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Introduction
Mr. Rector Magnificus, ladies and gentlemen.
Integrated electronics is one of the most pervasive technologies in our world,
being at the heart of smart personal devices, computers, communication systems,
domestic appliances, vehicles and of the Internet of Everything (IoE): all
technologies that have become increasingly indispensable to our lifestyle.
Integrated circuits are typically built on “chips”: miniature pieces of crystalline
silicon where increasingly smaller field-effect transistors can be packed together.
This integration trend, called Moore’s law, has characterized 50 years of amazing
progress in electronics and its ubiquitous applications.
In close connection with this development, an increasing number of additional
electronic devices and processes have been invented to enable sensing, actuation
and uncommon form factors. Examples include mature technologies like MEMs or
flat-screen displays, together with more recent developments called “emerging
technologies”.
In this inaugural lecture I will describe this fascinating field, with special focus on
my work in flexible electronics. I will introduce the concept of flexible large-area
electronics, its applications, the scientific challenges that it has to tackle, the
development of this field (with some special attention to my contributions), and
the advancements that will inspire my future research.
To conclude, I will also explain why, in my opinion, electronics needs to become
more and more flexible to address the challenges of the future, not only in a literal
sense, but also in a figurative one. On one hand, indeed, electronics must
cooperate more and more with other technologies like integrated photonics, 2D
materials and innovative devices to provide unprecedented solutions to demands
e.g. in the fields of communication, sensing and biomedical technology. On the
other hand, electronics has to overcome some consolidated paradigms, like the
separation between sensing and computation, or the exclusive use of binary bits,
to truly step into the future and fully unleash its still unexplored potential.
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The concept of flexible
large-area electronics
Conventional IC electronics is fabricated on slices of monocrystalline silicon, called
wafers, where field effect transistors (FETs) are typically formed using the silicon
substrate as semiconducting material. A very different way to fabricate field effect
transistors is to deposit the semiconductor layer (and the other layers needed to
fabricate the FET structure, e.g. dielectrics and metals) on a non-functional
substrate like a glass sheet. In this way a FET stack, called thin-film transistor
(TFT), can be formed. The main advantage is that TFTs can be formed on very large
areas, which are nowadays in the order of tens of square meters, at low cost per
area. Monocrystalline Si ICs, by contrast, are fabricated on silicon crystals which
are expensive to make, and wafers are limited today to an area of 0.1 m2. Thanks
to its capability to cover large areas with transistor switches, TFT technology is
ideally suited to fabricating LCD and OLED display panels, which have rapidly
become the only displays on the market. Each display pixel contains one or more
TFTs to select each color and program its intensity. The disadvantage of TFTs is
that their performance (e.g. switching speed) is far inferior to monocrystalline
FETs. Also, TFTs are much larger. However, for applications on a large area, lower
performance and a large footprint can be tolerated.
The material originally used as semiconductor in TFTs is silicon, which can be
deposited to be an amorphous film or annealed in situ to become polycrystalline.
About twenty years ago, several research groups demonstrated the possibility to
deposit the functional layers of a TFT from solutions, i.e. using ‘inks’. To give an
example, Dago de Leeuw and his co-workers at Philips developed a technology
where all TFT layers and interconnects were fabricated from carbon-based
materials using spin coating [1]. This approach to TFT processing is often described
as ‘organic’, ‘polymer’ or ‘plastic’ electronics. The two novel and very interesting
properties of organic electronics were:
1. The use of inks allowed the deposition of the TFT layers at temperatures below
200 °C. This meant that other substrates could be used instead of glass, in
particular flexible plastic films. In this way the concept of large-area flexible
electronics started to form.
2. Inks can be deposited using techniques normally employed in graphic arts like
inkjet, screen printing or gravure. In this way the concept of ‘printed
electronics’ was born. As printing can be applied to realize very fast deposition
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on rolls of substrates, printed electronics holds the promise of unprecedented
production throughput, and thus ultra-low cost, enabling disposable
applications.
This lecture will focus mainly on flexible electronics which does not use printing,
but traditional lithography as a method to pattern the TFT films. Examples built
using printing will be clearly identified.
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Applications and state of the art
of flexible large-area electronics
Flexible large-area electronics can be deployed with advantage for all applications
where flexibility together with large-area form factor and/or low cost are relevant.
The first application which perfectly suits flexible electronics is flexible displays.
A display built on a flexible substrate could, for example, be rolled up when is not
needed, occupying minimal space. Several startups and companies [2]-[3] have
been developing products in this field, but till now no flexible display has been
widely commercially available.
In recent years, not only TFTs but also physical sensors (temperature, pressure,
light, etc.) have been developed on flexible substrates. Flexible sensor surfaces
are thus another natural application of flexible electronics. Till now on-foil
matrices of pressure sensors [4], ultrasound receivers [5], image sensors [6] and
X-ray imagers [7], for example, have been demonstrated. In these devices flexible
sensing elements are integrated on the same foil with addressing electronics built
with TFTs. This is an extremely active field of research nowadays, with strong
efforts to integrate also TFT frontend electronics on the flexible substrate, to
improve signal quality (SNR) and reduce the number of interconnects to the
external readout circuitry.
Due to the potential low-cost per area of flexible (printed) electronics, another
interesting application of this technology is in the field of RFIDs, ticketing cards
and anti-counterfeit identification. Many examples of RFIDs built using TFTs on
