next
decade. FInFET structures were built to control as much as possible the potential in the transistor channel. It was however
anticipated by the ITRS in the 1998-2000 timeframe that eventually transistors would be fabricated with gates completely
surrounding the semiconductor. Orienting the transistor substrate vertically and then completely surrounding it with a
sequence of dielectric and metal layers deposited by means of deposition to fabricate the composite gate structure can
more easily accomplished if the transistor is vertically oriented. It is clear that this method reduces the transistor footprint
and in conjunction with creating multiple layers of transistors one on top of the other will accelerate the level of transistor
density beyond Moore’s Law traditional trends.
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Physical Properties of Transistors

. . P70M56 P48M36 | P42M24 | P32M20 | P24M12G1 | P24M12G2 | P24M12G3
Logic device technology
naming
Logic industry "Node Range" "16/14" "11/10" "8/7" "6/5" "4/3" "3/2.5" "2/1.5"
Labeling (nm)
. . . FinFET

Logic devi tructur tion FinFET FinFET | FinFET LGAA VGAA, VGAA, VGAA,

ogic device structure options | epgo) FDSOI | LGAA M3D M3D M3D

VGAA

MPU/SoC Metalx % Pitch (nm)[1,2] 28.0 18.0 12.0 10.0 6.0 6.0 6.0
MPU/SoC Metal0/1 % Pitch (nm) 28.0 18.0 12.0 10.0 6.0 6.0 6.0
Contacted poly half pitch (nm) 35.0 24.0 21.0 16.0 12.0 12.0 12.0
Lg: I?hyswal Gate Length for HP 24 18 14 10 10 10 10
Logic (nm) [3]
Lg: Physical Gate Length for LP
Logic (nm) 26 20 16 12 12 12 12
FinFET Fin Half-pitch (new) =0.75
or 1.0 MO/M1 (nm) 21.0 18.0 12.0
FinFET Fin Width (nm) 8.0 6.0 6.0
FinFET Fin Height (nm) 42.0 42.0 42.0 END OF 2D DOMAIN
Footprint drive efficiency - FinFET 2.19 2.50 3.75
Lateral GAA Lateral Half-pitch
(nm) 12.0 10.0
Lateral GAA Vertical Half-pitch
(nm) 12.0 9.0
Lateral GAA Diameter (nm) 6.0 6.0
Footprint drive efficiency -
lateral GAA, 3x NWs stacked 2.4 2.8 SR Bl Dl
Vertical GAA Lateral Half-pitch
(nm) 10.0 6.0 6.0 6.0
Vertical GAA Diameter (nm) 6.0 5.0 5.0 5.0
Footprint drive efficiency -
vertical GAA, 3x NWs stacked 2.8 3.9 3.9 3.9
Device effective width - [nm] 92.0 90.0 56.5 56.5 56.5 56.5 56.5
Device lateral half pitch (nm) 21.0 18.0 12.0 10.0 6.0 6.0 6.0
Device width or diameter (nm) 8.0 6.0 6.0 6.0 5.0 5.0 5.0

To emphasize the transition to 3D Power Scaling the columns describing 2D transistor dimensions have been left
FinFET cells completely blank from 2021 on.
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9. DRIVING THE IC INDUSTRY TO THE LIMITS OF CMOS AND BEYOND
9.1. FUTURE DEVICES CATEGORIES

Continued dimensional and functional scaling of CMOS is driving information processing technology into a broadening
spectrum of new applications. Many of these applications are enabled by performance gains and/or increased complexity
realized by scaling. Because dimensional scaling of CMOS eventually will approach fundamental limits, several new
alternative information processing devices and microarchitectures for existing or new functions are being explored to
extend the historical integrated circuit scaling cadence and sustain performance gain beyond CMOS scaling. This is
driving interest in new devices for information processing and memory, new technologies for heterogeneous integration
of multiple functions (a.k.a. “More than Moore”), and new paradigms for system architecture.

The semiconductor industry is facing three classes of difficult challenges related to extending integrated circuit
technology to new applications and to beyond the end of CMOS dimensional scaling.

1. One class relates to propelling CMOS beyond its ultimate density and functionality by integrating a new high-
speed, high-density, and low-power memory technology onto the CMOS platform.

2. Another class is to extend information processing substantially beyond that attainable by CMOS using an
innovative combination of new devices, interconnect and architectural approaches for extending CMOS and
eventually inventing a new information processing platform technology.

3. The third class is to invent and reduce to practice long term alternative solutions to technologies that address
existing More than Moore (MtM) ITRS topical entries.

These difficult challenges need to be are addressed in the period ranging from 2020 to 2030.

Evolution of Extended CMOS
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Fig. 9.1 Relationships of More Moore, More-than-Moore, and Beyond CMOS devices (Courtesy of Japan
ERD,).
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Difficult challenges gating development of emerging research devices are divided into three parts: those related to
memory technologies, those related to information processing or logic devices, and those related to heterogeneous
integration of multi-functional components, a.k.a. More-than-Moore (MtM) or Functional Diversification.

One challenge is the need of a new memory technology that combines the best features of current memories in a
fabrication technology compatible with CMOS process flow and can be scaled beyond the present limits of SRAM and
FLASH. This would provide a memory device fabrication technology required for both stand-alone and embedded
memory applications. The ability of an MPU to execute programs is limited by interaction between the processor and the
memory, and scaling does not automatically solve this problem. The current evolutionary solution is to increase MPU
cache memory, thereby increasing the floor space that SRAM occupies on an MPU chip. This trend eventually leads to a
decrease of the net information throughput. In addition to auxiliary circuitry to maintain stored data, volatility of
semiconductor memory requires external storage media with slow access (e.g., magnetic hard drives, optical CD, etc.).
Therefore, development of electrically accessible non-volatile memory with high speed and high density would initiate a
revolution in computer architecture. This development would provide a significant increase in information throughput
beyond the traditional benefits of scaling when fully realized for nanoscale CMOS devices.

A related challenge is to sustain scaling of CMOS logic technology beyond 2020. One approach to continuing
performance gains as CMOS scaling matures in the next decade is to replace the strained silicon MOSFET channel (and
the source/drain) with an alternate material offering a higher potential quasi-ballistic-carrier velocity and higher mobility
than strained silicon. Candidate materials include strained Ge, SiGe, a variety of III-V compound semiconductors, and
carbon materials. Introduction of non-silicon materials into the channel and source/drain regions of otherwise silicon
MOSFET (i.e., onto a silicon substrate) is fraught with several very difficult challenges. These challenges include
heterogeneous fabrication of high-quality (i.e., defect free) channel and source/drain materials on non-lattice matched
silicon, minimization of band-to-band tunneling in narrow bandgap channel materials, elimination of Fermi level pinning
in the channel/gate dielectric interface, and fabrication of high-x gate dielectrics on the passivated channel materials.
Additional challenges are to sustain the required reduction in leakage currents and power dissipation in these ultimately
scaled CMOS gates and to introduce these new materials into the MOSFET while simultaneously minimizing the
increasing variations in critical dimensions and statistical fluctuations in the channel (source/drain) doping concentrations.

The industry is now addressing the increasing importance of a new trend, “More than Moore” (MtM), where added value
to devices is provided by incorporating functionalities that do not necessarily scale according to "Moore's Law*. An MtM
section was first introduced into the ERD chapter in 2011 with the initial coverage on wireless technologies. The 2013
version added devices with learning capabilities. This version further expands the coverage to emerging devices for
hardware security. Traditionally, the ITRS has taken a “technology push” approach for roadmapping “More Moore”,
assuming the validity of Moore’s law. In the absence of such a law, different methodologies are needed to identify and
guide roadmap efforts in the MtM-domain.

A longer-term challenge is invention and reduction to practice of a manufacturable information processing technology
addressing “beyond CMOS” applications. For example, emerging research devices might be used to realize special
purpose processor cores that could be integrated with multiple CMOS CPU cores to obtain performance advantages.
These new special purpose cores may provide a particular system function much more efficiently than a digital CMOS
block, or they may offer a uniquely new function not available in a CMOS-based approach. Solutions to this challenge
beyond the end of CMOS scaling may also lead to new opportunities for such an emerging research device technology to
eventually replace the CMOS gate as new information processing primitive element. A new information processing
technology must also be compatible with a system architecture that can fully utilize the new device. A non-binary data
representation and non-Boolean logic may be required to employ a new device for information processing. These
requirements will drive the need for new system architectures.

9.2. FUTURE MEMORIES

Research on new memory devices has been the most productive field of research for the past 10 years [Fig.9.2]. Multiple
innovative ways of storing information have been proposed and are intensively undergoing evaluation. The field of Non-
volatile memory has been the most productive.

The purpose of many memory systems is to store massive amounts of data, and therefore memory capacity (or memory
density) is one of the most important system parameters. In a typical memory system, the memory cells are connected to
form a two-dimensional array, and it is essential to consider the performance of memory cells in the context of this array
architecture. A memory cell in such an array can be viewed as being composed of two fundamental components: the
‘storage node’ and the ‘select device’, the latter of which allows a given memory cell in an array to be addressed for read
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or write. Both components impact scaling limits for memory. For several emerging resistance-based memories, the
storage node can, in principle, be scaled down below 10 nm, and the select device will limit the memory density.

Planar transistors (e.g. FET or BJT) are typically used as select devices. In a two-dimensional layout using in-plane select
FETs the cell layout area is A.;=(6-8) F2. In order to reach the highest possible 2-D memory density of 4F°, a vertical
select transistor can be used.

At the highest level, memory technologies are separated by the ability to retain data without power. Nonvolatile memory
offers essential use advantages, and the degree to which non-volatility exists is measured in terms of the length of time
that data can be retained. Volatile memories also have a characteristic retention time that can vary from milliseconds to
(for practical purposes) the length of time that power remains on. Nonvolatile memory technologies are further
categorized by their maturity. Flash memory is considered the baseline nonvolatile memory because it is highly mature,
well optimized, and has a significant commercial presence. Flash memory is the benchmark against which prototypical
and emerging nonvolatile memory technologies are measured. Prototypical memory technologies are at a point of
maturity where they are commercially available (generally for niche applications), and have a large scientific,
technological, and systems knowledge base available in the literature.
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Fig. 9.2 Taxonomy of emerging memory devices
Among the many emerging memory devices it is important to mention a few:

The redox-based nanoionic memory operation is based on a change in resistance of a MIM structure caused by ion
(cation or anion) migration combined with redox processes involving the electrode material or the insulator material, or
both . Three classes of electrically induced phenomena have been identified that involve chemical effects that effects
which relate to redox processes in the MIM cell. In these three ReRAM classes, there is a competition between thermal
and electrochemical driving forces involved in the switching mechanism.

Ferroelectric memory. Coding digital memory states by the electrically alterable polarization direction of
ferroelectrics has been successfully implemented and commercialized in capacitor-based Ferroelectric Random Access
Memory (Table ERD3). However, in this technology the identification of the memory state requires a destructive read
operation and largely depends on the total polarization charge on a ferroelectric capacitor, which in terms of lateral
dimensions is expected to shrink with every new technology node. In contrast to that, alternative device concepts, such as
the ferroelectric field effect transistor (FeFET) and the ferroelectric tunnel junction (FTJ), allow for a non-destructive
detection of the memory state and promise improved scalability of the memory cell.

