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1. Introduction

1.1 Evolution of electronics: the role of flexible electronics

In the early 1960s, the concept of an integrated circuit (IC) was hardly considered an
alternative to the use of discrete components. Indeed, integrated transistors were still
unreliable, featuring low yield, while the cost of integrated circuits was significantly higher
than stand-alone components. In 1961, Fairchild Semiconductor produced the first silicon
integrated circuit containing only 4 transistors. By 1965, the same company was about to
release a new chip integrating 64 components. In this context, Gordon Moore, director of
research and development at Fairchild, formulated his most-known law [1]. He pointed out
that maximizing the number of components which can be physically integrated in a chip is
not always economically convenient. However, adding more and more components in a chip
will generally lead to a lower cost per component. This trend remains valid until in the
attempt of further increasing the integration density, at some point the probability of killer
defects will raise. This will lower the technology yield and thus increase the costs. The
optimal point is instead reached when the number of components integrated in a chip leads
to the minimum cost per device. Under this assumption, Moore predicted that the number
of components (resistors, capacitors, diodes and transistors) integrated in a single chip
would double every year [1].

This prediction turned out to be quite accurate for several years. Indeed, 10 years later
in 1975 the charge-coupled device (CCD) memory chips under development at Intel
(company cofounded by Moore) could count some 32000 components, thus only a factor 2
off from the prediction [2]. In the same year, Moore revised downward his prediction
correcting it to a biannual doubling of component count per chip [2]. He further identified
three factors responsible for the new electronic integration trend: the decrease of the
components size, the increase of the chip area and the so called device cleverness.

For years the downscaling of the component size has allowed to increase chip density,
producing faster and less power hungry transistors. Indeed, according to Dennard’s scaling
rules [3], by reducing the device dimensions a factor A(>1), the voltage, current, capacitance
and delay time of the transistor would reduce by 1/A, if the doping concentration increases
by A. As direct consequence, the number of devices which can be placed in the same area
increase by A> maintaining a constant power consumption per unit area between different
generations of transistor technologies.

In other words, each new integrated transistor technology is better than the previous
one, providing higher performance at lower cost per transistor. According to Mack [4], this
approach has for decades sustained Moore’s law. Initially, the progress in semiconductor
technology led towards circuit up-scaling, producing larger and more complex chips
(Moore’s law 1.0) [4].
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Instead, in the later decades, the technological push was mainly focused on downscaling,
to achieve reduction of transistor size and cost even though the circuit complexity had
stopped to scale up as fast as manufacturing technology would permit (Moore’s law 2.0) [4].
As a result, current manufacturing processes permit to economically integrate more than 10
billion transistors on a chip, even though this is not exploited in most of the applications in
the market.

Since the early 2000s, the transistor sizes shrunk below 100 nm and Dennard’s scaling
rules started to approach the limit. Manufacturing smaller transistors does not always make
them faster and more efficient. Indeed, the reduction of the transistor voltage has become
more difficult due to the rise of the device leakage currents. Thus, for the last decade
Moore’s law for the Silicon manufacturing industry has been more about the costs than
performance. However, difficulties in further downscaling the transistor feature sizes have
led the cost per unit area of finished silicon to rise with about 10% per year [4]. On the other
hand, the cost per transistor reduced by about 25% over the same time frame [4]. If the
manufacturing costs will rise faster than the transistor area will decrease, the next
generation of transistors will be more expensive than the last one.

This is to say that Moore’s law is effectively slowing down. In this scenario the prospective
of microelectronics is uncertain. On one side, the research is projected towards ever-higher
integration density, sustaining the historical scaling of CMOS technology. This trend has been
denominated as “More Moore” (MM) [5]. On the other hand, the so called “More than
Moore (MtM)” research development [5], aims to integrate in a system functional
diversification based on the simultaneous use of heterogeneous technologies, that do not
scale in accordance with Moore’s law (Figure 1). Thus, the progress of electronics will be
defined by new forms of integration, which will allow to lower the cost of the whole system.

Future applications will require logic and non-logic functionalities such as RF
communication, power control, passive components, sensors and actuators which could be
added to the system in an economically efficient way by means of heterogeneous
technologies. Mack [4], uses the name Moore’s Law 3.0 for a category of the MtM concept
where the trend is to integrate capabilities such as sensors and actuators on chip, in order
to take advantage of the low-cost, mass-production approaches common to silicon
manufacturing. However, this is not the only possible form of functional diversification.

Future system architectures will make use of both Systems-on-Chip (SoCs) and Systems-
in-Package (SiPs). The first will be mostly dedicated to data processing, while the interactions
with the user and the environment will be mostly tackled with SiP methods. This approach
is expected to enable the development of higher value systems, capable of providing both
computing and interacting functionalities. However, the challenges here lie in the
heterogeneous integration of logic and non-logic functions within the same system. Besides,
the interconnection of the different components needs to guarantee the electrical
connectivity and mechanical integrity of the system, and to ensure a reliable interface with
the physical environment.

In this scenario, flexible electronics (FE) provides an attractive cluster of emerging
(organic and inorganic) technologies to develop low-cost SiPs. Indeed, FE enables the
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Figure 1. Future prospects of microelectronics. From “More Moore” to “More than Moore”.
Roadmap extracted from the International Technology Roadmap for Semiconductors 2011 [5].

production of Thin-Film Transistors (TFTs) on mechanically flexible substrates due to the low
temperature budget (<200°C) required throughout the manufacturing process. Foil-based
systems offer a suitable platform to combine non-logic functions, providing the capability of
manufacturing ultra-thin components, at low-cost even on a large-area. The intrinsic flexible
nature of FE could be further engineered to meet the mechanical requirements of
bendability, foldability, stretchability and even conformability to suit a variety of market
applications.

In the future, flexible electronics based on organic materials will enable for example the
fabrication of flexible large-area photovoltaic cells that will replace the conventional
expensive silicon-based solar panels. The mechanical flexibility will enable the solar cells to
be embedded in curtains or laminated on window panes, improving energy harvesting
capabilities in domestic environments and smart buildings. In the last decades, the potential
of organic materials has been largely investigated. A remarkable example is the Organic
Light-Emitting Polymer (OLED) discovered in the early 1990s and today heavily used in
smartphone displays and TVs. OLED displays in contrast with the traditional Liquid Crystal
Displays (LCDs) do not require a back light, reducing thickness and improving packaging and
visual experience. OLEDs can be produced on flexible substrates and this will enable the
production of electronic devices with unprecedented mechanical properties, from foldable
phone displays (demonstrated for the first time in commercial products in early 2019) to roll-
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up TVs at longer term. Looking beyond our personal entertainment devices, the potential of
flexible electronics could play an important role in human-machine interaction. Electronic
skins could be developed exploiting the intrinsic flexibility and strechtability of the flexible
electronics, while the use of new materials could further extend the skin sensing capabilities
to e.g. temperature and infrared radiation (IR) sensing.

These are just a few examples of future possible applications of flexible electronics. It
should be underlined that the aim of flexible electronics is not to provide a valid alternative
to mainstream silicon technologies, but rather to address problems not solvable by silicon
CMOS and a pure Moore’s law approach. Flexible electronics will focus on applications where
large active area is of great importance, or where mechanical flexibility and light weight are
essential.
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1.1.1 Flexible electronic technologies: state-of-the-art

Flexible electronics technologies, which will enable the applications mentioned in the
previous section, can be divided in two categories: inorganic and organic, according to the
nature of the semiconductor material exploited. Among the inorganic materials relevant to
flexible electronics should be mentioned: amorphous silicon (a-Si), polycrystalline silicon
(poly-Si) and amorphous metal-oxide (AMQ) semiconductors (such as Indium-Gallium-Zinc
Oxide, Zinc Oxide etc..) [6].

Amorphous Silicon TFTs have been successfully employed in applications such as displays
and photovoltaics. Indeed, the relatively low processing temperature (< 350 °C) allows the
use of several types of substrates, including plastic foils. However, a-Si transistors suffers
from low carrier mobility (1 < 1 cm?/Vs) and bias-stress instability, making it unsuitable for
applications demanding continuous operation at large currents [7]. In addition, a-Si
technologies are generally unipolar, since the hole mobility is significantly lower, ranging in
the order of 103 cm?/Vs. Conversely, poly-Si transistors exhibit much higher carrier mobility
(u ~ 50-100 cm?/Vs), achieved at the expenses of a much higher processing temperature (<
500 °C) which, for flexible electronics, requires the use of stainless steel substrates [8]. Low
temperature poly-Si technologies which enable the use of plastic substrates have been also
demonstrated [9].

Amorphous metal-oxide TFTs exhibit overall superior performance compared to other FE
technologies. These devices are characterised by high electron carrier mobility (1 >60 cm?/Vs)
[10] and operational stability, achieved with a low thermal budget (typically < 250°C). In
terms of speed performance, transistors achieving unity gain frequencies beyond tens of
MHz have been already demonstrated [11]. However, AMO technologies are typically
unipolar, since these excellent properties manifest in n-type transistors only.

Organic Thin-Film Transistors (OTFT) generally exhibit inferior performance with respect
to their inorganic counterpart. However, recent advances in materials have allowed to
surpass a-Si technologies. Indeed, carrier mobility values of the most recently synthesised
organic semiconductors are in the range of 1 - 10 cm?/Vs, with relevant improvements in
terms of stability [12]. Despite mature organic technologies typically comprise p-type
transistors only, complementary organic technologies have been also reported in literature
[13][14][15][16][17]. However, the inferior performance of the n-type transistor, together
with the more complex fabrication process and the lower device yield of complementary
organic TFT technologies have limited their use until now. One of the major capabilities of
organic technologies is the possibility of manufacturing electronics with processing
temperatures lower than 100°C, enabling the use of very cheap plastic substrates such as
polyethylene terephthalate (PET). Furthermore, as the OTFTs are made from organic
compounds, they are extremely resilient to bending, and are also sensitive to biological and
chemical agents, features that can be exploited e.g. to produce biochemical sensors [18][19].

Finally, organic and AMO TFTs show significantly higher flexibility compared to a-Si and
poly-Si technologies [20]. Indeed, under strain, their relative change in carrier mobility is well
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below that of Si-based TFTs, and the maximum bearable strain is nearly an order of
magnitude higher than the benchmarked technologies.

Given the above-mentioned features we can conclude that organic and AMO
technologies represent the best two material platforms for the development of large-area
and low-cost systems on foil.

1.1.2 Role of printed organic technologies

Another important aspect for large-area technologies is the possibility (or not) to enable
solution-based manufacturing. Solution-based fabrication methods involve the dissolution
of the electronic functional materials in suitable solvents, to create inks which can be
selectively deposited on a substrate by means of printing techniques to create TFTs and
other active device structures. Printing can be a high-throughput technique and thus can
tremendously contribute to lowering the cost of flexible electronics. Printing can be carried
out at atmospheric pressure and at room temperature. Additional annealing or curing steps
at moderate temperature are usually required after deposition, to drive off the residual
solvents or to activate the reactions, leading to the desired electronic materials. Organic, Si
and AMO technologies based on printing processes have been already demonstrated
[21][22][23][24][25]. However, amorphous metal oxide and Si transistors are typically inkjet-
printed [21], whereas OTFTs can be produced even exploiting mass-production processes
directly derived from the graphic art printing industry, such as screen-printing, offset-
printing or gravure printing [22][23][24].

In general, printing processes can also be classified according to the substrate they
exploit in Sheet-to-Sheet (S2S) and Roll-to-Roll (R2R) categories. The former are based on
substrate sheets that are processed in batches, while the latter employs rolls that are
continuously processed. S2S processes usually guarantee a better control over the
fabrication parameters, at the expenses of higher overall production time and thus a lower
throughput. On the other hand, R2R platforms enable continuous production, which lead to
a further cost reduction based on economy of scale.

The availability of organic materials compatible with high-throughput printing processes,
makes printed organic electronics a suitable candidate to potentially reduce the costs of
large-area electronics, enabling single-use applications. These process platforms are
expected to enable mass production of inexpensive smart Radio-Frequency ldentification
(RFID) tags, large-area sensing surfaces, and wearables, to give just a few examples.

1.1.3 Organic circuits: state-of-the-art

In the last decades, electronic circuits manufactured with organic materials, have been
largely reported in literature. Basic analog and digital circuit blocks such as amplifiers
[26][27][28][29][30], comparators [31][32][33][35], logic gates and flip flops [34][35][36]
have been proposed at first, and further exploited for the development of more complex
systems. Signal conditioning interfaces for sensor matrix applications [37][38], RFID tags
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[39][40][411[42][43], display drivers [44][45][46][47] and a microprocessor [48] capable of
executing up to 40 instructions/s, are just a few examples.

For what concerns mixed-signal systems, several data converters based on OTFTs have
been also demonstrated. A Delta-Sigma architecture has been exploited in [28] to develop
an Analog to Digital Converter (ADC) achieving a Signal-to-Noise-and-Distortion-Ratio (SDNR)
of 24.5 dB in a bandwidth of 15.6 Hz. An ADC based on a Voltage Controlled Oscillator (VCO),
achieving 6-bit resolution and 1 LSB Integral-Non-Linearity (INL), has been demonstrated in
[49]. A Successive-Approximation-Register (SAR) ADC has been designed in [50] using a low-
voltage complementary organic technology. The converter achieves 6 bit resolution and a
maximum INL of 0.6 LSB, with a sampling frequency of 10 Hz.

The state-of-the-art presented above is related only to organic technologies fabricated
with photolithography processes. These platforms allow the production of flexible circuits
achieving complexities as high as ~13000 TFTs [46]. Organic transistors processed from
solutions exhibit lower vyield and even larger parameter variations than their
photolithographic counterparts. As a consequence, the complexity of printed circuits
currently reported in literature does not exceed ~200 OTFTs. Therefore, it is not surprising
that state-of-the-art printed circuits are mainly limited to analog and digital blocks featuring
basic functionalities [51][52][53][54]. Remarkable results have been reached in [55], with a
counting ADC based on a resistive Digital-to-Analog-Converter (DAC), featuring 4 bit
resolution and 0.42 LSB INL with a total transistor count of 158 devices. To the best of our
knowledge, only few complete systems realized with fully printed organic transistors are
reported in literature. An RFID tag developed using a combination of inkjet and gravure
printing techniques has been proposed in [56]. A temperature threshold sensor tag has been
demonstrated in [57]. This circuit is capable to detect when the environmental temperature
exceeds a given set point, and stores this in a non-volatile memory. In this architecture, the
logic blocks are developed with complementary TFTs, produced with inkjet, spin coating and
laser ablation techniques. A printed passive reader-talks-first RFID tag based on silent tag
communication protocol has been developed in [58] with a complementary printed organic
technology. The tag is wirelessly powered by energy harvesting the 13.56 MHz carrier signal
generated by the reader, and further provided with an envelope detector and a code
recognition unit. The latter is used to verify the matching of the received demodulated data
with the identity of the tag and send, via RF link, a response signal to the reader by means of
load modulation technique.

1.1.4 Printed organic circuits: design challenges

While extremely attractive from an economical manufacturing point of view, printed
electronics is not free of challenges. The low-temperature process, enabler of the
mechanical flexibility, is also responsible for a low level of control of the printed material
properties. This, together with the intrinsic structural disorder or organic semiconductors,
which is typically exacerbated by solution-based processing, leads to the fabrication of
printed OTFTs with typically lower performance compared to processes based on vacuum
deposition.
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Indeed, at the state of the art, printed organic transistors present mobility values typically
in the order of u ~ 1 cm?/Vs [15][59][60][61][62], shallower subthreshold slopes, and larger
threshold voltages, which makes the realization of portable and battery-powered devices
very difficult. In addition, the use of low cost manufacturing equipment poses severe
limitations on the control of the printing process (layer resolution, layer registration, printing
overflow etc.), and thus on the minimum achievable feature sizes. As direct consequence,
the parasitic overlap capacitances of the devices increase, strongly impacting the unity-gain
frequency fr of the transistors and limiting the operational frequency of the printed organic
circuits typically below the kHz range. Analog and digital circuits which make use of
capacitive networks require explicit capacitors much larger than the parasitic ones, in order
to maintain accuracy. However, excessively large capacitors are more prone to defects and
thus failures. Therefore, circuits employing capacitive feedback networks must be designed
taking into account the trade-off between accuracy and yield. Printed organic transistors
exhibit modest performance not only from the perspective of the main electrical parameters,
but also in terms of noise level. Indeed, the fluctuation of semiconductor conductivity and
the low-quality interface between dielectric and semiconductor, are together responsible
for large low-frequency noise (1/f) in organic transistors [63][64]. The 1/f component is
usually the dominant noise contribution at the operation frequency of the organic circuits.
For this reason, the design of frontend electronics for sensor interfaces achieving high
resolution is very challenging. Improvements in the Signal-to-Noise Ratio (SNR) can be
achieved exploiting auto-zeroing and correlated double sampling techniques [65]. However,
the applicability of these techniques is limited by the requirement of large explicit capacitors.
Alternatively, low-frequency noise can be mitigated employing chopping [65], which
however leads to larger bandwidth requirements.

It is important to remark here that despite the modest electrical performance of printed
OTFTs, this is not the major constraint which hampers the development of systems on foil.
The limited electrical performance can be a showstopper for certain classes of applications,
but many others could still be at reach. The factors that really matter to enable a successful
development and commercialization of applications based on printed electronics are:
sufficient yield, limited variability, and sufficient device lifetime.

Current state-of-the-art unipolar and complementary organic printed technologies
achieve a hard yield performance at device level of < 98 % [66][55]. Shorts, opens, pinholes,
particles and imperfections are typically responsible for the primary yield loss. From a more
general circuit design point of view, the hard yield defines the maximum circuit complexity
which can be manufactured economically. However, the technology yield is only one of the
multiple aspects of reliability. Organic transistors suffer from large parameter variability (e.g.
threshold voltage shift) due to the low-temperature and low-cost manufacturing process.
This issue is exacerbated in solution-processed technologies due to low degree of spatial
correlation between printed devices. The variability of the transistor electrical performance
from the nominal behavior can potentially lead to soft failures at circuit level. However, this
issue can be tackled at the circuit design stage. Thus, it is fundamental to employ
architectures that desensitize the overall circuit performance from the device performance
variability, in order to maximize the soft yield at circuit level. Additional challenges in the
design of printed circuits on foil are introduced by stability issues of the organic materials
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related to the environment conditions [67], light exposure [68], limited shelf-time and bias
stress [69]. It is worth noticing that most of these limitations cannot be easily mitigated at
circuit level but should rather be tackled at the technology level.

As stated in the previous section, the highest yield performance in printed electronics
has been achieved with unipolar technologies, and thus these are preferred to develop large
area circuits. Complementary technologies require a more complex fabrication process to
integrate both n-type and p-type transistors, which is intrinsically more prone to defects.
Although inherently more reliable, unipolar technologies pose many restrictions on the
circuit design. At first, well-known circuit architectures developed for CMQOS processes
cannot be applied to unipolar technologies. In addition, the lack of the complementary
device requires the replacement of active loads with p-type transistors. Simple
configurations such as zero-Ves or diode-connected transistors can be employed at the
expense of speed and reliability or gain [6], respectively. To give an example, the design of
amplifiers with relatively high gain remains extremely challenging. The use of more complex
architectures exploiting e.g. positive feedback techniques [54][70] can be effective, but has
a negative impact on power efficiency and speed. Indeed, a much larger number of
transistors is required, with consequently higher power consumption. Rail-to-rail output
swing in analog circuits is also difficult to obtain with unipolar transistors, without the use of
external biasing or bootstrap techniques. Even the design of digital logic is not free from
restrictions. The basic inverter is usually implemented exploiting diode-connected loads,
which leads to a skewed input-output DC characteristics and thus a reduced noise margin.
Furthermore, the absence of n-type devices, makes the implementation of clocked gates in
dynamic logic more cumbersome. Unipolar digital circuits perform poorly also in terms of
power efficiency. The static power consumption associated to the direct current flow
between driver and load transistors typically dominates over the dynamic contribution,
given the modest switching speed achievable by OTFTs.

Finally, another important factor that negatively affects the evolution of printed
electronics (PE) is the fact that Electronic Design Automation (EDA) tools for the design of
complex systems based on PE technologies are still in their infancy. Only few Process Design
Kits (PDKs) are reported in literature to-date [71][72][73]. Indeed, the constant evolution of
the manufacturing steps during the technology advancement requires regular adjustments
of the PDK, reducing its effectiveness. In addition, the development of accurate transistor
models remains still challenging due the large variability and instability issues that affect the
devices.

1.2 Problem statement

Despite the recent advancements of printed organic technologies, their use in
commercial products remains up to date very limited. The challenges discussed in Section
1.1.4 still prevent printed systems on foil from commercial exploitation. However, several of
these limitations can be tackled and mitigated at the circuit design level. In this perspective,
the main challenge relies in the investigation of new design methodologies and topologies
specifically suited for printed organic technologies, which are able to improve the robustness
of the circuits and thus enable the use of PE for innovative market applications.
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1.3 Aim of the thesis

This thesis aims to advance the state-of-the-art of printed organic electronics. The main
focusisin the development of technology-aware design methodologies which allow to tackle
variability and yield issues, typical of printed organic transistors, and fabricate robust
systems-on-foil for the target applications. To achieve this, it is necessary to investigate at
first the potential of the printed organic technology, starting from the capabilities of the
printing process and following step by step the fabrication of the OTFTs. The study of the
electrical characteristics of the devices further leads to the formalization of accurate models,
capable to describe the OTFT behavior in different electrical regimes. This knowledge
enables the development of a Process Design Kit, specifically tailored to the OTFT and
printing process. At this point, systems-on-foil can be developed following a top-down
approach. The complete system needs to be investigated at different levels of abstraction,
starting from the system-level, moving to the circuit implementation and reaching down to
the device level. In this perspective, the PDK connects the system to the technology platform,
and permits to evaluate the effectiveness of different design techniques, improving the
overall system reliability.

From a practical point of view, this work focuses on the following major aspects:

e Digital circuit design based on printed unipolar OTFT technology, to improve circuit
robustness to transistor parameter variability and power efficiency while maintaining
minimal circuit complexity in terms of transistor count.

e Design mixed-signal systems on foil providing sensing, data digitalization and energy
scavenging functionalities, and even integrating complex circuit functions on a Si IC, as
required by the specific applications.

e Design robust active sensor matrices , provided with analog frontend electronics for
localized signal amplification, achieving high Signal-to-Noise-Ratio and spatial
resolution, to enagle large-area sensing applications.

1.4 Scope of the thesis

In the first part of this work we especially focus on the development of the Process Design
Kit (PDK) for a specific gravure-printed organic OTFT technology. This includes the OTFT
model (static, dynamic, noise and parameter variability) and several Electronic Design
Automation (EDA) tools which enable a robust assisted design flow.

In the second part, we specifically tackle the design and the characterization of four
systems on foil, manufactured with a unipolar printed organic technology developed at CEA-
Liten, Grenoble, France, for four different applications:

e  Multiple-stage organic line drivers for matrix-addressing applications.

e A smart RFID tag for the temperature monitoring in food-packaging applications.

e Alarge-area proximity sensing surface for human-machine interaction applications.
e Alarge-area pressure sensing surface for car crash tests applications.
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These applications have been selected according to their commercial impact, and are the
lead applications of the European project “Advanced high-resolution printing of organic
Transistors for Large Area Smart Surfaces” (ATLASS).

1.5 Original contributions

This work contributes to the advancement of the state-of-the-art of printed organic
electronics in multiple aspects at system, circuit and technology level. The main author’s
contributions are listed as follows, and further organized according to the manuscript
chapters.

° In Chapter 3, a novel Process Design Kit is proposed, specifically developed for a
gravure-printed OTFT technology. The PDK comprises an accurate model, capable to
reproduce static, dynamic and noise behavior of the transistors. A methodology based
on a reduced set of parameters is exploited for the formalization of the technology
design rules, which are further needed to develop several EDA tools. Parametrized Cells
(PCells) have been developed for the automatic generation of transistors, capacitors
and resistors according to the design parameters. The proposed PDK is fully integrated
in the commercial framework Cadence Virtuoso®, and further provided with design
rule checking, layout versus schematic comparison and layout parasitic extraction
functionalities, developed using the DIVA® EDA tools.

. In Chapter 4, several multi-stage line driver circuits are presented, which are fabricated
with printed unipolar organic technology. The three proposed 8-stage architectures
exploit different design approaches, which lead to different trade-offs between circuit
complexity, power consumption and area occupation. Measurement results reveal that
one of the novel dynamic cells proposed for the single delay stage outperforms other
implementations in terms of complexity, energy efficiency, integration density and
circuit yield. The 8-stage line driver circuit based on the dynamic cell comprises 139
OTFTs and 9 capacitors, requiring an area of 6.6 cm?. From the yield point of view, 15/15
fully functional structures have been measured over 5 successive foils, demonstrating
the possibility to further upscale the number of driving lines, while preserving a good
circuit yield.

. In Chapter 5, a world-first smart temperature sensor on RFID in flexible printed
electronics is demonstrated. The system-on-foil is capable of sensing the environment
temperature, converting it to a binary representation exploiting a Pulse Width
Modulation (PWM) and sending it to a reader through backscattering, via the radio
frequency communication link. The system is further equipped with an energy
scavenging circuit in order to be wirelessly powered by the reader. The sensing
functionality is achieved by using printed resistive temperature sensors, while the
analog to PWM conversion is performed with OTFTs, by means of a time-based
interface which exploits a first-order Bang Bang Phase-Locked Loop. The temperature-
to-duty cycle converter makes use of a stabilized reference oscillator in order to
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maintain the correct functionality of the system for a wide range of supply voltages.
The smart sensor requires an average power consumption of 2 mW and a conversion
time of
2 s to achieve a temperature resolution of 291 mKrws. In addition, the statistical
characterization of 15 samples reveals a maximum temperature error smaller than +
1.6° C (£3 sigma), achieved over the food-monitoring temperature range from 3° C to
27° C after systematic non-linearity correction and 2-point calibration.

In Chapter 6, a first-ever fully-printed large-area proximity sensing surface with
integrated Analog Fronted Electronics is presented. The proposed 5x10 active matrix is
obtained by lamination of printed organic pyroelectric sensors on foil (frontplane) with
printed organic frontend electronics (backplane). The role of the frontend electronics
is to provide signal amplification and unambiguous pixel addressing in order to
maximize the SNR and reduce the pixel crosstalk. In this perspective, each proximity
sensor is read-out in current mode by means of a dedicate Charge Sensitive Amplifier
(CSA) implemented with an inverter-based single-ended amplifier and a capacitive
feedback network. The CSA requires in total 12 OTFTs and 4 capacitors. All the pixels
belonging to the same matrix column are further readout in a Time-Division-
Multiplexing (TDM) fashion by means of an active-addressing circuit, included in the
frontend pixel electronics. From the application perspective, the complete matrix
achieves a readout frame rate of 100 Hz, and enables the proximity detection of
humans approaching from a distance > 40 cm. The robustness of the proposed system
architecture is further proven by the high yield of the backplane electronics. Indeed,
with a maximum of 96% fully functional pixels (in a single matrix), corresponding to 768
working devices, this circuit attains the record of complexity (in terms of device number)
for a printed organic technology to date.

In Chapter 7, for the first time a system architecture based on hybrid PE and Si-IC
electronics is presented. The main innovation of this work relies on the successful co-
integration in the very same system of a Si-IC (based on Si-65 nm CMOS technology)
with a SiP (manufactured with printed organic materials). The use of printed organic
technologies allows the development of a low-cost smart system-on-foil, exhibiting
pressure sensing capabilities over large-area and unprecedented form factors. The core
of the SiP is a 5x3 active matrix obtained by lamination of printed organic pressure-
sensitive sensors on foil (frontplane) with printed organic frontend electronics
(backplane). The pixel frontend electronics makes use of a transconductor to perform
two functionalities at once: it guarantees a high-speed unambiguous pixel addressing
and provides a voltage-to-current conversion which further enables the direct
interconnection to the Si electronics. A customized Si-IC is designed to perform the
matrix readout with additional analog-to-digital conversion of the output streams.
From the system point of view, the use of active-matrix addressing functionality on SiP
allows to drastically reduce the number of interconnections required for the IC, and
thus the overall system cost.
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1.6 Outline of the thesis

The manuscript is further organized as follows. In chapter 2, the printed OTFT technology
is introduced in a bottom-up fashion, starting from the printing capabilities and reaching the
device fabrication process. The OTFT electrical characterizations and the technology yield
analysis are also reported in this chapter.

Chapter 3 discusses the development of the PDK for the printed organic technology. First,
the OTFT models (static, dynamic and noise) are derived. Next, the methodology developed
to define the technology Design Rule Manual (DRM) is introduced. The integration of the
PDK in a commercial Computer Aided Design (CAD) framework is further discussed.

Chapter 4 focuses on the design and characterization of three multistage line driver
architectures for matrix addressing applications. The experimental results are used to fairly
compare the performance of the different implementations, and define the architecture
which is most suitable for the target applications.

Chapter 5 shows the design and evaluation of a printed smart sensor on RFID, for
temperature monitoring in food-packaging applications. The system requirements for the
target application are derived at first. Next, the overall system architecture is defined, and
the circuit implementation of each submodule is discussed. At last, the measurement results
obtained from the system-on-foil characterization are presented.