flexible substrates are available (e.g. [8]), and the first NFC-standard compliant
RFID made with TFTs on foil was demonstrated earlier this year [9]. This work
exploits TFTs made with lithography. The next challenge in this field is, on one
hand, to augment RFIDs with sensors [10] and, on the other hand, to realize RFIDs
using printed approaches [11], striving to make them standard-compliant.
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Scientific challenges
A large number of scientific and technological challenges have been addressed to
enable the progress of flexible electronics, and many of them are still an active
domain of further research. The most important research directions in this field
are:
I. Materials
The mobility of organic semiconductors, both p and n-type, has witnessed
astonishing progress in the last 30 years. From values of 10-3 cm2/Vs which were
commonplace in the early nineties, we have today lots of materials with a mobility
of 10 cm2/Vs or more (Figure 1). Besides, processes have been invented to deposit
amorphous silicon on flexible substrates, and entire new classes of
semiconductors that can be processed at low temperature have been developed
(metal oxide alloys). The most well-known of these materials, Indium Gallium Zinc
Oxide (IGZO [12]) was reported in 2004 and in 2013 was already being used to
produce large OLED displays available in the market. Other important
developments in the field have been a constant improvement in resilience to
environmental degradation, which was poor in early organic materials, and the
creation of several materials optimized for sensors.
Largest reported carrier mobility of
organic TFTs (measured in ambient air) over time
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Evolution in time of best reported mobility for organic p and n-type semiconductors
(Courtesy prof.dr. H. Klauk, reproduced with permission).
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II. TFT processing and modeling
Important progress has been achieved also in the field of flexible TFT device
architecture and processing. To cite only a few examples: novel device structures
with double gates have been envisaged, which are very useful to circuit design;
n and p-type TFTs have been integrated on the same substrate, enabling
complementary circuits [12]; printed TFTs featuring Source and Drain self-aligned
to the Gate have been developed, enabling a remarkable improvement in terms of
speed [14]; stretchable electronics [15] and TFTs manufactured on films as thin as
1 µm have been demonstrated [16], enabling unprecedented applications like
conformable wearable electronics and electronic tattoos.
Another fundamental field of research is the modeling of TFTs, where several
active groups have proposed compact and physical models that nowadays achieve
sufficient accuracy to grant accurate simulations of analog circuit topologies [17].
III. Circuits manufactured with TFTs
The design of a circuit based on flexible TFTs is extremely challenging. First of all,
TFT performance (like mobility, which is some tens of cm2/Vs as already
discussed), but also intrinsic gain (normally below 40dB) and transition frequency
(typically between 1 and 100 MHz) are orders of magnitude inferior to the
corresponding performance of monocrystalline silicon FETs. Then flexible TFT
technologies are most of the time unipolar only. This makes it impossible to
exploit a large spectrum of circuit solutions that have been developed for
complementary FET in the last 40 years of integrated circuits development when
designing flexible circuits, and results in substantially worse gain, cumbersome
biasing, decreased DC headroom, higher power supply, reduced power efficiency,
etc.
Also, flexible TFTs have a strong variability, as the base semiconductor films
deposited at low temperature are very non-uniform, and repeatable process steps
which are commonplace in silicon IC, like ion implantation, are not available in
flexible electronics. This variability can result in poor circuit yield and demands
special circuit techniques to enhance circuit robustness. Finally, again due to the
intrinsic non-uniformity of the base materials and of the processes used to
fabricate TFTs, two identical TFTs fabricated on foil close to each other have
performance that are quite dissimilar, or exhibit poor ‘matching’. This is a problem
especially when building circuits to transform analogue signals into digital
representations, i.e. data converters. Most existing data converters, indeed,
exploit the excellent matching properties available in silicon ICs to achieve high
resolution and linearity, but this approach is unsuited to flexible TFT technologies.
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Personal contributions to the
development of flexible electronics
The global research effort in the design of circuits for flexible electronics has
strongly advanced the state of the art in terms of device count, performance and
functional complexity. In this section my contributions to this general progress will
be outlined in brief. They focus on two main objectives:
I. Design of digital circuits manufactured with organic TFTs on flexible substrates
A main enabler to applications of flexible electronics is the possibility to
manufacture large digital circuits (e.g. row addressing registers for displays, RFID
code generators) with good yield. This turned out to be a daunting task. Organic
TFTs, indeed, are typically only p-type. Besides, for organic materials there is no
simple and reliable process to tune the threshold voltage in TFTs: for this reason,
it is difficult to realize in the same process depletion and enhancement thin-film
transistors. Given the absence of complementary and depletion/enhancement TFT
pairs, the design of logic gates that are highly immune to the variability of TFT
parameters is particularly challenging, and for years only very small circuits could
be manufactured (< 100 TFTs) with some yield. One should also note that ageing,
i.e. TFT parameter shift due to environmental aggressors or electric biasing, has
similar effects to TFT variability from a circuit point of view. Robustness to TFT
variability is thus also beneficial to increase resilience to ageing1. In this field
several breakthroughs have been achieved:
a. Design of p-only organic inverters with level shifters
The static noise margin has been determined to be a good figure of merit to study
the effect of TFT parameter variability on the correct functionality of logic gates,
and to predict yield from a statistical perspective. The noise margin of diode-load
organic p-only inverters has been increased using a novel level-shifter stage, at
the same time enabling relatively high speed and good yield. Following this
approach, in 2004 it was demonstrated a 32-stage shift register that can be used