Ferroelectric FET. The ferroelectric tunnel junction, a ferroelectric ultra-thin film commonly sandwiched by
asymmetric electrodes and/or interfaces, exhibits ferroelectric polarization induced resistive switching by a non-volatile
modulation of barrier height. With the tunneling current depending exponentially on the barrier height, the ferroelectric
dipole orientation either codes for a high or a low resistance state in the FTJ, which can be read out non-destructively. The
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resulting Tunneling Electro Resistance (TER) effect of FTJs, the ratio between HRS and LRS, is usually in the range of
10 to 100. However, giant TER of > 10* has most recently been reported in a super-tetragonal BiFeO; based FTJ by
Yamada et al.

Carbon Based memory. Recently, various allotropes of carbon, such as amorphous carbon (0-C) and diamond-like
(DLC) carbon, carbon nanotubes and graphenic carbon were explored for memory applications. The device structure
consists of an electrode/carbon/electrode capacitor structure, whose resistance can be changed by appropriate current
pulses. One of the proposed switching mechanism is creation and destruction of conductive spz—bonds in an otherwise
insulating carbon matrix consisting of sp3-b0nds.

STT RAM. Recently, some novel mechanisms have been discovered to switch spin-transfer-torque RAM (STT-RAM).
Among them, voltage-included magnetization switching and spin Hall effects are the most promising candidates. Voltage
pulse induction of magnetization switching has emerged as a candidate for a high efficiency nonvolatile memory. The
voltage driven nature of the technology allows us to use high resistance magnetic tunneling junctions and fits to the
existing CMOS design. It has the potential to offer ultra-low power, high speed and long endurance memory cells beyond
conventional STT-MRAM technology, which is based on a spin-polarized current injection.

The voltage writing technique is based on a magnetic anisotropy change because of application of an electric field at the
interface between magnetic metal and an insulator. The change in magnetic anisotropy switches magnetization from
perpendicular to in-plane for a quasi-static process. With high-speed pulse application, however, the magnetization
undertakes a precessional switching within around 1 nsec. Since the precessional switching is a toggle switching, a read
procedure is required before a writing pulse. Alternative method to use voltage effect is a combination with spin-transfer
effect. For this case a precise control of device parameters or a special pulse shape required. Voltage torque MRAM (VT-
MRAM) is a very attractive candidate as for a storage class memory, DRAM and/or cash memory. For magnetic cells less
than 20 nm in diameter, however, development of a material with a higher voltage effect is essential.

9.3. STORAGE CLASS MEMORY DEVICES

Storage-class memory (SCM) describes a device category that combines the benefits of solid-state memory, such as high
performance and robustness, with the archival capabilities and low cost of conventional hard-disk magnetic storage. Such
a device requires a nonvolatile memory (NVM) technology that could be manufactured at a very low cost per bit.

A number of suitable NVM candidate technologies have long received research attention, originally under the motivation
of readying a “replacement” for NAND Flash, should that prove necessary. Yet the scaling roadmap for NAND Flash has
progressed steadily so far, without needing any replacement by such technologies. So long as the established commodity
continues to scale successfully, there would seem to be little need to gamble on implementing an unproven replacement
technology instead.

In July 2015, Intel and Micron jointly announced a new

nonvolatile memory technology, called “3D-Xpoint.”

This technology is said to offer 1000x lower latency and New Momary
1000x higher endurance than NAND Flash, at a density A
that is 10x higher than DRAM. (Note that it is most Cost AN
likely that the latency referred to here is write latency

rather than read latency, since NAND write latency is

much slower than its read latency.) 3D-Xpoint e Py
technology, said to have been implemented at the Latency * | . N =
128Gbit chip level, is based on a two-layer stacked -

crossbar array, with each intersection point containing a
nonvolatile memory device and a nonlinear access
device [Micron3DXpoint]. The particular nonvolatile
memory device was not specified, other than that it
depends on bulk changes of resistance, nor was the
nonlinear access device described. Speculation based
on patent searches and job solicitations suggest that the Fig. 9.3 Comparison of performance of different
technology may be a combination of some variant of memory technologies

phase change memory and an Ovonic Threshold

Switching access device.

Endurance [
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9.4. EMERGING LOGIC AND ALTERNATIVE INFORMATION PROCESSING DEVICES

One of the central objectives of recent research in devices beyond silicon transistors consists in the development of novel
logic switches that might replace the silicon transistor as the device driving technological development within the
semiconductor industry. Such a replacement is thought potentially to be viable if one or more of the following capabilities
is afforded by a novel device: (1) an increase in device density (and corresponding decrease in cost) beyond that
achievable by ultimately scaled CMOS; (2) an increase beyond CMOS in switching speed, e.g., through improvements in
the normalized drive current or reduction in switched capacitance; (3) a reduction beyond CMOS in switching energy,
associated with a reduction in overall circuit energy consumption; or (4) the enabling of novel information processing
functions that cannot be performed as efficiently using conventional CMOS.

1 State variable
TR The devices examined in this chapter are differentiated
) according to (1) whether the structure and/or materials
E: Nanomagnetic logic are conventional or novel, and (2) whether the
z information carrier is electron charge or some non-
5 SIMG  Allspin logic charge entity. Since a conventional FET structure and
material imply a charge-based device, this classification
SiFET | NWFET SpinFET Biezo results in a three-part taxonomy.
g | FET | [nGe | [pHIV Neg-C, FET
&)
Graphene FET CNT FET Mott FET NEMS
Conventional Novel Structure
/materials

Fig. 9.4 Taxonomy of options for emerging logic
devices.

Many devices have been proposed in the past 10 years. This section present a
selection of some of the most promising new devices

9.5. DEVICES FOR CMOS EXTENSION

Carbon Nanotube FETs. For many researchers, the search for an ideal semiconductor to be used in FETs succeeded
when single-walled carbon nanotubes (CNTs) were first shown to yield promising devices more than 15 years ago. Owing
to their naturally ultrathin body (~1 nm diameter cylinders of hexagonally bonded carbon atoms), superb electron and
hole transport properties, and reasonable energy gap of ~0.6 — 0.8 eV, CNTs offer solutions in most of the areas that other
semiconductors fundamentally fail when scaled to the sub-10 nm dimensional scale.

The most prominent advantages of CNT FETs over other options for aggressively scaled devices are the room
temperature ballistic transport of charge carriers, the reasonable energy gap, the demonstrated potential to yield high
performance at low operating voltage, and scalability to sub-10 nm dimensions with minimal short channel effects.

Nanowire FETs Nanowire field-effect transistors are structures in which the conventional planar MOSFET channel is
replaced with a semiconducting nanowire. Such nanowires have been demonstrated with diameters as small as 0.5 nm.
They may be composed of a wide variety of materials, including silicon, germanium, various III-V compound
semiconductors (GaN, AIN, InN, GaP, InP, GaAs, InAs), II-VI materials (CdSe, ZnSe, CdS, ZnS), as well as
semiconducting oxides (In,0;, ZnO, Ti0,), etc. Importantly, at low diameters, these nanowires exhibit quantum
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confinement behavior (i.e., 1-D ballistic conduction) and match well with the gate-all-around structure that may permit
the reduction of short channel effects and other limitations to the scaling of planar MOSFETs.

Circuit and system functionality of nanowire devices have been demonstrated, including vertical InAs MOSFETs with
103 GHz switching speed, a down-conversion mixer based on vertical InAs transistors that showed cut-off frequency of 2
GHz, and extended, programmable arrays (“tiles”) of nonvolatile nanowire-based flash memory that are used to build
circuits such as full-adder, full-subsratcor, multiplexer, demultiplexer, clocked D-latch and finite state machines.

III-V Channel Replacement Devices III-V compounds semiconductors as replacements for n-type channel materials
have attracted considerable attention because of their excellent bulk electron motilities. To realize III-V p-FETs on a Si
substrate, some methods are reported.

Tunnel FETs Tunneling Field Effect Transistors (TFETSs) have the potential to achieve a low operating voltage by
overcoming the thermally limited subthreshold swing voltage of 60mV/decade. In its simplest form, a TFET is a gated
reverse-biased p-i-n junction. There are two mechanisms that can be used to achieve a low voltage turn on. The gate
voltage can be used to modulate the thickness of the tunneling barrier at the source channel junction and thus modulate
the tunneling probability. Changing the electric field in the tunneling junction controls the thickness of the tunneling
barrier.

9.6. BEYOND-CMOS DEVICES

Spin FET. Spin-transistors are classified as “non-conventional charge-based extended CMOS devices”, and can be
further divided into two categories: the spin-FETs proposed by Datta and Das and spin-MOSFETs proposed by Sugahara
and Tanaka. The structures of both types of spin transistors consist of a ferromagnetic source and a ferromagnetic drain
that act as a spin injector and a detector, respectively. Although the devices have similar structures, they have quite
different operating principles.

In spin-MOSFETs, the gate has the same current switching function as in ordinary transistors, whereas in the spin-FETs,
the gate acts to control the spin direction by utilizing the Rashba spin-orbit interaction. Both types of devices behave as a
transistor and function as a magnetoresistive device. The important features of spin transistors are that they allow a
variable current to be controlled by the magnetization configuration of the ferromagnetic electrodes (spin-MOSFETSs) or
the spin direction of the carriers (spin-FETs), and they offer the capability for nonvolatile information storage using the
magnetization configurations.

Negative Gate-Capacitance FET. Based on the energy landscapes of ferroelectric capacitors, it has been suggested
that by replacing the standard insulator of a MOSFET gate stack with a ferroelectric insulator of appropriate thickness, it
should be possible to implement a step-up voltage transformer that will amplify the gate voltage. Such a device is called a
negative gate capacitance FET. The gate operation in this device would lead to subthreshold swing (STS) lower than 60
mV/decade and might enable low voltage/low power operation. The main advantage of such a device is that it is a
relatively straightforward replacement of conventional FET. Thus, high Ion levels similar to advanced CMOS would be
achievable with lower voltages. An early experimental attempt to demonstrate a low-STS NCFET, based on a P (VDF-
TrFE)/Si0O, organic ferroelectric gate stack, was reported in 2008 and subsequently in 2010 in a more controlled structure.
These experiments thus established the proof of concept of <60mV/decade operation using the principle of negative
capacitance.

NEMS Switch. Micro/Nano-Electro-Mechanical (M/NEM) switches are devices that employ electrostatic force to
actuate a movable structure to make a conductive path between two electrodes. Mechanical switches feature two
fundamental properties that are unattainable in MOSFETS: zero off-state leakage and zero subthreshold swing. The first
property provides for zero standby power dissipation, while the second property suggests the potential to operate at very
low voltage for low dynamic power dissipation as well. Another advantage is that a mechanical switch can be operated
with either positive or negative voltage polarity due to the ambipolar nature of the electrostatic force, so that an
electrostatically actuated relay can be configured as a pull-down or pull-up device, respectively. M/NEM switches can be
fabricated using conventional planar processing techniques (thin-film deposition, lithography and etch steps), with a final
release step in which a sacrificial material such as silicon dioxide, photoresist, polyimide or silicon is selectively removed
to form the actuation and contact air-gaps.