Chapter 6 deals with the design of a proximity sensing surface on foil. The design flow is
discussed with a top-down approach, starting from the system level, moving to the
submodule architectures and reaching down the circuit implementations at transistor level.
The experimental characterization of the overall system as well as each individual submodule
is also provided.

In Chapter 7 presents the design and evaluation of a smart pressure sensor with hybrid
electronics. The chapter mainly focus on the development of the SiP, Si-IC and their
integration challenges. A thorough characterization of the system in all its parts is also
provided.

Finally, conclusions are drawn in Chapter 8.




2. Unipolar OTFT technology

This chapter presents the process flow developed at CEA-Liten for the fabrication of the
printed unipolar organic transistors, together with the results of the OTFT electrical
characterization and the statistical analysis of technology yield and device variability. This
information will be further exploited in chapter 3 to develop the technology process design
kit (PDK).

The contents of this chapter have been published in the ESSDERC conference proceeding
[74] and IEEE Electron Device Letters [75].
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2.1 Introduction

Printed OTFTs are manufactured with fully-additive or combination of additive and
subtractive processes [76], starting from a carrier substrate which can be flexible (plastic foils,
paper, etc...) or rigid such as glass. Generally, the OTFT stack comprises an organic
semiconductor (OSC) layer, an organic dielectric (ODL), two electrodes placed on the same
plane (source, drain) and a third electrode placed on a separate plane (gate). Several
transistor structures have been investigated in literature [77]. These can divided at first, in
Top-Gate (TG) and Bottom-Gate (BG) structures, according to the position of the gate
electrode with the respect to the layer stack. Each structure can be further defined as
coplanar or staggered, depending on the relative position of the transistor channel and the
source/drain (S/D) electrodes. The four main OTFT configurations are depicted in Figure 2.

(a) (b)

| D |
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GATE GATE
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(c) (d)

GATE GATE
Channel oDL

PLASTIC SUBSTRATE PLASTIC SUBSTRATE

Figure 2. Organic Thin-Film Transistor configurations: (a) Coplanar Bottom-Gate, (b) Staggered
Bottom-Gate, (c) Coplanar Top-Gate, (d) Staggered Top-Gate.

The choice of the transistor structure is typically dictated by constraints of the fabrication
process, as well as the target device performance. BG structures are generally preferred to
TG ones, since they allow the printing of the semiconductor as last layer of the transistor
stack, minimizing the possibility of performance degradation introduced by the overprinting
of subsequent layers. In addition, staggered OTFT configurations outperform in general the
planar counterparts in terms of carrier injection capability, due to their larger injection
surface provided by the OSC-S/D electrode interfaces [77]. However, the use of TG
configurations can be attractive from the fabrication point of view. Indeed, high-resolution
patterning techniques can be exploited to finely pattern S/D electrodes [15] reducing the
transistor length, and thus improving transistor performance and integration density.
However, short-channel effects such as drain-induced barrier lowering (DIBL) and channel
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length modulation (CLM), as well as charge injection issues, may become prominent with the
reduction of the transistor length, limiting the effectiveness of downscaling.

The approach of using a finer pattern for source and drain has been exploited in this work
to manufacture mostly-printed unipolar p-type organic transistors on a S2S (Sheet-to-Sheet)
platform. The OTFTs are manufactured according to the staggered TG stack depicted in
Figure 2(d). More specifically, the S/D electrodes are developed using photolithography
techniques which guarantee relatively high-resolution patterning, while the organic
semiconductor, the organic dielectric and the gate electrode are fabricated with high-
throughput graphic printing techniques.

Recent research has focused on the use of printing techniques such as gravure and
reverse offset to manufacture organic electronics and create fully printed organic electronics,
compatible with low-cost mass-production [61][62][78]. Indeed, the use of these techniques
allows to achieve high-resolution and superior overlay control performance compared to
flexography and screen-printing [77]. These superior patterning characteristics can be
beneficial for the improvement of the transistor speed performance, as well as for the
reduction of the device footprints. In this perspective, gravure has been selected in this work
for the printing of the OSC and ODL layers.

This chapter is further organized as follows: first, the S2S fabrication process is presented
in the Section 2.2. Next, the electrical characterization of the OTFTs is provided in Section
2.3. Section 2.4 presents preliminary results about the technology yield analysis, and
describes an adaptation of the fabrication steps to further reduce the device defectivity. In
Section 2.5 the analysis of the OTFT electrical parameter variability is reported. Finally,
conclusions are drawn in Section 2.6.

2.2 S2S fabrication process

The printed unipolar organic technology has been developed at CEA-Liten, on the PICTIC
Pilot Line using the GEN1 sheet-based process in a cleanroom environment (500m? Class
10000). Since interface quality and overlay control are critical in OTFTs, a sheet-to sheet
strategy on a glass carrier is exploited in this work, in order to enable high versatility, easier
control of surface treatments and improved registration performance. The available design
area (Figure 3(a)) is typically divided in four different modules featuring an area of 126x126
mm? each (Figure 3(b)).
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Gen 1 S2S platform |

Figure 3. (a) Printed electronics on GEN1 PEN substrate. (b) 126 x 126 mm? submodule.

In Figure 4, the fabrication process flow of the S2S technology [74] is presented. The
technology stack realizes a staggered top-gate OTFT configuration. The S/D contacts are
directly developed with a photolithography process on a metallized GEN1-size Polyethylene
Naphthalate (PEN) substrate laminated on glass carrier. In order to favor good charge
injection and reproducible performance, source and drain electrodes are made of 30 nm
thick gold. This step is followed by a short oxygen plasma treatment prior to semiconductor
deposition, in order to ensure a clean surface and low contact resistance. The Organic
Semiconductor (OSC) (SP500 Lisicon® polymer from Merck) is directly gravure-printed as a
rectangular pad with a thickness in the range of 45 nm with the Ohio ACCUPRESS GEN1
Gravure Printing Unit. Next, a ~500 nm low-k dielectric (Lisicon® D320) is gravure-printed,
giving an approximate capacitance per unit area of ~3.7 nF/cm? The interconnections
between the S/D and GATE conductive layers are obtained with the use of VIAs. These are
formed by the overlap of the two conductors in an area free from dielectric (Figure 4). Finally
a 6um conductive ink is screen-printed on top of the stack, to define the gate electrode. All
processing steps were carried out in air and with baking temperatures below 120 °C.

l OSC printing
L IR AR
~45 nm
125 “m?[ PEN f PEN
Gold evaporation l ODL printing
REREERERAEEE 1
| | ~500 nm
PEN | ¥ PEN
S/D photolitography GATE printing
patterning ) RIS
~6 um N\ _/
il 1
30 nm T [ — =
ul PEN | PEN
| OTFT VIA

Figure 4. Fabrication process flow of the S2S printed unipolar organic technology. The cross-
section shows step-by-step, the development of an OTFT and a VIA interconnection between S/D and
GATE metal layers.
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2.2.1 Source/Drain layer patterning

The first layer of the technology stack comprises the OTFT S/D electrodes and
interconnections. Its fabrication involves the metallization of the plastic foils by means of
gold evaporation, patterning through optical UV lithography and further development with
wet etching. A typical GEN1 (300 x 400 mm?) plastic substrate laminated on glass carrier and
patterned with S/D layer is shown in Figure 5(a). The minimum feature size which can be
developed with sufficiently high yield is limited to 6 um, using the current photolithography
process. Thanks to its relatively high-resolution and position in the stack, the S/D layer is also
used as reference for the alignment of all the printed layers. Indeed, the registration
capability is a critical parameter in OTFT devices to achieve printing downscaling at good
overlay. Consequently, it is crucial to maintain the dimensional stability of the reference
layer with respect to the intended design. In this perspective, the S/D patterning process has
been optimized to reduce the maximum distortion of the structures on the S/D layer, caused
by the deformation of the plastic substrate, to less than 10 um in both X and Y directions
(Figure 5 (b)).
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Figure 5. (a) GEN1 foil laminated on glass, with patterned S/D layer. (b) Evaluation of the position
deviation between designed and fabricated structures on the S/D layer, caused by the substrate
deformation. The position displacement is indicated in both X (red) and Y (green) directions for each
analyzed point.

2.2.2 Organic Semiconductor printing

Rotogravure is a printing technique that transfers ink from small cells engraved in a
cylinder to the plastic substrate by a rolling contact [77] (Figure 6). Stylus engraving
technology has been selected here for the roll, because the resulting cell, which has a
pyramidal footprint (Figure 7(a)), provides improved ink transfer. In this approach, however,
the resolution of the cell, its volume and the capability of transfer are linked together.
Consequently the parameters of the cells (stylus and density) have been co-optimized in
order to enable a smooth and well-defined printing of the semiconductor. As shown in Figure
7(b), the process developed in this work is capable of printing distinguishable patterns down
to an area of 75 x 75 pum?. Indeed, the minimum feature size (75 pum) corresponds
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approximately to two times the writing resolution of the engraved cells (Figure 7(a)). The
profile reported in the inset of Figure 7(b) highlights the successful optimization of both
printing process and ink, which makes it possible to reach the 45 nm target semiconductor
thickness with good uniformity and low roughness in the active area (< +5 nm, a figure
comparable with subtractive processes). The printing stability of the organic semiconductor
has been optimized to allow 1 hour processing in air with thickness variations below 10%.
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Figure 7. (a) engraved cells on printing roll. (b) Printing capability for a series of square
semiconductor pads, featuring side length ranging from 500 um to 75 um. (Inset) Printing profile and
confocal microscopy for a 250 x 250 um? semiconductor pad.

The most important parameter to improve circuit density is the control of overlay during
fabrication. The reproducibility of the semiconductor pad position has been evaluated here
for 100 similar OTFTs over 9 foils manufactured during a one-hour run. In Figure 8(b) it is
shown the position of the OSC corners compared to the center of the designed shape (blue
square), extracted for this population of OTFTs through an Automated Optical Inspection
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Capture system (ATLASS Observer by INCORE System). Due to the finite resolution of the
engraved cells (Figure 8(a)), the distribution on foil of the printed pad corners exhibits a
width ranging from 40 um to 75 um. This result is comparable to the writing resolution of
the engraved cell, which is £ 37.5 um.
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Figure 8. (a) Designed and engraved OSC pattern on printing roll and resulting printed pad on
plastic substrate. (b) Distribution of corner positions (symbols) extracted over the same foil from 100
semiconductor pads of the corresponding OTFTs. The S/D electrodes are used as alignment reference.

The registration capability of the printing unit has also been qualified, by monitoring the
relative position of each semiconductor pad from foil to foil. Figure 9 shows a registration
capability better than 10 um for both the printing (X) and transverse directions (Y). This
confirms the potential for further downscaling of the printed feature sizes, if the engraving
of the cells could be optimized for higher resolutions.
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Figure 9. Foil-to-foil registration capability evaluated over 100 TFTs on 9 successive foils.
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2.2.3 Dielectric printing

The dielectric printing is also performed by means of a rotogravure technique. Similarly
to the semiconductor case, the dielectric printing exploits a stylus engraving technology
based on pyramidal cells. The cell parameters (stylus and density) have been here co-
optimized together with the dielectric ink formulation to achieve a layer printing with
smooth coverage and uniform thickness of about 500 nm. In order to guarantee the access
to the S/D layer and its interconnection with the GATE metal layer through VIAs, openings
on the dielectric layers are required. The minimization of the VIA size is beneficial to improve
the integration density of the technology. In this perspective, the downscaling of the cell
engraving resolution allows patterning with high-definition reaching minimum feature sizes
of 25 um (Figure 10).

However, high resolution intrinsically leads to low volume transfer and thus reduced
layer thickness in the range of ~100 nm. Consequently, a more conservative approach
employing engraved cells with a resolution of + 37.5 um has been chosen to achieve the
target dielectric thickness (~500 nm). In this case, the dielectric opening which can be
manufactured at the target layer thickness and with relatively high yield, requires a minimum
area of 300 x 300 pm?.

It is worth noticing, that the printing of the ODL and OSC layer is performed with the
same gravure printing unit, leading to the same overlay control performance.

Downscaling of dielectric openings

500 um 250 um 100 pm 50 pm 25 pm

Figure 10. Downscaling of the dielectric openings. Feature size ranging from 500 um to 25 um.
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2.2.4 Gate electrode printing

Screen printing is a patterning technique which makes use of a screen comprising a mesh
of plastic or metal fibers to transfer the ink onto a substrate [77]. The patterns are defined
on the screen by filling certain areas of the mash with a blocking stencil. A squeegee is used
to bring the mesh in contact with the substrate and press the ink through the openings of
the screen, in order to define the desired pattern on the substrate (Figure 11).

Screen frame Screen ~Ink Squeegee Screen frame
\ (mash, stencil)
S
Substrate _,: 4_ Contact zone

Figure 11. Operating principle of screen-printing technique.

Despite its wide use in the printed electronics, the screen printing has several limitations.
In order to achieve a good pattern definition, high viscosity inks are required. However, the
printing resolution is determined by the mesh size of the screen. In addition, relatively thick
films can be produced since the layer thickness is directly related to the thickness of the
screen.

For these reasons, in this work the use of screen-printing has been limited only to
patterning of the gate electrode and top-level interconnections. In this way, because of the
staggered TG configuration of the OTFTs, the thickness of the gate profile will not interfere
with the deposition of other critical layers. The printing of the GATE layer achieves a
resolution of 150 um and a maximum misalignment <£50 pm. The main patterning
performance parameters for each layer in the technology stack are summarized in Table 1.
Despite the screen-printing approach leads to inferior performance in terms of resolution
and overlay control compared to the rotogravure, its use in the specific fabrication flow is
preferred, in order to reduce the overall production time. Indeed, as only one gravure
machine is available, the fabrication of each gravure printed layer requires the substitution
of the engraved roll, which is results in additional lead-time.

Table 1. Summary of the patterning performance parameters for each technology stack layer.

Stack Fabrication Min. feature Registration Edge roughness Thickness
layer technique size [um] capability [um]  [um] [nm]

S/D Photolithography 6 Reference <1 30

OSC  Gravure-printing 75 <t10 <35 45

ODL  Gravure-printing 300 <t10 <35 500

GATE Screen-printing 150 <+50 <50 6000
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2.3 Electrical characterization

The transfer and output characteristics of OTFTs manufactured with the S2S process have
been measured in order to provide insight in their electric performance and main device
parameters (e.g. threshold and mobility). In this perspective, arrays of OTFTs featuring
Transmission Line Model (TLM) layout geometry and different channel lengths have been
evaluated in air, dark and at room temperature. The statistical assessment over 100 devices
provides a thorough evaluation of the transistor performance and further enables a robust
extraction of the parameters for the OTFT modelling (discussed in Chapter 3).

A subset of the measured transfer characteristics obtained for L=800/200/50/10 um (10
TFTs each) are reported in Figure 12(a).
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Figure 12. Electrical characteristics extracted from a subset of the 100 OTFTs measured from TLM
structures [74]. The measurements are organized in groups of 10 devices for each channel length
(W=1000 um/L =800/200/50/10 um). (a) Transfer characteristics in linear (Vps=-0.1/-1 V) and
saturated regime (Vps=-20 V). (b) Mobility extracted with Y-function approach [79]. (c) Normalized
transistor resistance for different channel lengths.
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The gate voltage Vess has been swept from +20 V to -20 V and back, with steps of 250 mV
at different drain biasing conditions (Vos = -0.1/-1/-20 V). From Figure 12(a), an off-current
lower than 5 pA can be observed, which leads to an ON/OFF current ratio of 7 decades for
OTFTs with L=10 um. The small variability of the sub-threshold slope and lon current highlight
the good reproducibility from device to device.

The beneficial impact of the polymer semiconductor (as opposed to small-molecules
organic semiconductors, which are typically characterized by larger variability) is
demonstrated by the narrow mobility distributions, which are shown in Figure 12(b). The Y-
function method has been employed here to remove the contribution of the contact
resistance in these measurements [79]. The extracted mobility (>2 cm?/Vs) outperforms
conventional amorphous silicon and still enables low variability (<10%). The transfer
characteristics also show a good scaling behavior at different channel lengths, suggesting no
significant impact of carrier injection issues on the OTFT performance for L>40 um. In order
to confirm and quantify this important parameter for analogue circuit design, the scaling of
the normalized total transistor resistance is shown in Figure 12(c), from which the contact
resistance contribution can be evaluated to ~40 MQ-pum.

Finally, as general indication of the OTFT performance, the main electrical parameters
extracted from the TLM structures are summarized in Table 2.

Table 2. Main OTFT electrical parameters

Electrical parameter Symbol Value Unit
Carrier mobility " 2.2 [cm?/Vs]
Capacitance per unit area C ~3.7 [nF/cm?]
Threshold voltage VTH -3.5 V]

lon - L/W lon ~10° [A]

lors - L/W lorr ~ 10712 [A]
lon/lorr ratio lon/lorr ~ 107 -
Subthreshold slope VSS 0.75 [V/dec]

Normalized contact resistance Ren ~ 40 [MQ pm]
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2.4 Yield performance

The evaluation of the device yield performance in the proposed technology [74],
highlighted high defectivity due to excessive gate leakage. This issue is typically severe in
printed TG device configurations, where the gate dielectric needs to provide both good
interface quality with the underlying semiconductor as well as chemical and mechanical
resistance to the subsequent printing of the gate electrode.

In order to improve the robustness of the dielectric-gate stack, and thus the overall yield
performance, a dielectric printing based on a multilayer approach has been investigated.
Individual layers exhibiting thicknesses in the range of 300 nm, have been stacked in
different configurations as reported in Figure 13. Moreover, for each configuration the OTFT
yield has been evaluated over a population of 500 devices featuring increasing
semiconductor areas (51=0.07 mm?, $2=0.36 mm?, $3=1.26 mm?). In this study, an OTFT is
considered faulty if its gate leakage current is > 1nA.
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Figure 13. OTFTs yield analysis performed over three groups of transistors characterized by
different semiconductor areas (S1, S2, $3), and manufactured with different layer stack
configurations [75]. The groups S1, S2 and S3, comprise 100, 200 and 200 OTFTs, respectively. An
OTFT is considered faulty if its gate leakage current is > 1nA. (a) Two-layer stack with D320 dielectric.
(b) Three-layer stack with D320 dielectric.(c) Two-layer stack with hybrid dielectric D320-AP48.(d)
Three-layer stack with hybrid dielectric D320-AP48-AP48.

Despite the two-layer approach, when using the dielectrics D320 (Figure 13(a)), the yield
reaches 100% only in the smallest transistors (OSC area S1) and rapidly decreases as the
semiconductor area increases. The introduction of a third D320 low-k dielectric layer Figure
13(b) reduces the defectivity but still does not achieve 100% vyield (the percentage of
defective OTFTS is 10% for the S3 OSC area population). A further increase of the dielectric
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thickness would be detrimental for device performance. Indeed, this will lead to larger
threshold voltages and will reduce the effectiveness of the channel downscaling, due to
stronger short channel effects.

In order to mitigate the sensitivity of the devices to gate-leakage defects, without further
increasing the overall dielectric thickness, the second D320 low-k dielectric layer has been
replaced with a cross-linked polymer, which exhibits improved mechanical robustness. This
hybrid dielectric configuration is shown in Figure 13(c). The cross-linkable dielectric polymer
(AP48 lisicon® with dielectric constant &,=2.5) is also gravure printed with a target thickness
in the range of 300 nm and crosslinked by means of UV irradiation at a wavelength of 365
nm, with a dose of 2 J/cm?2. The comparison between the results reported in Figure 13 (a)
and (c), clearly highlights the benefits of this approach towards gate leakage reduction. In
order to maximize the device yield, a 3-layer stack configuration has been eventually used in
combination with the hybrid dielectric approach, leading to the structure depicted in Figure
13 (d). The yield analysis reported Figure 13(d) demonstrates the successful optimization of
the printing process to maximize yield.

The technology yield has been further quantified using a population of 540 devices
featuring S3 OSC area, distributed over 6 successive foils. The measured transfer
characteristics and gate leakage currents are presented in Figure 14. The yield analysis
reveals 100% functional OTFTs, with only one device exceeding the leakage current threshold
of 1 nA, leading to 99.8% yield.
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Figure 14. Transfer characteristics in linear regime (Vps=-1V) obtained from a set of 10 devices
per channel length L evaluated over 6 successive foils, manufactured with the 3-layer hybrid dielectric
stack shown in Figure 13 (d) [75]; all the OTFTs feature channel width W equal to 1000 um), and the
capacitance per unit area C, is estimated to be ~ 2.1 nF/cm?,
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2.5 Parameter variability

The very same measurement database exploited for the device yield analysis has been
used to quantify the transistor parameter variability. The outcome of this analysis is further
exploited in Chapter 3 to introduce the device parameter variability in the circuit simulator.
For the sake of simplicity, the analysis has focused only on the two main OTFT electrical
parameters in above-threshold regime, namely the current prefactor B (equal to u-Ci) and
the threshold voltage Vrh.

These parameters have been automatically extracted from the transistor transfer curves
recorded over the population of 540 devices, distributed over 6 different foils. The Y-function
method [79] has been used to remove the contribution of the contact resistance from the
mobility extraction. Indeed, especially in devices with short channel lengths (L<40 um) the
contact resistance plays a non-negligible role. It is worth mentioning that the applicability of
the Y-function method is restricted to the linear regime and for |Ves|>>|Vm|. In addition,
the threshold voltage can be estimated as the Vas value at which the Y-function is equal to
zero [79]. The values of B and threshold voltage Vru extracted in this way are presented in
Figure 15 (a) and (b), respectively. From Figure 15 it can be observed that the multi-layer
dielectric fabrication process, introduced to improve the device yield performance, has
made more negative the threshold voltage of the transistor, which now exhibits a typical
value of about -4.7 V.
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Figure 15. (a) Current prefactor 8 and (b) threshold voltage Vry distributions extracted with Y-
function method [79], from 540 measured OTFTs featuring L ranging from 10 um to 600 um (10
devices per length) and W = 1000 um. The measured OTFT are manufactured over 6 successive foils.
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The statistical characterization of the extracted parameters is further used to deduce
information on two categories of parameter variability, namely the within-foil and the foil-
to-foil variability. The first category is related to the global variations of the electrical
parameters of transistors placed on the very same foil. The within-foil variations are
extracted from the data of Figure 15 , calculating the standard deviation of the two
parameters, respectively og and ovri. More in detail, for each foil and each channel length L,
the parameter distributions are here subtracted from their mean value, respectively /_3 and

V. This leads to initial datasets of 60 samples for each L, which are further reduced by
eliminating the outliers, identified here with the Generalized Extreme Studentized Deviate
(GESD) test [80]. The resulting datasets are finally used to compute the standard deviation
of B and Vtn at the different channel lengths. The outcomes of this statistical analysis are
presented in Figure 16 and (b), for B and Vtx parameters, respectively. From the results
provided in Figure 16(a), it can be deduced that the standard deviation of the B parameter
is nearly constant for a large span of channel lengths, and increases as L approaches values
larger than 200 um. The standard deviation trend extracted from the threshold voltage
distributions exhibits a negative slope for channel lengths ranging from 10 um to 40 um. The
trend further fluctuates around a constant value for 40 pm <L< 400 um and rises at L=600
pum. Arbitrary fitting functions have been introduced to reproduce the dependence of og and
ovtH With L, in the circuit simulator (further discussed in Chapter 3). In this perspective, the
first trend is fitted with a 2" order polynomial function (Figure 16(a while the approximation
of the second trend makes use of two exponential functions (Figure 16(b)).
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Figure 16. (a) Extracted (black) and fitted (dashed-red) standard deviation distribution of the
current prefactor obtained at different channel lengths. (b) Extracted (black) and fitted (dashed-red)
trend of the threshold voltage standard deviation, estimated for different device channel lengths.
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The foil-to-foil variability is instead related to the variations of the electrical parameters,
between transistors placed in different foils. This is here estimated from the overall mean
value (regardless channel length) of the B and Vru distributions between foils. The extracted
main statistical parameters are reported in Table 3. It is worth mentioning that the
distributions of the mean values comprise only 6 samples (foils), therefore leading to a
modest estimation accuracy.

Table 3. Main statistical parameters extracted from foil-to-foil distributions of the mean values
of fand Vr.

Foil-to-foil parameter variability

Parameter Min Median Mean Max Sigma Unit
Mean (B) 3.47 3.60 3.60 3.81 0.13 [nA/V?]
Mean (V)  -5.00 -4.78 -4.72 -4.06 0.36 [V]

2.6 Conclusions

The gravure-printed unipolar organic transistor technology presented in this Chapter has
been developed at CEA on a S2S platform. The printing process has been initially optimized
in order to achieve the downscaling of the feature sizes, while ensuring reproducibility and
stability of the printing performance. The outcome of this optimization process led to the
fabrication of TG staggered OTFTs exhibiting carrier mobility as high as 2.2 cm?/Vs and
featuring a minimum channel length of 10 um [74]. At this stage, the electric
characterizations of the transistors revealed high device failure rates, mainly caused by the
poor control of the gate leakage current. Further adjustments of the fabrication process have
been implemented at CEA-Liten, in order to improve the device yield performance of the
technology. The combined use of a cross-linked dielectric ink and multi-layer printing
approach enabled the fabrication of OTFTs with a yield as high as 99.8 % (estimated over a
population of 540 devices). Thus, the successful optimization of the fabrication process
enabled an OTFT technology characterized by state-of-the art yield performance [75].

Despite the relatively high transistor yield, the circuit complexity (in terms of device
count) remains one of the major concerns in the design of systems-on-foil. Circuit
architectures which exceed a complexity of a few hundred devices cannot be manufactured
with reasonable yield yet, if all these devices need to be functional. This knowledge about
the technology is exploited at the system level design phase in Chapters 4 to 7, to derive the
most suitable architectures for the target applications.

Furthermore, an investigation of the device parameter variability has been performed on
the electrical characteristics obtained from the OTFTs, manufactured with the vyield-
optimized fabrication process [75]. The results of this analysis have been included in the
Process Design Kit of the technology (discussed in Chapter 3), in order to reproduce the
effect of the OTFT parameter variability in the circuit simulator and thus, enable the choice
of circuit implementations which minimize the risk of soft failures in the system.




3. Process Design Kit

In this chapter the Process Design Kit developed for the gravure-printed unipolar organic
transistors is introduced. At first, the models used to describe the transistor behavior (static,
dynamic and noise) are presented. Next, the development of the EDA tools and their
integration in the commercial framework Cadence Virtuoso ® is discussed. The PDK is further
exploited in the Chapters from 4 to 7 to design the four target system on foil demonstrators.

The contents of this chapter have been published in the DATE conference proceedings [81].
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3.1 Introduction

The availability of a reliable Process Design Kit (PDKs) for PE technologies is of paramount
importance in order to design complex systems on foils. However, Electronic Design
Automation (EDA) tools for printed organic technologies are still in their infancy, negatively
affecting the evolution of PE. Only few PDKs have been reported in literature to-date [71][73].
The limited research in this field is due to several reasons. First, the constant evolution of
the manufacturing steps during the technology advancement requires a regular adjustments
of the PDK, reducing its effectiveness. Second, to enable a meaningful simulation of the large
OTFT variability, a labor-intensive statistical characterization of the model parameters is
required. At last, the modelling of the time-dependent effects, such as bias stress and aging
remains extremely challenging.

In this chapter, a novel PDK is presented, specifically tailored for the gravure-printed
organic technology developed at CEA-Liten [74]. One of the primary objectives in the
development of the PDK, is to provide a versatile set of EDA tools which allow its rapid
adaptation to cope with the advancements of the manufacturing process. In this perspective,
a new approach based on the definition of a reduced set of technological key parameters is
proposed to reduce the overall time required for the PDK adaptation, improving its
effectiveness. In addition, the PDK comprises an exhaustive modelling of the OTFT (static,
dynamic, noise and variability), extracted by means of numerical fitting on the electrical
characterization data described in [74]. The complete PDK has been integrated in the
commercial EDA software Cadence Virtuoso®.

The chapter is further organized as follows: at first the development process of the PDK
is introduced in Section 3.2. Next, the transistor modelling (static, dynamic, noise and
variability) is presented in Section 3.3. The derivation of the Design Rule Manual (DRM) and
the definition of the Parametrized Cells (PCells) is discussed in Section 3.4 and 3.5,
respectively. The integration of the PDK in the commercial framework Cadence Virtuoso®
and the use of its main EDA tools, is further described in Sections 3.5 and 3.6. Finally, some
conclusions are drawn in Section 3.7.
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3.2 PDK development process

Process Design Kits are typically developed to assist the circuit design flow, providing a
simplified interface to the technology platform. Indeed, the device models (transistors,
resistors, capacitors, etc...) included in the PDK are exploited to reproduce the behavior of
the physical components, enabling circuit simulations in different domains. PCells are used
during the layout phase, in order to automatically generate the geometry of the components
according to a reduced set of given parameters, reducing the time required for the design.
In this scenario, the use of EDA tools further allows automatic verification of the design at
different levels of abstraction, starting from the schematic and reaching the post-layout
phase. This becomes crucial as the system complexity approaches already several tens of
devices. From this perspective, the availability of tools capable to perform Design Rule
Checking (DRC) and Layout Versus Schematic (LVS) comparisons enables to highlight
potential design errors and violations, ensuring a flawless design flow. In addition, parasitic
effects introduced in the layout phase by the circuit interconnections can be accounted for
in post-layout simulations by means of Layout Parasitic Extractions (LPEs).

