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Fig. 65 – MEMS roadmap in the Automotive industry. 

Source: Micromachine Center 
 

 
Fig. 66 – Fundamental technologies needed for MEMS 

 Source: Micromachine Center roadmap 
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Other initiatives have been launched by SEMI through a MEMS technical committee, but 
remain right now under construction and quite fuzzy, as seen in the two figures below. 

 

 
Fig. 67 – SEMI taxonomy table for MEMS. 

 

 
Fig. 68 – SEMI roadmapping effort in MEMS 

More recently roadmapping efforts have been started within the iNEMI and ITRS frames: 
results are expected from 2011 onwards. 

4.6.3. A possible approach 
A possible three fold approach can be proposed, based on the triptych “generic blocks”, 
technologies and mature products, according to the scheme below. 
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Fig. 69 – Triptych approach of generic blocks for MEMS 

The idea should be to develop roadmapping on mature mechanical MEMS where accurate 
figure of merit can be easily defined. Targeted improvements would have in turn a direct 
impact on the dedicated technologies (such as hermetic packaging and bonding…) as well as 
on the MEMS subsystems (such as resonators, seismic masses, membranes…) which appear 
as a background. 

Some preliminary work has been initiated in the frame of 3D accelerometers to identify 
pertinent figure of merit. The ratio of the Dynamic Range to die size appears very pertinent 
since it implicitly includes influences of non-linearities, coupling, noise, and technology 
accuracy. Moreover this parameter seems to be generic enough for all mechanical sensors.  

4.6.4. Conclusions 
 FOM ECO SHR WAT LEP Public 

roadmaps? 
MEMS + + –/+ – = on-going 

 
FOM = Figure Of Merit

ECO = Existing COmmunity
SHR = Willingness to SHaRe information
WAT = Wide Applicability of Technology

LEP = “Law” of Expected Progress  
Table 34 – Potential of the MEMS domain for MtM roadmapping. 
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4.7. Emerging Research Devices 
Michel Brillouët, CEA-Leti 

4.7.1. Scope, taxonomy and proposed focus 
The ITRS in its “Emerging Research Devices” (ERD) chapter 79 intends “to survey, assess, 
and catalog viable new information processing devices for their long-range potential, 
technological maturity, and to identify the scientific/technological challenges gating their 
being accepted by the semiconductor industry as having acceptable risk.” Over time the list of 
potential candidates will evolve either in suggesting that the device is mature enough to be 
considered for more industrial development or in acknowledging the lack of significant 
activity or progress towards a potential replacement of more standard technologies. In the last 
years the ITRS ERD chapter was “restricted to information manipulation, transmission, and 
storage” (i.e., the “More Moore” domain). It is thus tempting to extend this approach to the 
“More-than-Moore” domain. 

Most of the published nano-enabled devices pertain to the fields of photonics (Table 35), 
energy (Table 36), (bio)chemical sensors (Table 37) and to the wireless domain (Table 38). 
 

Quantum confinement (λ tuning) 
Digital photonics (photonic crystals…) 

Transparent electrodes  
(CNT, graphene, Ag NW, Cu nanofiber,…) 

NW LEDs 
Single photon laser 
Plasmonic devices 

… 
 

Table 35 – Some examples of nano-enabled MtM devices specific to the photonics domain. 
 

Nanostructured electrodes 
Nanostructured thermoelectric materials 
Nanowires for photovoltaic applications 

Nanogenerators (energy scavenging) 
… 

 

Table 36 – Some examples of nano-enabled MtM devices specific to the energy domain. 
 

NEMS (mass measurement) 
Nanopores (DNA sensing) 

Chemical functionalization of nanostructures 
(higher area/volume ratio) 

… 
 

Table 37 – Some examples of nano-enabled MtM devices useful to (bio)chemical sensors. 

                                                
79 http://www.itrs.net/Links/2009ITRS/2009Chapters_2009Tables/2009_ERD.pdf 
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Spin torque nano-oscillator 

NEMS resonator 
C-electronic mixer 

Resonant tunneling diodes for ADC 
Metamaterials (antenna...) 

… 
 
Table 38 – Some examples of nano-enabled MtM devices applicable to the wireless domain. 