All-Spin Logic Devices. The recently proposed concept of all spin logic (ASL) uses magnets to represent non-
volatile binary data while the communication between magnets is achieved using spin currents in spin coherent channels
with the energy coming from the power supply. The ASL concept is based on key scientific advancements of the last
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decade. These advancements have blurred the distinction between spintronics and magnetics, creating the possibility of
a device capable of providing a low power alternative to charge-based information processing. In particular, the two key
recent advances are (1) the demonstration of spin injection into metals and semiconductors from magnetic contacts and
(2) the switching of a second magnet by the injected spins. These demonstrations suggest an all-spin approach to
information processing. Magnets inject spins and spins turn magnets (digital bits) forming a closed “ecosystem” which
takes advantage of both analog (spin currents) and digital (bistable magnets) properties without the need to convert to
charge. It has been shown that ASL can potentially reduce the switching energy-delay product by a significant amount,
but there are major challenges to be overcome.

9.7.DEVICES WITH LEARNING CAPABILITIES

The ITRS traditionally views computer performance as the product of device performance multiplied by a factor related
to computer architecture — but it is possible to raise computer performance in a different way. An information processing
function can be realized by the placement of gates and wires on a custom ASIC or by coding the function in software and
running it on a microprocessor. The ASIC implementation will be several orders of magnitude faster and more power
efficient because moving a bit from one gate or functional block to another via a wire is much more efficient than having
a microprocessor move the bit in software, incurring as overhead the movement of hundreds of bits of instruction, opcode,
cache access, etc. to interpret the machine’s instruction set for the software.

The Field Programmable Gate Array (FPGA) achieved the flexibility objective of the last paragraph long ago, but
memristor-class devices show the possibility meeting the efficiency objective as well. As illustrated in Figure9.5 , there
are several approaches in the literature where memristors are used as essentially Single Pole Single Throw (SPST)
switches that connect some form of general wiring array into specific wiring interconnections. By altering the pattern of
switches, a series of gates in a base CMOS layer can be reconnected into an arbitrary configuration. This is essentially the
same architectural concept as an FPGA, but the traditional FPGA implements a non-volatile switch with a sizeable
CMOS circuit.

Reconfigurable (CMOL/FPNI-like): Artificial neural network:

Natural neural network

deformed to show equivalence:
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crossbar wiring network. The logic circuit can be row/column wires filling the role of dendrites

“rewired” by appropriate switch/memristor settings ~ and axons.

Fig. 9.5 Two variants of learning devices for configuration
Devices That Learn by Examples

Brain-inspired, neural systems are capable of performing tasks close to the level of human intellect and there is strong
indication that these systems can be made more efficient using physical devices that support learning. Computers that
learn by examples have been successfully applied to activities that have previously been beyond the reach of computers,
such as the Watson computer playing Jeopardy. To the extent a new type of computer can address formerly human-only
tasks, the proper cost comparison becomes computer cost versus the cost of a human being paid a salary, working in an
office, and so forth. The Jeopardy-playing computer demonstration shows that computer methods are known for
performing at least some formerly human-only tasks, but the Watson computer was actually a 2500-core microprocessor
cluster. If we assume the artificial intelligence community has correctly identified the artificial neural network as the
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necessary computational primitive for this new type of computing, it would be important to find a way to build an
artificial neural network that is more efficient than a microprocessor cluster.

9.8. EMERGING COMPUTING ARCHITECTURES

Emerging devices are creating opportunities for new computing machines, including machines with non-conventional
architectures. At the same time, designers are developing emerging architectural concepts, such as neuro-inspired
architectures that incorporate conventional computing devices. This sub-chapter includes a survey of a number of these
technologies, together with a summary of open challenges [Fig. 9.6].

Horizontally, the chart is first organized with “Program-Centric” architectures on the left and “Data-Centric” architectures
on the right. “Program centric” refers to processors wherein the designer dictates the detailed design, including every step
of the program flow. Program-centric processors are further split into conventional stored program Von Neumann
machines and non-Von Neumann processors that are not driven from a stored software program. “Data-centric” refers to
processors wherein some of the details of the final “design” are driven by the data that is passed through the system
during a training step, either by the system manufacturer at the factory, by a systems integrator before shipping to
customers, or even by customers in the field. For example, the weights in a neural network are learned for a recognition
task by showing the network many data-examples. The final horizontal dimension is the split of each column into CMOS
and non-CMOS device enabled categories.

Vertically, a dashed red line between “deterministic and non-deterministic” computing divides the table. “Deterministic”
computing refers to fixed-precision (whether floating or fixed point) and low bit-error-rate compute models. “Non-
deterministic” computing refers to computing that does not rely on these paradigms, and the compute solution has some
sort of probabilistic nature to it.
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Fig. 9.6 Categories of computing architecture
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9.9. LoGic DEVICES BENCHMARKING

Preliminary analyses sponsored by SRC/NRI and the Intel study surveyed the potential logic opportunities afforded by
major emerging switches using a variety of information tokens and communication transport mechanisms. Specifically,
the projected effectiveness of these devices used in a number of logic gate configurations was evaluated, and normalized
to CMOS at the 15nm generation as captured by the ITRS. The initial work has focused on “standard” Boolean logic
architecture, since the CMOS equivalent is readily available for comparison. It should be noted that the majority of
devices are evaluated via simulations, since many of them have not yet been built, so it should be considered only a

“snapshot in time” of the potential of any given device [Figure 9.7].
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Fig. 9.7 (a) Energy vs. delay plot of 32bit ALU built from benchmarked devices; (b) power vs. throughput of
32bit ALU built from these devices, reflecting power-constrained (< 10 W/em’) throughput

Based on the current data and observations, it is clear that CMOS will remain the primary basis for IC chips for the
coming decade. While it is unlikely that any of the current emerging devices could entirely replace CMOS, several do
seem to offer advantages, such as ultra-low power or nonvolatility, which could be utilized to augment CMOS or to
enable better performance in specific application spaces. One potential area for entry is that of special purpose cores or
accelerators that could off-load specific computations from the primary general purpose processor and provide overall
improvement in system performance. This is particularly attractive given the move to multi-core chips: while most are
homogeneous today, if scaling slows in delivering the historically expected performance improvements in future
generations, heterogeneous multi-core chips may be a more attractive option. These would include specific, custom-
designed cores dedicated to accelerate high-value functions, such as accelerators already widely used today in CMOS
(e.g. Encryption/Decryption, Compression/Decompression, Floating Point Units, Digital Signal Processors, etc.), as well
as potentially new, higher-level functions (e.g. voice recognition). While integrating dissimilar technologies and materials
is a big challenge, advances in packaging and 3D integration may make this more feasible over time, but the performance
improvement would need to be large to balance this effort.

10. FACTORY INTEGRATION

The Factory Integration (FI) focus area of the ITRS is dedicated to ensuring that the semiconductor-manufacturing
infrastructure contains the necessary components to produce items at affordable cost and high volume [Figure 10.1].
Realizing the potential of Moore’s Law requires taking full advantage of device feature size reductions, new materials,
yield improvement to near 100%, wafer size increases, and other manufacturing productivity improvements. This in turn
requires a factory system that can fully integrate additional factory components and utilize these components collectively
to deliver items that meet specifications determined by other ITRS focus areas as well as cost, volume and yield targets.
Preserving the decades-long trend of 30% per year reduction in cost per function also requires capturing all possible cost
reduction opportunities.
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Fig.10.1 The Role of Factory Integration
10.1. FACTORY REQUIREMENTS

In order to clearly understand the integrated factory requirements and at the same time define measurable and actionable
metrics, the factory integration chapter defines four functional areas, corresponding to physical boundaries that are
required to perform semiconductor manufacturing. They are Production Equipment (PE), Material Handling Systems
(MHS), Factory Information & Control Systems (FICS), and, Factory Facilities (Facilities).

Production Equipment (PE) covers process and metrology equipment and their interfaces to other factory elements. It
also focuses on addressing equipment related productivity losses.

The Production Equipment (PE) specification has been enhanced with a new section focusing on communication between
host and PE in support of PE energy and utility savings. In the future, this specification may extend to the
communication with subsystems inside the equipment. The specification is aligned with work being done in SEMI
standards.

Advanced Process Control (APC), which includes run-to-run process control, fault detection, fault classification, fault
prediction and statistical process control technologies, and often leverages integrated metrology for process control) has
evolved past the state of being an add-on capability to being a design-in requirement both at the equipment and fab-wide
level. This does not mean the equipment will necessarily have embedded APC, but it does mean that the equipment will
need to leverage APC capabilities (either internally or externally) to meet productivity and cost reduction targets. This is
further emphasized in 2015 with the addition of a Control Systems Architecture (CSA) sub-chapter in FI. Cross-
leveraging 300 mm and 450 mm factory challenges—we have addressed several 300 mm challenges, but it is still
necessary to continue to address these challenges as we migrate to 450mm. We need to provide solutions that can be used
in both domains as much as possible so as to leverage economy of scale and resource pooling. FI issues such as: 1) cycle
time improvement, 2) yield improvement, 3) productivity waste reduction, 4) higher process controllability, and, 5)
reduction in utilities, power consumption and emission with even more progressive targets, should have very similar
solutions and roadmaps in 300mm and 450mm.
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Year of Production | 2015 2017 2019 2021 2023 2025 2027 2029
DRAM % Pitch (nm) (contacted) 24 22 18 15 12 10 9 8

Wafer Diameter (mm) 300 300 300 450 450 450 450 450
Process equipment availability (A80)--300mm >95% | >95% | >96% >96% >96% >96% >96% >96%
Process equipment availability (A80)--450mm 93% > 93% >93% >93% >93% >93%
Metrology equipment availability (A80)--300mm >98% | >98% | >98% >98% >98% >98% >98% >98%
Metrology equipment availability (A80)--450mm >95% | >96% >96% >96% >96% >96%
Maximum allowed electrostatic .ﬁeld on wafer and mask 2,600 2,000 1,550 1,300 1,000 775 650 TBD
surfaces (V/m) for ESD prevention
Maximum recommended electrostatic field at chrome
mask surfaces (V/m) for EFM 500 500 500 500 500 500 500 500
Minimum equipment data output rates (Hz) from a tool 10Hz | 100Hz | 100Hz 1kHz 1kHz >1kHz | >1kHz TBD
Per.vasiveness of A.PC as an integral part of equipment Partial All All All All All All All
design and operation
Pervasiveness of predictive technologies such as virtual
metrology PdM, yield prediction and predictive
scheduling in certain equipment components (e.g.,
vacuum, abatement, gas supply systems) feeding into Partial | Partial | Partial All All All All All
overall equipment predictive solution, to support
improvements such as reduction in unscheduled
downtime and improved yield.
Pervasiveness of qufiprflen? Health M?nitoring capability Partial All All All All All All All
as a common health indication capability across tools

10.2. FACILITIES REQUIREMENTS

Facilities include the overall physical buildings, cleanroom and facility infrastructure systems, including tool hook up.
The ITRS Facilities scope does not include adjacent general office spaces and corporate functional areas. It is important to
note that the following requirements will affect the facility and support facility infrastructure system with respect to their
complexity and costs:

e  Production equipment

e  Manufacturing goals

e  Management philosophies

e Environmental, safety, and health (ESH) goals

¢ Building codes and standards

e Defect-reduction and wafer cost reduction targets

e Disruptive manufacturing technology migration

The industry continues to demand facilities that are increasingly flexible, environmentally benign, extendable and
reliable, services that come online more quickly, and are more cost-effective. However, production equipment
requirements, ESH compliance and factory operational flexibility continue to drive increased facility capital and operating
costs. Production and support equipment are becoming more complex, larger, and heavier, thereby driving the need for a
continuous increase in factory size and tool packing density.