The strategy exploited to develop the PDK [81] for the gravure-printed unipolar organic
technology [74] is schematically shown in Figure 17. STEP 1 focuses on the definition of a
reduced set of technological constraints, and in their usage for the derivation of the DRM.
This knowledge is further exploited to formalize the technology layer stack (technology files)
within the Cadence Virtuoso environment (STEP 2). In addition, PCell components (e.g.
OTFTs, capacitors and resistors) are made available at this stage, exploiting the layout
guidelines contained in the DRM. Next, EDA validation tools such as DRC and LVS can be
enabled, since their development mainly requires insight in the design rules and knowledge
of the component PCells (STEP 3).

The PDK developed so far is further exploited to assist the design of a Transistor
Evaluation Module (TEM) (STEP 4). This mask set comprises several arrays of devices that
can be electrically characterized after fabrication (STEP 5). Hence, the obtained
measurement database allows the extraction of suitable models to accurately reproduce in
the circuit simulator the electrical behavior of the analyzed devices (STEP 6). Furthermore,
parasitic effects associated to the routing strategy employed in the circuit layout, can be
estimated at this stage. These results are further embedded in equivalent circuit
representations which can be generated by means of LPEs, to simulate the impact of the
parasitics on the overall circuit performance (STEP 6).

It is worth mentioning that the overall development process (from STEP1 to STEP 6)
requires multiple iterations, each time that the fabrication process is subjected to new
adaptations.
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Figure 17. Simplified diagram of the strategy exploited to develop the Process Development Kit
for the gravure-printed organic technology.

3.3 OTFT modelling

The availability of an accurate transistor model is a key asset to enable the design of
complex analog and mixed signal circuits on foil. The OTFT model described here accounts
for both charge transport and carrier injection issues related to the energy barrier at the
metal-semiconductor interface. Indeed, despite the use of a staggered OTFT structure, which
is beneficial for the carrier injection, the presence of an energy barrier (defined here as
contact effect) can still severely impact the performance of analog circuits. In order to enable
an accurate OTFT modelling, a specific mask set (TEM) containing several OTFT test
structures has been designed. The complete design occupies an area of 126 x 126 mm? and
comprises about ~1000 OTFTs, featuring L and W scaling, as well as different layout
geometries. The TEM has been manufactured with the first generation printed organic
technology [74]. The electrical characterizations performed on the structures containing
transistors laid-out with TLM geometry and featuring channel lengths ranging from 5 um to
800 um (presented already in Section 2.3), have been further used to develop the static OTFT
model. After the introduction of the vyield-optimized fabrication process, the model
parameters have been tuned in order to account for the different behavior of the transistors.
In addition, the results of the parameter variability analysis (Section 2.5) have been also
included in the static model of the transistor. Finally, models for the dynamic and noise
behavior of the OTFTs have been extracted based on measurements of devices and circuits
manufactured with the final version of the fabrication process.
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3.3.1 Static model

The electrical characteristics of the fabricated OTFTs [74] are reproduced by means of a
physical-based analytical model developed by F. Torricelli* [75]. The charge transport in the
channel is based on a Variable Range Hopping (VRH) transport in a Density of States (DOS)
[82]. The DOS is described by a double-exponential function accounting for both deep and
tail states [83][84]. In the case of p-type OTFTs, the tail states are located at energies close
to the Highest Occupied Molecular Orbital energy level (HOMO) and define the strong
accumulation region of operation, while the deep states are located at energies far from the
HOMO level and define the subthreshold operation. Since in OTFTs the gate voltage controls
the position of the Fermi energy level through the DOS, it is important to account for both
deep and tail states in order to provide a unified and accurate OTFT description in all regimes
of operation. Following the same approach proposed in [84], the drain current expression
due to charge transport into the channel reads for a p-type transistor (1):

Isp = T Ko(Ule — Whe) (1)

where W and L are the OTFT channel width and length, respectively, Ko is a pre-factor
dependent on physical and geometrical parameters (temperature, energetic disorder,
charge spatial localization, and gate-insulator capacitance), y = 2T/T is the normalized tail-
states energy disorder, and Wxg is defined as (2):

Uy, = £V, F [“:T'V] )

with
F[.] =log[1+e"] (3)
g =L (1+29) (@)

where C is the gate insulator capacitance per unit area, Nq is the total density of deep
states per unit surface, Vg, Vo, and Vs are the gate, drain, and source voltages, respectively,
Vi is the threshold voltage, V1 = ksT/q is the thermal voltage, Ks is the Boltzmann constant,
g is the elementary charge, and X can be either S or D. Then, according to [82], the channel
length modulation and the off-current are included in the drain current model as follows (5):

_w Y _ Y Vsc—Vpg) , W (Vsc-Vpe)
Isp = T [Ko(qjsc bG) (1 L Eear ) T L Roer (3)

where Esat is the maximum electric field at the drain side when the OTFT is operated in
saturation (i.e. Vbo<Vs-VH), and Rorr accounts for the bulk current due to unintentional

1 Fabrizio Torricelli, University of Brescia, Brescia, Italy.
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doping of the organic semiconductor (OSC). The model parameters are calculated by fitting
the measured transfer characteristic of long-channel OTFTs (L = 800 um) at Vos=-0.1 V with
the method reported in [83][84]. The extracted channel model parameters are listed in Table

4.
Table 4. Extracted channel model parameters.

Electrical parameter Symbol Value Unit
Temperature T 295 [K]
Dielectric capacitance per unit area o 3.7 [nF/em?)]
Normalized tail-states energy disorder v 2.07 -
Threshold voltage VTH -3.04 V]

Total density of deep states per unit area Ng 2 x10% [cm2/eV]
Current pre-factor Ko 1.66x10° [A/VY]
Off-resistance per unit area Rorr 2 x 102 [Q/um?]
Max. electric field at drain in saturation regime  Esar 3.6 [V/um]

Moreover, transistors with channel lengths ranging from 800 um to 5 um are evaluated.
It is worth mentioning that transistors with a channel length L= 5 um can be manufactured
with the fabrication process described in Chapter 2. However, these geometries exceed the
minimum feature size defined for the S/D layer, leading to a large number of defects (S/D
shorts) already at the first level of the technology layer stack. The model accurately
reproduces the measurements for channel lengths down to 40 um, while a significant error
occurs for shorter channel lengths. This can be ascribed to contact effects [86][87] as
confirmed by plotting the L-normalized drain current as a function of channel length. Indeed,
the normalized current of short channel transistors is lower than for long-channel devices.
According to the analysis presented in [86]-[88], the contact resistance can be ascribed to
the limited charge injection at the source contact due to a reversed biased Schottky barrier.
At low drain voltages the energy barrier at the metal-semiconductor interface results in a
reduced charge accumulation close to the contact region (defined by a length Lc = 1 pm)
while at large Vsp a full depletion region from the source edge to the channel is obtained.
This behavior resembles a transistor operating in saturation.

Contact model

Channel model

Figure 18. P-type OTFT symbol and its internal static model schematization.

Therefore, we model the contact effects as a transistor with a channel length equal to
the contact region Lc, a threshold voltage Vrc and electric field Esc (Figure 18) that accounts
for the gate-dependent Schottky barrier lowering (6-7):
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where Vc is the voltage drop at the injecting contact. The electrical characteristics of the
OTFTs are modeled as the series of the channel model (2-5) and contact model (6-7). In order
to obtain the contact model parameters (i.e. Kc, Vic, Esc) we calculate the contact
characteristics by solving, for each set of Ip, Ve and Vo the equation (8):

Eq.1 :
I§5% (Vg, Vi, V) = Igp (Vg Vi, Vs) = 0 (8)

where Vs = Vs - V¢, and Vc can be calculated by numerically solving (8). By fitting the
extracted contact characteristics with the contact model (6-7) we found that Vrc can be
described with a second-order polynomial function (9)

VTC = _[45 10_3(VS - VG)2 + 071(VS - VG) + 096] (9)
and Esc
0.85%20
= (o

where Kc = 1.1 108 A/VYand a is an arbitrary small positive constant introduced to avoid
singularity in the Esc parameter. The overall model, i.e. the channel model combined with
the contact model, is validated in Figure 19 and Figure 20. It accurately predicts (within 10%
error) the transfer and output characteristics of short-channel (L = 5 um) as well as long
channel (L = 800 um) OTFTs with the very same set of physical parameters. The model
parameters have been further adjusted after the yield-optimized fabrication process has
been introduced.

The transistor model has been coded in VerilogA and integrated in the Cadence
Virtuoso® environment. In addition, Monte Carlo simulations have been enabled at this
stage, in order to assess the circuit performance in presence of within-foil variability
(described as device-to-device mismatch) and foil-to-foil variability (defined as process
variation). In this perspective, the current prefactor Ko as been redefined as (11)

Ko = koB (11)

where Kk, is a scaling factor and B is the current prefactor defined in Section 2.5. Both
forms of variability have been represented here with different statistical distributions of the
parameters B and Vru. More in detail, the within-foil variability is modelled in the simulator
using Gaussian distributions for B and Vru, having respectively mean values B and Viy,
associated to the proposed static OTFT model, and standard deviations extracted from
Figure 16. As previously mentioned, since these standard deviations assume different values
according to the transistor channel length, two arbitrary fitting functions have been defined
to reproduce these trends on the circuit simulator respectively given by (12-13):
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o(B—B,L)=1.0110""(L)? + 2.01 10-5(L) + 0.07 (12)

6(Vrgg — Vg, L) = 0.96e700%L 4 01921107 (13)

Likewise, the foil-to-foil variability is reproduced in the circuit simulator using
independent Gaussian distributions of B and Vru, with the parameters as listed in Table 3.
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Figure 19. Measured (black points) and modelled (lines) transfer (a) and output (b) characteristics
of an OTFT featuring W = 1000 um, L = 5 um.
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Figure 20. Measured (black points) and modelled (lines) transfer and output characteristics of an
OTFT featuring W = 1000 um, L = 800 um.
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3.3.2 Dynamic model

The dynamic performance of the transistor is a fundamental design constraint in analog
and digital circuits. The achievable speed in a circuit is mainly limited by the device parasitic
capacitances. These capacitances become even more relevant in the case of printed organic
transistors. Indeed, the printing resolution and the control of the overlay are typically in the
order of ~um (Table 1) and thus comparable with the OTFT channel length. As a
consequence, the layout geometry of the transistors needs to ensure sufficient overlay
margins for each layer stack, leading to relatively large device parasitics.

The proposed dynamic model of the transistor is directly obtained from the static one,
by adding the device parasitic capacitances Ces and Cep according to Figure 21. In order to
enable this description, the intrinsic capacitances of the transistor have been characterized
at different bias operating conditions. The measurement setup consists of an OTFT
connected with probe needles and coax cables to a discrete Si Trans-Impedance Amplifier
(TIA). The DC and AC currents provided by the organic transistor are translated into voltage
by the TIA (Figure 22) and fed to the HP35670A Dynamic Signal Analyzer in order to measure
the frequency response. A 10 pF + 0.01% discrete capacitor CcaL has been introduced to
reduce the frequency span of the analysis, accommodating it to the frequency range of the
Dynamic Signal Analyzer. In order to investigate the bias dependency of the parasitic
capacitances, multiple frequency sweeps have been recorded at different polarization
conditions.

This current approach has been preferred to a direct admittance measurement employed
in [89], due to the sensitivity of the results to the stray capacitances associated to the
measurement setup.

The frequency response of the circuit is analytically derived from the inspection of the small-
signal circuit model in Figure 22.

— Tout ‘Tﬂ = —gm +jw(Cex + Ccar) (14)

RFB Vin

Contact model

Channel model

D

Figure 21. P-type OTFT symbol and its internal dynamic model schematization.
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Small-signal model

—e VDC+VDut

Figure 22. Simplified schematic of the parasitic capacitance measurement setup.

Where gm is the small-signal transconductance and Cex is the parasitic capacitance
between gate and drain (or source according to the bias condition of the transistor). Next,
each measured frequency sweep has been approximated with a first-order polynomial fitting
and the parasitic capacitance value estimated from the fit. The extracted C-V curves for both
Cgp and Cggare shown in Figure 23.

The measurement results show different behavior for the parasitic capacitances Cep and
Css with the respect to the transistor operation regions. Both parasitic capacitances reach
their minimum value when the transistor operates in off-region (Figure 23). Indeed, since the
semiconductor is not yet accumulated only the physical overlaps between source/drain and
gate electrodes contribute to the capacitance value (Figure 24(b)). As the operating condition
of the OTFT reaches the saturation region (Vsp>Vse+VTH), the parasitic capacitances partition
asymmetrically between Cep and Ces. In this scenario, Cep assumes a value nearly equal to half
of the channel capacitance, while Css exhibits a larger value due to the accumulated
semiconductor area in the neighborhood of the source electrode (Figure 24(c)). Finally, in the
linear region of operation, the values of both parasitic capacitances rise, due to the increasing
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Figure 23. Extracted (black points) and modelled (grey dashed) Csp (a) and Cgs (b) capacitances,
for different transistor bias conditions. The C-V curves are measured from an OTFT featuring
W=500um, L=80um, number of fingers NF=1 and C=2.6nF/cm?. Measurements are performed at
VDs=-15V.
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accumulation degree of the overall semiconductor area (Figure 24(d)). In this case, the
parasitic capacitances contributions are determined by the overlap between the gate
electrode and the entire semiconductor pad rather than the transistor channel area only.
Indeed, this is related to the chosen OTFT layout geometry, in which the OSC is completely
enclosed inside the gate electrodes as shown in Figure 24(a). Despite the introduction of
larger parasitic capacitances, this layout strategy allows the minimization of potential
leakage current paths connecting the source and drain electrodes through the
semiconductor, leading to a better control of the transistor off-current.

It should be mentioned here that both Cos and Ces curves presented in in Figure 23 exhibit
trend discontinuities for |Ves| approximately equal to 15V. These effects can be ascribed to
the bias stress associated to the continuous operation of the transistor during the
measurements. Thus, the trend discontinuities occur after the power-off of the
measurement setup, required to modify the bias configuration of the transistor between
saturation and linear region of operation.

An empirical formula has been used together with numerical data fitting to approximate
the parasitic capacitance trends for the different bias conditions, and to scale the parasitics
with the device size and number of fingers NF (in multi-finger devices), leading to Equations
15(a-d):

Cox = Cex1 + Cexz + Cexz (15a)
(lEJ +1) (ﬂ + Lov) FWCI fOr X=S
CGXl = NFZ w NE (15b)
[7] (ﬁ + Lov) FWCI fOr X=D
2
Caxz = x(0.5WLC; — Coxy) (2atan([Vs — Vg + Vrglagx) + 1) (15¢)

2
CGX3 = O(3X(0.5AOSCC1 - alXO.SWLCI - CGXl) (T_I atan([—VG + VTH - VD]“‘I—X) + 1) (15d)

Where Fw is the finger width, Lo is the interconnection overlap per unit length between
drain (source) and gate electrodes, Aosc is the total semiconductor area and aix, Q2x, 03x, Olax
are fitting parameters. This dynamic OTFT model has been coded in VerilogA and integrated
together with the static model in Cadence Virtuoso®.

In this perspective, it should be highlighted that the use of the atan() function in
Equations 15(c-d) allows to reproduce the values of Cex at the different bias conditions
without introducing discontinuities, preventing convergence issues in the circuit simulator.
For the sake of completeness, all the fitting parameters used for the modelling of Cep and
Cas are listed in Table 5.
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Figure 24. (a) Layout of a generic OTFT with NF=1. (b) Parasitic capacitance contributions Cgs;
and Cgp; introduced by the physical overlap between S/D and GATE electrodes. (c) Parasitic
capacitance contributions Cgs, and Cgp, related to the transistor channel accumulation in saturation
region. (d) Partitioning of the parasitic capacitances (Cgs3 and Cgp3) for a transistor operating in
linear region.

Table 5. List of fitting parameters used in the proposed dynamic model of the transistor.

Parasitic capacitance Cex olix ol2x ot3x olax

Cep 0.33 2.01 0.52 0.42
Cas 1.43 0.60 0.34 0.21
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3.3.3 Noise model

The noise behavior of field effect transistors is generally modelled with two current
contributions Int? and Inf?, which are related to the thermal and flicker noise, respectively.
According to [90], the Power Spectral Density associated to the thermal noise contribution
can be estimated from Equation (16):

Stip = 4kgT(2/38m) (16)

Where ks is the Boltzmann constant, T is the temperature, and gm is the
transconductance of the transistor. The latter can be obtained as analytical differentiation
dlgp/ Vg, where Isp is expressed by Equation (5). The resulting formula is given by (17):

(Vsc +VTH
e

VT Vsg+vra)\ 1Y !
i )>[ln(1+e( SV >)] 17)

(VSG+VTH
1+e' &VT

w _
8m = K0 r (E VT)Y 1Y
This formula allows the estimation of gm in both transistor operating conditions, namely
below (Vse < -VH) and above threshold (Vse > -V1h). It can be demonstrated that in the former
case the Equation (17) reduces to (18),

w ) (VSG+VTH) v-1
gmbelow = I<0 r (E VT)Y_ Y|e §Vr (18)
while in the latter, the gm expression becomes (19):
~ g W -1 — Isp
8mapove = Ko TV(Vsg + Vo)™ = e (19)

However, the noise performance in OTFTs is typically dominated mainly by Low-
Frequency Noise (LFN). Due to the modest transistor fr, the LFN contribution is dominant
compared to the thermal one. According to [91], the low-frequency noise (also known as 1/f
or flicker noise) in polymer thin-film transistor can be described by the mobility fluctuation
theory. The expression of the LFN Power Spectral Density (PSD) can be derived using the
phenomenological Hooge equation [92][93] and assuming VRH charge transport in the
organic semiconductor [63]. In this case, the PSD can be expressed as (20) [63]:

Spip = D __ (20)
FID ™ fwLCi (Vs +VTH)
Where f is the frequency, q is the elementary charge and aw is the Hooge parameter.
Noise measurements performed on different circuit architectures have been used to
empirically estimate the value of au, which is for this technology equal to 0.2.
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3.4 Design Rule Manual (DRM)

The design rules are geometrical restrictions used to guide the correct implementation of
the circuit layout. These are typically derived from the manufacturing constraints of the
technology, and therefore are process dependent. Indeed, the use of new inks or
improvements in the printing process often require a redefinition of the design rules.

The reduction of fabrication costs is one of the main objectives in PE. This can be achieved
by employing more aggressive design rules which maximize the device integration density,
thus minimizing the circuit area occupation. This strategy typically leads as well to the
reduction of the parasitic effects, which positively impacts transistor speed. However, these
benefits might be obtained at the expense of a lower device yield. Therefore, a trade-off
between integration density/transistor speed and yield performance is typically observed.

For these reasons, the formalization of the design rules has a crucial role in the development
of the PDK. In this perspective, a reduced set of technological constraints C# are used here
to derive the design rules manual.

e (1 - Layer resolution: defined as the minimum feature size that can be developed
on each layer.

e (2 - Layer registration: it refers to the capability of controlling the overlay during
the layer printing (Table 1).

e (3 - Pattern overflow: provides an estimation of the edge roughness, introduced
by the ink displacement from the nominal design position (Table 1).

e (4 - Safety margin: this parameter is expressed in multiples of C1 and can be used
to obtain more conservative design rules.

ca MW Printed OSC
[ Designed OSC
== S/D electrodes

Figure 25. Bottom view of an OTFT fabricated up to the OSC layer. Technological constraints Cy
highlighted on the OSC layer. (C1) Minimum layer resolution, corresponding to the writing resolution
of the engraved cells. (C2) Maximum pattern misalignment, quantified as displacement of the printed
pattern (grey square) from the designed pattern (red square). (C3) Maximum edge roughness. (C4)
Safe margin which ensures the overlap of the OSC pattern over the S/D contacts, in presence of layer
misalignment.
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The optical characterization of a statistically meaningful number of test structures
contained in the Process Evaluation Module (PEM) mask set has been used to estimate the
values of technological constraints Cs for this technology.

Similarly to the approach proposed in [94] the formalization of the design rules is further
organized according to the three following categories:

e Single-layer rules: define geometrical restrictions limited to shapes belonging to the
same layer. For instance, minimum width and minimum spacing rules (Figure 26)
are part of this category.

e Two-layer rules: regulate the interaction between shapes placed on two different
layers. Distance, overlap and enclosure rules (Figure 26) belong to this group.

e  Multi-layer rules: are two-layer rules only valid within a restricted area, which is
obtained as logical combination of several layers. Multi-layer rules are used to
define transistors and Metal-Semiconductor-Insulator-Metal (MSIM) capacitors.

It is important to remark that all the design rules formalized in the DRM make use of the
C1-C4 constraints only. This enables parametric control of the layout geometries as well as
rapid adaptation of the design rules with feature size downscaling.
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Figure 26. Set of geometrical restrictions used to define design rules.

3.5 Parametrized Cells (PCells)

Parametrized cells have been designed to automatically generate the layout geometry of
resistors, capacitors and transistors according to the master cell in which a set of parameters
is given. This facilitates the design process during the layout stage, reducing the development
time and the risk of design rule violations. Furthermore, the layouts of the PCells are fully
adaptive with respect to the C1-C4 parameters. All PCells have been generated and
integrated in the CAD framework by means of SKILL® scripts.

The high-resolution photolithography process used to develop the source/drain metal layer
can be exploited for the fabrication of resistors with compact footprints. However, due to
the relatively low sheet resistance of that layer (~1Q/sq), only resistance values in the order
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of kQ can be manufactured with reasonable yield. The proposed PCell enables the generation
of a serpentine fashion layout according to four parameters: resistance value, segment width
WR, length LR and spacing SR. The second metal layer (GATE) could be also exploited to
fabricate resistors. Indeed, thanks to the higher sheet resistance (~100Q/sq), larger
resistance values could be achieved. However, the lower printing resolution (Table 1)
together with the large edge roughness, negatively impact the resistor footprint as well its
accuracy, therefore limiting the use of these devices. Metal-Insulator-Metal (MIM)
capacitors can be obtained from the overlap of the two metal layers. Metal-Semiconductor-
Insulator-Metal (MSIM) non-linear capacitors are also available. The PCells enable the
automatic generation of the layout geometry, given the nominal capacitance value. Finally,
the OTFT master cell (Figure 27(a)), has been parametrized according to a set of five main
parameters, which are: channel width W and length L (Figure 27(b)), number of fingers NF
(Figure 27(c)), vertical kv and horizontal kh overlap margins (Figure 27(d)).

It is worth noticing that the technological constraints C1-C4 are also included in all the
component master cells as parameters, in order to improve the versatility of the PCells and
thus the effectiveness of the PDK.

(@ Hs/p (b) (c) (d)
Mosc
I GATE

SN ESS

Master cell wt LY NF 4 kvt kht

Figure 27. (a) OTFT master cell. (b) OTFT layout parametrized according to W and L. (c) Multi-
finger transistor layout obtained for NF=2. (d) Transistor layout with larger OSC/(S/D) overlap
margins.

3.6 PDK integration with Cadence Virtuoso® EDA tools

The developed PDK has been further coupled with the Assura™ Diva® EDA tools, provided
in Cadence Virtuoso®. Diva® is a set of verification tools belonging to the Assura family,
which can be exploited to support the system development along the design flow. Indeed,
this set of verification tools is capable to perform physical design checks together with layout
versus schematic comparisons. These further allow to find errors and design violations at an
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early stage during the design process, providing interactive insights to speed up the error
diagnosis and correction.

In the perspective of developing complex systems-on-foil, the use of at least three EDA
tools is required during the design flow, namely Design Rule Checking (DRC), Layout Versus
Schematics (LVS) and layout parasitic extraction (LPE)

3.6.1 Design Rule Checking

The DRC is an interactive EDA tool used to automatically highlight potential violations of
the design rules at the circuit layout stage. The proposed PDK exploits the design rule checker
provided in the DIVA® software, part of the Cadence® framework. However, the
verifications rule file is here required. This has been created by implementing in SKILL®
language the design rules already formalized in the DRM.

3.6.2 Layout Versus Schematics

The Layout Versus Schematic tool provided in the DIVA® software has been utilized here
for logic comparison between netlists. Given the schematic and layout netlists, the program
provides the results of the comparison, according to the directives specified in the LVS rules
file. For the scope of the proposed PDK, several features have been included in this file.

The logical matching of the two netlists is not sufficient to prevent errors in the layout design
phase. Indeed, device properties must be also checked. This is applied here only on devices
such as resistors, capacitors and transistors, for which their respective parameters
(resistance, capacitance, W and L) are compared. In case of parameter mismatch between
the netlists, a warning message is provided. During the layout phase, the use of the
series/parallel interconnection of multiple instances of the same device could be preferred
to the placement of a single equivalent components. However, if the same approach is not
adopted in the schematic, the netlist comparison fails. A specific functionality has been
implemented here to reduce multiple interconnected instances (resistors, capacitors and
OTFTs) into a single equivalent component in which the related parameters (Resistance,
capacitance, W and L) are adjusted accordingly.

Before an LVS comparison can take place, both the schematic and layout netlists need to be
generated. While the former can be automatically generated from the circuit schematic, the
latter needs to be extracted from the layout. In order to enable this, a specific EXT rule file
has been developed and provided to the software.

3.6.3 Layout Parasitic Extraction

The layout parasitic extraction is performed using the LPE tool, also provided by DIVA®.
Similarly to the layout netlist extraction procedure, an additional rule file is here required.
The devices defined in the layout with intentional masks (on the virtual layers) are not
recognized as potential parasitics and therefore extracted as regular components. A parasitic
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capacitor is instead extracted each time that an overlap between the two metal layers occurs.
The capacitance value is estimated as Aov Ci, where Aov is the area of the overlap and Ci the
capacitance per unit area. Fringing effects are neglected. Parasitic resistors account for the
resistive effects introduced by the routing lines.

The availability of parasitic devices in the extracted netlist enables the possibility to
perform post-layout simulations. Indeed, parasitic effects become more and more relevant
as PE circuits are manufactured over larger areas.

3.7 Conclusions

In this chapter, the PDK developed for the printed unipolar organic technology has been
presented. The proposed PDK includes for the first time in literature a thorough description
of the static, dynamic and noise behavior of the OTFT technology. More specifically, for the
description of the static transistor behavior, a physical-based analytical model has been
developed which exploits the Variable Range Hopping in a Density of States to describe the
charge transport in the organic semiconductors. Furthermore, a basic description of the
parameter variability of the transistors is included in the static model. This allows to
reproduce the effect of within-foil and foil-to-foil variability of the devices in the circuit
simulator. This permits to select circuit architectures which are more resilient to the
parameter spread, reducing the probability of soft failures in the overall system. Even though
this approach improves the trustworthiness of the design flow, further investigations are
required to develop a comprehensive study of the sources of variabilities and quantify
rigorously global and local device parameter variations.

In order to analyze the dynamic behavior of the OTFT, its parasitic capacitances have
been experimentally characterized. An empirical formula has been further defined and fitted
to the measurement results to reproduce the dynamic behavior of the transistor. The noise
model comprises two contributions, namely thermal noise and LFN, where the latter is
typically dominant across the entire OTFT frequency range of operation. An accurate
modeling of the device noise performance is crucial in the design of Analog Front-Ends (AFEs)
for sensor interface applications, or more in general in Analog Mixed Signal (AMS) systems.

In the perspective of designing complex systems-on-foil, the availability of a PDK which
comprises EDA tools for the design flow verification is of paramount importance. However,
EDA tools can only be enabled if design rules are defined first. Thus, the formalization of the
Design Rule Manual plays a crucial role in the development of the PDK. The strategy
proposed in this chapter exploits a reduced set of four technological constraints to derive
the DRM. This very same set of constraints are further used to build the component PCells
and enable EDA tools for design verification such as DRC, LVS and LPE in a commercial CAD
framework. The proposed approach allows to develop the PDK in a bottom-up fashion,
starting from the printing manufacturing process and connecting hierarchically all the
modules required in the design flow. This increases the versatility of the PDK, while ensuring
its rapid adaptation to advancements in the fabrication process.




4. Multi-Stage Organic Line Drivers

In this chapter multi-stage line drivers for matrix addressing applications have been designed
and fabricated with the gravure-printed unipolar organic transistors technology. Different
transistor-level implementations for the single delay stage have been proposed and the
circuit performance is compared by means of simulations. Three typologies of 8-stage organic
line drivers have been developed exploiting the proposed delay stages. Measurement results
have been further used to provide insight in the yield performance of each line driver
architecture, and to select the most robust circuit implementation in the given OTFT
technology.

Parts of this chapter have been published in the IEEE Electron Device Letters [75].




4. Multi-Stage Organic Line Drivers 49

4.1 Introduction

Recent advances in the Printed Electronics have brought the attention on organic
technologies as potential candidate for the massive production of inexpensive mechanically
flexible devices. This could complement the mean-stream silicon technology to enable
innovative solutions in the Internet of Things (loT) market, such as smart sensor arrays or
disposable intelligent labels. The architecture of an intelligent label typically comprises a
display, row and column drivers, data and timing controllers and a power management unit
(Figure 28). Traditionally, row and column drivers are fabricated in silicon mainstream
technologies. However, the new capability of manufacturing printed driving circuits is
relevant from the application point of view, in order to achieve an overall system cost
reduction. Indeed, the integration of the line addressing circuits in fully-printed organic
electronic backplanes for active-matrix solutions such as OLED or electrophoretic displays
[95][96] and sensing surfaces [97][98], allows to minimize the number of interconnections
with the Si-readout electronics, reducing the overall system footprint together with its cost.