1

Organic TFT stability has been improving tremendously with time thanks to advances in materials and
barrier layers. Nowadays organic circuits can be stored and work for years in air.
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as row driver for a flexible display. The clock speed was 5 kHz and the circuit
contained 1888 TFTs, the largest organic circuit at that time [18].
b. Design of p-only organic TFT inverters for maximum noise margin
In a specific organic TFT process developed at Philips, Zero-Vgs load p-only
inverters have been dimensioned to ensure the maximum average noise margin,
while tuning the process conditions needed to guarantee sufficient zero-Vgs
current from the TFTs. In this way, a 64-bit code generator for an RFID, the most
complex organic digital circuit at that time with 1938 TFTs, was demonstrated [8] in
2006. The circuit (Figure 2) was also optimized to avoid races and improve
testability, choosing an architecture based on barrel shift registers as opposed to
a synchronous counter. This paper also demonstrated for the first time an organic
RFID capable of transmitting multi-bit codes to a base station (Figure 3) using the
standard 125 kHz and 13.56 MHz RFID carriers.
c. Design of p-only organic inverters with dual-gate TFTs
For the first time the use of double-gate TFTs for all TFTs in an inverter has been
demonstrated to be extremely beneficial in increasing the noise margin and thus
the yield of organic digital circuits [19].