Meeting production equipment requirements (such as vibration and air, gas, and liquid purity levels) at the point-of-use
may be a more cost-effective approach to meeting future requirements without increasing facility costs or sacrificing
flexibility. For example, reducing facility vibration requirements and then working with production equipment
manufacturers to ensure proper vibration control at the tool could reduce overall costs without decreasing the facility’s
flexibility. Reduction of air, gas, and chemical purity and piping installation specifications on central supply systems and
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introducing localized purification systems to the specific equipment or areas requiring such measures can also help
control costs, improve flexibility and enhance operating reliability.

Electrostatic discharge (ESD) sensitivity trends will have larger impact on manufacturing process yields as the device
feature size decreases. Companies will need to increase their efforts to verify that the installed ESD controls are capable
of handling these devices and to make any necessary improvement in ESD control methods. This could include changes
in the ESD control item limits, change in the frequency of compliance verification, and other forms of ESD monitoring,
such as ESD event detection. (ESD) Technology Roadmap.

Electromagnetic Interference (EMI) (see the standard SEMI E33 for definition) causes variety of problems for
semiconductor manufacturing, including, but not limited to, equipment lockup and malfunction, sensor misreading,
metrology errors, sensitive component damage and others. There are many sources of EMI in semiconductor environment
that include electromagnetic emission from ESD, operation of equipment, especially high-energy tools, motors and
actuators, wireless communication and alike. Co-location of sensitive equipment with high-energy tools, cabling, ground
problems, improper maintenance of equipment and others further aggravate EMI problems.

Despite the continuous device feature size shrinkage and increase of process complexity in process technology according
to Moore’s Law, the drive towards the reduction in manufacturing cost will result in the introduction of larger wafer sizes,
such as the pending use of 450mm wafers. Such a change will also have implications on the design and construction of a
wafer manufacturing facility due to increases in overall size, height, and weight of process equipment, their utility
consumption, and other process-driven facility requirements such as AMC, EMI, ESD and acoustic controls.

Facilities Technology Requirements

Year of Production 2015 2017 2019 2021 2023 2025 2027 2029
DRAM : Pitch (nm) (un-contacted Poly) (f) [2] 24 22 18 15 12 10 9 8
Wafer Diameter (mm) 300 300 300 300 300 300 300 300
Wafer Diameter (mm) 450 450 450 450 450
# Mask Levels—DRAM 39 39 39 39 39 39 39 39
Manufacturing (clean room) area m2/wafer starts per 0.0058 | 0.0058 | 0.0058 | 0.0058 | 0.0058 | 0.0058 | 0.0058 | 0.0058
month/number / of mask layers (300mm)
Manufacturing (clean room) area m2/wafer starts per 0.011 0.0075 0.0075 0.0075 0.0065 0.006
month/number of mask layers (450mm)
Design Criteria for Facility critical vibration areas 6.25 6.25 6.25 6.25 6.25 6.25 6.25 6.25
(lithography, metrology, other) ([Jm/sec) (VCD) (VCD) | (VCD) | (VCD) | (VCD) | (VCD) | (VCD) | (VCD)
Design Criteria for Facility non-critical vibration areas 50 50 50 50 50 50 50 50
(C'm/sec) (VCA) (VCA) | (VCA) | (VCA) | (VCA) | (VCA) | (VCA) | (VCA)
Maximum allowable elfzctrostatlc field on facility surfaces 2700 2200 1850 1550 1350 1100 900 300
(V/m) for ESD prevention
Continuous Radiated emission Limit for Facility
Allowable Low Frequency (0-30kHz) Magnetic Field (nT/) for 80 60 40 20 10 8 6 5
EMI sensitive area
Continuous Radiated emission Limit for Facility
Allowable Low Frequency (0-30kHz) Magnetic Field (nT/) for 8 6 4 2 1 1 1 1
very EMI sensitive area
Continuous Radiated emission Limit for Facility
Allowable High Frequency (30MHz - 3GHz) Electric/Magnetic 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2
Field (V/m) for EMI sensitive area (Far Field)
Continuous Radiated emission Limit for Facility
Allowable High Frequency (30MHz - 3GHz) Electric/Magnetic 1.0 0.8 0.7 0.7 0.5 0.5 0.5 0.5
Field (V/m) for EMI sensitive area (Near Field)
Transient Radiated emission Limit for Facility
Allowable Spectrum (30MHz - 3GHz) Electric/Magnetic Field 1 1 0.8 0.8 0.7 0.7 0.5 0.5
(V/m) for EMI sensitive area (Far Field)
Transient Radiated emission Limit for Facility
Allowable Spectrum (30MHz - 3GHz) Electric/Magnetic Field 2 2 1.5 1.5 1.0 1.0 0.8 0.7
(V/m) for EMI sensitive area (Near Field)
Continuous Conducted Emission Limit
Allowable Continuous Noise (9kHz - 30MHz) Level (dBuV) 20 20 80 80 70 70 70 70
Transient Conducted Emission Limit
Allowable transient signal Level (V) for regular environment 0.5 0.5 0.4 0.4 0.3 0.3 0.3 0.3
Transient Conducted Emission Limit 03 03 0.2 0.2 0.1 0.1 0.1 0.1

Allowable transient signal Level (V) for sensitive environment
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10.3. IMPACT OF BIG DATA OF FACTORY OPERATIONS

To improve factory operations and traceability companies must invest in solutions to effectively manage their data
growth. Data generation, storage and usage have increased in the factory because of the improvements of semiconductor
equipment computer interfaces that provide higher rates for data collection and additional equipment parameter data
availability. In addition to the increase of equipment generated data, manufacturing data analysis requires more complex
data integration because the needed data comes from multiple sources and databases. Transactional volumes, velocity
responsiveness, quantity, variety are exceeding traditional database and file systems processing capabilities, and
veracity of data created. This explosion of data growth in manufacturing has created a set of requirements that are
commonly referred to as “Big Data”. As a result there are significant efforts across industry to define Big Data and the
Big Data problem. A consolidated effort is being headed by NIST (National Institute of Standards and Technology). Big
Data is characterized by an increase in: data volume, velocity of generation (as well as variability in collection and
storage rates), variety of data sources, difficulty in verifying the veracity, or “quality”, of the data, and difficulty in
obtaining maximum value from the data through efficient analytics and processing. From an information technology
perspective, Big Data represents data sets whose size, type, speed of creation, or data quality make them impractical to
process and effectively analyze with traditional database technologies and related tools in a cost- or time-effective way.

Moving to big data solutions involves addressing any number five Vs at various levels. Currently this is often
accomplished by enhancing existing systems, e.g., to support larger data volumes or improved data quality. However
over the longer term it is anticipated that all of manufacturing will move to include more big-data friendly solutions such
as those that contain Hadoop Ecosystem components. Initially these solutions will be used primarily for off-line, non-
real-time applications such as off-line data mining to support generation and maintenance of prediction models. In these
areas, the move to big data-friendly solutions will be motivated by reduced cost of ownership with respect to data
volumes, improved analysis processing speeds, and increased analysis capabilities resulting largely from the parallel
processing capabilities of the ecosystem. Over the longer term some of these solutions will likely be used for on-line non-
real-time applications; the development to support this capability will likely come from outside of the semiconductor
industry.

The infrastructure needs for cloud computing for the factory can be borrowed from commercial computer clouds.

Making data available for advanced analytics will likely be challenging because of multiple levels of user data
accessibility needs. Determination of standardized policies will be applied to Big Data to make sure internal and external
users have access to the data. Empowerment in the organization to explore and discover uncovered patterns and internal
resources will likely perform trends in the factory. Big Data will need to be secured and managed by the factory but
access to it may be limited by security policies or firewalls inherent to the computer or server infrastructure
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11. CHALLENGES AND POSSIBLE SOLUTIONS
11.1. SYSTEM INTEGRATION

11.1.1 Table SYSINTI: Summary of system integration challenges.

Near term (within 3 years)

Sub-challenges

Relation between drivers

Design productivity

System integration, AMS/MEMS co-design and
design automation

SIP and 3D (TSV-based) planning and
implementation flows

Heterogeneous integration (optical, mechanical,
chemical, biomedical, etc.)

Mobile/loT: Beneficial for system dimension
scaling, performance improvement, and cost.
Datacenter: Beneficial for system-wide
bandwidth and power efficiency

Power management

Dynamic and static, system- and circuit-level
power optimization

Mobile/ IoT: Beneficial for battery life
Datacenter: Beneficial for cooling cost and
energy fee

Manufacturability

Performance/power variability, device
parameter variability, lithography limitations
impact on design, mask cost, quality of
(process) models

Mobile/datacenter/IoT: Beneficial for cost
reduction and reliability improvement

Bandwidth / service latency

High performance memory / NVM interfaces,
memory / processor stacking

Mobile: Beneficial for improving display
capacity and develop more sophisticated
services

Datacenter: Beneficial for faster responses

Cooling

Temperature-constrained physical
implementation, 3D integration/packaging

Mobile/datacenter: avoid heating issues

Long term (> 3 years)

Sub-challenges

Relation between drivers

Design productivity

System-Level Design Automation (SDA)
Executable Specification

Mobile/datacenter/loT: Beneficial for faster
design turn-around-time and less design effort

Power management

On-die power sensors, silicon photonics, novel
transistors and memory

Mobile/ IoT: Beneficial for battery life
Datacenter: Beneficial for cooling cost and
energy fee

Manufacturability

Sequential 3D integration
3D transistors (LGAA, VGAA, CNT)
Novel memory technologies

Mobile/datacenter/IoT: Beneficial for cost
reduction and reliability improvement

Bandwidth / service latency

High radix network, interfaces with novel
memory devices

Mobile: Beneficial for improving display
capacity and develop more sophisticated
services

Datacenter: Beneficial for faster responses

Cooling

Microfluidic cooling (single-phase / two-phase)

Mobile/datacenter: Avoid heating issues

AMS—analog/mixed signal
via NVM—non-volatile memory

MEMS—micro-electro-mechanical systems
LGAA/VGAA—Ilateral/vertical gate-all-around
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11.1.2 Table SYSINT3: Key challenges and potential solutions of the mobile driver.