All these domains are worthwhile for further roadmapping. However if one like to assess and 
benchmark emerging devices with respect to the “ultimate” performances of existing 
technologies one need to consider MtM domains where quantitative technology roadmaps 
already exist. 

From the previous sections one can draw the conclusion that photonics could fit the 
requirement. A long term vision of this field was actually already addressed by the European 
project MONA 66 looking more specifically on the impact of nanotechnologies in the 
photonics field. It may not be wise to duplicate this effort in the present report. 

On the other hand, from 2011 on, the ITRS ERD chapter will add a section on “More-than-
Moore” initially on wireless devices. The rationale behind this initial focus is that one of the 
major chapters in ITRS dealing with the MtM field is the Wireless chapter: it will then be 
easier to benchmark emerging devices with respect to more established solutions and to assess 
their maturity for further development towards an industrial implementation. It is thus a 
timely exercise to envisage potential European inputs to this international initiative. 

4.7.2. Technical challenges and requirements 
The proposed approach (Fig. 70) will be a combination of: 

– the methodology proposed in the present report starting in focusing on a specific 
application (e.g., wireless sensors network), partitioning in generic functional blocks 
(energy supply, rf front-end module, etc.), and finally deducing basic functions which 
could be fulfilled by emerging devices 

– and the present ITRS ERD approach in the digital domain where any emerging device 
is analyzed as a potential switch and benchmarked with respect to the “ultimate” 
expected performance of the classical technology – the CMOS switch – 

In this section we will outline some examples of emerging devices able to fulfill some basic 
functions. 
It should be stressed – and that is especially true in the “More-than-Moore” domain – that a 
single device can fulfill higher level functions. That is why it is important to start from the 
functional analysis and not trying to replace existing devices which are most often related to a 
very specific underlying architecture. 
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Fig. 70 – Approach proposed in the ITRS ERD Technology Working Group 
to survey and assess emerging research devices for a rf front-end function. 

To explicit this remark let us consider a rf front-end receiver. The “black-box” function of 
such a module is to transform a modulated electromagnetic wave into a digital representation 
of the signal under some control conditions. One of the elements of this functional block is a 
converter able to extract an analog form of the signal from the received electromagnetic wave. 
In 2007 K. Jensen and co-workers 80  proposed an elegant approach to this problem 
(

 
Fig. 71). The general concept is as following: 

– a carbon nanotube (CNT) is attached to an electrode and brought in close proximity of 
a counter-electrode 

– a dc bias will charge the CNT – like in a capacitor – and tune the resonant frequency 

                                                
80 K. Jensen, J. Weldon, H. Garcia, and A. Zettl, “Nanotube Radio,” Nano Letters, vol. 7, no. 11, pp. 3508-3511 
(2007) 
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– the charged nanotube will oscillate under an electromagnetic wave tuned to the 
nanotube’s resonance frequency 

– field emission of electrons from the tip of the nanotube is used to detect the vibrations 
and at the same time amplify and demodulate the signal 

– the demodulated signal will be read as a current 

In short one single device was able to tune the reception, amplify and demodulate the signal, 
i.e., accomplishing a complex higher-level function by itself. Unfortunately not so many 
articles did follow this initial, well advertized result: this may imply that a robust 
implementation of an “all-in-one” sensitive receiver faces significant issues. 

 
Fig. 71 – Example of “all-in-one” radio using a nanometer-sized device (left) compared to a 

classical radio (right) (from K. Jensen et al. 80; © American Chemical Society). 
More realistically many elementary building blocks can be achieved using disruptive 
materials and devices. We will consider two examples – though many more can be considered 
and are partially mentioned in the Fig. 70 –, namely the use of carbon-based electronics in 
achieving a mixer and NEMS-based resonators. 
Carbon-based electronics is a promising research field as carbon nanotubes and more recently 
graphene sheets show among other unique properties an extremely high mobility. It induces 
that this material could be useful for devices operated at very high frequency and low power. 
The role of parasitics has still to be assessed and it is not granted that the final integrated 
device will perform much better than the more classical SiGe and III-V transistors. 