The current state-of-the-art counts only few Organic Line Driver (OLD) circuits manufactured
with p-type [44],[99] and complementary [47],[100] organic technologies, mainly fabricated
with photo-lithography processes. As line driver architectures are typically demanding in
terms of circuit complexity, requiring large area and a considerable number of devices, they
are less suitable for printed technologies which intrinsically exhibit modest yield
performance. In addition, the design of robust digital logics and delay stages with unipolar
transistors is extremely challenging due to the large parameter variability and the reduced
noise margin of the conventional inverters [101]. Strategies to mitigate these challenges
exploiting dual gate devices [46], complementary logic gates [51],[53] or improved inverter
architectures [39],[101] have been already demonstrated. However, dual gate devices are
typically not available in printed organic technologies while the fabrication of
complementary transistors requires more complex manufacturing processes, which typically
achieve lower yield performance.
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Figure 28. Simplified block diagram of an intelligent label architecture.
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Even the use of improved inverter configurations still suffer from several limitations. Pseudo-
CMOS inverters [101] and conventional inverters used together with level shifters [39],{101]
can be employed to improve the logic gate noise margin, but at the expenses of higher
transistor count and additional supply of bias voltages. Besides, the gain that can be achieved
with these inverters remains limited by the gain performance of the conventional core
inverter. Due to these challenges, multi-stage organic line drivers manufactured with printed
organic technologies have not been reported in literature yet, to the best of or knowledge.
In order to further assess the potential of the proposed gravure-printed organic technology
[75] to bridge this gap, novel organic line driver architectures have been designed,
manufactured and characterized in this work.

The Chapter is further organized as follows: an overview of the main unipolar inverter
architectures is provided in Section 4.2. The design of several single delay stages is presented
and their performance compared in Section 4.3. Next, the design and the experimental
characterization of three different 8-stage organic line drivers are discussed in Section 4.4.
Finally, conclusions are drawn in Section 4.5.
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4.2 Unipolar inverter gate logic

Various inverter topologies have been proposed in literature to address the design
challenges of logic gates with unipolar technologies. In this section, a brief summary of the
major inverter architectures depicted in Figure 29 is provided, and the simulated
performance of the different configurations is compared in Table 6. The behavior of static
inverters is compared using the following parameters: the minimum VoL and maximum Von
output voltage, the switching threshold voltage Vm (simply defined as inverter trip point)
[102], the input voltages Vi and ViL at which the DC gain of the inverter reduces to
-1V/V [102] and the noise margin values Nm+ and Nw. defined according to [102]. The inverter
dynamic performance is evaluated instead by means of the AC in-band small signal gain, the
rise time Trise and fall time Traw (computed from 10% to 90% of the output final value), the
propagation delay Tphu (Town) associated to a high-to-low (or low-to-high) output voltage
transition (computed at the 50% transition points of the input and output signals) [102], the
average propagation delay Tp, the average power consumption Pw and the Figure-of-Merit
(FOM) expressed by the Energy-Delay Product (EDP). For the sake of completeness, the
circuit simulations are performed for all the inverters with an input clock signal swinging
from Voo to Vss at a frequency of 1Hz, supply voltages of Vbp=18V, Vss=-18V, and an output
loading capacitance of 5pF.

(a) (b)
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Figure 29. Various inverter topologies designed with unipolar transistors only. (a) Diode-
connected inverter, (b) zero-Vgs inverter, (c) bootstrap inverter, (d) pseudo-CMOS inverter and (e)
diode-connected inverter with level shifter.

Diode-Connected Inverter (DCI): it is widely used in literature [101] and it exploits a
diode-connected transistor as load (Figure 29(a)). In order to guarantee the correct
functionality of the inverter, the aspect ratio of the driver transistor needs to be N times
larger than the one of the load transistor. The absolute value of the DC gain is approximately
given by the ratio of the driver and load transconductances [6], and thus by using Equation
(17) the gain is proportional to W, with ¥ the normalized tail-states energy disorder
parameter introduced in Chapter 3. However, in the attempt of achieving gain by employing
N>1, the DC input-output characteristics of the inverter becomes asymmetric, reducing its
noise margin performance. As a result, the simulated gain achieved with this inverter
configuration is only ~-2.8V/V (for N=10, Table 6). Furthermore, the choice of N impacts also
on the separation between the high and low output voltage level of the inverter. Indeed, for
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N<1 the driving current capability of the load transistor prevails the one of the driver, leading
to a reduced output voltage swing which affects the correct functionality of the inverter. On
the other hand, an aspect-ratio between driver and load transistor of N>1, is detrimental for
the dynamic performance of the inverter, resulting in very asymmetric pull-up and pull-down
current capabilities, as shown by the simulated Trise and TravL listed in Table 6.

Zero-Ves Inverter (ZVI): this architecture (Figure 29(b)) exploits a load transistor
connected to have Ves=0V [39][101]. In this case, the load resembles an active load, and thus
the inverter DC gain approaches the intrinsic gain of the technology. For the correct
functionality of the inverter, the load transistor must be designed N times wider than the
driver (assuming the same channel length for both devices). The ratio N determines the
minimum output voltage VoL reached by the inverter. A large N is beneficial to increase the
separation between Vou and Vo, and thus the noise margin, but is detrimental for the DC
gain, which decreases with N. The major drawbacks which limit the use of zero-Ves inverters
are the poor inverter noise margin (N. provided in Table 6) and the weak pull-down current
capability (Traw, Table 6), which severely affects its dynamic performance. The latter effect
is exacerbated in implementations with enhancement-mode transistors, for which the zero-
Ves inverter is clearly impractical.

Bootstrap Inverter (BTI): this configuration (Figure 29(c)) makes use of a bootstrap
capacitance Csr to enhance the output impedance of the load transistor [103][104]. The
bootstrap network further introduces a frequency dependent response of the inverter in a
band-pass fashion. For DC signals the inverter resembles a diode-connected one, due to the
transistor M3 which connects M2 with Vep=0V. At higher frequency, a theoretical in-band
gain as high as the intrinsic gain can be achieved with this configuration. However, the
capacitance partition Cgr, Cprar typically limits the achievable gain to a lower value. This
configuration provides higher gain performance compared to the diode-connected inverter
and larger pull-down current capability (Traw, Table 6) with respect to both diode-connected
and zero-Ves inverters. In addition, due to the bootstrap capacitance the simulated output
voltage approaches the lower voltage supply rail (VoL in Table 6), enhancing the separation
between low and high output levels (Von-VoL). Despite the good dynamic performance, the
bootstrap inverter configuration exhibits also several drawbacks: first, a relatively large
bootstrap capacitance Cgr is required (15 pF employed in the simulations), which could
negatively impact yield. Second, the inverter footprint is typically larger than conventional
inverters (diode-connected and zero-Ves) due to the higher complexity in terms of transistor
count, and again to the capacitance Cer. Third, due to the band-pass behavior, the minimum
operating frequency is limited by the first cut-off frequency, which typically falls in the ~Hz
range.

Pseudo-CMOS Inverter (PCl): it is based on a diode-connected inverter M1-M2 powered
with the supply voltage rails Voo and Vss, followed by a push-pull output stage supplied
between Vop and Gnp (Figure 29(d)) [101]. The diode-connected inverter is primary used to
provide gain, while the output stage improves the overall inverter noise margin, ensures a
more symmetric pull-up and pull-down current and improves the output swing (Trise , TraLL,
and Vow,Vou in Table 6). Furthermore, the static power consumption required by the push-
pull output stage is extremely small: the simulation results provided in Table 6 highlight
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indeed, a comparable power consumption for the DCIl and PCl inverters, leading the latter to
attain the best Energy-Delay Product (EDP) among all simulated inverters. The use of
different supply rails allows also to mitigate the asymmetric input-output characteristic of
the inverter, and enables tunability of the inverter trip point to approximately Vop/2. These
benefits are achieved in this inverter configuration at the expense of an increased complexity
(in terms of transistor count) and thus a larger footprint. Another additional drawback is the
requirement of three voltage supplies for the correct functionality of the circuit.

Diode-Connected Inverter with Level Shifter (DCILS): this configuration is used to
mitigate the asymmetry of the input-output characteristic in a diode-connected inverter,
improving the overall gate noise margin [39]. This is achieved by cascading a level shifter
implemented by the transistors M1-M2 in a source follower configuration, at the input of
the diode-connected inverter (Figure 29(c)). A proper design of the level shifter allows to
adjust the inverter trip point restoring the symmetry of the input-output characteristics (Vm
in Table 6). Moreover, simulation results reveal more symmetric noise margins: Nvn=9 V,
Nm=9.4 V compared to Nwmn=0.2 V, Nm=29.8 V for the conventional diode-connected
inverter. However, the introduction of the level shifter circuit has a negative impact on the
speed and power consumption performance. With an increase of about 11% in the total
power consumption (compared to the DCI) the propagation delay (T,, Table 6) drops by a
factor 3.5. Therefore, an additional trade-off is introduced in the inverter design between
power consumption and speed. Similarly to the PCI, the DCILS implementation requires 4
OTFTs with consequent larger area occupation compared to the inverter configurations
requiring only the driver and load transistor.

Table 6. Inverter performance comparison (based on simulations).

Parameter Unit DCI ZVI BTI PCI DCILS
Vm [V] 7 15 N/A 9.4 0
VoL [V] -15 -15.2 -18 0 -15
Von V] 16.1 18 16.2 18 15.3
Vi V] 4.4 14.6 N/A 7.2 -5.6
Vin [V] 15.9 17.3 N/A 12.2 6.3
NmL [V] 19.4 29.9 N/A 7.2 9.4
NwmH [V] 0.2 0.7 N/A 5.8 9
DC gain [V/V] -2.8 -29.6 -2.9 -3.4 -2.4
In-band AC gain  [V/V] -2.8 -29.6 -11 -3.4 -2.4
Trise [us] 2.7 29.3 2.9 1.8 12.6
TealL [us] 252.6 4.0x10° 42.4 333 328
ToHt [us] 26.8 1.4x10° 23.1 26.7 1.4
ToLH [us] 1.8 13.9 2 1.4 10.8
T [us] 14.3 7.2x10* 15.5 14 50.9
Pw [uW] 292 4.8x102 272 292 326

EDP [fls] 60 2.7x10° 65.1 57.4 844
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4.3 Single delay stages

In this work the base memory element for multi-stage line driver circuits is defined as
delay stage. Single delay stages can be implemented with different logic approaches, namely
dynamic, static and transmission-gate based. Dynamic logic typically allows more compact
implementations compared to static and pseudo-static (based on pass-gate/transmission-
gate) approaches [105], requiring a reduced number of gates, thus minimizing sensitivity to
hard faults and power consumption. Indeed, the power consumption of logic based on
unipolar inverters is typically dominated by the static contributions, associated to the
current flowing through driver and load transistors [105]. The dynamic power consumption
associated to the charging and discharging of the output capacitance is generally negligible,
due to the modest switching frequencies that printed transistors can achieve [74]. Despite
these advantages, the dynamic circuits are less robust to excessive gate leakage issues
compare to the other approaches, since the information is temporarily stored on
capacitances. Therefore, the availability of OTFT technologies exhibiting large lon/lorr ratio is
of paramount importance in the design of dynamic circuits. Besides, dynamic logic requires
a minimum operating frequency in order to ensure correct circuit functionality. The use of
static logic can be beneficial to mitigate the sensitivity to excessive leakage issues, enabling
architectures that are more robust to leakage, at the expense of complexity (in terms of
transistor count) and thus of the overall circuit hard yield performance. A trade-off between
hard and soft yield performance can be obtained employing pseudo-static logic. This
approach somehow combines the circuit robustness typical of static logic, with the
compactness of dynamic implementations.

In this section, the design of four different single delay stages with printed unipolar OTFT
technology [75] is discussed and the simulated performance compared in Table 7. The
architecture of each proposed delay stage exploits a specific logic strategy, namely dynamic,
pseudo-static or static, covering (at high level) all the possible approaches available in
literature. The transistor-level implementation aims to simplify the circuit complexity (in
terms of device count) in order to maximize the overall circuit yield. To do so, the design of
digital circuits is carried out by employing different inverter topologies. This strategy permits
to exploit the key features of each inverter typology, in critical points of the circuit, allowing
to reduce the number of devices required. In this scenario, two novel dynamic cells have
been proposed which require the least number of devices among all the implementations
with unipolar organic technologies reported to-date in literature. However, dynamic logic
circuits typically suffer from soft failures due to excessive leakage current in the transistors.
For this reason, potentially more robust implementations based on pseudo-static and static
logics are also investigated. The simulation results obtained for the different delay stages
allow to identify the circuit architecture which outperforms the others according to desired
requirements such as energy efficiency, speed performance, complexity, area occupation,
etc. Circuit simulations are performed using clock and data signals which produce at the
output of each cell a 50% duty cycle square waveform at a frequency of 200 Hz. In addition,
the output of each cell is fed to a second identical delay stage in order to account for loading
effects. All the delay stages employ supply voltages of Vpp=18 V, Vss=-18 V.
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Table 7. Single delay stage performance comparison (based on simulations)

Parameter Unit DyC SCC PGC Static
Number of VIAs 11 9 14 23
Number of devices 12 11 18 32
Area occupation [cm?] 0.30 0.43 0.67 1.34
Integration density [device/cm?] 40 25 26 23
Toun [us] 56.5 47.2 80 50.1
ToHt [us] 301 295.6 150 123.5
To [ps] 178.8 171.4 114.5 86.8
Power consumption [uW] 223.8 32.5 709.6 2x103
Energy-Delay Product (EDP) [pJs] 7.1 0.9 9.3 15.1

Dynamic Cell (DyC): this proposed single delay stage (Figure 30(a)) exploits clocked logic
gates [105] to control the propagation of the input D at each rising edge of the clock signals
CK and CK (Figure 30(b)). This functionality is implemented on the push-pull output stages
(M4-M6 and M9-M11) of both bootstrap (M1-M3) and diode-connected (M7-M8) inverters.
In this circuit, the switches M5 and M10 cause a reduction of the output voltage swing, which
would lead to circuit failures when propagating over multiple stages. This issue is solved here
by placing a bootstrap inverter (M1-M3, C1) as first inverter of the cell. This inverter achieves
nearly rail-to-rail output voltages using three transistors and a 15 pF bootstrap capacitance,
thus allowing to restore the correct signal voltage levels. The output signal of DyC is
extracted at node Qn. For the correct functionality of the cell, complementary clock signals
are required. In this perspective, non-overlapping complementary clocks should be used to
avoid race conditions, and thus prevent the circuit form failures. However, the skew time
introduced during the generation of overlapping clocks with off-the-shelf Si-discrete
components is typically much smaller than the propagation delay time of the organic
inverters (Table 6). With this restriction, overlapping clocks can still be safely employed for
the driving of the delay stage. It is worth noticing that the DyC stage cannot be directly used
as D-type Flip Flop (DFF) since low-to-high transitions of the input D are transparent to the
output Qnwhen the clock signal CK is low. A DyC can be simply modified to implement a DFF
by placing two additional switches between M5-M6 and M10-M11, respectively. In the
perspective of developing multi-stage line drivers, the use of D-type flip flops to control the
propagation of the input signal D is not strictly necessary. As shown in Figure 30(b), this can
be also achieved with the proposed DyC simply ensuring a proper synchronization of the
input D and clock signals. The proposed cell comprises 11 devices (10 OTFT and a 15pF
capacitor) which can be placed in a compact layout arrangement (Figure 33 (a)) leading to
an integration density as high as 40 device/cm? (Table 7). This is mainly due to the reduced
number of routing crossovers required, which typically demand large interconnection area
due to the relatively low printing resolution of the GATE layer (Table 1). In terms of energy
efficiency, the proposed dynamic cell outperforms the static and pseudo-static architectures
as highlighted by the Energy-Delay Product (EDP) which in this case reaches 7 pJs (Table 7).
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Figure 30. (a) Transistor-level implementation of the proposed Dynamic Cell (DyC). (b) Simulated
time evolution of CIN, CK, X and Qy signals.

Scan Circuit Cell (SCC): it is a single delay stage also based on dynamic logic (Figure 31(b)),
which exploits as memory element the capacitive partition between the explicit capacitor C2
and stray capacitance Cp [106]. The scan circuit further requires for its correct functionality,
complementary clock signals, the input data CIN and the reset signal RST. The working
principle of the cell is briefly explained as follows: CIN is initially assumed high and therefore,
M5 pulls the X node towards Vss. In order to maximize the pull-down current capability, a
bootstrap inverter (M1-M3, C1) followed by a push-pull output stage (M4-M5), has been
preferred to a diode connected inverter (this configuration resembles the PCl). When a high-
to-low transition of CIN occurs (Figure 31(b)), the nodes X and Y are both tied to Voo by the
transistors M4 and M6, respectively (initialization phase). After the successive low-to-high
CIN transition (Figure 31(b)), the X node is tied to Vss and the Y node set to a potential
determined by the capacitive partitioning C2, Cp (hold phase). Next, the RST is asserted to
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Figure 31. Transistor-level implementation of the proposed Scan Circuit Cell (SCC). (b) Simulated
time evolution of CIN, RST, CK, X and Qy signals.
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refresh the memory cell (reset phase). In order to ensure the correct propagation of the
output pulse Qn a proper time synchronization between the signals CIN, RST, CK and CK, is
required. In particular, in order to generate an output signal with 50% duty cycle the
initialization and reset phases take place at the same time.

The scan circuit implementation comprises 11 devices per delay stage and requires an
area of 0.43 cm?. Despite its compact layout (Figure 33 (b)), the large capacitance C2
negatively impacts the integration density, which for this structure does not exceed 25
device/cm?. In order to guarantee sufficient separation between the high and low output
levels, the capacitance ratio C2/Cp needs to be maximized. However, a large value of the
capacitor C2, intrinsically exposes the circuit to higher probability of failure. Therefore, as
trade-off, a capacitance C2 of 60pF has been chosen. In terms of energy efficiency the scan
circuit attains the lowest EDP performance (0.9 pJs) compared to all other implementations
(Table 7).

Pass-Gate Cell (PGC): in this case the delay stage is a DFF implemented with pseudo-
static logic [47]. The schematic of the cell is provided in Figure 32(a). This configuration
exploits four switches (M1, M6, M7 and M12) driven with complementary clock signals to
control the delay in the propagation of the input D Figure 32(b). The same considerations
presented for the DyC and concerning non-overlapping complementary clock signals apply
in this case. The memory elements of the cell consist of DCls which can be dynamically
connected in back-to-back configuration (acting as static latches), by means of the transistors
M6 and M12. This feature prevents the circuit from failures due to excessive leakage (typical
of the dynamic logic). Due to the absence of the complementary n-type OTFT, the four
switches are implemented with p-type transistors only. Consequently, the propagation of
the input signal D through the pass-gate transistors experiences an amplitude loss of about
a threshold voltage V. This voltage reduction is fully compensated by the bootstrap inverter
M15-M17, C1 placed at the output of the cell. Additionally, to maintain the same polarity of
Qn with the input signal D, the diode-connected inverter M13-M14 is added to the signal
chain.
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Figure 32. (a) Transistor-level implementation of a Pass-Gate Cell.
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This implementation of the PGC requires 18 devices (17 OTFT and a 15 pF capacitor),
leading to a cell footprint of 0.67 cm?. The presence of the pass-gate transistors together
with high number of routing crossover reduces the compactness of the layout, leading to an
integration density of 26 device/cm?. Furthermore, the simulation results provided in Table
7 reveal that the designed transmission-gate DFF achieves superior speed performance
compared to both dynamic cells (Tp, Table 7). However, this is obtained at the expense of
lower energy efficiency.

Static cell: this architecture is typically the most robust to OTFT parameter variations and
excessive leakage issues. The schematic of the conventional fully static DFF is provided in
[47]. In order to reduce the number of devices required by the static cell, all the logic gates
are implemented using diode-connected loads. This strategy leads to a total number of 32
OTFTs arranged in an area of 1.34 mm?2. Due to the large number of interconnections
required on the second metal layer (Figure 33 (d)), the integration density for this structure
does not exceed 23 device/cm?.

Fully-static DFF are typically power hungry and less energy efficient compared to other
approaches, as highlighted in Table 7. Despite these drawbacks, this architecture achieves
the lowest propagation delay (TD= 86.8 us, Table 7) at the given supply voltage. Therefore,
if the speed performance is the main concern in the design of the digital circuit with unipolar
OTFTs, the use of static logic employing diode-connected load transistors ensures the best
performance. Of course, serious hard yield issues may affect this implementation of the
delay stage that requires the highest number of OTFTs.

Figure 33. Layout comparison between (a) DyC, (b) SCC, (c) PGC and (d) static single delay stage.
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4.4 8-stage Organic Line Drivers

Multi-stage organic line drivers have been designed exploiting the delay stages
introduced in the previous section. Since no specific display or sensor matrix was targeted,
the number of delay stages has been chosen in order to enable the fabrication of the Organic
Line Driver (OLD) circuits with reasonable yield. A rough estimation of the maximum
achievable circuit complexity (in terms of device count) for this technology can be obtained
by considering the device yield value of 99.8% (discussed in Chapter 2) and assuming a
maximum OLD circuit defectivity rate of ~ 30%. This corresponds to architectures which
comprise a maximum number of ~ 200 devices. It is important to remark that this result
provides only a rough indication. Indeed, the considered device yield value has been
assessed for this technology, considering devices (OTFTs only) with constant gate area and
calculated over a number of samples which is not sufficient to extract statistically meaningful
information.

Three multi-stage OLDs have been designed with different gate logic approaches, in order
to investigate the robustness and compare the performance of the different architectures.
In this perspective, both proposed dynamic cells (DyC and SCC) and the pseudo-static DFF
have been exploited for the implementation of the OLDs. On the contrary, line driver
implementations which make use of a fully-static logic have been avoided since they are
extremely demanding in terms of complexity. Moreover, according to the previous yield
considerations, all the proposed OLD architectures were designed with 8-stages only. In this
way, the developed circuit architectures do not exceed complexity of ~200 devices,
regardless the chosen topology. It is expected however, that OLDs with larger number of
stages could be manufactured maintaining a reasonable yield, as the technology will
approach a higher level of maturity. OLDs with the current number of stages could be
suitable to develop line addressing solutions for large-area sensor matrix applications, but
not for display driving applications, where the number of lines required is in typically
significantly higher.

The three versions of the 8-stage line drivers have been designed and laid out exploiting
the Process Design Kit developed in Chapter 3. The designed circuits (3 repetitions of the
OLD based on DyCs, 4 repetitions of the OLD developed with SCCs and 2 replicas of the OLD
realized with PGCs) have been accommodated in a 126 x 126 mm? module of the GEN1 mask-
set. The photograph of the fabricated module is provided in Figure 34. The design and
characterization of each OLD architecture are discussed in detail in the next sections while
the comparison of the measured performance is provided in Table 8.
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Figure 34. Photograph of the fabricated 126 x 126 mm? module, comprising a total number of 9
line driving circuits. (a) 4 OLDs based on DyCs. (b) 3 OLDs based on SCCs. (c) 2 OLDs based on PGCs.

Table 8. Organic line driver performance comparison (based on measurements)

OLD architecture based on

Parameter Unit DyCs SCCs PGCs
Area occupation [cm?] 6.6 9.5 14.8
Integration density [device/cm?] 22 16 12
Max. Tp [us] 375 525 312.5
Max. Trise [us] 76 78 68.2
Max TraLL [us] 834 325.3 267.3
Max VoL \Y] -11 -6.4 -16
Min Von \Y] 17 16.9 15
Power consumption [mW] 3.2 3 11.2
Energy-Delay Product (EDP)? [pJs] 56.2 103.3 136
Number of required devices 148 152 192
Tested structures 15 20 10
Structure yield [%] 100 65 80
Relative current dev. under tensile strain ~ [%] <12 <5 <4

4.4.1 OLD based on DyCs

In this section, an 8-stage line drivers exploiting a cascade of eight DyCs is proposed
(Figure 35(a)). Arrays of inverters serve as output buffers, in order to ensure sufficient
current capability to drive the output line capacitance (estimated to be 10 pF). A pseudo-
CMOS inverter (Figure 35(b)) is preferred to a diode-connected one as output stage, thanks
to its better dynamic performance (Table 6), which is achieved here at the expenses of a

reduced output swing.

2 Referred to a single delay stage. EDP=Power consumption x Tp?/Number of OLD stages.
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Figure 35. (a) Gate-level implementation of the 8-stage organic line drivers based on DyCs. (b)
Transistor-level implementation of the inverters 11, 12 and 3.

The measurements of the 8-stage organic line drivers were performed more than 4 weeks
after the foil fabrication, in air and dark conditions. The measurement setup consists of a
PCB, provided with Si-interface electronics (developed with off-the-shelf components) and a
National Instruments data acquisition board (NI 6259 DAQ) used for the generation of the
synchronization signals, and the readout of the line driver output signals. The Si-interface
electronics makes use of three comparators to enable the matching of the synchronization
signal voltage levels between the DAQ and the foil, and an array of 8 operational amplifiers
in feedback configuration to serve as voltage buffer for the readout the OLD output signals.
An additional adaptor equipped with a 0.5 mm pitch 18-pin flip-lock connector is used to
engage the line driver on foil and connect the latter to the main PCB. The picture of the
complete measurement setup is provided in Figure 36.

NI 6259 i

Figure 36. Measurement setup used for the characterization of the line driver circuits.

The OLD is driven with 200 Hz complementary clocks in order to produce 2.5 ms line pulse
widths. The time interval between the assertion of the first VL1 and the last VL8 output line
is here defined as frame. The generation of the output line signals (VL1-VL8) is initiated in
each frame by a pulsed signal (low->high->low) applied on CIN (Figure 37).

The complete system consumes 87.9 pA with a dual supply voltage of £18 V. The current
consumption is nearly equally divided between the sequential logic (44.6 pA) and the output
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buffers (43.3 pA). The maximum propagation delay measured among the output lines is 375
us, the largest rise time and fall time read respectively 76 ps and 834 us, while the minimum
output line swing ranges from 17 V to -11 V. The corresponding Energy-Delay Product,
calculated for a single delay stage is equal to 56.2 pJs. The output waveforms recorded by
the 8-stage organic line drivers are presented in Figure 37.
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Figure 37. Recorded output signals of the 8-stage line drivers developed with dynamic DyCs.
Each output line is displayed with a vertical offset to improve the clarity.
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The complete organic line driver architecture (delay stages and output buffers) counts
139 transistors and 9 capacitors, requiring an area of 6.6 cm? and leading to an integration
density of 22 device/cm?. The micrograph of the circuit is provided in Figure 38.
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Figure 38. Micrograph of the printed 8-stage organic line drivers based on SCCs.

The correct functionality of the line drivers becomes critical as the clock frequency reduces
below ~ 100 Hz, due to soft failures generated by excessive leakage current. At nominal
operating frequency, failures in the circuit functionality have been observed when the
measurements are performed in light conditions. Indeed, one of the major effects of the
light exposure observed on the printed OTFT fabricated in this technology [74] is the increase
of leakage current with consequent reduction of the lon/lorr ratio.

The hard yield performance of the proposed 8-stage organic line drivers has been also
assessed. The functionality of 15 out of 15 line driver circuits has been successfully verified
over 5 successive printed foils leading to 100% fully-working structures.

The line driver circuit functionality has been also evaluated under mechanical stress
conditions. This is particularly relevant for applications in which the mechanical flexibility of
the overall system is required. In this perspective, strain was applied on the circuit, by means
of mechanical bending of the plastic substrate over cylindrical plastic supports characterized
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by different radius (Figure 39(a)). The superficial strain induced on the OTFTs was evaluated
according to the formula reported in [107]:
S0 = o (21)
where, teen is the thickness of the substrate (125 um) and R is the bending radius, ranging
in this analysis between 13 mm and 32.5 mm. For the sake of completeness, it should be
mentioned that only tensile strain was applied in these characterizations. Compressive
strains could be also applied to the sample. However, this would require in the current
measurement setup, the introduction of a printed protective layer on top of the technology
stack, in order to prevent damages of the electronics due to the contact with the plastic
supports. The effects of the mechanical stress on the circuit are evaluated by measuring
variation of the total current consumption Alop during the bending condition with the respect
to the lop in flat state (absence of applied strain). The results presented in Figure 39(b) reveal
a maximum decrease of the current consumption from its initial value of about 11% along
the entire range of analysis. In addition, the current consumption reduction introduced by
the mechanical stress is a non-reversible effect. After the application of mechanical stress,
the sample is not capable to recover the value of current consumption Ipp initially recorded,
even in absence of applied strain. Despite the current consumption reduction, the correct
functionality of the OLD has been successfully verified in all the tested bending conditions.
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Figure 39. (a) Measurement setup used for the evaluation of the mechanical stress effects
induced on an 8-stage organic line drivers in bending condition. (b) Normalized variation of the DyC
based OLD total current consumption under mechanical stress (tensile strain).
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4.4.2 OLD based on SCCs

This section describes the proposed 8-stage line drivers composed of SCCs,
interconnected as shown in Figure 40(a). This configuration allows to automatically generate
the RST signal for each cell, without using additional inputs, and thus minimizing the number
of external connections with the Si-readout electronics. The arrangement of the SCCs
presented in Figure 40(a) permits to realize line driver architectures with an even number of
delay stages only. This constraint is introduced by the alternate distribution of the clock
signals among the cells, which enables the output lines of successive even (or odd) delay
stages only at integer multiples of the clock period. This limitation can be overcome by
rearranging the clock signal interconnections within each cell.