Challenges

Form Factor

Metrics (Description)

Roadblocks

Potential solutions

#Sensors, #1Cs, #Antennas,

Increasing PCB footprint occupied by

Package-level integration

Challenge (#Components 1) connectors and components 2. Through-silicon via (TSV)-
based 3D integration
Memory bandwidth (PCB routing 3. Sequential 3D integration'
complexity 1, #connectors 1) Integration of heterogeneous 1. 3D integration?
components 2. Unified technology (CMOS
RF/CMOS MEMS)
Die area explosion due to more 1. Technology scaling
functionalities
System-Level Max freq., #AP cores, #GPU cores, High-speed off-processor memory 1. Logic/memory stacking
Power Management | Memory bandwidth buses 2.  Embedded DRAM [14]
(Power consumption T) Increasing #sensors and #IC 1. 3D integration
components 2. Highly-integrated
RF/AP/peripheral controllers
System- wide Memory bandwidth, #MPixel, High-speed off-processor memory 1. Logic/memory stacking
Bandwidth Scaling Cellular data rate, WiFi data rate buses 2. Embedded DRAM
(Bandwidth requirement 1) Increasing inter-component bandwidth 1. 3D integration
requirement 2. Highly-integrated
RF/AP/peripheral controllers
Communication Cellular data rate, WiFi data rate Increasing communication 1. Technology scaling for high
Bandwidth Scaling (Bandwidth requirement 1) modes/bandwidth requirement (2015) performance RF devices
for cellular phone and WiFi 2. High-performance
RF/baseband
3.  Integrated multi-standard
communication circuits (2016)
Sensor Pixel #MPixel (Pixel density 1, Optical Pixel dimension scaling limited by 1. 3D integration (back-side
Scaling design complexity 1) optical performance illumination) [12]
2. Computational sensing [11]

11.1.3 Table SYSINT7: Key challenges and potential solutions of the datacenter and microserver drivers.

Challenges

Metrics

Roadblocks

Potential solutions

Service Latency Challenge

m

#MPU cores/rack unit, DRAM cap./ rack
unit, Max Freq., DRAM bandwidth, Off-
MPU bandwidth (Performance requirement

Low #hop connections

High-radix network [3]

Low bit/J transmission

Silicon photonics [3] which can
deliver higher switch BW and lower
pl/bit

High performance memory
architecture

NVMs to replace hard drives [3]

High storage bandwidth

Distributed storage nodes [3]

Encrypted data processing

Distributed compression and
encryption engines [3]

NVM reliability

Novel memory devices [3]

Control algorithm [4]

Node Density/Cooling/ Power
Management Challenge

MPU bandwidth
(Power consumption 1)

#MPU cores/rack unit, DRAM cap./ rack
unit, Max Freq., DRAM bandwidth, Off-

Die areas increase due to
more functionalities

Moore’s Law scaling

Low power processor
architecture

64-bit ARM core [5]

Lack of one-fits-all processor
architecture

Modularized processor 3D stacks

[5]

Power management for
different application context

Integrated on-die power sensors [6]

Electro-Optical Integration

Challenge

(Bandwidth requirement 1)

DRAM bandwidth, Off-MPU bandwidth

On-chip light source

Compound semiconductor [7] [13]
Silicon Raman laser [8]

On-chip detector / modulator

Compound semiconductor [9]

Bendable fibers for limited
server space

Material innovation [10]

! Sequential 3D integration refers to 3D integration with fine-pitch TSV (close to gate pitch) while TSV-based refers to 3D integration
with coarse-pitch TSV at function block level.
2 3D integration refers to the super set of sequential 3D, TSV-based 3D, memory/logic stacking, sensor/logic stacking, etc.
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11.1.4 Table SYSINTI10: Key challenges and potential solutions of the loT driver.

Challenges

Metrics

Roadblocks

Potential solutions

Transistor device design and
scaling

MCU #Cores, MCU ION / Operation
frequency (WA/MHz), MCU Flash Size
(KB), Deep suspend current (nA)

Leakage current management

Reliability issues due to logic
transistor scaling

Threshold voltage scaling

Device: FInFET, LGAA, VGAA,
and CNT

Data corruption due to NVM
device scaling

Device: Emerging memory devices
(e.g., RRAM)
Design technology: 3D stacking

IP/Sensor integration and
scaling (More than Moore)
challenge

#Sensors, Max Sensor Power (uW), DC-
DC efficiency (%), DC-DC power density
(W/mm~"2)

Exclusive technology (analog,
MEMS, logic... etc.)

Heterogeneous 3D integration

On-die voltage regulation,
scaling of passive components
[42], conversion efficiency
between different input/output
of regulators

On-die magnetics [43],
configurable switching capacitor
[Alonl1]

Supply voltage scaling
challenge

Lowest VDD (V), Battery Power Density
(Watt-Hr/Liter), Peak Tx/Rx current (mA),
Tx/Rx power per bit (uW/bit)

Threshold voltage scaling and
performance requirement

Near-threshold computing [45],
asynchronous computing [46],
stochastic computing [47],
approximate computing [48]

11.2.

HETEROGENEOUS INTEGRATION

11.2.1 Table HI-1 Heterogeneous Integration Difficult Challenges > 16nm

Table HI-1 Heterogeneous Integration Difficult Challenges

Difficult Challenges =16 nm

Summary of Issues

packaging

Impact of BEOL including Cu/low k on

— Improved fracture toughness of dielectrics

— Interfacial adhesion

— Probe damage for copper/ultra low «

Wafer level Packaging

— 3D integration in WLP

— Embedded components in WLP

— CTE mismatch compensation for large die and fan-out die

Systemin Package

— Cross talk due to increased circuit density

—Thermal density and hot spots

— Heterogeneous integration of of different semiconductor materials

— Heterogeneous integration of different circuit types (logic, memory, analog, RF,
MEMS, power, passives etc.)

Coordinated design tools and
simulators to address chip, package,
and substrate co-design

— Mixed signal co-design and simulation at system level with heterogeneous integration

— Integrated analysis tools for transient thermal analysis and integrated thermal
mechanical analysis

— Electrical (signal and power integrity with higher frequency/current and lower voltage
operation)

— Models for reliability prediction

Interposers and Embedded
components

— CTE mismatch and warpage for large interposers

— Embedded active devices

— Electrical and optical interface integration, thermal interface

Thinned die packaging

— Handling technologies for thinned die and wafers (particularly for bumped wafers)

— Testability
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11.2.2 Table HI-1 Heterogeneous Integration Difficult Challenges <I6nm

Table HI-1 Heterogeneous Integration Difficult Challenges
Difficult Challenges

<16 nm Summary of Issues

-Increased wireability at low cost

Close gap between chip and substrate, |[-Improved impedance control and lower dielectric loss to support higher frequency
Improved Organic substrates applications

-Silicon I/O density increasing faster than the package substrate technology

-Thermal management

-Alignment/placement accuracy layer to layer

3D assembly and packaging
- Test access for individual wafer/die

-Cost of TSV and cost of Interposer

-Bumpless interconnect architecture

— Wafer level packaging and 3D equipment cost is not scaling with product (transistor)
Package cost does not follow the die |cost

cost reduction curve

— Increased device complexity requires higher cost packaging solutions

— Electromigration at high current density for interconnect (die, package).

Small die with high pad count and/or

. . —Th 1 dissipati
high power density S dssipation

— Improved current density capabilities

— Lower loss dielectrics

High frequency die
— “Hot spot” thermal management

— Power delivery in stacked die

Power Integrity

— Reducing power supply voltage with high device switching currents

11.2.3 Heterogeneous Component Difficult Challenges

Difficult Challenges Summary of Issues

Standard testing protocols are needed for defining performance parameters published
in device datasheets. The current lack of standardization results in the inability of the
customer to compare the cost and performance tradeoffs between the manufacturers.
The cost of testing continues to rise yet system integrators expect prices to stay
constant or lower even with increases in performance and function. Increasing
performance and adding more functions requires higher accuracy tests and additional
tests, which should normally increase testing costs.

There is a continuing need to extend knowledge of the physics of failure of MEMS
devices for accelerated reliability test methods.

Device Testing

There has been a continuing discussion amongst MEMS designers and fabricators for
decades about the pros and cons, and the possibility of moving towards
standardization in fabrication process modules for MEMS. The discussion and
interest on the need for this has been growing within the MEMS Industry Group but it
has not yet gained enough momentum to produce specific actions.

Standard Process Modules

The new IPV6 has a total of 340 undecillion IP addresses, which is the equivalent of
3.4 with 38 zeros. This number of addresses will support the optimistic over 100
trillion connected devices in the world by 2030. However, if the envisioned trillion
sensors are to communicate wirelessly there will be a shortage of wireless bandwidth
unless new paradigms for managing and transmitting the data are developed.

Bandwidth for Connectivity
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11.3. OUTSIDE SYSTEM CONNECTIVITY
11.3.1 Table OSC1: Outside System Connectivity Difficult Challenges

Difficult Challenges 2015-2022

Summary of Issues

Achieving high performance energy
efficient RF analog technology
compatible with CMOS processing

Achieving high performance RF required reduced gate resistance which is difficult to achieve

Integrating SiGe with CMOS is difficult to achieve high performance heterojunction bipolar
transistors (HBT)

Integrating I1I-Vs with CMOS it is difficult to achieve high performance I1I-V devices

Increasing passive device functional density on chip; e.g., resistors, inductors, varactors, and
capacitors

Deliver wireless capabilities to
support a broad range of applications
for [oT devices

Increasing antenna complexity to support multiple applications

Security: While solutions to avoid tampering / intercept of RF communications will probably
mainly rely on software solutions, and hardware technologies beyond the scope of the Outside
System Connectivity Focus Team (e.g., cryptography), we cannot exclude the possibility that
security concerns will have an impact on RF technology requirements

Reducing cost of Optical Interconnects

Reducing the large number of components (hundreds) that are expensive
Reducing the cost of single mode connected optical devices

Increasing optical interconnect density while reducing cost and power
Reducing optical device power

Increasing Density of MUX/DeMUX and reducing the size of this functionality.

Developing low cost joining methods to provide the sub-micron location tolerances needed
over the life cycle of single mode structures.

Increase the bandwidth density
(bits/mm’) of Optical Interconnects

Increasing the density of DeMUX with multiple wavelengths, polarizations, etc.
Increasing the operating frequency of modulators while reducing power consumption

Increasing the operating frequency of detectors while reducing power

Simultaneously fabricating and joining multiple parallel fibers or waveguides

Improve the reliability of optical
Interconnects

Determine factors that limit the reliability of lasers for single mode OI

Improve the reliability of connector technology

Determine factors that limit the reliability of modulators, MUXes, DeMuxes

Difficult Challenges 2023-2030

Summary of Issues

Agreeing on Optical technology
standards

By 2023, multiple optical implementations are likely to be in use implying that standardization
could result in cost saving. Will standards emerge or will multiple proprietary solutions
prevail?

Processing information in the optical
domain

Regenerate digital signals in the optical domain without returning to the electronic domain, a
capability that is likely to require non-linear optical materials.

Perform logic operations in the optical domain

Switch optical streams (circuit switching) in the optical domain.

Establish a System Level Reliability
Strategy

Identify a strategy for reliable O/I with point to point connectivity
Identify a strategy for reliable O/I with LAN connectivity

Utilize the "Z" dimension more
effectively

Optical devices are often linear or planar yet much could be done, especially to reduce size,
utilizing the 3 rd. dimension. Design, but specially fabrication in "Z" is "hard". Some type of 3D
printing might enable this technical solution.
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11.3.2 Table OSC13: RF & AMS Difficult Challenges

RF and Analog/Mixed-Signal
(RF and AMS) Technologies Summary of Issues

Difficult Challenges

Many of the materials-oriented and structural changes being invoked in the digital
roadmap degrade or alter RF and analog device behavior. Complex tradeoffs in
optimization for RF, HF, and AMS performance occur as different mechanisms emerge
as limiting factors. Examples include series resistances at gate, source and drain, that
CMOS Technologies greatly affect parasitic impedances and. the impact of such loca! interconnect pg{asitics

on fyax . Fundamental changes of device structures, e.g., multiple-gates and silicon-on-
insulator (SOI), to sustain continued digital performance and density improvements
greatly alter RF and AMS characteristics. Such differences, along with the steady
reduction in supply voltages, pose significant circuit design challenges and may drive
the need to make dramatic changes to existing design libraries.