There is however more opportunities using grapheme in rf applications. A carbon-based 
transistor has the property that in normal operation it shows ambipolar transport. This specific 
property can be used to build frequency doubler or mixer using a single transistor ( 
Fig. 72). 

   
 (a) (b) 
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Fig. 72 – Using the ambipolar transport of graphene transistors one can build a one-
transistor frequency doubler (a) or mixer (b) (from T. Palacios 81; © 2010 IEEE). 

The other example of using nano-structured devices for rf applications is in using NEMS as 
resonators or local oscillators. As for MOS transistors MEMS have some scaling laws which 
show the benefit of going down to submicron dimensions (Fig. 73). 

 
Fig. 73 – Scaling laws of MEMS devices 82. 

Reducing the dimension of the moving beam will increase its resonant frequency to a point 
where it could be considered for rf communication, i.e., in the GHz range. 
The full exploration of this promising and disruptive field is still at its beginning. Many more 
examples of a clever use of emerging devices for a disruptive introduction into “More-than-
Moore” functions could be outlined: it is not the aim of this limited document to draft a full 
list of these emerging ideas even in the narrow field of rf applications. It is expected that this 
work will be pursued and extended within the Emerging Research Devices Technology 
Working Group of the ITRS and that a first text regarding this approach will be publicly 
available by the end of 2011. 

 
As already mentioned for the digital domain, the ITRS ERD chapter proposes “first to 
introduce a set of overall technology requirements and evaluation or relevance criteria and 
second, based on these criteria, to offer an assessment of the potential of each emerging 
research technology entry [in order] to consider the long-term potential and advantages 
offered by a new device technology compared to the projected performance of [more 
standard] technologies.” This benchmarking activity is important in assessing the potential of 
new ideas. For the “More-than-Moore” domain some additional remarks should be made: 

- The function which is under scrutiny should be explicitly described along with the 
underlying architecture of the packaged system: some clarification in that direction 
is most often needed in many of the existing “More-than-Moore” technology 
roadmaps 

                                                
81 Tomás Palacios, Allen Hsu, and Han Wang, “Applications of Graphene Devices in RF Communications,” 
IEEE Comm. Mag., vol. 48, no.6, June 2010, pp. 122 – 128 (2010) 
82  see e.g. M. Brillouët, “NanoElectroMechanicalSystems: the challenge of combining microsystems and 
nanotechnology for new market opportunities,” Symposium on Design, Test, Integration and Packaging of 
MEMS/MOEMS – DTIP 2009 
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- This benchmarking effort assumes that each function which could be addressed by 
the new device is well characterized in terms of Figures of Merit and their 
evolution up to their “ultimate” capabilities. While it is applicable in few examples, 
this roadmap has still to be explored in many cases 

- Once more and as exemplified above the disruptive aspect of new devices may be 
more in a new way of achieving the same functionality (e.g., rf mixer with 
graphene transistor) rather than achieving better performances in mimicking 
existing devices and architectures (e.g., the high mobility of graphene for rf 
transistors) 

 

One great achievement of the ITRS ERD chapter was to propose research vectors (or “guiding 
principles”) which translate into challenging scientific questions relevant issues for long-term 
progress in the digital field 83. This work was initiated in the US through several workshops 
and led to the NRI 84 program whose intent is to address these challenges and coordinate the 
academic research effort in that field. Clearly we are not at this stage in the “More-than-
Moore” area of emerging research devices, but Europe could take the lead in proposing an 
equivalent federating approach of the academic research in some dedicated “More-than-
Moore” fields. 

4.7.3. Conclusions 
The long-term opportunities of emerging research devices in the “More-than-Moore” domain 
were considered in the fields of photonics, energy, (bio)chemical sensors and wireless. In the 
case of optical functionalities, as the long-term view is addressed by the European photonics 
community, it is suggested to pursue this effort within the same context. On the other hand the 
ITRS in its “Emerging Research Devices” chapter intend, from 2011 on, to add a section on 
“More-than-Moore” initially focused on wireless applications. The authors suggest joining 
this international effort. 