Figure 2
Flexible organic 64b RFID glued on a piece of PCB and bonded to a capacitive RFID
antenna.
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Figure 3
A 6b organic RFID is readout by a base station, showing its code on the oscilloscope.

d. Design of p-only dual-gate organic inverters with level shifters and positive
feedback
The use of dual-gate TFTs has allowed the design of a new logic style, which
exploits positive feedback, together with a level shifter. The trip voltage of the
inverters and NANDs built in this logic style can be adjusted using a tuning
voltage, allowing the trip point to be tuned back to the mid of the voltage rails
when TFT parameter variations cause excessive deviations from this desired value.
The positive feedback increases the gain of the digital gates further, improving the
noise margin up to 41% of the supply voltage. The characteristics of this logic
style, called Positive-Feedback Level Shifter (PLS), enable unprecedented
robustness against TFT variability, making it possible to build functional 240-stage
shift registers. These circuits, the largest organic circuits to date, contain 13,440
TFTs each (Figure 4 - [20]).
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a)

b)

DFF

Figure 4

240-stage Shift Register

10-DFF Module

Micrograph of a 240-stage organic shift register designed using PLS logic (adapted from
[20]).

e. Statistical design of complementary organic inverters for maximum noise
margin
In recent years n-type organic semiconductors have been tremendously improved
from the point of view of stability in air, and thus complementary organic
electronics has become possible in practical applications. The statistics of the TFT
parameters in a complementary organic process has been characterized, and due
to the fact that the threshold can be both positive and negative for n-type devices,
a fully static CMOS logic style has been selected to design a 32-stage shift
register. The circuit is fully functional, has a maximum clock speed of 2.5 kHz and,
with 1216 TFTs is the largest complementary organic circuit ever demonstrated [21].
This shift register has been used to drive the rows of an OLED display. The yield of
complementary organic technology is nowadays limited by hard faults, and for this
reason is still inferior to the p-type organic processes (which have a lower hardfaults count).
II. Design of data converters manufactured with TFTs on flexible substrates
As discussed above, promising applications of organic and flexible electronics
require interfacing with physical sensors. For this reason, a broad research
program on analogue and mixed-signal electronics made with TFTs manufactured
on foil has been started at Eindhoven University of Technology, with a strong focus
on analog to digital converters (ADCs). As discussed briefly above, the main
technical challenges include: extremely large mismatch (the offset of a differential
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pair can be as high as a few volts, especially in printed technologies), parameter
variability, limited access to complementary devices and limited intrinsic gain in a
TFT. To overcome these difficulties, experiments have been performed on the use
of an integrating architecture based on a VCO with good intrinsic linearity and a
counter [22] to build an ADC with organic TFTs. This organic converter attains
state-of-the-art characteristics, reaching an SNR of 48 dB (in a 0.16 Hz bandwidth)
and a maximum INL of 1 LSB at 6 bit resolution.
At TU/e we also investigated the design of ADCs built with printed complementary
organic technologies. In this case, due to the severe mismatch and reduced digital
complexity achievable with sufficient yield, a simple 4 bit counting architecture
has been demonstrated. The chosen DAC architecture is based on a resistive R2R
ladder, which offers better DNL than TFT-based counterparts. The proposed
comparator employs two stages, both featuring offset cancellation (which is
enabled by the use of complementary pass-gates). This research resulted in the
first functional printed ADC ever published, which reaches an SNR of 26.6 dB and
SNDR of 19.6 dB [23] (Figure 5). The performance of comparator and DAC have
been further improved over time, with recent measurements showing that both the
comparator offset and the DAC DNL can be below 1 LSB at a 7 bit resolution level.

Figure 5
Photo of the printed 4b ADC manufactured with printed complementary organic technology
(Copyright Bart van Overbeeke Fotografie, reproduced with permission).
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In recent years, IGZO (Indium-Gallium-Zinc Oxide) has been emerging as an
excellent semiconductor for large-area electronics on flexible foils. It features good
mobility (> 10 cm2/Vs) and better uniformity than organic competitors. Based on
these characteristics, our group has proposed for the first time the use of IGZO in
a DAC for display applications. Given the reasonable uniformity, a current steering
architecture has been proposed [24], achieving good static and dynamic linearity.
Still exploiting IGZO, an asynchronous delta-sigma modulator (ADSM), which is
able to convert an analog signal to a binary pulse-width modulated (PWM)
representation with good fidelity, has been built. The PWM representation can be
used to send the signal over a cable or via radio with high immunity to noise and
interferers. This ADSM achieves good noise and linearity performance compared
to previous state-of-the-art in data converters on foil: the maximum signal to noise
and distortion ratio is 50 dB for a signal bandwidth of 10 Hz, while current
consumption is 100 µA (Figure 6). The ADSM has also been integrated with a
flexible resistive temperature sensor, to convert its temperature-dependent signal
to PWM [25].