Even though it is a challenge for the HS-NPN to increase the unity current gain cut-off
frequency fr by more aggressive vertical profiles, it is less of a challenge to achieve
fvax > fr,- What is unclear today is, how large the ratio fyzx/fr needs to be for future
circuit applications. That is, the challenge is to determine what this ratio should be by
using the "plateau” technologies" for the next roadmap and appropriate benchmark
circuits. Since lateral scaling requirements for HBTs are significantly relaxed compared
with those for MOSFETs, vertical profile fabrication under the constraints of overall
process integration appears to be the bigger challenge. The reduction of imperfections
and the increase of current carrying capability of the emitter and collector contact
metallization are further challenges that need to be met by process engineers on the way
to achieving the physical limits of this and any other technology.

Group IV Bipolar
Technologies

The unique challenges are yield (manufacturability), substrate size, thermal
management, integration density, dielectric loading, and reliability under high fields.

llI-V Compound Challenges common with Si-based circuits include improving efficiency and
Semiconductor linearity/dynamic range, particularly for power amplifiers. A major challenge is
Technologies increasing the functionality of power amplifiers in terms of operating frequency and

modulation schemes while simultaneously meeting increasingly stringent linearity
requirements at the same or lower cost.
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11.4.

MORE MOORE

11.4.1 Table MM?2: Process integration difficult challenges.

Near-Term 2015-2022

Summary of Issues

1. Scaling Si CMOS

Scaling of fully depleted SOI and multi-gate (MG) structures
Implementation of gate-all-around (nanowire) structures

Controlling source/drain series resistance within tolerable limits
Further scaling of EOT with higher K materials (K > 30)

Threshold voltage tuning and control with metal gate and high-K stack
Inducing adequate strain in advanced structures

2. Implementation of
high-mobility CMOS
channel materials

Basic issues same as Si devices listed above

High-K gate dielectrics and interface state (D;) control

CMOS (n- and p-channel) solution with monolithic material integration

Epitaxy of lattice-mismatched materials on Si substrate

Process complexity and compatibility with significant thermal budget limitations

3. Scaling of DRAM
and SRAM

DRAM—

Adequate storage capacitance with reduced feature size; implementing high-k dielectrics
Low leakage in access transistor and storage capacitor; implementing buried gate
type/saddle fin type FET

Low resistance for bit- and word-lines to ensure desired speed

Improve bit density and lower production cost in driving toward 4F? cell size

SRAM—

Maintain adequate noise margin and control key instabilities and soft-error rate

Difficult lithography and etch issues

4. Scaling high-
density non-volatile
memory

Endurance, noise margin, and reliability requirements

Multi-level at < 20 nm nodes and 4-bit/cell MLC

Non-scalability of tunnel dielectric and interpoly dielectric in flash memory — difficulty of
maintaining high gate coupling ratio for floating-gate flash

Few electron storage and word line breakdown voltage limitations

Cost of multi-patterning lithography

Implement 3-D NAND flash cost effectively

Solve memory latency gap in systems

5. Reliability due to
material, process, and
structural changes,
and novel
applications.

TDDB, NBTI, PBTI, HCI, RTN in scaled and non-planar devices

Gate to contact breakdown

Increasing statistical variation of intrinsic failure mechanisms in scaled and non-planar
devices

3D interconnect reliability challenges

Reduced reliability margins drive need for improved understanding of reliability at circuit
level

Reliability of embedded electronics in extreme or critical environments (medical,
automotive, grid...)

Long-Term 2023-2030

Summary of Issues

1. Implementation of
advanced multi-gate
structures

Fabrication of advanced non-planar multi-gate and nanowire MOSFETs to below 10 nm
gate length

Control of short-channel effects

Source/drain engineering to control parasitic resistance

Strain enhanced thermal velocity and quasi-ballistic transport

2. Identification and
implementation of
new memory
structures

Scaling storage capacitor for DRAM
DRAM and SRAM replacement solutions

Cost effective installation of high density 3-D NAND (512 Gb — 4 Tb) with high layer
numbers or tight cell pitch
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* Implementing non-charge-storage type of NVM cost effectively
»  Low-cost, high-density, low-power, fast-latency memory for large systems

3. Reliability of novel
devices, structures,
and materials.

¢ Understand and control the failure mechanisms associated with new materials and structures
for both transistor and interconnect

»  Shift to system level reliability perspective with unreliable devices

e Muon-induced soft error rate

4. Power scaling .

e Vyscaling while supplying sufficient current drive
Controlling subthreshold current or/and subthreshold slope
*  Margin issues for low V,

5. Integration for * Integration of multiple functions onto Si CMOS platform
functional « 3D inteorati
diversification - mtegration
11.4.2. Table MM1: Interconnect difficult challenges.
Critical Challenges Summary of Issues
. Line and via sidewall roughness, intersection of porous low-k
Materials

Mitigate impact of size effects in interconnect
structures

voids with sidewall, barrier roughness, and copper surface
roughness will all adversely affect electron scattering in
copper lines and cause increases in resistivity.

Metrology
Three-dimensional control of interconnect features
(with its associated metrology) will be required

Line edge roughness, trench depth and profile, via shape, etch
bias, thinning due to cleaning, CMP effects. The multiplicity
of levels, combined with new materials, reduced feature size
and pattern dependent processes, use of alternative memories,
optical and RF interconnect, continues to challenge.

Process
Patterning, cleaning, and filling at nano dimensions

As features shrink, etching, cleaning, and filling high aspect
ratio structures will be challenging, especially for low-k dual
damascene metal structures and DRAM at nano-dimensions.

Complexity in Integration
Integration of new processes and structures,
including interconnects for emerging devices

Combinations of materials and processes used to fabricate
new structures create integration complexity. The increased
number of levels exacerbates thermomechanical effects.
Novel/active devices may be incorporated into the
interconnect.

Practical Approach for 3D
Identify solutions which address 3D interconnect
structures and other packaging issues

Three-dimensional chip stacking circumvents the deficiencies
of traditional interconnect scaling by providing enhanced
functional diversity. Engineering manufacturable solutions
that meet cost targets for this technology is a key interconnect
challenge.
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11.4.3. Table MM?2: GAA manufacturing difficult challenges.

Difficult challenges

Opportunities and issues

Transition from fin to
GAA

Extension of fin processes
Need to deal with higher aspect ratio starting topography

Strain engineering for | e Continued use of embedded epitaxy for channel mobility boost
GAA devices o GAA mobility enhancements
e Integration of dual channel materials
e Usage of SOI substrates and stress conversion through condensation techniques
e In vertical GAA architectures new techniques are needed to induce channel stress (e.g.
reintroduction of stressed liners)
Junction engineering e reducing junction concentration and achieving dopant redistribution
e Conformal doping solutions are needed, increased importance for GAA or NW architectures
High mobility o different materials needed for NFET and PFET which leads to significant challenges to co
material integration integrate the materials
e process solutions need to be compatible with material requirements such as low temperatures
needed for post processing steps and new requirements on limiting the material losses in the
subsequent processing steps
e the materials used need to have low defectivity requirements (no killer defects in the channel)
Starting substrates e GAA architectures can potentially be easier integrated and with less parasitics on SOI, sSOI,
thin SOI substrates
o Substrates for high mobility solutions — cost and defectivity are issues that will need to be
addressed
Etch e high aspect ratio — deep trenches, high pillars
o high selectivity requirements compatible with the aggressive ground rules
e GAA architectures and the need to eliminate parasitics drive the requirements for directional
etching
e Improved LER, etch bias and loading
e QGate recess control and uniformity — driven by the aggressive ground rules and yield
requirements
Material deposition e Very high conformality processes are needed to wrap-around gate materials around the wires
e High aspect ratio fill capability is needed (taller and thinner structures)
e Qate fill solutions for sub 20 nm gates with acceptable gate resistance
o Contact metal deposition solutions for increased aspect ratio contacts (vertical devices)
o TDDB requirements (smaller distances needed between gate and contacts drive the

requirements for the insulator materials used)

Cleans

Good clean or removal without any residual defects or material removal

CMP

Control and uniformity for gate and contact
Higher starting topography
Both non selective and highly selective slurries
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11.4.4. Table MM3: Metrology difficult challenges.

Difficult Challenges > 10 nm

Summary of Issues

Factory level and
companywide metrology
integration for real-time in situ,
integrated, and inline
metrology tools.

Standards for process controllers and data management must be agreed upon. Conversion of massive
quantities of raw data to information useful for enhancing the yield of a semiconductor manufacturing
process. Need for continued development of robust sensors and process controllers; Data management that
allows integration of add-on sensors. Reduction of scrap, increased product quality and cycle time.

Starting materials metrology
and associated manufacturing
metrology

Existing capabilities will not meet Roadmap specifications. Very small particles must be detected and
properly sized. Capability for SOI, III-V, GeOI wafers needs enhancement. Challenges come from the extra
optical reflection in SOI and the surface quality. CD, film thickness, and defect detection are impacted by thin
SOI optical properties and charging by electron and ion beams. Impurity detection (especially particles) at
levels of interest for starting materials and reduced edge exclusion for metrology tools.

Control of new process
technology such as Directed
Self Assembly (DSA)
Lithography, multi-patterning,
complicated 3D structures such
as FInFET & MuGFET
transistors, capacitors and
contacts for memory, and 3D
Interconnect are not ready for
their rapid introduction.

Increased adoption of FinFET transistor technology has placed renewed emphasis on the near term need for
in-line metrology for dimensional, compositional, and doping measurements. The materials properties of
block co-polymers for DSA result in new challenges for lithography metrology. The increased use of multi-
patterning techniques introduces the need to independently solve a large set of metrics to fully characterize a
multi-patterning process.

3D Interconnect comprises a number of different approaches. New process control needs are not yet
established. For example, 3D (critical dimension (CD) and depth) measurements will be required for trench
structures including capacitors, devices, and contacts. Traditional metrology instruments do not have the
range and resolution required for accurate TSV measurement.

Measurement of complex
material stacks and interfacial
properties including physical
and electrical properties.

Reference materials and standard measurement methodology for new high-k gate and capacitor dielectrics
with engineered thin films and interface layers as well as interconnect barrier and low-k dielectric layers, and
other process needs. Optical measurement of gate and capacitor dielectric averages over too large an area and
needs to characterize interfacial layers. Carrier mobility characterization will be needed for stacks with
strained silicon and SOI, I1I-V, GeOl, and other substrates, or for measurement of barrier layers. Metal gate
work function characterization is another pressing need.

Measurement test structures
and reference materials.

The area available for test structures is being reduced, especially in the scribe lines. Measurements on test
structures located in scribe lines may not correlate with in-die performance. Overlay and other test structures
are sensitive to process variation, and test structure design must be improved to ensure correlation between
measurements in the scribe line and on chip properties. Standards institutions need rapid access to state of the
art development and manufacturing capability to fabricate relevant reference materials.

Difficult Challenges < 10 nm

Nondestructive, production
worthy wafer and mask-level
metrology for CD
measurement for 3D structures,
overlay, defect detection, and
analysis

Surface charging and contamination interfere with electron beam imaging. CD measurements must account
for overall feature profile. Metrology tool imaging resolution must improve to be able to discern 3D
information. It is important to have both imaging and scattering techniques available for any given process
control situation. Focus, exposure, and etch bias control will require better precision and 3D capability.