The output signal is extracted for each stage at the terminal Qn-1rather than Qu in order
to minimize the loading effects on the latter node. Indeed, as explained in Section 4.3, the
SCC exploits a capacitive partitioning between Cz and the parasitic capacitance Cr as memory
element (Figure 31(a)). In order to maximize the separation between the high and low
voltage levels, the ratio C2/Cp needs to be also maximized. In this perspective, the extraction
of the output signal at the node Qn would further increase the loading effects, and thus the
requirement for a larger explicit capacitor Cz. The output signal of each delay stage is fed to
an array of tapered inverters |1, and finally connected to a pseudo-CMOS inverter Iz, in order
to drive the output line capacitance (estimated to be 10pF) with sufficient current capability.
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Figure 40. (a) Gate-level implementation of the 8-stage organic line drivers based on SCCs. (b)
Transistor-level implementation of the inverters 11 and 12.

The proposed 8-stage organic line drivers have been measured more than 4 weeks after
the foil fabrication in air and dark conditions using the very same measurement setup
described in Figure 36. Similarly to the DyC based OLD, the circuit is driven by 200 Hz
complementary clocks, in order to produce 2.5 ms line pulse widths. The generation of the
output line signals (VL1-VL8) is initiated in each frame by applying a pulsed signal
(high->low->high) on the input CIN.
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The measurement results reveal a current consumption for the entire circuit of about 84.1
MA with a dual supply voltage of £18 V. More in detail, the sequential logic requires 3.1 pA
while the output buffers 81 pA. The use of SCCs allows to build sequential circuit with lower
power consumption compared to DyCs based architectures. However, the additional
inverter chain required in the output buffer stages, partially reduces this benefit. Indeed, the
power consumption of this OLD architecture is mainly determined by the output buffer
stages rather than the sequential logic. The maximum propagation delay measured among
the output lines is 525 ps, which leads to and EDP of 103.3 pJs (for a single delay stage). In
addition, the largest rise time and fall time are respectively 78 us and 329.3 us, while the
minimum output voltage levels of the lines range from 16.9 V to -6.4 V. The output
waveforms recorded by the 8-stage organic line drivers are presented in Figure 41.

Unlike the OLD based on DyCs, this architecture enables the generation of non-
overlapping output line VL1-VL8 signals. In other words, between the assertion of two
successive output lines VLN and VLN+1 the presence of a blank time interval is always
guaranteed. This feature is typically preferred in display driving applications, in order to
ensure a good isolation between pixels of adjacent lines, during the writing operations.
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Figure 41. Recorded output signals of the 8-stage line drivers based on SCCs. Each output line is

displayed with a vertical offset to improve the clarity.

The implementation of the organic line drivers (delay stages and output buffers) requires
136 transistors and 16 capacitors, distributed over an area of 9.5 cm?. The micrograph of the
circuit is shown in Figure 42.
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Figure 42. Micrograph of the printed 8-stage organic line drivers based on SCCs.

Differently from the OLD architecture presented in Section 4.4.1, the functionality of the
circuit is typically less critical at low clock frequencies (~10 Hz) and under ambient light
exposure. Indeed, the dynamic logic relies on the explicit capacitor C2 which is in this design
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more than an order of magnitude larger than the stray capacitances of the OTFTs, leading to
a higher hold time performance for this dynamic logic.

In term of yield performance, the functionality of 13 out of 20 line driver circuits has been
successfully verified over 5 printed foils leading to 65% fully working structures. Despite this
architecture exhibits a circuit complexity (in terms of device count) comparable to the DyC
based OLD, the circuit defectivity rate reaches 35%. This loss of yield performance could be
attributed to defects in the fabrication of the explicit capacitors C.. Each capacitor requires
area ~30 times larger than the average OTFT gate area, which further leads to a larger
probability of defect formations.

Mechanical stress tests have been also performed on the proposed OLD. The circuit on
foil has been mounted around cylindrical supports featuring different radius ranging from 13
mm to 32.5 mm, in order to induce superficial tensile strain on the printed circuit. In this
condition, the average current consumption has been recorded for each value of applied
tensile strain. The measurement results are provided in Figure 43.
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Figure 43. Normalized variation of the SCC based OLD total current consumption under
mechanical stress (tensile strain).

The data displayed Figure 43 show a reduction of the overall circuit current consumption
associated to the mechanical stress of the OTFTs, which however remains below 5% along
the tensile strain span of analysis. Similarly to the case of the OLD based on DyCs, also here
the mechanical stress tests produce irreversible effects on the OTFTs. Interestingly, the
comparison of the results shown in Figure 39(b) and Figure 43(b), for the two OLD
implementations based on DyCs and SCCs, seems to suggest that the latter architecture is
less sensitive to mechanical stress (tensile strain). Indeed, the maximum relative current
consumption displacement changes nearly 12% in the first case, and 5% in the second.
However, since the characterized OLDs belong to different foils, this performance
discrepancy could also be introduced by the dissimilar fabrication conditions at which the
two samples have been subjected. Further investigations are therefore required to draw
conclusions. Also in this case, the correct functionality of the OLD is verified during all the
mechanical stress tests.
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4.4.3 OLD based on PGCs

An 8-bit shift register can be obtained as cascade of D-type Flip Flops (Figure 44(a)). This
digital circuit provides the same logic functionality as a line drivers. The DFF has been
implemented exploiting the pseudo-static cell (Figure 32(a)) rather than the static one,
because of the lower number of transistor required. However, both approaches are more
robust against circuit failures caused by excessive leakage currents. Similarly to the previous
OLDs, the proposed 8-stage line drivers combines sequential logic with arrays of inverters
used as voltage buffers (Figure 44(a)). The output stage is based on a pseudo-CMOS inverter
(12 component, Figure 44(b)) designed to drive the 10 pF line capacitance. The complete
architecture of the proposed OLD is provided in Figure 44(a).
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Figure 44. (a) Gate-level implementation of the 8-stage organic line drivers based on PGCs. (b)
Transistor-level implementation of the inverters 11 and 12.

The characterization of the 8-stage organic line drivers was performed in air and dark
conditions using the measurement setup described in Figure 36, at least 4 weeks after the
fabrication of the foils. The circuit is powered with a supply voltage +18 V and driven by 400
Hz complementary clocks in order to control the signal propagation through the DFF chain
and produce output line pulse widths of 2.5 ms. The generation of the output line signals
(VL1-VL8) is initiated in each time frame by means of the input signal D.

The total current consumption of the system is 230 pA, nearly equally divided between
the sequential logic (116 pA) and the output buffers (114 pA). In terms of dynamic
performance the OLD based on PGCs outperforms the implementations based on dynamic
logic (Table 8). Indeed, the maximum propagation delay measured among the output lines
is 312.5 ps, the largest rise time and fall time read respectively 68.2 us and 267.3 s, while
the minimum output line swing ranges from 15.7 V to -16 V. However, these benefits are
achieved with lower energy efficiency (EDP= 136 pJs). The output waveforms recorded by
the 8-stage organic line drivers are presented in Figure 45.

The complete OLD circuit counts 192 devices, of which 184 are transistors and 8
capacitors, placed over an area of 14.8 cm?. The corresponding integration density is 12
device/cm?, nearly a factor 2 lower than the DyC based OLD. The micrograph of the circuit is
provided in Figure 46.
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Figure 45. Recorded output signals of the 8-stage line drivers developed with PGCs. Each output
line is displayed with a vertical offset to improve the clarity.

Unlike the OLD based on DyCs, this line driver architecture does not suffer from soft
failures caused by low clock frequency operation mode or light exposure. Measurements
performed in light conditions condition and at low frequency of operation (clock frequency
<100 Hz) show no significant impact on the correct functionality of the OLD, further proving
the robustness of the circuit to excessive leakage currents. The evaluation of the circuit
defectivity due to hard faults reveals that 8 out of 10 line driver circuits are functional leading
to 80% fully-working OLDs. Even though the number of analyzed samples does not allow to
extract quantitative and statistically meaningful information on the failure rate of the circuit,
it should be highlighted that the higher transistor count required by the pseudo-static logic
compared to the dynamic ones, has a clear detrimental effect on the overall yield
performance.
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Figure 46. Micrograph of the printed 8-stage OLD based on PGCs.

Likewise for the previous OLDs the impact of the tensile strain induced by the bending of
the substrate on the circuit has been also evaluated with the very same measurement setup.
The normalized current consumption variation curve extracted at the different tensile strain
levels is presented in Figure 47.The measurement results show that the mechanical stress
tests cause a maximum relative current consumption reduction < 3.6% along the entire range
of analysis, which however does not affect the correct functionality of the circuit. These
results are in line with the outcome of the mechanical stress tests performed on the OLD
implemented with SCCs (Table 8). For completeness, it should be added that both tested
samples belong to the same foil.
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Figure 47. Normalized variation of the PGC based OLD current consumption under mechanical
stress.

4.5 Conclusions

In this Chapter has been discussed the design and characterization of multi-stage line driver
circuits for matrix addressing applications, developed with printed unipolar organic
technologies. Different logic approaches (dynamic, pseudo-static and static) have been
investigated to develop single delay stages, which compose the core of line driver
architectures. One of the major concern in the design of digital circuits with printed OTFTs is
the complexity (in terms of device number) of the architecture. Indeed, printed organic
technologies typically achieve modest device yield performance, and therefore to
manufacture circuits with reasonable yield, the number of devices utilized needs to be
minimized. Towards this achievement, the design of the digital circuits has been here
performed here by combining different topologies of inverter implementations within the
same functional block. This strategy is here preferred to the classical approach which makes
use of the same inverter topology to develop the digital building blocks. This allows to exploit
the key features of each inverter configuration in the critical points of the circuit, enabling
the reduction of the complexity, power consumption and area occupation. In this scenario,
two novel dynamic delay stages (DyC and SCC) have been proposed, which allow compact
implementations with a reduced number of devices.

Circuit simulation have been used to compare the electrical performance of the proposed
dynamic delay stages with conventional static and pseudo-static architectures. The outcome
of this analysis shows that the proposed dynamic logic achieve higher energy efficiency
compared to the static and pseudo-static counterparts, due to the reduced number of
inverters and thus static current paths active in the circuit. In addition, the minimization of
the circuit complexity further leads to smaller circuit footprints which facilitate the
integration of the line drivers in matrix-addressing applications such as displays or sensor
matrices.

In order to experimentally verify the simulation results obtained for the single delay stage
and further assess the potentiality of the OTFT technology, three different multi-stage
organic line driver circuits have been designed, manufactured and evaluated. More in detail,
two of the developed line drivers make use of dynamic delay stages, while the third
architecture is based on pseudo-static cells. Preliminary calculations based on the
technology yield analysis provided in Chapter 2, indicate that only circuit architectures
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employing less than ~200 devices can be theoretically fabricated with reasonable yield. For
this reason, the OLD number of stages in the OLD was limited to 8.

The evaluation of the line driving circuits further confirm the preliminary results
extracted from circuit simulations. Both OLDs based on dynamic logic outperform the
pseudo-static one in terms of energy efficiency, area occupation and integration density
(Table 8). In particular, with an Energy-Delay Product (EDP) of 56.2pJs (referred to a single
delay stage) the OLD architecture based on DyCs is the most energy efficient. On the contrary,
even though the second dynamic OLD exploits SCCs which are beneficial towards the overall
power consumption reduction, the presence of an additional array of output buffers
required to achieve the correct output signal polarity, nullifies this positive effect. This
limitation could be mitigated by selecting Qn as output node of the delay stage, at the
expense of larger value of the explicit capacitor Cz required to compensate the effects of the
additional parasitic capacitance introduced.

The proposed OLDs implemented with both dynamic logic schemes are well suited for
applications in which the power consumption and area occupation are the main concerns.
However, for the correct functionality of the circuits, a minimal operating frequency applies
of ~100 Hz and ~10 Hz, for the DyC and SCC versions, respectively. As direct consequence
of this constraint, the versatility of both OLDs is reduced. On the other hand, the line driver
circuit developed with pseudo-static logic, performs well in terms of speed and output
voltage capability without requiring a minimum operating frequency.

From a functionality perspective, the electrical evaluation of the proposed OLD
architectures reveal yield values ranging from 65% (for the SCC versions) to 100% (for the
DyC versions) as reported in Table 8. The yield performance of the latter architecture is
extracted over 15 samples, corresponding to a total number of 2085 working OTFTs. This
result is not in contrast with the device yield analysis discussed in Chapter 2. Indeed, the
multi-fingered transistors used in this circuit typically require smaller gate area compared to
the TLM layouts used for OTFT characterization, and therefore are less prone to defects.
These circuits all together can potentially address a 120-rows matrix, enabling e.g. flexible
displays featuring Quarter Quarter Video Graphics Array (QQVGA) resolution (160 x 120
pixels).

The 8-stage organic line driver functionality was also evaluated under mechanical stress
conditions for each proposed implementation. This information is particularly relevant for
applications such as sensor matrices or foldable displays, in which the mechanical flexibility
of the overall system is a fundamental aspect. In this perspective, tensile strain was applied
on the circuit, by means of mechanical bending of the plastic substrate over cylindrical plastic
supports with radius ranging from 13 mm and 32.5 mm. The effects of the mechanical stress
on the circuits are evaluated by measuring the variation of the total current consumption
Alpp during the bending condition with respect to the Ipp in absence of applied strain. The
measurements results reveal a relative current deviation <12% among the evaluated OLD
versions, and obtained with a maximum applied tensile strain value of -0.7%. This current
variation however, has no significant effects on the functionality of the circuits, which has
been verified during all the tests in bending conditions, making these structures suitable for
applications in which the mechanical flexibility of the plastic substrate is actively exploited.




5. Smart temperature sensor on RFID

In this chapter a smart temperature sensor integrated in a passive RFID tag,
manufactured with a unipolar printed organic transistor technology will be demonstrated for
the first time. The proposed system-on-foil enables the fabrication of inexpensive disposable
electronic devices for innovative applications in the cold chain temperature monitoring of
food and pharmaceutical products. In order to achieve this, printed resistive temperature
sensors have been selected for the temperature sensing, and a time-based frontend interface
has been exploited to perform the analog-to-digital signal conversion. The RFID tag is further
capable of transmitting the digitized signal to a reader, via an RF communication link at a
frequency of 13.56 MHz. In addition, in order to develop a stand-alone system—on-foil, the
tag has been equipped with a harvesting circuit for wireless power transfer.

The contents of this chapter will be submitted as a journal publication (currently in
preparation).
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5.1 Introduction

The availability of mass production processes to fabricate inexpensive electronic devices
is a key enabler for the commercial introduction of innovative smart sensing solutions, for
applications in the market of healthcare, retail, logistics, etc... In this context, Radio-
Frequency Identification (RFID) tags represent a clear example of electronic devices which
are largely employed in commercial applications due to their relatively low price. However,
despite silicon-based RFID tags can be easily equipped with sensing capabilities and further
enriched with several analog and digital functionalities, their use as disposable devices in
applications in which the cost is the main concern, remains limited. Silicon-based RFID tags
currently cost more than 10-15 $ cents per unit (depending on the production volume). This
cost is acceptable for certain applications while for other it is a showstopper.

An attractive solution to potentially bring down the costs of the electronics enabling the
fabrication of inexpensive devices, is the use of printed organic materials. Indeed, organic
transistors are typically manufactured exploiting low-temperature processes with lower
purity levels compared to Si counterpart, which intrinsically lead to the reduction of the
fabrication costs. Moreover, organic materials can be processed by solution, enabling the
use of printing techniques to manufacture electronics over large areas further bringing down
the costs. The compatibility of organic and inorganic materials with additive fabrication
processes can be also exploited to integrate sensing functionalities together with the OTFT
electronics, leading to smart sensing systems-on-foil. Additional attractive features
associated to the low-temperature manufacturing process are the mechanical flexibility and
the lightweight which together enable solutions with unprecedented form factors. These
features could be exploited to integrate electronic devices e.g. in the outer packaging of
commercial products. In this perspective, temperature monitoring solutions for applications
such as food or pharmaceutical cold chain monitoring could be potentially developed with
fully-printed organic technologies, leading to inexpensive disposable temperature-
monitoring devices in the market of healthcare and retail. The possibility of controlling the
temperature of perishable goods, from the production until their distribution reducing waste,
has a significant social, economic and environmental impact [108].

In this context, the work described in this chapter aims to develop a smart temperature
sensor on a passive RFID tag, manufactured with printed organic materials, and to
demonstrate for the first time the suitability of system-on-foil solutions based on printed
electronics for the application in the monitoring of perishable goods. The temperature
ranges of interest for food and pharmaceutical cold chain temperature monitoring
applications are not standardized. Hence, in this work the classification introduced in [109]
has been used to identify the temperature ranges required for the correct storage of
different categories of refrigerated food:

e Frozen food, at -25°C for ice cream, —-18 °C for other food
e Cold-chilled food, from0°Cto 1 °C

e Medium-chilled food, at 5 °C

e  Exotic-chilled food, between 10 °C and 15 °C
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Further information can be found in the CEN 12380 (1999) legislation, which demands
for the refrigerated food temperature measurements an accuracy of +1°C and resolution <
0.5°Cin the temperature range between -25°C and 15°C.

Similarly, for the storage temperature of pharmaceutical products and medical supplies
a general classification provided by the World Health Organization (WHO) has been
considered here [110]:

e  Store frozen: transported within a cold chain and stored at -20°C

e Heat sensitive products that must not be frozen: stored at temperature between 2°C
and 8°C

e Keep cool: stored at temperature between 8°C and 15°C.

e Room temperature: stored at temperature between 15°C and 25°C.

e Ambient temperature: stored at the surrounding temperature between 15°C to 25°C
or up to 30°C, depending on climate conditions.

The guidelines for storage and transport of time and temperature-sensitive
pharmaceutical products provided by the WHO [111], indicate for the monitoring sensors an
accuracy performance < +0.5°C (for electronic devices) and +1°C or better for alcohol, bi-
metal, gas or vapor pressure thermometers.

It is worth mentioning that these guidelines provide an insight of the potential
requirements for the target applications. This knowledge is thus used to steer the design of
the proposed smart temperature sensor. In particular, a temperature range from 0°C to 30°C,
an accuracy <+1°C and a resolution better than 0.5°C, have been specified for this work,
sufficient to monitor the keeping conditions of most of the products within the target
applications, except for the products that require to be frozen.

Despite the use of printed organic technologies is attractive from the application point
of view, the development of circuit architectures based on organic transistors for
temperature monitoring solutions on RFID tags is not free of challenges. Organic
semiconductors are typically affected by performance loss at high frequency of operation,
making the design of RF harvesting circuits extremely difficult. Furthermore, the
combination of the modest yield and low transistor speed performance reduces the
versatility of the RFID architectures. As example, the compatibility of these devices with
conventional Near Field Communication (NFC) standards has not been demonstrated yet.
The energy harvesting capability of the scavenging circuits is typically modest, leading to
severe constrains to the power consumption of the overall system architecture. At last, the
absence of current and voltage reference circuits in the literature makes the design of power
management units (on RFID) extremely challenging. For these reasons, the current state-of-
the-art counts only few systems-on-foil manufactured with organic technologies (or more in
general with flexible electronics) for temperature monitoring applications. Temperature
sensors providing a single bit information have been demonstrated in [112] and [113]. These
smart labels are capable to detect when the environmental temperature exceeds a given set
point, storing this information in a non-volatile memory. The temperature threshold sensor
developed in [112] has been further embedded in a Si-based RFID tag operating at
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13.56 MHz, in order to transmit the stored data to a base station. An Asynchronous Sigma-
Delta Modulator (ASDM) has been developed in [114] with a unipolar a-IGZO technology,
and used to readout the temperature sensed by two thin-film resistors. However, this
architecture requires several bias voltages, which makes its implementation on RFIDs
cumbersome.

This Chapter is further organized as follows: an overview of the system-on-foil
architecture is provided in Section 5.2. The design of the smart temperature sensor is
discussed at system and transistor level in Section 5.3. Measurement results obtained from
the manufactured system are presented in Section 5.4. A benchmark with the current state-
of-the-art is provided in Section 5.5. Conclusions are drawn in Section 5.6.

5.2 System-on-foil architecture

The block diagram of the proposed RFID system for temperature monitoring applications
is presented in Figure 48. The smart temperature sensor system-on-foil exploits Printed
Electronics (PE) able to communicate environment temperature readings to a base station
reader (based on Si off-the-shelf components) via RFID. The RF wireless communication link
is established by means of two inductively coupled antennas, here defined as reader and tag
antennas. The reader generates the RF carrier, which is further used by the tag for energy
harvesting and for data transmission via backscattering modulation. In order to make the
system-on-foil suitable for the target applications, a temperature sensitive element needs to
be embedded on the RFID tag. This can also be printed exploiting inorganic materials or
organic compounds, reducing both final cost and footprint, and simplifying the system
integration. Some Analog Frontend Electronics (AFE) is required to readout the temperature
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Figure 48. Block diagram of the proposed RFID system, comprising the smart temperature sensor
and the base station reader.

sensor and condition the analog signal for the next step of the data acquisition chain. In order
to transform the analog sensor signal in a more robust digital representation, an Analog-to-
Digital Converter (ADC) needs to be included in the system. Due to its functionality and circuit
complexity (in terms of transistor count), this module represents the core of the RFID tag
electronics. The digitized signal produced by the ADC is typically represented in the form of
a digital word. Alternatively, a two-level Pulse Width Modulation (PWM) representation is
also a possible solution. In order to enable the transmission of the data, a backscattering
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modulator circuit is also included in the system. It is worth mentioning that the proposed
system is not compliant with standard NFC protocols such as ISO/IEC 14443-A, and therefore
a conventional NFC reader cannot be used. This is a direct consequence of the limited yield
and speed performance of the OTFT, which at the current state-of-the-art are not sufficient
to satisfy these application requirements.

5.2.1 Printed temperature sensors

Several types of temperature sensors fabricated with organic materials have been
demonstrated in literature. OTFT based temperature sensors exploit the dependence of the
organic semiconductor mobility on temperature [115][116]{117]. OTFT-based temperature
sensors typically feature modest sensitivity and non-linear response, but enable low-power
consumption and compact footprint implementations. Besides, their response is typically
dependent on the bias conditions of the circuit, making their use in RFIDs with unregulated
supply voltages less attractive. In addition, the large 1/f noise contribution poses limitation
on the achievable temperature resolution.

An alternative approach is proposed in [118] to develop organic temperature sensors by
exploiting asymmetric Metal Insulator Semiconductor Metal (MISM) capacitor. The presence
of the organic semiconductor layer introduces a large positive temperature coefficient in the
device capacitance, making the MIMS capacitor suitable for temperature sensing
applications. This approach benefits from the simplicity of the device structure, from the
large temperature coefficient (~2 x 1072 °C™Y), and from good linearity performance.
However, also in this case the sensor response is a function of the bias conditions.

Most of the printed temperature sensors presented in literature are based on resistors
manufactured with organic and inorganic materials, which exhibit a resistance dependence
with the temperature. In particular, resistors fabricated with metallic inks on flexible
substrates can achieve extremely linear behavior, at the expense of typically low
Temperature Coefficient (TC~ 1073 °C™) [119]. Composite materials such as graphite-
Polydimethylsiloxane can be used to fabricate printed resistors with larger positive TC (~
1072 °C') [120], while inks based on poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS), carbon nanotubes and graphene, allow the development of
resistors with negative temperature coefficients [121][122]. The use of printed resistors as
temperature sensors provides few advantages: first, despite additional fabrication steps are
required, their integration in the OTFT manufacturing process is typically simple, thanks to
their compatibility with the printing process. Second, the availability of resistors with
different temperature coefficients further enables the use of ratiometric readout circuits
which output relies on the ratio of the passive component values. As direct consequence,
the accuracy of the temperature measurement depends at first approximation on the
resistor ratio, relaxing the accuracy requirements of the AFE. However, unwanted effects
such as time drift, hysteresis and supply voltage dependency, might reduce the effectiveness
of this approach.

In this work two resistive elements featuring opposite and very different temperature
coefficients have been selected for the temperature sensing. Resistors with positive TC can
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be fabricated with a serpentine geometry by screen-printing a carbon-based ink (Dupont
7292) on 125 um thick PEN substrate. In this material, the increase of the temperature
induces an expansion of the polymer matrix, which affects its charge transport properties
and further leads to an increase of the resistance. After the material deposition, an annealing
process of 15 minutes at 115°C is necessary to evaporate the solvents present in the inks,
and thus allow a good physical cohesion of the material and sufficient adhesion on the
substrate. The thickness and the width of printed resistive segments are respectively 7 um
and 500 um, while the sheet resistance is 10-18 kQ/o. These resistors exhibit a non-linear
temperature dependence, which can be approximated at first order with the relatively large
TC ~ 91073 °C? (within the target temperature range).

The second type of printed resistor utilized in this work features a negative TC in the
order of ~ -6 107 °C (in the target temperature range). These devices are also screen-
printed with a serpentine layout on 125 um thick PEN substrate, using a carbon-based ink
(Creative Materials 112-47), which ensures excellent thermal stability performance. Also in
this case, the printing is followed by an annealing process of 15 minutes at 115°C on a hot
plate. The width of the printed resistive segments is about 570 um, while the typical
thickness value is 14 um with variations between 10 um to 16 um. In these printing
conditions, this type of resistor exhibits a typical sheet resistance value of 250 kQ/.

5.3 Design of the system-on-foil

The design of the proposed system-on-foil for temperature monitoring applications is
further organized in two parts: at first the system architecture is derived and insights for the
design of the sub modules are provided. In the second part, the circuit implementation at
transistor-level is discussed.

For completeness, it should be mentioned that the OTFT model provided in Chapter 3
does not account for the effects of temperature variations on devices. Similarly, the behavior
of the organic semiconductor at high operation frequencies is not included in the transistor
model. Therefore, the design and simulations of the system have been done assuming room
temperature and low-frequency of operation.

5.3.1 System-level design

The core of the system is the data acquisition chain which comprises the temperature
sensors, the AFE and the analog to digital converter. In our case, the last block is replaced by
an analog to PWM converter (Figure 48). A time-based interface exploiting a first-order Bang
Bang Phase-Locked Loop (BBPLL) sensor to PWM converter [123] has been chosen in this
work to interface the resistive temperature sensors and perform the analog to PWM
conversion. This time-based interface architecture is highly-digital and offers several
advantages in terms of circuit complexity, area occupation, power consumption, robustness
against transistor parameter variability and scalability towards smaller channel length OTFT
technologies. More specifically, the BBPLL approach is chosen here for its minimalistic needs
in terms of hardware complexity, which greatly benefits the circuit yield.
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The first-order BBPLL architecture [124] (Figure 49(a)) requires indeed only two
oscillators (Sensor Controlled Oscillator (SCO) and Feedback Controlled Oscillator (FCO)) and
a binary Phase Detector (PD). These building blocks can be implemented exploiting a small
number of digital logic gates, which are typically less sensitive to the OTFT parameter
variability than analog circuits. Furthermore, the layouts of these digital blocks can be co-
optimized to achieve an overall compact footprint. The BBPLL intrinsically performs a sensor
signal-to-PWM conversion, which further allows the use of the output bitstream to drive the
backscattering modulator.
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Figure 49. (a) Simplified block diagram of the first-order BBPLL converter and (b) its analogy with
first-order synchronous A% modulator architecture.

This architecture is particularly attractive also from the perspective of low-power
consumption. Indeed, the BBPLL benefits from the absence of an N-bit register, otherwise
required in architectures such as integrating double slope and Successive-Approximation-
Register (SAR) ADCs. As discussed in Chapter 4, sequential logic implemented with unipolar
transistor technology is typically power hungry and demanding in terms of area and number
of devices.

The conventional BBPLL architecture (Figure 49(a)) makes use of Sensor Controlled
Oscillator (SCO) which oscillation frequency fsco is related to the sensor signal, and a
Feedback Controlled Oscillator (FCO) in which the frequency oscillation symmetrically
deviates from a reference value frco according to the digital output signal of the PD.
Therefore, the FCO operates at two frequencies, respectively frco+ and frco-, which also define
the lock range of the PLL. The PD measures the phase difference between the SCO and FCO,
producing a PWM bitstream. The duty cycle Dt of the output bitstream, contains information
on the relative position of fsco with respect to the frequency lock range (22):

fsco = Drfrco- + (1 — Dp)fpco+ (22)
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Apart from the sensing element (based on the positive TC resistor Rsens) connected here
to the SCO, the proposed time-based interface requires two reference oscillation
frequencies (frco+ and frco-) with low dependency from temperature and supply voltage
variations. According to Eq. (22), the knowledge of the lock range boundaries allows to
univocally relate the duty cycle of the output bitstream to the frequency deviation of the
SCO, and thus to the temperature variation. The availability of such frequency references
source is the key element, to develop system architectures which do not rely on a voltage
and current reference circuits. It is clear that the choice of the oscillator typology is crucial.
The strategy adopted in this work relies on the desensitization of the circuit performance
from the variation of the OTFT parameters. This can be achieved by exploiting passive
feedback networks to set the circuit performance, enhancing the robustness against the
variability of the transistors. Indeed, passive components are typically more stable than
OTFTs and can be manufactured with good reproducibility [55]. In this way, the oscillation
frequency, the frequency gain factor Kxco and the stability of both SCO and FCO are
determined at first approximation only from passives. As direct consequence, the extension
of the PLL lock range needs to be designed to accommodate the frequency deviation of the
SCO (mainly dependent on the TC of Rsens) along the temperature span of interest. The
negative TC resistor (defined here as Rrer) thanks to its low temperature coefficient, is
instead employed in the FCO to ensure the stability of the lock range along the temperature
range.