                                                
83 “these “Guiding Principles” provide a useful structure for directing research on any “Beyond CMOS” 
information processing technology to dramatically enhance scaling of functional density and performance while 
simultaneously reducing the energy dissipated per functional operation.” (from the ITRS ERD Chapter – 2009) 
84 http://www.src.org/program/nri/ 
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5. Conclusions 
From this report, some general conclusions can be drawn: 

1. There will not be a single roadmap of the “More-than-Moore” domain, but many 
dedicated roadmaps for those applications or technologies which fits the prerequisites 
for an efficient roadmapping. 

2. The identification of generic / basic “More-than-Moore” functionalities is a central 
part of the effort. It can be obtained: 

a. either in partitioning the application domain under consideration, making 
explicit the underlying common architectures of the packaged systems and 
then extracting the few generic functions worth the roadmapping effort. It 
should however be stressed that to the authors’ knowledge there is no formal 
proof that the set of elementary functions which would be selected will form a 
complete set allowing the realization of any architecture of the explored 
domain 85. 

b. or from some elementary devices or building blocks build generic functions 
which could be applied in many different domains 
The present report is an attempt in that direction. However a huge effort is 
needed to reach significant conclusions: this was not fully achieved within the 
limited scope of the present exercise. 

3. Figure(s) of Merit and “Law(s)” of Expected Progress has to be defined at the function 
level rather than at the device level: they could thus be partly dependent of the 
application.  

4. An ideal process – which would require many iterations – would be as following: 

a. identify generic functional blocks per application (see above) 
b. for these functions which are used in many domains choose the most 

demanding application as a technology driver 
There are many existing roadmaps and strategic research agenda in specific “More-than-
Moore” domains. However most of them fail to produce a technology roadmap equivalent to 
the ITRS in the digital domain. Part of this is related to the fact that such documents mix up 
different functional levels (applications, functions and sometimes devices) in describing the 
expected temporal evolution of their domain and most often no underlying functional 
architecture is even described. There is a definite need for clarification in such documents. 
 

                                                
85 In contrast, for digital processing, DeMorgan’s theorems state that all logical operations can be reduced to 
combinations of NOT and AND functions or combinations of NOT and OR functions. 
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In this report the different selected application domains and “More-than-Moore” devices were 
assessed with respect to the prerequisites of further roadmapping efforts: this is summarized 
in the following table. 

 
 FOM ECO SHR WAT LEP Public 

technology 
roadmaps? 

Automotive ? + – + ? few 
Wearable healthcare + + + – ? few 
Security & Safety ? + = + ? few 
Integrated power + + = + ? few 
Lighting + + = + + yes 
Image sensors + = – = + no 
Biochips = + – – + no 
MEMS + + –/+ – = on-going 

 
FOM = Figure Of Merit

ECO = Existing COmmunity
SHR = Willingness to SHaRe information
WAT = Wide Applicability of Technology

LEP = “Law” of Expected Progress  
Table 39 – Potential of different application domains and devices for MtM roadmapping. 

From this table one can draw the following interim conclusions: 

- automotive and security are two application domains where dedicated “More-than-
Moore” roadmaps could develop 

- energy as such is a too broad field but few associated device roadmaps (e.g., 
integrated power and lighting) are meaningful 

- healthcare need a more in-depth analysis of which sectors would be worth further 
roadmapping 

- integrated power and lighting are ripe for further roadmapping effort 

- for different reasons image sensors and MEMS are more difficult to roadmap 
while the domain of biochips is probably the most challenging one 

 

Finally for each selected domain we would like to detail some conclusions and potential 
follow-ups. 