New strategy for in-die
metrology must reflect across
chip and across wafer
variation.

Correlation of test structure variations with in-die properties is becoming more difficult as devices shrink.
Sampling plan optimization is key to solving these issues.

Statistical limits of sub-12 nm
process control

Controlling processes where the natural stochastic variation limits metrology will be difficult. Examples are
low-dose implant, thin-gate dielectrics, surface, and sidewall and edge roughness of very small structures.
Complementary, and hybrid metrology combined with state of the art statistical analyses would be required to
reduce the measurement uncertainty.

Structural and elemental
analysis at device dimensions
and measurements for beyond
CMOS, and emerging
materials and devices.

Materials characterization and metrology methods are needed for control of interfacial layers, dopant
positions, defects, and atomic concentrations relative to device dimensions. One example is 3D dopant
profiling. Measurements for self-assembling processes are also required.

Determination of
manufacturing metrology when
device and interconnect
technology remain undefined.

The replacement devices for the transistor and structure and materials replacement for copper interconnect are
being researched.

Mask Defects

Mask defects, especially for EUV will continue to be a challenge. These include non-visible defects, film
thickness non-uniformity, phase separation, and reflectivity.

DSA

Key measurands such as size, location, and alignment need to be better defined. Some of the measurands are
material and system dependent. Many of the materials are similar enough that identifying a property with the
required contrast may be difficult. A key question seems to be if we can detect low densities of surface and
buried defects.
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11.4.5. Table MM4: Metrology potential solutions.

Potential Solutions

Examples

Improved Resolution

Better resolution for current technologies such as CD-SEM, CD-AFM, and optical CD among others. Increased
range for high resolution instruments and vice —versa (This will greatly increase the ability to measure features
such as TSVs)

. Introduction of aberration-corrected low energy SEM column

. Utilization of high energy SEM

. Enhanced CD-AFM tip technology

. Reduced spot size and uniform intensity for optical instruments

. Use of multi-column electron beam instrument for defect inspection.

. Increased use of data fusion or image stitching to increase range.

Improved X-ray metrology for
CD and films characterization

Higher brightness sources.

e An X-ray source with >100x brightness of conventional rotating anode sources can enable new
techniques such as CD-SAXS and X-ray tomography

e Improved throughput and increased utilization of already-mainstream X-ray metrology solutions such
as HR-XRD, XRF, TXRF, XRR, and XPS among others.

3D Metrology

Non raster capabilities for scanning instruments.
. This would allow extraction of information from non-orthogonal axes.

Multi head/column for scanning instruments:
. Each head could extract different type of information (dimensional, material ...etc.),
. Faster measurements of large areas of the wafer.
Hybrid Metrology:
. Increased use of a combination of instruments to achieve the desired resolution, speed, or low levels
of uncertainty needed to characterize different aspects of a feature.

11.4.6. Table MM5: Reliability difficult challenges.

Near-Term 2015-2022

||Summary of issues

Reliability due to material,
process, and structural
changes, and novel
applications.

TDDB, NBTIL, PBTI, HCI, RTN in scaled and non-planar devices.

Gate to contact breakdown.

Increasing statistical variation of intrinsic failure mechanisms in scaled and non-planar
devices.

3D interconnects reliability challenges.

Reduced reliability margins drive need for improved understanding of reliability at circuit
level.

Reliability of embedded electronics in extreme or critical environments (medical,
automotive, grid...).

Long-Term 2023-2030

|Summary of issues

Reliability of novel
devices, structures, and
materials.

Understand and control the failure mechanisms associated with new materials and structures
for both transistor and interconnect.

Shift to system level reliability perspective with unreliable devices.

Muon induced soft error rate.
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11.5.1 Emerging Research Devices Difficult Challenges

63

Difficult Challenges — 2020— 2030

Summary of Issues and opportunities

Scale high-speed, dense, embeddable, volatile/nonvolatile
memory technologies to replace SRAM and FLASH in
appropriate applications.

SRAM and FLASH scaling in 2D will reach definite limits within the next several
years (see PIDS). These limits are driving the need for new memory
technologies to replace SRAM and FLASH memories.

Identify the most promising technical approaches to obtain electrically accessible,
high-speed, high-density, low-power, (preferably) embeddable volatile and
nonvolatile memories.

The desired material/device properties must be maintained through and after high
temperature and corrosive chemical processing. Reliability issues should be
identified & addressed early in the technology development.

Extend CMOS scaling

Develop 2™ generation new materials to replace silicon (or InGaAs, Ge) as an
alternate channel and source/drain to increase the saturation velocity and to
further reduce V44 and power dissipation in MOSFETs while minimizing
leakage currents for technology scaled to 2020 and beyond.

Develop means to control the variability of critical dimensions and statistical
distributions (e.g., gate length, channel thickness, S/D doping concentrations,
etc.)

Accommodate the heterogeneous integration of dissimilar materials.

The desired material/device properties must be maintained through and after high
temperature and corrosive chemical processing. Reliability issues should be
identified & addressed early in this development.

Extend ultimately scaled CMOS as a platform technology
into new domains of application.

Discover and reduce to practice new device technologies and primitive-level
architecture to provide special purpose optimized functional cores (e.g.,
accelerator functions) heterogeneously integrable with CMOS.

Continue functional scaling of information processing
technology substantially beyond that attainable by
ultimately scaled CMOS.

Invent and reduce to practice a new information processing technology eventually
to replace CMOS as the performance driver.

Ensure that a new information processing technology has compatible memory
technologies and interconnect solutions.

A new information processing technology must be compatible with a system
architecture that can fully utilize the new device. Non-binary data
representations or non-Boolean logic may be required to employ a new device
for information processing, which will drive the need for new system
architectures.

Bridge the gap that exists between materials behaviors and device functions.
Accommodate the heterogeneous integration of dissimilar materials.

Reliability issues should be identified & addressed early in the technology
development.

Invent and reduce to practice long term alternative
solutions to technologies that address existing MtM ITRS
topical entries.

The industry is now faced with the increasing importance of a new trend, “More
than Moore” (MtM), where added value to devices is provided by
incorporating functionalities that do not necessarily scale according to
"Moore's Law*.

Heterogeneous integration of digital and non-digital functionalities into compact
systems that will be the key driver for a wide variety of application fields,
such as communication, automotive, environmental control, healthcare,
security, and entertainment.
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11.6. FACTORY INTEGRATION

11.6.1.

Table FI-3 Factory Integration Difficult Challenges

Difficult Challenges through 2023

Summary Of Issues

1. Responding to rapidly changing, complex
business requirements

» Increased expectations by customers for faster delivery of new and volume products (design -
prototype and pilot = volume production)

* Rapid and frequent factory plan changes driven by changing business needs

+  Ability to load the fab within manageable range under changeable market demand, e.g., predicting
planning and scheduling in real-time

* Enhancement in customer visibility for quality assurance of high reliability products; tie-in of
supply chain and customer to Factory Information and Control Systems (FICS) operations

* Addressing the Big Data issues, thereby creating an opportunity to uncover patterns and situations
that can help prevent or predict unforeseeable problems difficult to identify such as current equipment
processing / health tracking and analytical tools

* To strengthen information security: Maintaining data confidentiality (the restriction of access to
data and services to specific machines’/human users) and integrity (accuracy/completeness of data and
correct operation of services), while improving availability (a means of measuring a system’s ability to
perform a function in a particular time) contradictive to needs of data availability.

2. Managing ever increasing factory
complexity

* Quickly and effectively integrating rapid changes in process technologies
+ Complexity of integrating next generation equipment into the factory

* Increased requirements for high mix factories. Examples are (1) significantly short life of products
that calls frequent product changes, (2) the complex process control as frequent recipe creations and
changes for process tools and frequent quality control criteria due to small lot sizes, (3) managing load
on tools

* Manufacturing knowledge and control information needs to be shared as required among factory
operation steps and disparate factories in a secure fashion

* Need to concurrently manage new and legacy FICS software and systems with increasingly high
interdependencies

* Ability to model factory performance to optimize output and improve cycle time for high mix
factories

* Need to manage clean room environment for more environment susceptible processes, materials,
and, process and metrology tools

* Addressing need to understand and minimize energy resource usage and waste; determining what the
energy usage profile actually is; e.g., need to integrate fab management and control with facilities
management and control

* Comprehending increased purity requirements for process and materials

* Providing a capability for more rapid adaptation, re-use and reconfiguration of the factory to support
capabilities such as rapid new process introduction and ramp-up. This includes a challenge of
supporting evolution of a FI communication infrastructure to support emerging capabilities beyond
interface A.

* Communication protocols developed for semiconductor manufacturing are not aligned with trends
in information technology communication such as web services.

* Meeting challenges in maintaining yield and improving maintenance practices resulting from
movement to new process materials that may be corrosive, caustic, environmentally impacting,
molecularly incompatible etc.
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» Addressing factory integration challenges to assess and integrate EUV systems into the factory
infrastructure

+ Address process hazard management issues

* Addressing Airborn Molecular Contamination (AMC) challenges through possibly changing factory
operation approach (e.g., maintaining vacuum in specific areas), as well as providing necessary
interfaces, information and technologies (e.g., virtual metrology and APC).

* Maintaining equipment availability and productivity, and minimizing equipment variability,
while managing increase in sensors and systems, and associated data volume increases within and
outside the equipment, coordinated to support new paradigms (e.g., management of energy expended
by the equipment and the fab in general, augmenting reactive capabilities with predictive)

+ Linking yield and throughput prediction into factory operation optimization; incorporating incoming
disturbances such as power and materials purity variability into the prediction equation.

* Achieving real-time simulation of all fab operations as an extension of existing system with dynamic
updating of simulation models

* Understanding and managing queue times (time between operations/segments) and production of
product within those times to achieve acceptable product quality

» Managing and protecting IP, avoiding security issues such as malware attacks, and protection of the
facility’s instrumentation and control systems from attack

* Addressing FI issues associated with implementing emerging technology revolutions (rather than
evolutions) in achieving production targets, including rapid integration of new tools, components and
materials, leveraging existing infrastructure, ramping up on new technology ramp-up

* Achieving compatibility of existing systems that are largely reactive with emerging predictive
paradigms of operation, such as Predict Maintenance and yield prediction

* Addressing shifting focus from line width pitch shrinks, to 3D and emerging disruptive technologies

3. Achieving financial growth targets while
margins are declining

» Developing metrics on performance of factory integration systems and understanding how these
metrics translate to factory financial information

* Achieve waste reduction continuous improvement targets, e.g., through equipment cycle time
reduction, and reduction in power consumption

» Improving efficiency of factory operations through tighter integration with supply chain, e.g., to
achieve lean manufacturing targets

* Incorporating product priority into factory integration planning and operations to achieve financial
objectives

4. Meeting factory and equipment reliability,
capability, productivity and cost
requirements per the Roadmap

*+ Increased impacts that single points of failure have on a highly integrated and complex factory
* Achieving better communication between equipment suppliers and users with respect to equipment
requirements and capabilities

» Improved bi-direction information exchange between equipment and factory systems to achieve
equipment and factory reliability, capability and productivity objectives

» Design-in of equipment capability visualization in production equipment; design-in of APC (R2R
control, FD , FC and SPC) to meet quality requirements

* Equipment data, analytics and visualization to support equipment health monitoring (EHM)

» Developing and implementing methods that reduce the use of NPW (non-product wafers) and the
associated lost production time
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* Reducing undesired wait-time waste; developing wait-time waste reporting for tools; providing
standardized equipment wait-time waste metrics reporting to support fab-wide equipment wait-time
waste management

* Augmenting reactive with a predictive paradigm for scheduling, maintenance and yield
management

* Meeting tighter and more granular control requirements such as wafer-to-wafer (e.g., single-wafer
oriented) and within wafer utilizing technologies such as virtual metrology

* Yield mining techniques that support root cause analysis for determination of contributions to yield
loss in the process stream.