While the target temperature range introduces constrains on the BBPLL lock range, the
requirement on the temperature resolution affects the conversion time (tconv) of the smart
temperature sensor. Indeed, in BBPLL architectures oversampling can be used to achieve
higher conversion resolutions, at the expense of a larger conversion time. Thanks to the
inherent integration between frequency and phase implemented in the PD, the system
resembles a synchronous AZ modulator (Figure 49(b)) with first-order quantization noise
shaping [124]. According to [124] the theoretical achievable Signal to Quantization Noise
Ratio (SQNR) can be calculated by (23)

SQNR[dB] = 2.6 + 3010og(OSR) (23)

where OSR is the oversampling ratio defined here as (fsco/2)/(2BW), being BW the 3dB
cut-off frequency of the low-pass filter placed at the reader side, to extract the temperature
information from the demodulated bitstream. If a flat moving average filter with a window
length equal to tconv is used for this purpose, the associated cut-off frequency reduces to
BW=0.44/ tconv.

The achievable SNRis in general lower than the SQNR, due to the presence of other noise
sources, such as the phase noise of the oscillators. As discussed in [124] the phase noise can
be modelled with an equivalent noise source Niren at the input of the oscillator. The
corresponding integrated output noise of the system is then determined by the sum of the
guantization noise and the phase noise contributions. Under the assumption that the phase
noise components are the dominant ones and Niren is @ white noise source, the achievable
SNR reduces to [124] (24):
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SNR[dB] = 20 log (%) +101og(OSR) (24)

where Sin is the amplitude of the sensor signal (assumed here as sinewave) and Ksco is the
frequency gain factor of the SCO. As highlighted by Eq. (24) the SNR increases only 3dB when
doubling of the OSR, instead of 9dB improvement as initially predicted by Eq. (23), reducing
the benefits of the quantization noise-shaping technique. Interestingly, Eq. (24) further
reveals that for a given OSR, the SNR achieved by the BBPLL converter is strongly dependent
on the performance of the oscillators.

The design of the temperature-to-duty cycle conversion chain should also minimize the
total power consumption. Indeed, the power required for the data conversion needs to be
harvested by the tag, rectifying the RF carrier provided by the reader. At the current state-
of-the-art, only the Low Frequency (LF) and High Frequency (HF) bands for RFID
communication are at reach with organic transistor technologies. Both LF and HF RFID
solutions operating respectively at 125 kHz and 13.56 MHz, have been demonstrated with
organic technologies [39][56][113][125]. Typically LF RFID tags achieve shorter reading
ranges compared to their HF counterparts and require additional care in the fabrication of
the antenna, in order to maintain a sufficiently high quality factor, leading to a higher device
cost. On the other hand, as the frequency of the RF carrier increases, the efficiency of the
harvesting circuit reduces [39][125], posing additional limitations on the power budget for
the system. Aiming at a low-cost solution, the RFID tag proposed in this work has been
designed to operate in the 13.56 MHz HF band.

The backscattering transmission between the tag and the base station reader is also
performed using the RF communication link at 13.56 MHz. The load modulation approach is
used, which exploits the variation of the transponder impedance according to the digital
code which should be transmitted. The modulation of the impedance can be easily detected
from a demodulator placed on the reader. In order to enable backscattering, the load
modulator can be placed after the harvesting circuit (Figure 48) at the so called DC side, or
directly connected to the tag antenna, at the AC side. The two possible solutions lead to
different design constraints. A load modulator placed at the AC side guarantees more
versatility, enabling the use of both Amplitude Shift Keying (ASK) and Phase Shift Keying (PSK)
modulation. However, the use of OTFTs as switches for the implementation of the
backscattering modulator is challenging due to the large voltage amplitude required by the
harvesting circuit [39][58], which makes the transistors difficult to be turned-off. The
effectiveness of the switches is further reduced by the limited speed of the OTFTs (typical
unity-gain frequency is < ~MHz). Even implementations which exploit the modulation of the
transistor gate capacitance with the bias conditions are unpractical due to the frequency
dependent behavior of the organic semiconductor [89]. All these limitations reduce the
applicability of the conventional modulation schemes at the ACside [126], making the design
of this circuit extremely challenging. On the other hand, the implementation of the
backscattering circuit at the DC side, is typically less critical but it can only be used in
combination with ASK modulation techniques. The major drawback of this solution is the
poor isolation between the modulator output and the rectified DC voltage (Figure 48). This
further leads the tag to self-modulate its rectified supply voltage, which could detrimentally
affect the functionality of the core electronics. The solution proposed in this work to alleviate
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this issue relies on the introduction of a second harvesting circuit which independently
supplies the backscattering modulator, improving the isolation between modulator and the
rectified DC voltage supplied to the core circuit.

5.3.2 Circuit implementation

BBPLL converter. As previously discussed, the implementation of the oscillators is crucial
for the performance of the BBPLL converter. The SCO and FCO are here implemented as
astable multivibrators (Figure 50(a)) rather than ring oscillators, due to the reduced
performance sensitivity of the latter to transistor parameter variability. The multivibrator
makes use of two not-gates (11, 12) based on diode-connected inverters (Figure 50(b)) and a
passive RC feedback network. The resistance-to-frequency transfer characteristic of this
oscillator topology exhibits an inverse proportionality law, expressed by Eq. (25):

fyco = (2RCIn (- M})_l (25)

VrriP—VDD

Here V1rip is the trip point of the two not-gates, and Voo the positive supply voltage.
Several conditions need to be verified in order to ensure the validity of Eq. (25): first, both
not-gates must exhibit rail-to-rail output voltage swing. Second, the oscillation period 1/fxco
should be significantly larger than the propagation delay associated to each gate. Third, the
gates |1 and |2 need to be able to drive the RC feedback network with small enough output
impedance, avoiding loading effects. The first and third conditions are satisfied here by
choosing a number of diode-connected inverters which guarantees sufficient voltage gain
and by introducing a push-pull output stage in each not-gate, which lowers the output
impedance and saturates the output voltage to Voo or Gnp. The second condition poses
instead the major limitation to the maximum achievable oscillation frequency. Interestingly,
Eq. (25) provides also insights on the stability of the oscillation frequency to supply voltage
and transistor parameter variations. By choosing the correct size ratio N between driver and
load transistors in the diode-connected inverters (Section 4.2), the trip point Ve of the not-
gates (l1 and I2) can be tuned at around 1/2 Vpp, further leading to an oscillation frequency
which is at first approximation, independent from the supply voltage. Even in presence of
Process-Voltage-Temperature (PVT) variations, the weak logarithmic dependence of the fxco
on Ve ensures that the frequency deviation remains dominated by the RC product. The
choice of this oscillator typology leads to the gate-level schematic of the proposed
temperature-to-PWM converter depicted in Figure 51(a).

"

(a)

Figure 50. (a) Gate-level schematic of the proposed astable multivibrator oscillator. (b) Transistor
level implementation of the oscillator.




5. Smart temperature sensor on RFID 81

sco (a) Lock range SCO (b) Lock range
T4 : :

ey Cem g oot

PD cho- fsco f|=co+

Rsendt PD frco- sco frcos Rrer

o p. —Sim. response p. p. —Sim. response
R N = Ideal o -T 2 g A |[ideal T

Do ! ore | |

DT —»

V4
7
P

RREF1 RREF2 - RSENS1 RSENSZ (-
I g I 2
C C
FCO —_ -|- _> FCO — 71—

Figure 51. Block diagram of the temperature-to-duty cycle converter, based on the conventional
BBPLL architecture (a) and (b) modified architecture with the proposed linearization technique.

The conventional choice of using the sensing element (Rsens) in the SCO and the more
temperature-stable negative TC resistors (Rrer1, Rrer2) in the FCO [124] would result an
intrinsic non-linear response (DT« 1/T) of the full temperature to duty-cycle converter
(Figure 51 (a)). The analytical response of the converter can be computed indeed combing
(22) and (25) in (26):

Dy = RREF1 (RREF1+RREFE2 _ 1) (26)

RREF2 RSENS

To linearize the converter response (DT« T), it is sufficient to exchange the position of
the resistors in the oscillators (Figure 51(b)). In this way the SCO serves as temperature-
stable reference oscillator, while the lock range controlled by the FCO shifts jointly with the
temperature variation, and the transfer characteristic is effectively linearized, simplifying the
calibration process (Figure 51 (b)). In this case, the response of the converter is given by (27):

R R +R
D SENS1 SENS1 SENS2 ] (27)
R RREF
SENS2 RE

In the configuration shown in Figure 51(b), the lock range is defined by the ratio of the
two positive TC resistors, nominally 11 MQ and 27 MQ at 0°C. The extension of the lock range
is designed to ensure the correct functionality of the BBPLL converter over the target
temperature range. Two switches are used to dynamically change the resistors in the
feedback network, allowing the FCO to run at frco+ or frco- depending on the feedback value.
The SCO employs a negative TC resistor having a nominal value of 37 MQ at 0°C. Both
oscillators are equipped with a 330 pF capacitor C. As long as the BBPLL remains in the lock
condition, both oscillators operate at a nearly constant average oscillation frequency of
37 Hz. Moreover, according to circuit simulation results, for conversion time tconv< 2 s, the
noise performance of the BBPLL converter are still dominated by the quantization noise
contribution. For a conversion time of 2 s the converter achieves a simulated SNR of 48.5dB,
which is in line with the value predicted by Eq. (23). In these conditions, the simulated
temperature resolution of the converter is 0.124 Krwvs. Bootstrapped inverters Is (Figure 51(b))
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are employed as drivers for the feedback switches and as voltage translators to interface the
oscillators to the phase detector, thanks to their high gain performance and the rail-to-rail
output swing. The binary PD is implemented with a D-type Flip Flop (DFF) based on pseudo-
static approach (Figure 32(a)). This topology provides a good trade-off between complexity,
speed, current consumption and reliability. As analyzed in Chapter 4, despite fully dynamic
implementations are superior in several aspects, their functionality at low operation
frequency could become critical, exposing the circuit to potential soft failures. One of the
major design specifications for the PD refers to the propagation delay. In order to prevent
the introduction of non-linear components in the BBPLL temperature-to-duty cycle response,
the propagation delay of the DFF needs to be designed sufficiently smaller than the period
of the clock signal.

The complete BBPLL requires 69 OTFTs and 7 capacitors, occupying an area of 756 mm?.

Radio-Frequency section: in order to relax the fabrication process of the entire prototype,
a conventional off-chip antenna manufactured on FR-4 substrate and compatible with an 1ISO
credit card size (5 x 8 cm?) has been here selected. The antenna features a 3 turn rectangular
geometry, an equivalent inductance of Lant=1.08 uH, a parallel capacitance of Cant=1.32 pF
and a DC resistance of Rant=1.65 Q (Figure 52), which further lead to an unloaded quality
factor of Q=55.8 at the operating frequency of 13.56 MHz.

The schematic of the RF section of the proposed smart temperature sensor tag, is shown
in Figure 52. The harvesting circuit (Figure 52) comprises four half-wave rectifiers to
independently generate the dual supply voltages for the converter and the backscattering
modulator. The rectifiers are here implemented with diode-connected transistors.
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Figure 52. Transistor level schematic of the tag RF section.

Despite rectifier architectures based on threshold cancellation techniques lead to a
substantial performance improvement [58], conventional diode rectifiers are typically more
reliable, and therefore their use is preferred here. The transistors employed in the rectifiers
have been overdesigned, in order to accommodate the performance loss of the organic
semiconductor which typically occurs at high frequency of operation [39]. A capacitive filter
implemented with off-the-shelf SMD film capacitors (C1=20 nF, C2= 1 nF) is added at the
outputs of each rectifier, to reduce the voltage ripple of the unregulated DC voltage. The
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availability of two independent filters can be exploited to mitigate the effects of the supply
voltage modulation introduced by the backscattering transmission. A discrete capacitive
matching network is also required at the input of the rectifier circuit to tune the resonance
frequency of the LC tank at 13.56 MHz. For this purpose, the required equivalent capacitance
is analytically calculated to be 130 pF. The equivalent input capacitance of the rectifier
circuits provides a significant contribution to this capacitance value. The total stray
capacitance of each rectifier can be estimated from the Css of the diode-connected
transistors operating in the saturation region. However, this estimation is typically
inaccurate. Indeed, as reported in literature [89], the OTFT gate capacitance typically
decreases at relatively high frequency of operation. Therefore, in order to correctly tune the
resonance frequency of the tag, a 60 pF discrete variable capacitor Cvar has been also
included in the matching network and placed in parallel to the tag antenna.

At last, a simple implementation is proposed for the backscattering modulator (Figure
52). An OTFT operating as a switch is connect between the supply voltage rails dedicated to
the modulator, and further driven by the PWM signal produced by the BBPLL converter. The
switch provides an addition current path which is used to modulate the power consumption
of the tag, and thus its equivalent resistance referred to the reader side, according to the
converter output bitstream.

5.4 Measurement results

The proposed smart temperature sensor has been fabricated with the gravure-printed
OTFT technology presented in Chapter 2. In order to simply the characterization of the sub
modules of the system, the BBPLL converter and the RF section (comprising the harvesting
circuit and the backscattering modulator) have been laid out in separated structures and
included in the same mask set. A PCB manufactured on FR-4 substrates has been designed
to interface the flexible electronics with both types of printed resistors and the tag antenna.
The photograph of the prototype is provided in Figure 53.

18 mm

7 mm

20 mm

Figure 53. Photograph of the proposed printed system-on-foil. (a) BBPLL converter, (b) negative
TC resistor, (c) positive TC resistor and (d) RF section comprising the harvesting circuit and the
backscattering modulator.
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The printed resistors, BBPLL converter and RF section (excluding the tag antenna) require
a cumulative area of 23.3 cm?.

Stability of the oscillation frequency: the frequency stability of the proposed typology of
oscillators to power supply and temperature variations has been validated at first. The circuit
has been equipped with a negative TC resistor and accommodated in a cavity between two
aluminum plates which also contains a PT1000 platinum Resistance Temperature Detector
(RTD) used here as temperature reference thermometer. This structure has been placed on
a thermal controlled chuck which is further connected to the Temptronic TP0314B in order
to perform temperature sweep characterizations. A plastic coverage has been applied on the
device under test in order to realize a chamber provided with dry air purge system, used to
reduce the moisture and prevent condensation issues at low measurement temperatures.

The frequency deviations recorded from a supply voltage and a temperature sweeps are
presented respectively in Figure 54(a) and (b). The measurement results reveal that the
symmetric variation of the supply voltage from +15 V to +21V, induces at room temperature
a maximum relative deviation on the oscillation frequency of only 1%. Similarly, the variation
of the temperature over the target range, affects the oscillator circuit with a frequency
deviation of about 5.1%, partially caused by the resistance variation of the negative TC
printed resistor.
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Figure 54. Measured oscillator frequency dependence to (a) supply voltage and (b) temperature
variations.

Smart temperature sensor: the measurement setup proposed for the evaluation of the
oscillator performance has been also used to characterize the BBPLL converter. An external
power supply has been utilized to provide the dual supply voltage required by the circuit.
The average current consumption recorded at room temperature with a supply voltage of
+18 Vis equal to 56 YA, which leads to an average power consumption of 2 mW.

In these conditions, the Power Spectral Density (PSD) extracted from the recorded output
bitstream of the converter is shown in Figure 55 (a). The converter’s noise floor is dominated
by the phase noise of the oscillators, while a first-order noise shaping due to the BBPLL is
clearly recognizable. In order to remove the effects of the ambient temperature on the
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output bitstream, the resolution was determined from the difference between two
successive measurements, according to a two-sample Allan deviation. The measured sensor
resolution is plotted versus conversion time in Figure 55 (b). These measurement results
clearly show that the impact of the quantization noise on the resolution becomes dominant
for integration time < 4 s. For a conversion time of 2 s the proposed smart temperature
sensor achieves a resolution of 270 mKrws, which leads to a resolution Figure of Merit (FoM)
of 281 pK>2.
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Figure 55. (a) Power spectral density extracted from the output bitstream. (b) Temperature
resolution (red) versus conversion time of the proposed smart temperature sensor. Impact of
different noise contributions on the temperature resolution: quantization noise (black dashed line)
and thermal noise (dotted black line). In the inset, the parameter T is the temperature.

As discussed in Section 5.3.2 the frequency dependence of the oscillators and thus the
converter response, are mainly determined by the temperature-to-resistance characteristic
of the printed sensors. However, the printed resistors employed in this work exhibit a non-
linear response. In addition, both resistors and capacitors required in the oscillator feedback
networks are subjected to parameter spread. Therefore, in order to remove the systematic
sensor non-linearity and improve the overall accuracy of the smart temperature sensor,
multi-point calibration techniques need to be applied.

To correct the systematic non-linearity introduced by the sensing elements, the
knowledge of both printed resistor characteristics is required. Hence, 8 samples of each
resistor type manufactured during the same campaign have been characterized in the
temperature range between 0°C and 30°C, with steps of 3°C. Next, in order to remove the
effect of the parameter spread, one of the measured positive TC resistor curves has been
assumed as reference and used to correct the offset and gain error (first-order linear fit) of
the others. The same procedure has been applied to the negative TC resistors. The results
for the positive and negative TC resistors are presented in Figure 56 (a) and Figure 57(a),
respectively. The corresponding average curves extracted from these data sets have been
reproduced by means of fourth-order polynomial fitting. The results are provided for both
resistors in Figure 56 (b) and Figure 57(b). The polynomial expressions describing the
temperature-to-resistance relationship of Rsensx and Rrer, have been substituted in (27) and
used in combination with multi-point calibration to improve the sensor accuracy. After
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systematic non-linearity correction and two-point calibration (at 3°C and 27°C), the
proposed temperature sensor achieves a 3o inaccuracy of +1.6°C (Figure 58(a)), evaluated
over a population of 15 samples, manufactured in the same campaign. The 30 inaccuracy
can be further reduced to +1.2°C (Figure 58(a)) by allowing the use of a third calibration point
(at 15°C). It is worth noticing that the temperature range of analysis has been here slightly
reduced (3°C - 27°C) due to the parameter spread associated to the feedback networks of
the oscillators, which affects the correct functionality of the converter at the extremes of the
lock range.
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Figure 56. (a) Measured resistance versus temperature characteristics of 8 positive TC printed

resistors, after first-order linear fit. (b) Corresponding average resistance (black) and its fourth-order
polynomial fit (red) versus temperature curves.
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Figure 57. (a) Measured resistance versus temperature characteristics of 8 negative TC printed
resistors, after first-order linear fit. (b) Corresponding average resistance versus temperature curve
and its fourth-order polynomial fit (red) versus temperature curves.

However, in the perspective of using the smart temperature sensor on an RFID tag with
un-regulated supply voltages, the sensitivity of the overall systems to the supply variations
needs also to be evaluated. Hence, the response of the very same smart temperature sensor
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has been characterized over the target temperature range and at different supply voltages,
which are respectively 15V, +18 V and +21 V (Figure 59(a)). After systematic non-linearity
correction and 3-point calibration, the relative temperature error has been calculated
assuming the characteristics recorded at +18 V as reference. The measurements results are
shown in Figure 59 (b). The outcome of this analysis reveals that when the smart sensor is
operated with large supply voltage variations, the maximum relative error in the
temperature readings can exceed 3°C. Indeed, lowering the supply voltage down to £15 V
causes a significant reduction of the overdrive voltages of the feedback switches, which leads
to higher Ron values. This effect is further exacerbated by the reduction of the carrier
mobility which occurs at a relative low temperature. As consequence, the converter
response suffers from offset and gain error with respect to the reference characteristic
(recorded at a supply voltage of £18 V). On the other hand, the increase of the converter
supply voltage to 21V, leads to a relative error curve with opposite sign, while the converter
performance is less affected. For a wide temperature range the converter response closely
follows the reference curve with a maximum absolute value of the relative temperature
error of 0.5°C, which approaches 1°C only at the lower boundary of the target temperature
range. In order to further reduce the sensitivity of the converter to the supply variations, a
lower Ron value of the feedback switches would be required, in order to accommodate the
reduction of the semiconductor carrier mobility occurring at relative low temperature. It
should be highlighted however, that the transistor model introduced in Chapter 3 does not
account for the effects of the temperature variation on the device performance yet.
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Figure 58. Inaccuracy of 15 measured smart printed temperature sensor after systematic non-
linearity removal and (a) 2-point calibration, (b) 3-point calibration.

Smart temperature sensor on RFID: as a proof of concept, the smart temperature sensor
together with the RF section has been also evaluated via wireless communication. The tag
and reader antennas have been placed at a relative distance of about 2 cm. The resonance
frequency of the tag has been centered on the HF band (13.56 MHz) by means of the variable
capacitance Cvar (Figure 52), and the amplitude of the RF carrier regulated to reach
65 Vreak-To-peak at the input of the tag harvesting circuit. This voltage level ensures at room
temperature a rectified DC voltage of 18 V. The reader is equipped with an envelope
detector followed by an active bandpass filter to perform ASK signal demodulation, selecting
the signal bandwidth of interest (1Hz - 500Hz) and providing voltage amplification (11V/V).
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A typical PWM signal demodulated by the reader and recorded during the characterization
of the sensor is shown in Figure 60(a). It is worth mentioning, that in order to correctly
perform the temperature readout, the system requires about 4 s.
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Figure 59. (a) Temperature characteristics of the same smart temperature sensor, respectively
measured at a supply voltage 15 V, +18 V and #21 V. The characteristics are corrected with
systematic non-linearity compensation and 3-point calibration performed on the curve recorded at
supply voltage +18 V, assumed here as reference. (b) Corresponding relative temperature error with
respect to the reference characteristic.

This time depends on the time constants of the capacitive filters placed after the rectifiers
to suppress the ripple of the supply voltage induced by the backscattering transmission, and
on the conversion time. Indeed the settling time required by the supply voltage is about 2 s,
while 2 additional seconds are required to readout the temperature with the target
resolution.

The results of the sensor characterization performed via wireless communication link are
presented in Figure 60(b) after systematic non-linearity correction and multi-point
calibration. The inaccuracy achieved with two and three-point calibration is respectively
10.7°C and +0.5°C, both in line with the results provided in the previous paragraph.
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Figure 60. (a) Demodulated PWM signal recorded at the reader side during the sensor
characterization. (b) Inaccuracy of the smart temperature sensor on RFID, extracted after systematic
non-linearity removal and 2-point (red) and 3-point calibration (blue).

5.5 Benchmark

To the author’s knowledge, all published temperature sensor interfaces based on printed
TFTs published to-date provide a 1 bit digital output [112] [113] (Table 9). These devices are
based on Write-Once-Read-Many (WORM) architecture, capable to detect when the
environmental temperature exceeds a fixed threshold value, recording this status in a 1 bit
memory. However, these systems-on-foil are not compatible with applications which require
dynamic temperature monitoring. This work presents for the first time a printed smart
sensor capable of sensing the environmental temperature, converting it in a digital
representation based on binary PWM, which further enables a robust wireless transmission
via RF link at 13.56MHz. Compared to prior state-of-the art, this work makes use of printed
organic electronics to develop both the smart temperature sensor and its RF section,
comprising the harvesting circuit and the backscattering modulator. The use of the BBPLL
converter allows to reduce the overall system complexity (in terms of transistor count) of
2.5x compared to one of the previous works based on OTFT technologies ([112], Table 9).
Similar improvement is expected also in comparison with [113], in which however the
number of OTFTs required by the architecture is not provided.

An interesting performance benchmark is obtained by comparing the temperature sensor
proposed in this work with the one presented in [114], which is instead developed with a
unipolar a-IGZO technology (Table 9). Both temperature sensors exploit a temperature-to-
duty cycle converter architecture, which generate PWM output bitstreams. The converter
presented in [114] requires 27x smaller area, operates over a larger temperature range and
achieves a resolution FoM 5x better than the solution proposed in this work. However, the
system in [114] is based on an a-IGZO TFT technology developed with high-resolution
photolithography processes, which allows to largely reduce the feature sizes and the stray
capacitances of the devices. Further advantages are associated to the carrier mobility of the
IGZO semiconductor which is nearly 7 times better than the printed organic semiconductor
employed in this work (Table 9). Despite these benefits, the converter architecture proposed
in [114] is less suitable for integration in a RFID solution, due to the need of several biasing
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signals. In addition, from application perspective, the use of the a-IGZO technology,
intrinsically leads to higher costs compare to the printed electronics.

Table 9. Smart temperature sensor performance summary and comparison to prior literature.

Parameter Unit This work [112] [113] [114]
Technology Unipolar Unipolar Complementary | Unipolar
Organic Organic*** | Organic a-IGZo
Patterning method Gravure Lithography |Inkjet/gravure |Lithography
Carrier mobility cm?/Vs | 2.2 N.A. 0.1 14
Lmin pm 10 5 35 15
Architecture BBPLL WORM WORM ADSM*
Number of TFTs 76 180 N.A. N.A.
Embedded in RFID Yes Yes No No
RF communication MHz 13.56 13.56 N.A. N.A.
Output type PWM Digital Word | Digital Word PWM
Temperature range |°C 3-27 20-100 0-80 0-70
Conversion time S 2 N.A. N.A. 0.1
Resolution mKrwvs | 270 N.A. N.A. 540
Calibration points 2 3 N.A. 3 N.A
Inaccuracy (30) °C +1.6 |[+1.2 |*10%* N.A. +2.3%
Current consumption | pA 56 N.A. N.A. 100
Supply voltage \" 36 20 28 20
Power consumption |mW 2 N.A. N.A. 2
Area occupation mm? {2331 N.A. N.A. 27.9%*
Resolution FoM K2 291 N.A N.A. 58
* Min/Max
** ADSM only

***|n combination with Si-readout electronics

5.6 Conclusions

To the author’s knowledge, this work presents for the first time in literature a smart

temperature sensor on RFID, fabricated with a gravure-printed OTFT technology and
potentially suitable for temperature monitoring in cold chain applications. The system is
capable of sensing the environment temperature, converting it to a robust binary
representation, and further transmitting the data to a base station reader, using ASK
modulation on a 13.56 MHz RF communication link. Printed resistive sensors enable the
temperature sensing, while the analog to PWM conversion relies on a BBPLL time-based
interface. The design methodology and the proposed circuit implementation provide a
simple but effective approach to mitigate the effects of the OTFT parameter variability on
the system performance. The smart sensor achieves a resolution of 270 mKrus with 2 s
conversion time, a resolution FoM of 291 pK? and a 3¢ inaccuracy of 1.6 °C from 3 °C to
27 °C, after systematic non-linearity removal and 2-point calibration. By using a third
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calibration point the 30 inaccuracy can be lowered down to 1.2 °C. Furthermore, the
temperature reading performed by using the smart temperature sensor on a passive RFID
tag, has been also demonstrated. The dependence of the sensor performance on supply
variations, typical of unregulated RFID devices, has been considered at design stage, by
developing a robust system architecture. Measurement results reveal however, that the
sensor inaccuracy is partially impacted by the variation of the supply voltage and that an
optimized sizing of the transistors employed in the feedback control network could further
improve the immunity of the system to the supply variations.

These results demonstrate that printed electronics can be potentially used to fabricate
inexpensive smart sensing devices for temperature monitoring applications, in which
reduced temperature range and modest resolution and inaccuracy performance are
required. In particular, the resolution and temperature range achieved by the proposed
temperature sensor are suitable for most of the temperature monitoring applications for
food and pharmaceutical products in cold chain. The operational temperature range of the
proposed smart sensor-on-foil is defined by the extension of the PLL lock range, which
however can be tuned by modifying the ratio of the positive TC resistors or by using sensing
elements with lower sensitivity. In both cases, the extension of the operating range is
achieved at the expense of the temperature resolution. Better resolution performance can
be obtained by exploiting a larger OSR, which is however traded for longer conversion time
orin the perspective of OTFT technology downscaling, by increasing the reference frequency
of the SCO. The inaccuracy performance instead do not fully comply yet with the considered
regulations.




6. Large-area proximity sensing surface

In this chapter a first-ever fully-printed large-area proximity sensing surface fabricated with
organic materials which includes an AFE per pixel is presented. The core of the sensing surface
is a 5x10 active sensor matrix obtained by lamination of printed organic pyroelectric sensors
on foil (frontplane) with printed organic frontend electronics (backplane). The frontend
electronics is used here to provide sensor signal amplification and unambiguous pixel
addressing in order to maximize the SNR and reduce the pixel crosstalk. The proposed system-
on-foil could be exploited to improve the safety in environments where humans and robots
are cooperating or to develop artificial electronic skin for novel human-machine interaction
applications.