For energy and considering only “More-than-Moore” packaged devices the authors suggest 
focusing on the compact medium-energy integrated power electronics (see the related 
comments on “integrated power” below) which is the domain having the biggest interaction 
with the semiconductor community. Furthermore it should be outlined that there are many 
scattered references to energy challenges in the ITRS roadmap and it would be worthwhile to 
analyze and consolidate these contributions. No further effort in this application field is 
suggested for the next future. 
The electronics in the automotive sector is driven by safety, energy efficiency or impact on 
the environment, which translate into the need of better transducers and integrated power. It is 
suggested to focus on the requirements of the electrical car which will be addressed by the 
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newly launched European project ICT4FEV 30. Further activity in this domain could also be 
pursued within the EPoSS 86 frame, esp. through its Strategic Research Agenda. 
The healthcare domain is very broad and diverse. From the point of view of the electronic 
industry a focus on diagnostics rather than therapeutics seems preferable. In some specific 
functions Figures of Merit evolving over time exist. However the field is very fragmented and 
it would be extremely challenging to find the right application-specific domains where a 
“More-than-Moore” roadmapping effort would make sense. The authors suggest postponing 
such an effort of covering the healthcare domain in its entirety to a later stage. On the other 
hand focused roadmapping effort can be envisaged in fields like wearable healthcare or 
biosensors (see below) 
Some devices and technologies are driven by the security and safety application domain – 
possibly along with healthcare and automotive for some of them –. This is especially true for 
infrared image sensors, THz spectroscopy and imaging, and secure hardware. The next steps 
would be to substantiate this statement through a roadmap program whose frame has still to 
be identified 87. 

On the device / technology side, the field of integrated power is clearly worth further 
investigation. While the high power domain is suggested to be out of the scope of a roadmap 
on “More-than-Moore” devices, both the medium power and low power segments are in 
strong interaction with the microelectronics industry. The low power field (esp. looking at 
energy scavenging and low-power electronics) was addressed in a former report 62 of the 
CATRENE Scientific Committee. Medium power should thus be a priority for roadmapping 
and further activity in this field may take place within the CATRENE Scientific Committee. 
A significant effort is also on-going through the ECPE organization 88 and the authors suggest 
joining this roadmapping activity. Parts of this domain could also be addressed within the 
EPoSS frame 86. 

In lighting some international roadmaps exist for LEDs 89 as well as many roadmaps were 
issued in the last few years in Europe on photonics 90. However the system level is often not 
enough covered and the experience of the microelectronic community in this field could be 
beneficial. As a practical measure it is suggested to update the part of the ENIAC Strategic 
Research Agenda dedicated to lighting. Some stakeholders of the lighting domain may also be 
interested in joining the International Solid State Lighting Alliance (ISA) newly announced in 
China 91. 
For image sensors – at least in the visible range – the short-term trends are clear. However 
this field is very competitive with few industry players and still fewer in Europe: it is thus 
unlikely that a roadmap in that domain will emerge. No further effort on this topic is 

                                                
86 http://www.smart-systems-integration.org/ 
87 CATRENE, ENIAC or EPoSS – which all address this domain in their strategic documents – could be the 
right frame, provided the financial support of such an activity is provided. 
88 http://www.ecpe.org/ 
89 http://www1.eere.energy.gov/buildings/ssl/techroadmaps.html 
90 In the last decade at least three roadmaps were published in Europe addressing the photonics field. MELARI 
published a roadmap in the late 90’s (available at http://cordis.europa.eu/esprit/src/melop-rm.htm), the European 
Technology Platform PHOTONICS21 published a Strategic Research Agenda in 2006 
(http://www.photonics21.org/downloads.php), while the European project MONA published a roadmap looking 
more specifically on the impact of nanotechnologies in the photonics field in 2009 (http://www.ist-
mona.org/pdf/MONA_v15_190308.pdf). 
91  see e.g. http://en.china-led.net/daily-information/international-solid-state-lighting-alliance-isa-founded-in-
china.html 
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suggested for the next future. If any roadmapping activity emerges at the international level it 
would be most likely through the ITRS community. 
Biosensors are a field which shares many common features with microelectronics such as the 
need of a significant parallelism, throughput and miniaturization. From the microelectronics 
perspective it is probably worthwhile to focus on few applications like molecular / cellular 
diagnostics and in-vivo devices. In this field the importance of the analog front-end was 
outlined: this remark applies for most transducer systems and will be further addressed below. 
As a next step it is proposed to focus the roadmapping effort on molecular sensing, provided 
the right frame for action is found. 