* Addressing the move towards "lights out" human-less operation in the fab to meet goals such as
contamination levels.

* More comprehensive traceability of individual wafers to identify problems to specific process areas
+ Standards for supply chain traceability of spares, e.g., for better understanding of lifetime of spares
+ Standards and best practices to support providing degradation characteristics of components from

suppliers for improved tracking and predicting of failures

* Comprehensive management that allows for automated sharing and re-usages of complex
engineering knowledge and contents such as process recipes, APC algorithms, FD and C criteria,
equipment engineering best known methods

5. Cross leveraging factory integration
technologies across boundaries such as
300mm and 450mm to achieve economy of
scale

* Addressing the potential data explosion and other big data issues associated with crossing a
technology boundary

» Ensuring that we take advantage of the technology change to implement the appropriate factory
integration enhancements such as control system paradigm shift.

* Understanding the software roadmap for moving across these technology boundaries.

450mm era: Effecting architectural and other changes as necessary at an affordable cost to maintain or
improve wafer-throughput-to-footprint levels in migration to 450mm

6. Addressing unique challenges in the move
to 450mm (where 300mm technologies
cannot always be leveraged)

» Understanding and addressing 450mm implications on issues such as product logistics (e.g.,
AMHS), utility usage and factory design and layout

* Determining and specifying what technologies (such as prediction) become required (as opposed to
just desired) as they must be leveraged to achieve 450mm quality and production goals.
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Summary of Issues

1. Meeting the flexibility, extendibility, and
scalability needs of a cost-effective, leading-
edge factory

+ Evaluating and implementing revolutionary disruptive technologies such as distributed autonomous
control at the appropriate time to maximize cost competitiveness

* Determining the appropriate time to move to 450mm for all high volume commodity production

» Consider the possibility of self-evolving and self-configuring FI technologies such as data analysis
and prediction where software (re-)configuration tasks are greatly reduced

* Adoption of augmented reality capabilities for enhanced human machine interaction
*  Cost and task sharing scheme on industry standardization activity for industry infrastructure

development

*  Achieving the "prediction vision" of a state of fab operations where (1) yield and throughput
prediction is an integral part of factory operation optimization, and (2) real-time simulation of all fab
operations occurs as an extension of existing system with dynamic updating of simulation models.

2. Increasing global restrictions on

environmental issues

* Addressing the move towards global regulations
* Developing methods for increasing material reclamation

 Proactively addressing future material shortages, such as non-renewable chemicals

3. Post-conventional Semiconductor

manufacturing uncertainty

* Uncertainty of novel device types replacing conventional CMOS and the impact of their
manufacturing requirements on factory design

» Timing uncertainty to identify new devices, create process technologies, and design factories in time
for a low risk industry transition

* Potential difficulty in maintaining an equivalent 0.7x transistor shrink per year for given die size and
cost efficiency
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11.6.2. Table FI-4  Key Focus Areas and Issues for FI Functional Areas Beyond 2015

Functional Area

Key technology focus and issues

Factory Operations (FO)

1.

W

Systematic productivity improvement methodology of the current “lot-based” manufacturing method prior to
450mm insertion

Challenges in moving to smaller lot and single wafer aspects of factory operations

Interdisciplinary factory productivity improvement method such as systematic factory waste visualization of
manufacturing cycle times and factory output opportunity losses

Extendable and reconfigurable factory service structure

Production
(PE)

Equipment

A A il P

o

450mm production tool development

for integration into the factory information system; supporting bridge capabilities to 450mm
Determining context data set for equipment visibility

Equipment health monitoring (EHM) and fingerprinting to support improved uptime.

Run rate (throughput) improvement and reduction of equipment output waste that comes from NPW and other
operations

Improving equipment data quality and data accessibility to support capabilities such as APC and e-Diagnostics

7) Develop equipment capabilities to support the move to a predictive mode of operation (including virtual
metrology, predictive maintenance, predictive scheduling and yield prediction and feedback); examples include
reporting equipment state information, time synchronization, and equipment health monitoring (EHM) and
reporting.

Migrate to a mode of operation where APC is mandatory for proper execution of process critical steps

Design, Develop and implement (standardized where appropriate) capabilities for utility (e.g., electricity)
reduction such as support for idle mode, improved scheduling, and communication between host and equipment
for energy savings

Material
Systems

Automated
Handling
(AMHS)

W

Reduction in average delivery times,
Avoid tool starvation

More interactive control with FICS and PE for accurate scheduled delivery, including (predictive)
scheduling/dispatch, maintenance management, and APC

Aim for continuous improvement in reliability and corresponding minimization of downtime
450mm specific AMHS issues
AMHS interaction with other wafer transport and storage systems such as sorter and load port

Factory Information and
Control Systems (FICS)

N =l s

(951

Increased reliability of FICS systems such as maintenance management

Increased FICS performance for more complex factory operation, such as decision speed and accommodating
larger data sets

Enhanced system extendibility including extensibility across Fabs

Utilize FICS information to achieve waste-reduction (e.g., wait-time waste, unscheduled downtime, and wafer
scrap) and sustainability (e.g., resource conservation)

Facilitate enhancement of reactive with predictive approach to operations (e.g., planning and scheduling,
maintenance, virtual metrology and yield prediction and feedback)

Determining approaches to control (e.g., distributed versus centralized) and when to institute disruptive control
systems changes (e.g., at 450mm introduction)

Achieving minimum downtime, seamless transition, and uninterrupted operations in production throughout the
software upgrade process

Facilities

W=

W

Continuous improvement to maintain facility systems viability
Minimization of facilities induced production impacts
Facility cost reduction

Determining and addressing emerging technology requirements such as AMC (Airborne Molecular
Contamination) control, 450mm, 3D, etc.

Maintaining safety in facilities operations (e.g., in response to a seismic event)
Even more aggressive focus on environmental issues and optimization to environmental targets.

Facility utility reduction

Augmenting Reactive
with Predictive (ARP)

Improved data quality to support effective prediction
Prediction solutions tied to application financials for optimized benefit

Integration of predictive functions (data, algorithm, user interface, and cross-leveraging capabilities) as an
augmentation of existing systems

Move to real-time simulation of all fab operations occurring as an extension of existing system with dynamic
updating of simulation models

Big Data (BD)

Optimization of data storage volumes and data access to achieve FI objectives and enable applications to plug and
play
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2. Speed improvement in collecting, transferring, storing and analyzing data
3. Software optimization to gather data from multiple systems and sources for analysis resulting on actionable
decisions
4. Data quality improvements to address issues of time synchronization, accurate compression / uncompression, and
merging of data form multiple sources collected at potentially varying data rates
5. Migrating from relational data storage infrastructure to largely big data friendly infrastructure such as Hadoop,
along with small relational component.
6. Algorithm development and implementation to support emerging capabilities such as predictive and machine
learning
Control Systems | 1. Addressing evolutionary aspects of control system and control system architectures such as granularity, speed,
Architecture (CSA) quality, and capability.
2. Addressing potentially revolutionary aspects of control systems and control systems architectures such possible
moves to cloud computing, distributed/autonomous control, and artificial intelligence enhanced control
3. Addressing the framework to integrate monitoring and closed loop control tied to all semiconductor
manufacturing key performance indices — including engineering and manufacturing control levels.
4. Addressing the capability to integrate with supply-chain framework for value chain control.
Environmental Safety and | 1. The roadmapping process will continue to quantify factory environmental factors
Health (ESH) 2. Roadmapping from 2015 will include, new materials, sustainability and green chemistry
3. Provide proactive engagement with stakeholder partners and reset strategic focus on the roadmap goals.
4. Continue focus on factory, and supply chain safety for employees and the environment
Yield Enhancement (YE) 1. The road mapping focus will move from a technology orientation to a product/application orientation.
2. Airborne molecular contamination (AMC), packaging, liquid chemicals and ultra-pure water were identified as
main focus topics for the next period.
3. Electrical characterization methods, Big Data and modeling will become more and more important for yield
learning and yield prediction.
11.6.3. Table FI-13 Crosscut Issues Relating to Factory Integration
Crosscut Area Factory integration related key challenges

Front end Process (FEP)

Factory and FEP teams will continue to work on AMC requirements.

FEP and Factory Integration will work on 450 mm challenges.
Energy conservation effort: such as equipment sleep mode for energy conservation and the 1.5 mm wafer edge
exclusion for long term challenge to starting material and SOL

ARP will impact all FE process in some way; coordinate roadmaps to make sure FEPs are moving toward
"prediction ready", e.g., by providing necessary data

Lithography

Continuing to understand EUVL (power, consumables) requirements from FI perspective; completely different
factory design is expected.

Fast reticle change; reticle storage issues and reticle buffering due to small lots.
AMC relative to the reticle and tighter process control needs.
Lithography DFM needs. EFM may be added as it is confirmed as mask quality detractor.

Predictive scheduling is important to lithography as it is often the critical process to maintaining throughput.

ESH

See new ESH subsection in FI chapter

Metrology

Comprehensive metrology roadmap to be jointly defined.
AMC, temperature, and humidity control remain crosscut issues

Virtual Metrology is an emerging cross-cut issue. The role of VM in metrology will be increasing; VM may
become an integral part of some metrology offerings. Metrology capabilities will become part of the prediction
engine input (e.g., for throughput projections) and output (e.g., for VM tuning).

Metrology requirements on ESD and EMI could impact FI targets

Yield Enhancement

See new YE subsection in FI chapter

Test

Big data and prediction requirements and solutions will impact and provide solutions for Test.
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	Nanowire FETs Nanowire field-effect transistors are structures in which the conventional planar MOSFET channel is replaced with a semiconducting nanowire.  Such nanowires have been demonstrated with diameters as small as 0.5 nm.  They may be composed of a wide variety of materials, including silicon, germanium, various III-V compound semiconductors (GaN, AlN, InN, GaP, InP, GaAs, InAs), II-VI materials (CdSe, ZnSe, CdS, ZnS), as well as semiconducting oxides (In2O3, ZnO, TiO2), etc. Importantly, at low diameters, these nanowires exhibit quantum confinement behavior (i.e., 1-D ballistic conduction) and match well with the gate-all-around structure that may permit the reduction of short channel effects and other limitations to the scaling of planar MOSFETs.
	Tunnel FETs Tunneling Field Effect Transistors (TFETs) have the potential to achieve a low operating voltage by overcoming the thermally limited subthreshold swing voltage of 60mV/decade. In its simplest form, a TFET is a gated reverse-biased p-i-n junction.  There are two mechanisms that can be used to achieve a low voltage turn on.  The gate voltage can be used to modulate the thickness of the tunneling barrier at the source channel junction and thus modulate the tunneling probability.  Changing the electric field in the tunneling junction controls the thickness of the tunneling barrier.  
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