Part of the content of this chapter has been published in [127]. However, the major results
of the system evaluation provided in this chapter are intended to be submitted for journal
publication (currently in preparation).
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6.1 Introduction

Recent advances in printed electronics have brought the attention on the potential use
of organic materials to fabricate innovative flexible and stretchable electronic skins for
Human Machine Interface (HMI) and Human-Robot Interaction (HRI) applications. Indeed,
organic materials can be processed at low-temperature, enabling the use of lightweight
mechanically flexible plastic substrates, which could be further shaped to achieve the form
factors required by these applications. Moreover, printing techniques can be employed in
the fabrication process to achieve an overall cost reduction, allowing the electronics and the
sensing elements to economically cover large-area surfaces while keeping the costs low. The
possibility of manufacturing inexpensive distributed electronics is one of the major
advantages of printed electronics compared to conventional Si counterparts. In addition, the
availability of new sensing materials could further extend the sensing capabilities of e-skins
to temperature and proximity sensing.

Even if these features make printed electronics attractive from the application point of
view, only few printed large-area sensing surfaces embedding sensor arrays and active
frontend electronics have been reported in the literature [128]{129][130][131][132]. In most
of these works the frontend electronics perform active-matrix addressing functionalities only.
From the system architecture perspective, active matrix-addressing solutions are preferred
to passive ones, due to their intrinsic higher sensor signal isolation between pixels. This
permits unambiguous selection of the matrix pixels, which further facilitates the post
processing of the acquired data. In order to fully exploit these advantages, the availability of
OTFT technologies with high lon/lorr ratio and low noise performance, is of paramount
importance. Even though simple and effective, the use of active-matrix addressing
electronics only is not free from limitations. Sensing surfaces distributed over large-area are
intrinsically susceptible to coupling with interference signals. These can introduce significant
errors in the reconstruction process as the amplitude of the interferers can become
comparable to the sensor signal levels. Additional limitations in the applicability of the
active-matrix addressing architectures arise when the printed electronics is employed in
combination with sensors producing a charge signal. Indeed, due to the relatively large
feature sizes of the OTFTs, unwanted effects such as charge injection and clock feedthrough
could severely affect the sensor signal integrity, leading to large errors during the readout
process. It is also important to remark that the design of the active-matrix addressing
electronics typically results in a trade-off between readout speed, signal integrity and
achievable signal-to-noise ratio. Several of these limitations can be removed or partially
mitigated by introducing in each pixel Analog Frontend Electronics (AFEs), at the cost of a
higher circuit complexity (in terms of number of devices). The integration of AFEs in the
matrix pixels can be used to achieve sensor signal amplification, improve the immunity to
interferers and pixel crosstalk, and enhance the achievable SNR, employing noise reduction
techniques such as chopping or correlated-double sampling.

In this scenario, a sensing surface suitable for infrared human proximity detection
fabricated with printed organic materials and equipped with AFE in each pixel, has been
demonstrated in this work for the first time in literature. This type of sensing surfaces is
expected to play an important role to improve e.g. the safety in HRI applications. Indeed,
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current state-of-the-art industrial manipulators typically operate for safety reasons in
separated environments from human workers. The use of inexpensive e-skins placed on the
industrial manipulators and further provided with proximity sensing capabilities, could be
used to increase the level of security (collision avoidance) and improve the interaction
modalities. This would relax the constraint of physical separation between robots and
humans, even in unstructured environments, leading to significant cost reductions for
industry [133].

This Chapter is organized as follows: the system-on-foil architecture is presented in
Section 6.2. The system level design of the large-area proximity sensing surface and its
transistor level implementation is discussed in Section 6.3. Section 6.4 deals with the system
integration, while measurement results are provided in Section 6.5. Conclusions are drawn
in Section 6.6.

6.2 System-on-foil architecture

The simplified block diagram of the proposed proximity sensing surface is shown in Figure
61. The system-on-foil is built by lamination of a matrix of proximity sensors printed on foil
(defined here as frontplane) with a second plastic sheet (called here backplane) containing
the printed OTFT electronics (Figure 61). This approach allows to relax the fabrication
process constraints for both sensors and electronics, preserving the mechanical flexibility of
the final system. In addition, the availability of distributed large-area electronics is here
exploited to enable the active addressing of the matrix. The pixel selection could be
potentially driven by dedicated line drivers based on OTFTs on the periphery of the matrix,
minimizing the number of interconnection with the Si-readout electronics and thus, leading
to an overall cost reduction. The readout of the sensor matrix and digitalization of the analog
outputs is performed with Si-electronics, based here on off-the-shelf components.

FOIL LAMINATION SENSING SURFACE

SENSOR FRONTPLANE EEE |. |. EEE ! !

OTFT BACKPLANE

LINE
ADDRESSING

SENSOR QOTFTs

YT

A/D CONVERSION

MATRIX PIXEL Si-READOUT
ELECTRONICS

Figure 61. Block diagram of the proposed printed proximity sensing surface
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6.2.1 Printed proximity sensors

Previous works reported in literature have already demonstrated human proximity
detection achieved by means of printed flexible sensors [131][132][137]. Widely used
proximity sensors exploit the capacitive coupling between sensor and the target object
[134][135]. The sensor typically contains single or multiple electrodes which are isolated and
interact with the object placed in proximity of the sensor, forming a dynamic capacitor.
Thanks to the simplicity of the structure, capacitive proximity sensors can be fabricated on
plastic substrates exploiting simple printing processes, with reasonable yield and low-cost
even over large-areas. Nevertheless, these sensors exhibit several limitations, which reduce
their versatility and usability in the target applications. Indeed, the sensor surface is typically
in the cm? range, limiting the achievable spatial resolution in matrix arrangements. The
sensitivity of these proximity sensors is also typically low, leading to relatively short ranges
of detection (~cm). At last, one of the major challenges for the use of capacitive sensors is
associated to their sensitivity to variations of the shape, size and material of the target object,
which could lead to erroneous detections.

Another category of sensors largely investigated in literature for human proximity
sensing is based on Infra-Red (IR) pyroelectric devices. Several works have demonstrated
that pyroelectric detectors can be fabricated by using poly-vinylidene fluoride (PVDF)
polymer [138],[139],[140], alone or in combination with trifluoroethylene (TrFE), leading to
ferroelectric PVDF-TrFE copolymers [131],[132],[136],[141]. Thanks to their higher
pyroelectric coefficient compared to other polymers, fast response and processability from
solutions, these polymers are well-suited for low-cost large-area array implementations.
Moreover, these sensors are only sensitive to time-dependent temperature variations,
which are further converted into electrical currents thanks to the pyroelectric response.
However, this limitation does not reduce the usability of these sensors in the target
applications, since the proximity detection is typically associated to moving heat sources. For
these reasons, in this work the sensing frontplane is based on printed pyroelectric detectors,
manufactured at Johanneum Research, Graz, Austria.

These sensors are screen-printed on 175 um thick flexible PET substrates featuring an A3
format size (420 x 297 mm?). The sensor layer stack and a photograph of a typical
manufactured device are provided in Figure 62 (a) and (b), respectively. The bottom contact
of the sensor is printed at first, using PEDOT:PSS material, with a typical thickness of 250 nm
and an approximate sheet resistance of 100 Q/o. A solution containing ferroelectric
copolymer PVDF-TrFE in a ratio 70:30 mol% is used in the screen-printing process of the 17.6
um thick sensor active layer. Successively, the top electrode of the sensor is also screen-
printed using PEDOT:PSS ink, leading to a layer thickness and sheet resistance comparable
to the ones of the bottom layer. In order to access the top sensor electrode while ensuring
low contact resistance, an additional metal layer based on silver ink is introduced in the stack.
The interconnection lines exhibit a thickness of about 1 um and a resistance per square of
0.1Q/o. The sensor stack is finalized by printing a 1 um thick polymer-based protection layer
which guarantees passivation of the last metal layer, and enables an insulation when
laminated with the backplane electronics.
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Printed PVDF:TrFE contains crystalline domains of PVDF carrying electrical dipole
moments which are randomly oriented in an amorphous matrix of TrFE, os they don’t exhibit
macroscopic ferroelectricity. In order to use the device as transducer, the crystalline domains
must be aligned using a strong external electric field. This is achieved in the poling process,
by applying an electric field close to the saturation field strength of the ferroelectric material
of about 100 to 150 V/um, which results in a reproducible permanent polarization (also
“remnant polarization”) of the dipoles equivalent to a dielectric displacement D in the range
of 50 mC/m?2 [132].
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Figure 62. (a) Cross-section of the pyroelectric sensor fabricated at Johanneum Research. (b)
Photograph of a typical pyroelectric sensor manufactured with the discussed fabrication process.

It is worth mentioning that in order to use these devices for human proximity detection the

sensor needs to be directly exposed to IR radiation, avoiding optical interaction with the
plastic substrates. Indeed, as reported in [142] and [143] both PEN and PET substrates exhibit
large spectral absorbance in the Long Wavelength Infra-Red (LWIR) range (8 um - 15 pum),
which is where significant parts of the human radiation spectrum lies [144]. As a direct
consequence, the sensitivity of the sensors in this wavelength span would be severely
reduced, making their use in the target applications unpractical. This limitation poses an
important constraint to the system-on-foil lamination process.

In order to design backplane electronics suitable for the readout of the sensor frontplane,
an equivalent model of the pyroelectric sensor is required. According to [145] it is possible
to derive an equivalent thermal (Figure 63 (a)) and electrical model (Figure 63(b)) of the
pyroelectric sensor, which describes the relationship between the power of the incident
radiation on the detector and the charge generated. The incident power on the detector can
be described by (28), under the assumption of a sinusoidal modulated light beam at angular
frequency w:

P(jw) = AgP,el®t (28)

where Py is the maximum value of irradiance and Ag is the active area of the sensor. From
the inspection of the thermal circuit presented in Figure 63(a), the heat capacitance H and
the thermal conductance Gt can be used to compute the temperature difference across the
PVDF layer (29):

. aT
NP(jw) = H% + GrTpypr (29)
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where n is the emissivity of the pyroelectric element. The expression of Tpypr can be
extracted from Eq. (29), after combining it with Eq. (28), further leading to (30):

npP
GT+joH

Tpypr(jo) = (30)

Equation (30) shows that the temperature difference increases with the absorbed
incident radiation power, and decreases at high angular frequencies, due to the thermal time
constant introduced by H and Gr. The charge Qs developed across the detector is
proportional to Tpypf as expressed by (31):

Qs(w) = ppyroAsTeypr (31)

where ppyro is the pyroelectric coefficient of the detector. The expression of the current
signal Is generated by the sensor (Figure 63(b)) can be calculated by combining Eq. (28) and
(30) with (31), and differentiating with respect to time:

. __ . _PpyroAsnP

IsGo) = jo= =0 (32)
Interestingly, Eq. (32) reveals that the pyroelectric sensor can be electrically modelled as

a current source which produces a non-zero output signal only if subjected to time-varying

excitation signals. The remaining components of the sensor electrical model (Figure 63(b))

are respectively the sensor capacitance Ce and its leakage conductance Ge.

T@ nP EE Gy ==H T@ Is EE Ge =Ce

Figure 63. (a) Thermal and (b) equivalent electrical model of a pyroelectric sensor.

It is important to highlight here that the performance of the detector depends on both
its thermal and electrical characteristics, which are determined by the chosen materials,
geometries and feature sizes. The main parameters of the pyroelectric sensor employed in
this work are listed in Table 10.

Table 10. Main parameters of the employed pyroelectric sensor.

Parameter Symbol Value Unit
PVDF-TrFE layer thickness to 17.6 pm
Capacitance per unit area Co 0.45 nF/cm?
Leakage resistance per unit area Ro ~300 GQ*cm?
Pyroelectric coefficient Ppyro 42 UC/(Km?)
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6.3 Design of the system-on-foil

The design of the proposed proximity sensing surface is here organized in two parts: at
first the system architecture is derived and insight for the design of the system sub modules
is provided. In the second part, the circuit implementation is discussed.

6.3.1 System-level design

The core of the proposed system architecture is the active-matrix of pyroelectric sensors.
The first step for the design of the system-on-foil, is the definition of the number of matrix
elements and their physical dimensions. The proposed active-matrix employs 5 (rows) x 10
(columns) elements arranged with a pitch of 1 cm on both directions in a 5 x 10 cm? area.
The chosen spatial resolution of the matrix is comparable to prior e-skins reported in
literature for the target HRI applications [146][147][148], while the number of elements has
been restricted in the first place to 50 due to limited area available in the mask set dedicated
to the backplane electronics.

Sensor multiplexing architecture: in order to fully exploit the advantages of the
distributed OTFT electronics in the readout of the matrix, its elements need to be
multiplexed. Indeed, this strategy allows to significantly reduce the number of
interconnections with the Si-readout electronics, and thus the overall system costs, further
enabling potential up-scaling of the sensing surface. Only two conventional approaches,
Time-Division Multiplexing (TDM) and Frequency-Division Multiplexing (FDM), have been
considered here, due to the limited architecture complexity (in terms of transistor count)
that the OTFT technologies can implement with reasonable yield. The main properties of
TDM and FDM multiplexing are listed for comparison in Table 11. In order to enable TDM,
the backplane electronics need to be equipped with an analogue multiplexer (AMUX) and a
line addressing circuit (discussed in Chapter 4), which drives the matrix element selection
performed by the AMUX. The circuit implementation of the AMUX is generally very compact
requiring only pass-gate transistors in each matrix pixel, which makes this architecture very
attractive for solutions which require low circuit complexity (in terms of device count). In
addition, the availability of OTFT technologies with large lon/lorr ratio intrinsically ensures
good isolation between pixels preventing severe cross-talk issues. However, the simplicity of
the circuit implementation introduces for the TDM a tradeoff between number of sensors
and noise level, and thus lower achievable SNR. Indeed, if the readout frame rate is fixed by
the application requirements, the bandwidth of the AMUX increases linearly with the
number of multiplexed channels M, and so does the noise power, if the matrix pixels are not
equipped with individual filters (Table 11). It is also clear that in this architecture all the pass-
gate transistors operate at the same switching speed, which could become extremely
demanding for the OTFTs if a large amount of elements needs to be aggregated at relatively
high frame rates. Moreover, if the AMUX directly connects sensors to readout electronics in
a charge couple mode [127] the recorded signals could experience an amplitude reduction
of a factor M, associated to the duty cycled characteristic of the TDM. In other words, if the
current provided by the sensor is integrated by the CSA only during the AMUX addressing
time rather than in continuous mode, the integration time is duty cycled and thus the
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amplitude of the output voltage reduced by a factor M. Both, amplitude reduction and noise
folding issues can be mitigated by introducing Analog Frontend Electronics (AFEs) in each
pixel, which provides local signal amplification and decouples the sensor from the readout
stage placed after the AMUX. This leads however to additional trades-off between the
embedded AFE functionalities and the number of devices employed in the AFE of each pixel.

The FDM technique can be used to aggregate multiple channels in the frequency domain
rather than in the time domain. In this perspective, the base bandwidth of each sensor signal
can be up-converted and accommodated in different non-overlapping carrier frequencies.
To do so, active or passive mixers can be used, leading to different design constraints in
terms of power consumption, speed and circuit complexity. A guard band is typically placed
between adjacent channels in order to maintain spectral separation and mitigate cross-talk
issues. Unlike TDM, with the FDM the bandwidth of each up-converted channel remains the
same as the bandwidth of the base band signal, and therefore no-aliasing of wideband noise
can occur during the multiplexing operation. However, if the spectrum of the base band
signals is not limited before multiplexing, the superposition of M multiple channels increase
the noise floor by a factor M, and thus reduces the achievable SNR (Table 11). In order to
exploit FDM techniques, more complex readout architectures are typically required with
respect to the TDM case. Conventional readout architectures require for each channel a
bandpass filtering at first, followed by a down-conversion before the analog to digital
conversion can take place. A significant disadvantage of the FDM approach is the additional
circuitry required to generate the different carrier frequencies, especially ifimplementations
with OTFTs technologies are considered. Due to the limited speed and yield performance of
the organic transistors, the implementation of these functional blocks remains extremely
challenging. Alternatively, these blocks could be incorporated in the Si-readout electronics,
requiring M additional interconnections with the system-on-foil (Table 11).

Table 11. Comparison between time and frequency division multiplexing techniques.

Parameter TDM FDM
Multiplexed elements M M
Output interconnections 1 1
Multiplexer complexity Low Medium
Si-readout electronic complexity Low High
Driving signals required for multiplexing* M M
Driving signal generation On foil On foil |OnSi
Driver circuit complexity High High High
Driver synchronization signals* 2 (CK, D) 1 (CK) M
Pixel crosstalk Low Medium
Noise level dependency on # of multiplexed elements /M VM

*From Si to flexible electronics

For the reasons explained above, in this work the multiplexing of the matrix elements is
performed in a TDM fashion. The multiplexing of 5 elements at a time takes place in the
matrix backplane by using pass-gate transistors, which are further grouped per row (Figure
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64(a)) and driven by a 5-stage line driver. The latter can be designed employing one of the
architectures presented in Chapter 4, and is therefore not further discussed in this chapter.
In this scenario, the matrix rows are sequentially scanned while the 10 columns are
simultaneously recorded. A simplified timing diagram of the matrix readout which includes
the waveforms of the main synchronization signals is provided in Figure 64(b).

Pyroelectric sensors employed in proximity detection applications are typically acquired
at sampling rate in ~Hz range [132][146]. Similarly, in this work, the bandwidth BW of
interest for proximity sensing has been assumed between 1 Hz and 10 Hz. A matrix readout
frame rate Frate as high as 100 frame/s has been targeted in order to prove the potential for
future up-scaling of the system-on-foil.
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Figure 64. (a) Time division multiplexing architecture employed in the proposed proximity sensing
surface. (b) Simplified time diagram of the matrix readout.

Matrix pixel design: after choosing the multiplexing strategy, the sensor active area and
the frontend electronics can be designed. Pyroelectric sensors are typically readout in
voltage or current mode. The voltage mode makes use of a voltage follower with a very high
input resistance, in order to readout the pyroelectric sensor without introducing significant
loading effects (Figure 65(a)). The main advantage of this readout technique is the simple
implementation required. However, the capability of amplifying the sensor signal in the pixel
could be attractive to maintain a high level of signal integrity, especially in large area
applications where the system is easily exposed to coupling with interferers. For this reason,
a voltage amplifier would be preferred over a voltage follower in the frontend electronics.
However, this choice would lead to two additional design limitations. First, closed-loop
configurations should be used to set the gain of the amplifier with passive feedback networks
in order to counteract the effects of the OTFT parameter variability on the frontend
performance and to remove the necessity of periodically calibrating the backplane
electronics. Second, in order to implement a closed-loop voltage amplifier in each pixel,
differential architectures (op-amp like) rather than single-input ones (inverter-based) should
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be used, requiring significantly higher circuit complexity (in term of device number) and thus
reducing the attractiveness of the voltage readout mode.

Alternatively, pyroelectric sensors can be readout in current mode, by means of a Charge
Sensitive Amplifier (CSA) (Figure 65(b)). Thanks to the virtual ground provided by the CSA,
the charge generated by the sensor can be collected on the feedback capacitance Crs, which
if smaller than the sensor capacitance, enables the amplification of the sensor voltage signal.
It should be mentioned that this approach is valid only as long as the time constant
introduced by the feedback network Crs Rre remains smaller or comparable to the electrical
time constant of the sensor, introduced by Ce and Ge. In these conditions, the output voltage
produced by the CSA is proportional to the charge generated by sensor, and thus to the
incident irradiance, enabling the proximity detection based on the amplitude of the recorded
signals. In this work, a readout based on the current mode has been chosen. Indeed, this
approach allows to perform sensor signal amplification within the matrix pixel, employing
passive feedback networks to regulate the closed-loop gain. However, the main drawback of
the use of CSAs in the pixel frontend electronics is related to the still large number of devices
required for their implementation which leads to potentially high failure rates.

SENSOR FRONTEND SENSOR  FRONTEND SENSOR

Meown

(a) (b) (c)

Vlif.'l\u'n'n

¥

VH(’}\.-\c'n

AAA

VCLMn

Y
It A
L

Figure 65. (a) Pyroelectric sensor voltage mode readout. (b) Pyroelectric sensor current mode
readout. (c) Pyroelectric sensor readout in current mode after analog multiplexing.

In this perspective, a significant system complexity reduction could be achieved by using
a CSA placed after the AMUX, which performs the readout of one sensor at a time (Figure
65(c)). This readout strategy has been investigated in [127]. The noise analysis reveals that
this readout architecture could be effectively employed for the readout of pyroelectric
sensor arrays, prior aggregated by the AMUX in a TDM fashion. This study further highlights
that the noise level of the frontend electronics is however dominated by the noise source
(considered here as wideband noise) associated to the AMUX switch, placed between the
sensor and the CSA. This limits the achievable SNR, which further worsen if the low frequency
noise source associated to the OTFTs would be considered. Furthermore, the effects of the
charge injection and clock-feedthrough introduced by the AMUX switching action can be so
large that the unwanted injection of charge becomes comparable with the charge provided
by the sensor. It is thus clear that the charge injected by the AMUX needs to be accounted
at the design stage to avoid the saturation of the amplifier. In this way, the contribution
introduced by these unwanted charge injections, can be systematically removed during the
post processing by means of calibration. Nevertheless, operational instability such as bias
stress and time drift of the OTFT electrical parameters could lead to significant readout
errors making the applicability of the calibration technique unpractical.
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Figure 66. (a) Block-level schematic of the proposed matrix pixel. (b) Equivalent noise model used
for the analysis of the frontend noise performance.

Considering all the trade-offs discussed till here in this Section, in this work the chosen
system architecture embeds CSAs in the Analog Frontend Electronics (AFE) of each pixel, and
exploits the TDM strategy for the element aggregation. In order to shield the CSA from
unwanted charge injection occurring during the active-matrix addressing, a voltage buffer is
also placed in the pixel. The block-level schematic of the matrix pixel is depicted in Figure
66(a).

As mentioned before, the use of a CSA for the readout of each sensor allows to mitigate
the effect of the noise level increase associated to the TDM aggregation (Table 11). In the
considered architecture, the noise folding (in base band) is mainly introduced by the voltage
buffer. Thanks to the signal amplification provided by the CSA, it is possible to relax the noise
specifications of the following stages of the readout chain. In this way, the impact of the
voltage buffer on the noise performance of the frontend electronics can be minimized. To
achieve this a signal voltage amplification of a =10 has been assumed here to be sufficient.
As a consequence, the ratio between the sensor and the feedback capacitance is set equal
to a. The core amplifier of the CSA must provide an open-loop gain A >> a. Indeed, by
considering the CSA output voltage (33) calculated in the frequency domain from inspection
of the circuit in figure (a):

j = j2nfCERg+1 | (A+1) j2nfCrpRpp+1) "
i - ()

and assuming also a frequency f, at the same time larger than 1/(2nReCe) and 1/(2ntRreCrz),
Eq. (33) reduces to (34):

Vour(i2m) = —Is/(ZE2E + (22 j2fCyp) (34)

By substituting Crg=Cg/a and considering A>> a, Eq. (34) simplifies to (35):

. ~ _ Is
Vour(j21f) = a(jancE) (35)
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Which shows that the magnitude of the output voltage results a times larger than the
voltage produced by the sensor without the CSA. Hence, an additional requirement for the
design of the CSA is here obtained by assuming A>50 V/V.

At this point it is possible to proceed with the sizing of the sensor active area. To do so
an analytical study of the frontend noise performance is required. Following the approach
provided in [127] an equivalent noise model of the sensor and frontend electronics has been
derived (Figure 66(b)). More in detail, Ie? is the wideband noise current contribution
associated to the electrical leakage conductance of the sensor, Va2 represents the voltage-
input referred noise power spectral density of the amplifier and Veg? is the wideband noise
voltage component related to Rrs. For completeness, it should be mentioned that the noise
contribution associated to the thermal agitation of charges in the pyroelectric material has
not been considered here, since its impact is typically negligible compare to the other
sources of noise [145]. From inspection of the circuit in Figure 66(b) it is possible to derive
the output-referred noise power spectral density (36):

2 ~ 2 Cg 2 2 A? ReRrg \? 12 1 2
Vn'out - VA (1 + CFB) + (VFB + (1+A)2 (RE+RFB) IE |1+j1TfRFBCFB| (36)
Where Rrs and Cre represent respectively the resistance and capacitance of the CSA
feedback network while Ce and Re are the sensor capacitance and leakage resistance (1/Ge).
By integrating Eqg. (36) over the frequency f and rearranging the results, the integrated

output noise V2, reads (37):

- 2 2
2~ V2 Ce E( A ReRFB )
Vhout = Va (1 + CFB) + CFB I+ (1+A)2 (Rg+Rpp)? (37)

With Kb the Boltzmann’s constant, T the temperature expressed in Kelvin and V_ﬁthe
integrated input-referred noise of the amplifier. Since the CSA preserves the charge between

input and output, Eq. (37) can be used to compute the equivalent input-referred noise
charge Q2, leading to Eq. (38):

02 ~ V2(C2 2 A’ RgRpp
2 = VZ(Chy + CB) + ConKoT (1 + G o) (38)

It can be demonstrated that as long as the gain of the amplifier is A>1 V/V the term

A? ReRFB
(1+A)% (Rg+RpB)?
defined for the equivalent input-referred noise charge (39):

is always smaller than 1/4, and therefore the following upper bound can be

Q< V_K(C%B +CH) + %CFBKbT (39)

By combining Equations (28)-(31), the achievable SNR can be calculated from Eq. (39) as
follows (40):

2 neP
snr > G/ _ (poyrots) oz ior
= 2 T vz G2 +C2)+3C
Q7 VA(CEp+CE)+;CrBKpT

(40)
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The thermal conductance Gt can be considered at first approximation, proportional to
the bottom electrode area [149], which is also roughly equal to the sensor area As, leading
to Gr=GoAs, where Go is a suitable scaling factor. Eq. (40) can be further manipulated by
introducing the ratio a between the feedback and sensor capacitances, and rewriting Ce
according to the sensor capacitance per unit area (Table 10). Finally, by assuming that the
cut-off frequency introduced by the thermal constant is lying at a sufficiently higher
frequency than the signal bandwidth of interest B, the expression of the SNR reduces to (41):

2.2p 2
SNR > Ppyro N“Po (41)

= p—
a+1 2 ~2,5 Co
( a ) VAC0+4aASKbT

Eqg. (41) reveals that if the noise of the amplifier is the dominant noise component, the
active area of the sensor can be downscaled without lowering (at first approximation) the
achievable SNR. This is typically the case in CSA implementations based on OTFTs, since these
devices suffer from large low-frequency noise. The minimization of the sensor active area is
preferable since it reduces the device thermal time constant, and potentially enables a
higher integration density. However, the minimum sensor area which can be used in the
matrix pixel is further limited by the feedback capacitance Crs, which by design is a smaller
than the sensor capacitance. Indeed, as soon as the Crs approaches the value of the parasitic
capacitance at the input of the amplifier, the functionality of the CSA is affected. Thus the
feedback capacitance should be chosen to be larger than the parasitic capacitance at the
input of the amplifier

Considering this trade-off in the design of the CSA feedback network, a Crs=6 pF is
selected, which for the given ratio a leads to a sensor capacitance of 60 pF and thus to an
active area of 0.37 x 0.37 cm?. Following the system specifications for the signal bandwidth
B, the closed-loop cut-off frequency of the CSA (introduced by the feedback network) needs
to be designed < 1 Hz. Thus assuming a target cut-off frequency of 0.1 Hz this requires a Rrs >
300 GQ.

For clarity, a summary of the main system specifications is provided in Table 12.

Table 12. Main system specifications for the proposed proximity sensing surface.

Parameter Symbol Value Unit
Matrix elements 5x10

Matrix pitch 1 cm
Pyroelectric sensor active area As 0.37x0.37 cm?
Bandwidth of the sensor signal B 1-10 Hz

Row addressing time (TDM) Trow 2 ms
Matrix frame readout time TrrAME 10 ms
Matrix frame rate Frate 100 frame/s

Funnel array design: the proposed system-on-foil could be complemented with an array
of micro-optic lenses in order to enhance the directivity and increase the sensitivity of each
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pyroelectric sensor. Indeed, suitable lenses could be used to enhance sensitivity by focusing
the IR radiation on the sensitive part of the pixel, and avoiding illumination of the pixel area
dedicated to the backplane electronics.

Considering the arrangement of lens arrays in this system, it is clear that the presence of
a spacer is necessary to hold the optics at several mm distance from the system-on-foil, and
focus the incident radiation on the sensors. Such a large distance would require the
fabrication of stretchable lens array in order to maintain the alignment between the lenses
and the sensors in bended conditions. Furthermore, considerable losses associated to the
absorption properties of the material employed for the lenses in the IR spectrum could
significantly limit the effectiveness of this solution. In order to tackle these issues, this
chapter proposes a solution based on light guiding funnels rather than a micro-optic lens
arrays.

Figure 67. 3D model of the proposed funnel array structure.

The design of the funnel array has been performed at Joanneum Research. Simulations
have been used to compare the performance between the different structures and further
optimize the design of the selected strategy. For the design of the funnel array it is assumed
that the reflection of the incident radiation is close to 100%. This can be obtained by applying
a metal coating finishing on the structure after fabrication. The 3D model of the proposed
funnel array is depicted in Figure 67.