MEMS is a very limited market and a fragmented field which addresses many critical 
applications. Identifying long-term trends and drivers is challenging and was not really 
successfully achieved with the limited resources of the present Working Group. Few clear 
needs for roadmaps were identified in the domain of testing, Electronic Design Automation 
and process equipments which could be addressed within the present ITRS structure. As an 
international effort was started within iNEMI 92 and will be also pursued from 2011 in the 
ITRS, the authors suggest that Europe play a significant role in these initiatives. 
It has been stressed during this work that the analog front end is one of the main building 
blocks that any transducer system shares and which would be worth addressing as a stand-
alone section. Part of this domain was discussed in the “Biochips” section of the present 
report. This concern is partially addressed in the “System Drivers” chapter of the ITRS – 
though strongly focused on the wireless application – and further work would take place most 
likely within this context. 
 

The long-term opportunities of emerging research devices in the “More-than-Moore” 
domain were also considered in this report. Most of the published nano-enabled devices 
pertain to the fields of photonics, energy and (bio)chemical sensors. Few roadmaps address 
this long term vision 93. On the other hand the ITRS in its “Emerging Research Devices” 
chapter intend “to survey, assess, and catalog viable new information processing devices for 
their long-range potential, technological maturity, and to identify the scientific/technological 
challenges gating their being accepted by the semiconductor industry as having acceptable 
risk.” Up to now this ITRS chapter focused on the digital information processing, but from 
2011 on, it will add a section on “More-than-Moore” initially focused on wireless 
applications. The authors suggest joining this international effort. 

 
In summary, following the ITRS White Paper on “More-than-Moore”, this report goes one 
step further in suggesting some area of focusing further MtM technology roadmaps and in 
proposing some suitable frames for action. The follow-up of this report will strongly depend 
on the willingness of the European “More-than-Moore” stakeholders to dedicate resources in 
these “More-than-Moore” roadmaps and to take some leadership in accompanying the 
stronger international interest in this MtM domain. 
 

                                                
92 http://www.inemi.org/cms/ 
93 The MONA roadmap (see the footnote of the preceding page) is one of the few exceptions. 
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Appendix A : Glossary 

“Moore’s Law” 

ITRS 2009 Glossary: 
An historical observation by Gordon Moore, that the market demand (and semiconductor 
industry response) for functionality per chip (bits, transistors) doubles every 1.5 to 2 years. He 
also observed that MPU performance [clock frequency (MHz)  instructions per clock = 
millions of instructions per second (MIPS)] also doubles every 1.5 to 2 years. Although 
viewed by some as a “self-fulfilling” prophecy, “Moore’s Law” has been a consistent macro 
trend and key indicator of successful leading-edge semiconductor products and companies for 
the past 30 years. 

“More Moore”: Scaling 

Short definition 
Continued shrinking of physical feature sizes of the digital functionalities (logic and memory 
storage) in order to improve density (cost per function reduction) and performance (speed, 
power). 

ITRS 2010 Glossary 94 
Geometrical (constant field) Scaling refers to the continued shrinking of horizontal and 
vertical physical feature sizes of the on-chip logic and memory storage functions in order to 
improve density (cost per function reduction) and performance (speed, power) and reliability 
values to the applications and end customers.  

Equivalent Scaling (occurs in conjunction with, and also enables, continued geometrical 
scaling) refers to 3-dimensional device structure (“Design Factor”) improvements plus other 
non-geometrical process techniques and new materials that affect the electrical performance 
of the chip.  

Design Equivalent Scaling (occurs in conjunction with equivalent scaling and continued 
geometric scaling) refers to design technologies that enable high performance, low power, 
high reliability, low cost, and high design productivity.  

“More-than-Moore”: Functional diversification 

Short definition 
Incorporation into devices of functionalities that do not necessarily scale according to 
“Moore's Law”, but provide additional value in different ways. 

The “More-than-Moore” approach allows for the non-digital functionalities to migrate from 
the system board-level into the package (SiP) or onto the chip (SoC). 