Figure 6
Measurement setup used for the characterization of the ASDM manufactured with IGZO
TFTs on foil. The foil is glued on a temporary glass substrate (Copyright Ivar Pel,
reproduced with permission).
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Future research in flexible
large-area electronics
Flexible electronics still offers fields of applications that are largely unexplored.
These applications can serve well as a stimulus for further, cutting-edge research
in circuit design. The future research plan of our group in flexible electronics will
focus on two main directions.
I. Biomedical and biochemical sensing
TFT processed at low temperature enables not only flexible, but even stretchable
and conformable substrates, making these TFTs the ideal choice to build
electronics to pick up signals on and around the body and thus an ideal solution
to map biopotentials. Biopotentials are minute dynamic voltages generated by
heartbeat (electrocardiogram – ECG), cerebral activity (electroencephalogramEEG), muscle (electromiogram – EMG) or uterus contraction (electrohysterogram –
EHG), among others, which can be measured on the skin. These potentials are
spatially distributed and need to be detected on large surfaces to provide
significant clinical information. For this reason, state-of-the-art solutions still rely
on complicated ad-hoc assemblies of electrodes, wiring and electronics boxes,
which are cumbersome to set up and uncomfortable for the patient.
By contrast, flexible electronics can provide a convenient way to manufacture a
matrix of electrodes and pick up the biopotentials with integrated frontend
electronics (Figure 7). The TFTs can also multiplex the signal of many different
Radio link
Silicon readout chip
mounted on the edge
Battery
Thin plastic substrate
to be mostly cut away
by laser
Electrode

Stretchable
Connection bus

IGZO Front-end
Figure 7
Conceptual sketch of a biopotential measurement foil exploiting TFTs together with an
integrated silicon IC.
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electrodes to a conventional silicon IC, which provides conversion to a digital
representation and wireless communication of the data to an elaboration hub, for
example. Multiplexing drastically reduces the number of interconnects between
the biopotential measurement foil and Si chip, cutting down costs. A comfortable
and low-cost solution to biopotential measurements can thus be provided. An
active research project is ongoing in this field, in close cooperation with Holst
Centre (prof.dr. Gerwin Gelinck).
A recent development in the field of sensors based on low-temperature processing
is the discovery of ultra-sensitive biochemical sensors ([26]-[27]). In perspective,
these sensors can be arranged in large matrices to enable complex biochemical
assays, and TFT electronics can be used again for addressing and multiplexing of
the sensor signals to a silicon IC, providing low-cost and extremely highperformance solutions. More work in this field is envisaged in the near future.
II. Low-cost printed electronics
Printed electronics remains a huge challenge. At the state-of-the-art TFT yield is
still low, with typically between 1% and 1‰ of TFTs showing hard failures (i.e.
shorts, opens, excessive leakage, etc.). On top of this, TFT variability is extremely
pronounced, and mismatch particularly strong. All these characteristics make
circuit design in printed technologies particularly challenging. High risk, thus, but
also high reward, as printing enables a whole range of applications that can
become so low cost to be disposable. In this field, within the H2020 ATLASS
project, we want to work on disposable pressure sensors based on piezoelectric
sensors (Figure 8), and on RFID augmented with simple temperature sensors.
Foil lamination

System Integration
ADC

Sensor
frontplane
OTFT
backplane

Si
electronics
Pixel
Pressure
sensor

Organic
frontend

Organic
line drivers

Figure 8
Conceptual sketch of a disposable printed pressure sensor foil (courtesy Marco Fattori).
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Especially the latter effort is extremely demanding as, on one hand, one needs to
provide frontend electronics and conversion to digital representation for the
sensor data, and, on the other hand, one has to build RF waves harvesters and
load modulation circuitry. This research, which ultimately targets applications like
monitoring of food conservation quality through measurements of the
environmental conditions (e.g. temperature, humidity, C02) via sensors printed on
the food wrapping (Figure 9) is a typical example of a grand challenge in the field
of printed electronics. For its high societal relevance (reduction of food waste) and
complexity, this is probably one of the most fascinating research objectives in our
field.

d!