                                                
94 see page 53 of the document available at 
http://www.itrs.net/Links/2010ITRS/2010Update/ToPost/2010_Update_Overview.pdf  
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ITRS 2010 Glossary 
Functional Diversification (“More than Moore”) [refers to] the incorporation into devices of 
functionalities that do not necessarily scale according to “Moore's Law,” but provides 
additional value to the end customer in different ways. The “More-than-Moore” approach 
typically allows for the non-digital functionalities (e.g., RF communication, power control, 
passive components, sensors, actuators) to migrate from the system board-level into a 
particular package-level (SiP) or chip-level (SoC) potential solution. 94 

System-on-Chip (SoC) 

WikiPedia definition 
System-on-a-chip or system on chip (SoC or SOC) refers to integrating all components of a 
computer or other electronic system into a single integrated circuit (chip). It may contain 
digital, analog, mixed-signal, and often radio-frequency functions – all on one. A typical 
application is in the area of embedded systems. 95 

Comment 
We would like to emphasize that “a single integrated circuit” is in fact monolithic (single die) 
and that, consequently, all components (functions) have to be manufactured in a single 
(CMOS-compatible) process technology. 

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

[Definition from The next Step in Assembly and Packaging: System Level Integration in the 
package (SiP), White Paper ITRS 2008 96] 

Heterogeneous integration 
Functional combination of dissimilar (electrical, optical, thermal, magnetic, mechanical) 
components onto a silicon substrate and/or within a single package. The domain covered by 
the term “heterogeneous integration” is schematically depicted by the light blue triangle in the 
diagram below. 
 

                                                
95 http://en.wikipedia.org/wiki/System-on-a-chip 
96 http://www.itrs.net/Links/2007ITRS/LinkedFiles/AP/AP_Paper.pdf 
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More than Moore:  Diversification
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Fig A1 . The “heterogeneous integration” domain (light blue triangle). 
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Appendix B : Combining Focus and Variety : The 
Photolithography example 
We will identify knowledge creation, “idea” generation and, generally speaking, follow the 
cognitive process of innovation and knowledge production, using a representation of the 
reasoning activities proposed in one of the most recent theories of design reasoning, the C-K 
theory (Hatchuel and Weil, 2003) 97.  
The C-K theory describes a design reasoning as the interaction between two spaces, the 
concept space C and the knowledge space K. Design begins with an initial concept, a 
proposition that is neither true nor false, i.e., is undecidable in the K space. Such a design 
brief cannot be said feasible or unfeasible, marketable or not… “Reducing the physical gate 
length”, without specifying how to do it, is such a concept. The design process consists in 
refining and expanding the concept by adding attributes coming from the knowledge space 
(the gate can be printed using photon imprint, or e-beam, or…). The process can also lead to 
the production of new knowledge (e.g., how to control over-etching, reticle enhancement 
techniques …) to be used in the design process. The initial concept set is actually step by step 
partitioned in several, more refined, subsets. The process unfolds until one refined concept is 
enough specified to be considered as true by the designer: the concept becomes a piece of 
knowledge. The generic structure of a design reasoning is presented in the figure below 
(source: Hatchuel 2009 98) 
 

 
 

Fig. B1. The generic pattern of a design reasoning in the C-K design theory 

                                                
97 Hatchuel, A. and B. Weil. 2003. A new approach of innovative design: an introduction to 
C-K theory. Paper read at ICED'03, august 2003, at Stockholm, Sweden. 
98 Hatchuel, A. 2009. C-K design theory: an advanced formulation. Research in Engineering 
Design 19:181-192 
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The C-K framework helps to follow cognitive processes (expansion of knowledge space, 
expansion of the conceptual brief into several, varied alternatives…). In particular, it allows to 
assess the intensity of knowledge acquisition (apparent when the “K” space is populated with 
knowledge not known at the beginning of the design process), and the variety of the concept 
produced (apparent when the concept “tree” has many branches). Applying this representation 
to the photolithography recent past developments, and future solutions, one gets the following 
“high level” picture: 
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Fig.B2. Example: C-K framework for lithography 
 
Clearly the lithography innovation process displays both knowledge intensity and variety. 
One would probably find similar representation in many other domains of the roadmap (see, 
for example, device architectures). In fact the ITRS process allows for the exploration of a 
variety of technical solutions to achieve a constant high rate of technological progress in the 
long term, while focusing on the most realistic ones for the shorter term. This, coupled with a 
continuous updating process, allows the incorporation of unforeseen technological 
breakthroughs. 