Goo

Figure 9
Conceptual sketch of a disposable food monitoring sensor integrated in the package of a
ready-to-eat salad. The smart reader (e.g. a smart phone) evaluates the food conservation
quality based on the sensor measurements.
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Future research in other
emerging technologies
Flexible electronics is not the only technology that has been invented in parallel to
the Moore’s law IC developments. There is a wide range of additional
technologies, many of which are emerging just now, which can be a tremendous
stimulus in advancing electronics further. The mission of the chair in Circuit Design
for Emerging Technologies is “is to design circuits and systems which exploit novel
technologies, in order to expand the application domain of electronics beyond
what is conventionally possible with silicon Integrated Circuits (ICs) alone.”
In an effort to put this mission into practice, there are two examples of emerging
technologies on which I will explore in the near future.
1. Integration of Photonic ICs (PICs) and electronic integrated circuits (ICs).
Photonic integration is a strong and credible emerging trend in modern
technology. Eindhoven University of Technology has a leading position
worldwide in this field, with the Institute for Photonic Integration and the
Cobra research institute. Exploiting the synergy with this excellent local
competence, we are defining research projects on the 3D integration of
integrated photonics and electronics, both in the field of communication and in
the field of advanced sensors.
2. Integration of 2D materials above ICs. 2D materials, probably the most widely
known of which is graphene, have unique properties both from the mechanic
and the electronic perspective. Although the direct use of 2D materials as
semiconductors in a mature technology for ICs seems unlikely nowadays, 2D
materials might have very interesting applications in sensing devices,
especially for biochemical applications. The integration of 2D materials in the
backend of line of conventional IC technologies has thus the potential to
enable sensor systems where the silicon IC is intimately integrated with novel
devices, enabling unprecedented functionalities. This is another extremely
interesting opportunity in the field of emerging technologies, and it will be
exploited with the support of experts in the field of 2D materials and devices.
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Conclusions
Emerging technologies are a rich and dynamic field of research which can inspire
the progress of electronics. The research in flexible electronics is an example of
how novel devices and manufacturing processes can motivate challenging work in
circuit and system design to enable unprecedented applications. My research in
this field will continue with special focus on biomedical and biochemical
functionalities, as well as on printed sensor surfaces and sensor-augmented RFIDs
on foil.
I believe that electronics is reaching a mature point of its history. We thus need to
become flexible ourselves, to reinvent electronics and continue its progress.
On one hand, inspiration can come from merging electronics with other novel
technologies and devices. Integration between ICs and photonics, and integration
of 2D materials in the backend of silicon FET processes are two possible and
promising examples which trigger my curiosity. On the other hand, flexibility
means to have the courage to abandon paradigms that have remained
unchallenged for too long. I would like to mention two examples. In modern
electronic systems sensing, analogue electronics and elaboration of the sensor
data are typically separate domains, with extremely limited interaction. This limits
the capability of our systems to adapt to varying environmental/usage conditions
and is one of the major limitations of present IoE. Interesting efforts to break this
way of thinking involve machine learning and novel architectures that intimately
link computation and sensing. Another example is in the domain of computation.
For most of us the word ‘bit’ is a synonym of a binary quantity: either a ‘0’ or a ‘1’.
The emerging interest in quantum computing witnesses the incredible progress
that would open up if we could manipulate in a practical way quantum bits that
can be 0 and 1 at the same time, a so-called superposition state. This is just
another example of how important is to break up the usual way of thinking and
exploit the flexibility of our intelligence to ensure a bright future to electronics and
to our society.
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