Raytracing simulations have been performed assuming a 1 x 1 cm? Lambertian radiant
source (at wavelength A=10 um) placed at 30 cm from the array. Simulation results show
that the intensity of the maximum irradiance in the pixels is x5 higher compared to the
intensity achieved in the same pixels without the funnel. Moreover, the designed funnel
array could enable the detection of objects placed even at an angle ¢$=80° from normal
incidence (Figure 68). The proposed array exhibits a simulated Half Power Beam Width
(HPBW) of 30°, a feature which can be further exploited to enhance the directional sensitivity
of the proximity sensing surface. Indeed, the simulated HPBW of a generic proximity sensor
of the matrix not equipped with the funnel array, reads 85°.
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Figure 68. Results of raytracing simulations: (a) normal incidence and (b) incidence at p=80°.
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6.3.2 Circuit implementation

In the proposed system-on-foil, the matrix backplane electronics comprises an AMUX
implemented with pass-gate transistors, and a CSA per pixel. Since all the matrix pixels are
identical, this section will only focus on the circuit implementation of the generic n® pixel.

The core of the pixel OTFT electronics is the voltage amplifier required in the CSA (Figure
66(a)). For its implementation, a single-ended inverter-based amplifier has been preferred
to a differential one, in order to achieve the lowest possible transistor count. Indeed, in this
type of large-area sensing surface, maintaining a low circuit complexity is crucial, to enable
the fabrication of matrices with a reduced number of faulty pixels. As analyzed in the
previous section, one of the main specifications for the design of the voltage amplifier is the
voltage gain A>50 V/V. However, in order to achieve the target performance of the CSA, the
gain specification needs to hold over the entire bandwidth of interest BW.

The design of high-gain voltage amplifiers with unipolar technologies is typically
challenging due to the lack of the complementary devices. Since active load transistors are
not available, conventional diode-connection or zero-Vas configurations are typically used.
The analysis of the unipolar inverters provided in Chapter 4 highlights that the design of
reliable high-gain inverters is typically unpractical with both configurations, due to the gain
limitations in the diode-connected inverter and the low-speed performance and high
sensitivity to parameter variability in the zero-Ves inverter. A potential circuit technique
which overcomes these limitations is proposed in [81]. The circuit makes use of a voltage
feedback to boost the output impedance of the main gain stage (inverter), which further
allows to theoretically reach the intrinsic gain of the OTFT technology. Even though this
solution was successfully demonstrated inside a CSA in [81], its use in the proposed large-
area sensing surface suffer from two major drawbacks. First, the effectiveness of the
impedance boosting technique reduces as the OTFTs exhibit pronounced contact effects [81].
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Second, since the biasing of this circuit is in voltage domain, it is very sensitive to OTFT
variations, making this approach unsuitable for large-area solutions.

The solution proposed in this work for the implementation of the voltage amplifier is
depicted in Figure 69(a). The amplifier exploits a cascade of two bootstrapped inverters M3-
M7, each one equipped with Cs=30 pF capacitor, which together allow to achieve a gain as
high as 170 V/V or 44.6 dB, for a Gain-Bandwidth product of 580 Hz. However, as discussed
in Chapter 4, the gain performance of this inverter topology degrades at relatively low
operating frequency, behaving at DC conditions as a diode-connected inverter. In order to
guarantee a high gain even at an operating frequency in the ~Hz range, the diode-connected
transistors M5,M8 have been designed with W=100 um and L= 800 pum. In this way, the
doublets associated to the networks Cs, M5 and Cs, M8 fall approximately at 0.08 Hz. A unity-
gain diode-connected inverter (M8-M9) is additionally placed after the gain stages to achieve
a low-output impedance and provide the correct output signal polarity. The stability of the
amplifier in closed-loop configuration (operating as CSA) has been achieved by means of a
Miller compensation technique applied to the second gain stage, introducing the capacitor
Cm=5 pF (Figure 69(a)). The simulated open-loop frequency response of the amplifier is
presented in Figure 70(a).

SENSOR

1%

VHI

Figure 69. (a) Voltage amplifier inplementation and 8s=V,/V,.: network for the closed-loop CSA
configuration. (b) Transistor-level implementation of the proposed matrix pixel electronics.

In order to use this amplifier as a CSA, a passive feedback network Rrs,Crs needs to be
added as shown in Figure 66(a). This network contains a first-order low-pass filter with a cut-
off frequency that has been designed to be at ~0.1Hz. Given the feedback capacitance Cre=6
pF (previously designed), the cut-off frequency specification requires a resistor Rrs ~ 300 GQ.
This extremely large resistor value has been implemented using the transistor M1 (W=100
um, L=200 um) operating in OFF region (Figure 69(a)). Obviously, this pseudo-resistor is very
sensitive to parameter variability, and therefore the external bias voltage Vorr can be
accessed from outside the matrix to globally adjust the cut-off frequency of the feedback
network if needed.

According to (Figure 69(a)), the CSA feedback network together with the equivalent
sensor impedance forms a signal partitioning Brs=Vx/Vout. From the Bode stability criterion,
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the Phase Margin (PM) needs to be evaluated at the frequency f; at which the open loop
amplification chain (ABrs) reaches the unity gain. This relationship expressed in dB unit, leads
to Eq. (42)

201og[A(fc)] + 201og [Bre(fc)] =0 (42)

By rearranging Eqg. (42) and introducing the inverse transfer function 1/Brs, the gain
crossover frequency f: can be determined as (43):

201og[A(fc)] — 201og [1/Bre(fc)] = 0 (43)

This result is used in Figure 70(a) to graphically identify the gain crossover frequency and
the Phase Margin (PM) of the open-loop amplification chain. According to the circuit
simulations these are respectively equal to fz=43.6 Hz and PM=89.4° (Figure 70(b)). This
result ensures a sufficient margin for the stability of the circuit in closed-loop configuration.
The frequency response in magnitude and phase of the corresponding closed-loop CSA is
plotted in Figure 70 (c) and (d), respectively. The output of the CSA is connected to an
additional diode-connected inverter (M11-M12) which prevents charge injection by the
transistor M2 (Figure 69(b)) during the pixel addressing operation in the capacitance Crs. This
stage serves also to drive the parasitic matrix column capacitance (estimated to be Cpar=10
pF) with sufficient current capability, in order to ensure a proper settling of the output
voltage within Trow (Table 12). In these conditions, simulation results show a settling time of
780 us is required to achieve an error <1% over the steady state value. The schematic of the
complete pixel OTFT electronics is depicted in Figure 69(b).
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Figure 70. (a) Simulated open-loop frequency response in magnitude (a) and phase (b) of the
amplifier A (black) and 1/8¢5 feedback network. Simulated frequency response in magnitude (c) and
phase (d) of the proposed CSA.
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The noise performance of the pixel OTFT electronics is determined at first approximation
by the noise level of the CSA. More specifically, the noise floor is dominated by the 1/f noise
contributions of the devices placed in the first gain stage (M3-M4, Figure 69(a)).
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Figure 71. (a) PSD of the pixel OTFT electronics. (b) Integrated output-refereed voltage noise
versus bandwidth.

According to the simulated output Noise Power Spectral Density provided in Figure 71(a),
the integrated output-referred noise of the pixel electronics is 2.9 mVewsin the bandwidth
0.01 Hz -1 kHz (Figure 71(b)). This simulated noise performance of the pixel OTFT electronics
is achieved with an estimated current consumption of 2.9 pA and a supply voltage of £18 V.

The proposed pixel OTFT electronics requires 16 devices, of which are 12 OTFTs and 4 are
capacitors. In this scenario, the probability PrixeL of fabricating a fully-functional matrix pixel
(backplane only) can be roughly calculated assuming that the AMUX and the AFE should be
both fully working at the same time, leading to (44):

Poixer. = ParePamux (44)

where Pare and Pamux are respectively the probabilities that the manufactured AFE and AMUX
are fully working. Since each implemented AFE circuit requires 15 devices (from Figure 69(a),
excluding the transistor M2), and the AMUX comprises 1x5 transistors, Eq. (44) can be
rewritten as (45):

Poixer = Poev?’ (45)

where Ppev is the probability of fabricating a working device. By substituting Ppev with the
yield analysis results discussed in Chapter 2, the estimation provided by Eq. (45) leads to 96%
expected fully-functional pixels. It should be remarked that for the reasons mentioned in
Chapter 4, this estimation can only provide a rough indication of the circuit yield.

6.4 System integration

As discussed in Section 6.2, the proposed printed proximity sensing surface comprises a
frontplane (sensors) and a backplane (OTFTs) which are laminated together. The lamination
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needs to guarantee the electrical interconnections between the sensors and the electronics,
even in bending conditions, and ensures the mechanical stability of the system. Since both

sensors and electronics are fabricated with additive processes on flexible plastic substrates,
the electrical interconnection of the two foils can be obtained by means of physical contact
between pads that are not covered with passivation layer. In order to facilitate this operation,
adhesive conductive microdots have been sandwiched between frontplane and backplane
(Figure 72(a)). An insulating black adhesive sheet has been pre-patterned by means of laser
cut and also glued between sensors and electronics (Figure 72(a)), to improve the
mechanical stability of the system, while allowing the electrical interconnection of the foils.

Unfortunately, the system-on-foil obtained with this layer stack would not be suitable
yet for proximity sensing applications. Indeed, in this arrangement the pyroelectric sensors
are not directly exposed to the infrared radiation, due to the presence of the backplane PEN
substrate, which further causes a large radiation absorption in the wavelength range of
interest (8 um-15 um) making the use of these sensors unpractical. To tackle this issue, the
areas of the backplane substrate which overlay with the pyroelectric sensors have been
laser-cut before lamination (Figure 72(b)). This method further reduces the available pixel
area for the OTFT electronics, which now is about 60% of the pixel area (Figure 72(b)), posing
additional limitations on the potential downscaling of the matrix pitch. The lamination
procedure is finalized by gluing a second insulating black adhesive which is here used as light
shielding layer for the electronics. This is important as discussed in the Section 6.3, for the
correct operation of the voltage amplifier A the cut-off frequency of the high-pass filter
networks M5-Cs and M8-Cs (Figure 69(a)) needs to be set at ~ 0.1Hz, requiring extremely
large transistor off-resistances. Similar considerations apply to the transistor M1 placed in
the feedback network of the CSA (Figure 69(b)). Direct exposure of the OTFTs to ambient
light, would significantly increase the transistor off-current, which leads to degradation of
the frontend performance. Therefore, the shielding layers helps to mitigate this problem.

For better clarity, a summary of the lamination process is provided in Figure 72(a).
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Figure 72. (a) Lamination process: cross-section view of the proposed system-on-foil. (b) Layout
(top view) of the OTFT electronics of a generic matrix pixel.
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6.5 Measurement results

The designed matrix backplane has been fabricated with the manufacturing process
discussed in Chapter 2 on a 126 x 126 mm? module area, obtained from the partitioning of
the GEN1 plastic substrate (Figure 73(a)). The sensing frontplane (Figure 73(b)) has been
manufactured and the pyroelectric sensors individually poled according to the process
described in Section 6.2.

Test
structures,s,

(U
'|'1'u|||u||lu|||4.|; '(4 "'

‘ fafl
"“ -

el
i

Matrix bagkpllane
(a) (b)

Figure 73. (a) Fabricated module comprising the backplane matrix electronics and AFE test
structures. (b) Manufactured array of pyroelectric sensors forming the matrix sensing frontplane.

The designed funnel array (Figure 67) has been manufactured by means of a 3D printing
process at Joanneum Research (Figure 74(a)). In order to achieve 100% Long-Wavelength
Infrared (LWIR) reflectivity, the structure has been metallized with sputtered aluminum
(Figure 74(b)). It should be mentioned that the funnel array developed with this process is
not mechanically flexible. This limitation could potentially be overcome by employing flexible
materials such as Polydimethylsiloxane (PDMS) in combination with a 3D printed mould.
However, the current funnel design exhibits deeply undercut structures which are difficult
to extract from the mould and it is not currently possible to metallize structure of PDMS by
common metal deposition methods. Therefore, the design of the structure should be
optimized taking into account the fabrication limitations, in order to achieve the target
mechanical and optical properties while ensuring reasonable production yield.
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(a)

Figure 74. (a) 3D printed funnel array before (a) and after (b) metallization coating.

AFE characterization: the electrical performance of the AFE circuit employed in the
matrix pixel has been assessed first. These measurements have been performed on test
structures (Figure 73(a)) which contain the very same matrix AFE circuits, identical at both
schematic and layout level. Following the strategy described in [81], the CSA circuit has been
characterized in frequency domain, exploiting the schematic depicted in Figure 75(a). In this
configuration, the circuit under test operates as band-pass voltage amplifier, providing an
in-band gain equal to (46):

A

Hy = — —c— 46
VT T ) (46)
By substituting the ratio Cg/Cpg = o and manipulating, Eq. (46) reduces to (47):
Aa
Hy = - (a+hA) (47)

Hence, if A>>a, the closed-loop voltage gain of the amplifier depicted in Figure 75(a)
becomes approximately Hy = —a, namely equal in absolute value to the capacitance ratio.
The knowledge of this ratio can be further used to assess the gain performance of the CSA.
As discussed in [81], the frequency response of the CSA (here defined as Hcsa), can be derived
from Hy by using the following relationship (48):

Rs
jwCgRg+1

Hesa = Hy (48)

Where Rs is the leakage resistance of the discrete capacitor Cs.

The frequency response of the circuit in Figure 75(a) has been measured by means of the
HP35670 Dynamic Signal Analyzer. The source signal is provided by the analyzer and fed to
the circuit by using a discrete series capacitance Cs=68pF + 5% (AVX 0805 MLCC) as shown in
Figure 75(a). This discrete capacitor is used here in place of the pyroelectric sensor to simplify
the electrical characterization process. It should be mentioned here that the value of Cs
differs from the value of Ce calculated at design stage. Indeed, preliminary measurements
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performed on the frontplane highlighted that the pyroelectric sensors exhibit a typical
capacitance of nearly ~70 pF, deviating about 10 pF from the initial design value.

A discrete Si voltage buffer amplifier is introduced between the circuit under test and the
Dynamic Signal Analyzer, in order to mitigate the loading effects of the measurement setup.
The frequency response of the circuit is measured by using a 20 mVpeak input sine sweep.
The outcome is presented in Figure 75(b). The measurement results show a typical bandpass
response, with an in-band gain of 12V/V, a first cut-off frequency at fc1=0.11 Hz and a second
cut-off frequency at fc2=62Hz. By substituting in Eq. (48) the measured Hv, Cs=68 pF and
Rs=100 GQ, the estimated response of the CSA is 28.1 GQ at a frequency of 1 Hz. This result
is slightly higher than the simulated performance (Figure 70(b)) mainly due to the larger ratio
a.

The linearity performance of the circuit has been evaluated using a 25 mVrums input single-
tone test at 5 Hz. This input signal amplitude is chosen in order to reach the maximum
expected output voltage swing of the circuit.
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Figure 75. (a) Simplified schematic of the test circuit used for the electrical performance
evaluation of the AFE. (b) Frequency response, obtained with 20 mVyq« input sine sweep. (c) Output
spectrum recorded with a 25 mVgys input single-tone at 5 Hz (Hanning window, averaging
factor=100). (d) Noise PSD of the output-referred voltage noise. The integrated output-referred noise
voltage in the bandwidth 0.1 Hz-1 kHz is equal to 2.3 mVgys.
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Indeed, 3 pC charge is delivered by the pyroelectric sensor as a human approaches it at
~ 10 cm distance, according to the estimation method discussed in [81]. This determines an
AFE output voltage swing comparable with the one achieved with the linearity measurement
test. The recorded output spectrum is presented in Figure 75(c). The circuit linearity
performance is limited by the contribution of the second harmonic (H2), a result that is not
surprising in a single-ended implementation leading to a Spurious Free Dynamic Range (SFDR)
of 45.7 dB.

The noise performance of the AFE has also been evaluated. It is worth noticing that, the
noise transfer functions of the circuit under test in this configuration and of the CSA in its
final application are equivalent. Therefore, the noise measurement results can be directly
extended to the CSA case, without further transformations. The recorded output-referred
noise Power Spectral Density (Figure 75(d)) reveals that the noise floor is dominated by the
1/f noise contribution. By integrating the PSD over the bandwidth of analysis (0.1 Hz - 1 kHz),
the output-referred noise of the circuit reads 2.3mVrwms. Despite the different capacitance
ratio, the measured integrated output-referred noise is relatively close to the value
predicted in simulation (Figure 70(d)). The integrated noise can also be referred to the input
of the CSA in terms of Equivalent Noise Charge (ENC), multiplying it by the feedback
capacitance value Crs=6 pF. The corresponding ENC is 12.5 fC or 86.2 kerms, which further
leads to a maximum SNR of 47dB (assuming a maximum charge delivered by the sensor equal
to 3 pC).

This AFE performance is achieved with a current consumption of 1.5 pA and supply
voltages of +18 V. For completeness, the bias voltages Vg1, Vs2 and Vorr are respectively
+10V, -9V and +10V.

Matrix backplane evaluation: similarly to the evaluation of the single AFE electronics,
the functionality check of the pyro-matrix backplane is performed by using characterizations
in the frequency domain.

The frequency response of the AFE contained in each pixel in the backplane is measured
by using the test circuit depicted in Figure 75(a). In this case, the AMUX is statically addressed
in order to select the desired pixel and the excitation applied to AFE electronics by means of
a test probe (Figure 76(a)). A Printed Circuit Board (PCB) is used to connect the matrix
backplane with the readout electronics based on off-the-shelf components. Each matrix
column voltage Vcuv is connected one at a time to a Si voltage buffer amplifier and further
fed to the HP35670 Dynamic Signal Analyzer. A simplified diagram of the measurement setup
is provided in Figure 76(a). An image of the measurement setup employed for the backplane
functionality check, is depicted in Figure 76(b).

In order to identify correctly working pixels (at backplane level), the following criteria are
adopted:

e Cut-off frequency fc1 < 1 Hz
e Cut-off frequency fco > 10 Hz
* In-band gain 210 V/V
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The results of the functionality checks performed over four matrix backplanes
manufactured in different batches are presented in Figure 77. The measurement database
contains electrical characterizations recorded over a population of 200 pixels. The outcome
of the functionality check activity reveals 36 non-correctly working pixels over 200 measured,
which corresponds to a defectivity rate of 18%. The pixel failures can be further divided in
hard faults (13 pixels, defined as “fail” in Figure 77) and soft faults (26 pixels, defined as “near”
in Figure 77). All the AFE circuits which belong to the soft failure category do not satisfy only
the specification on fc1, which falls instead in the Hz range. The cause of this defect can be
ascribed to excessive off-current in the transistor M5, M8, M1 which are responsible for the
low-frequency behavior of the circuit. Interestingly, the pixels affected by soft faults are also
spatially correlated as clearly shown in Figure 77 and mainly distributed along the printing
direction. Conversely the hard faults seem to be randomly distributed along the foils with
the exception of the Foil#3, in which the failure affects the entire column. In the latter case,
the faulty column could be also caused by a random defect occurred e.g. in the AMUX circuit,
which however affects the functionality of all aggregated pixels. If in the defectivity rate are
included only the hard defects, the yield of the matrix backplanes approaches 93.5%. Even
though the extracted yield cannot be considered statistically relevant due to the reduced
number of samples analyzed, its value is relatively close to the estimation provided in Section
6.3.

The frequency responses of the fully-working pixels are all plotted in Figure 78(a). The
distribution of the extracted in-band gain provided in Figure 78 (b) reveals a mean value of
12.7 V/V with a standard deviation of 2 V/V. Differently, the distribution of the cut-off
frequency fc2 (Figure 78 (c)) is characterized by a relatively larger spread. In this case the
mean value is 96 Hz, while the standard deviation reaches 48.5 Hz. These results are of
course compatible with the gain desensitization caused by the closed-loop CSA topology.
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Figure 76. (a) Simplified diagram of the measurement setup used for the matrix backplane
functionality check. (b) Image of the measurement setup employed during the backplane
functionality check activity.
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Figure 77. Functionality maps of four different matrix backplanes. The position of each pixel
within the matrix is identified by the row number (R yt') and column number (C xth).
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Figure 78. (a) Frequency responses recorded from the 163 working pixels. (b) Histogram of the in-
band gain distribution, mean value u=12.7 V/V and standard deviation 0=2 V/V. (c) Histogram of the
amplifier second cut-off frequency fc. distribution. The mean value of the distribution is u=96 Hz,
while the standard deviation is 0=48.5 Hz.

Evaluation of the system-on-foil: the two backplanes with highest pixel yield, namely
Sample #2 and #3 have been laminated with the sensing frontplanes (both featuring 100%
sensor yield) in order to create two proximity sensing matrix prototypes. After the lamination
was completed, each prototypes suffered of an additional non-working column, respectively
C5 and C6 (Figure 80). The picture of the prototype based on sample #2 is shown in Figure
80. Thanks to its higher pixel yield, this prototype has been further used for the
characterization process.
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Figure 79. Functionality map of prototypes after lamination process. 5 new pixel failures occurred
in both samples #2 (R1-5, C5) and samples #3 (R1-5, C6) compared to the initial backplane yield.

The proposed system-on-foil has been qualitatively evaluated by means of proximity
tests performed in two different scenarios:

e Multiple human hand approaches from different directions and at different distances
from the pyro matrix.

e Tracking of a localized and movable heat source.

In both experiments the prototype is placed at a distance of about 40 cm from the source.
The prototype is readout at the target frame rate of 100 frames/s, and the column output
voltages are recorded by means of the National Instrument Data Acquisition board NI 6259
DAQ.

Figure 80. Proximity sensing surface obtained after lamination process. (a) Front view. (b) Back
view

A real time visualization software has been also developed, in order to display the
proximity detection during the experiments.

A human hand approach is presented in Figure 81. The operator hand is approaching at
a distance of about 40 cm from the prototype. The experiment is repeated in similar fashion,
after introducing the funnel array on the sensing surface (Figure 82). The use of the funnel
array is expected to enhance the directivity of the proximity detection (as discussed in
Section 6.3). However, this is not clearly demonstrated in this experiment (Figure 82), since
the heat source is not localized.
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Figure 81. Operator hand approach at about 40 cm from the prototype. The time evolution of the
video frames are indicated by the letters a-b-c-d.

Figure 82. Operator hand approach at about 40 cm from the prototype. The prototype is equipped
with the funnel array. The time evolution of the video frames are indicated by the letters a-b-c-d.

In the second experiment, a soldering iron is used as localized heat source. The heat
source is placed at about 40 cm from the matrix and moves in the direction parallel to the
sample. The recorded proximity detections are shown in Figure 83 and Figure 84, where the
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prototype is equipped without and with the funnel array. This experiment qualitatively
proves the effectiveness of the funnel array, in the enhancement of the detection directivity.

Figure 83. Approach of a soldering iron used as heat source, placed at a distance of 40 cm from
the prototype. The time evolution of the video frames are indicated by the letters a-b-c-d.

Figure 84. Approach of a soldering iron used as heat source, placed at a distance of 40 cm from
the prototype equipped with the funnel array. The time evolution of the video frames are indicated
by the letters a-b-c-d.
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In order to quantify the improvement in directivity detection provided by the use of the
funnel array, a more rigorous characterization has been performed.

The measurement setup developed for this evaluation exploits a controlled heat source
placed at 10 cm distance from the prototype accommodated on a plastic support, and a
rotary stage to control the relative angular position ¢ of the sensing surface with respect to
the source (Figure 85(a)).

A soldering iron (Weller MT301 tip) together with its temperature control unit (Weller
MT1500) is used to realize the temperature controlled heat source. During the experiments
the soldering iron tip is maintained at a constant at a constant temperature of 454°C. A 10
blade optical chopper has been used to modulate the IR radiation of the heat source. A
THORLABS MC1000 controller is used to drive the optical chopper. The 10 blade optical
chopper together with its controller allow to achieve a minimum modulation frequency of
20 Hz. However, in order to mitigate the frequency folding introduced by the aliasing of the
harmonic components beyond the Nyquist frequency, the modulation frequency has been
further reduced. By obscuring 8 chopper blades the modulation frequency has been lowered
down to 4 Hz.

A simplified diagram and a photograph of the measurement setup are provided in Figure
85(a) and Figure 85(b), respectively. The normalized detection diagram is measured by
sweeping the angular position ¢ of the prototype, from -90° to 90° with steps of 10°. In Figure
86(a) and (b) are compared the directivity detection patterns recorded on pixel R3, C6 using
the prototype respectively equipped with and without the funnel array. It is worth noticing
that in both recorded detection patters the angle which corresponds to the maximum
detection value does not coincide with the normal incidence (0°). This could be caused by a
residual angular offset of the rotary stage, misaligned positioning of the heat source and
sensing surface and potential asymmetries of the sensing frontplane and funnel array. The
measurement results clearly show also that the funnel array gives an improvement of the

(Top view) _, .~
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Figure 85. (a) Simplified diagram and (b) photograph of the measurement setup used in the
directivity detection evaluation.
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directivity. The outcome presented in Figure 86(a) reveals that the proximity sensing
capability of the single element exhibits a HPBW of approximately 70°. The insertion of the
funnel array allows to increase the directivity of the sensing elements leading to a HPBW of
about 20° (Figure 86(a)), significantly improving the directivity of the detection. On the
contrary, the sensitivity improvement highlighted by the simulation results has not been
experimentally observed. This is mainly caused by the poor coverage of the metallization
coating applied on the funnel array, which introduces large losses in the guided radiation.
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Figure 86. Normalized directivity detection pattern recorded by using the prototype equipped
without (a) and with (b) the funnel array.

The main indicators of the system performance are listed in Table 13.
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Table 13. Main performance indicators of the proposed proximity sensing surface.

Parameter Symbol Value  Unit
Frontend
Gain @ 1 Hz 28.1 GQ
Bandwidth fa-fea 0.11-62 |Hz
SFDR (at expected maximum output swing) 45.7 dBc
ENC 86.2 kerms
SNR* (bandwidth 0.1 Hz — 1 kHz) 47 dB
Supply voltage Voo, Vss | +18 \Y
Power consumption 54 uWw
Area 0.5 cm?
Required number of devices 16
Yield 82 %
Matrix

Number of elements 5x10

Readout frame rate Frate 100 Hz
Proximity detection distance ~40 cm
HPBW detection angle** 70 (20 |°
Supply voltage Vop, Vss | +18 \Y
Power consumption*** 3.2 mwW
Area*** 50 cm?

*For a maximum amplitude sensor signal of 3pC
**Respectively without and with funnel array
***Excluding the 5-stage line drivers

6.6 Conclusions

To the best of the author’s knowledge, this work demonstrates for the first time in
literature a fully-printed large-area proximity sensing surface manufactured with organic
materials, which embeds AFE in each pixel. The system-on-foil integrates a matrix of
pyroelectric sensors screen-printed on foil (frontplane) laminated with a second flexible
substrate (backplane) containing a corresponding matrix of AFE manufactured with OTFTs.
The developed proximity sensing surface features 5 x 10 elements, distributed over an area
of 5 x 10 cm? with 1 cm pitch arrangement. In order to enhance the sensitivity and directivity
of the pyroelectric sensors a funnel array has been also designed and manufactured
exploiting a 3D printing process.

The electronics embedded in each matrix pixel perform the readout of the sensor in
current mode by using a dedicated CSA and further enables the pixel aggregation in a TDM
fashion. The proposed AFE circuit requires in each pixel a circuit complexity of 16 devices (12
OTFTs and 4 capacitors). The experimental characterization of multiple matrix backplanes
highlights that the performance of the proposed circuit architecture is robust against hard
failures and device parameter viability. Indeed, an average defectivity rate of 18% is
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extracted over a population of 200 pixels. Improvements in the device yield performance of
the current OTFT technology could potentially enable a further system upscaling while
ensuring reasonably low pixel defectivity. The highest number of fully-working pixels
recorded among the analyzed matrix backplanes is 48 out of 50, which corresponds to 768
fully-functional devices (576 OTFTs and 192 capacitors). This result attains the largest circuit
complexity (in terms of device count) ever achieved by a printed OTFT circuit to date.

The proposed system-on-foil has been successfully used for proximity detections of
human hand approaches from different directions and for position tracking of a localized
movable heat source. In both scenarios proximity detections at a distance of about 40 cm
from the source have been investigated by exploiting the sensing surface on foil equipped
with and without the funnel array.

These results demonstrate that printed electronics can be potentially used to fabricate
low-cost solutions suitable for human proximity sensing applications, where large-area
coverage and detection distance in the range of ~ 0.5 m are the main requirements. The
availability of this type of proximity sensing surfaces is expected to play an important role to
increase the level of security (collision avoidance), improve the interaction modalities and
significantly reduce the costs in HRI applications.




7. Hybrid PE/Si pressure sensing surface

In this Chapter is presented for the first time in literature a system architecture suitable
for pressure sensing applications, which integrates Si-IC electronics (based on Si-65 nm
technology) with a System-in-Package (SiP) manufactured with printed organic materials.
The use of printed organic technologies enables low-cost large-area distributed pressure
sensing capability, while the Si-IC electronics perform the SiP readout, control the sensor
aggregation and the signal digitalization, using the minimum number of interconnections
and allowing a compact footprint. The core of the SiP is a 5x3 active matrix of printed organic
pressure-sensitive sensors on foil (frontplane), laminated with a second flexible substrate
containing printed frontend electronics (backplane). The pixel frontend electronics make use
of a transconductor to perform high-speed sensor aggregation and voltage-to-current
conversion for the direct interconnection with the Si-IC electronics. The proposed system-on-
foil is designed to achieve large dynamic range in force/pressure measurements together
with a fast response, in order to further extend the versatility of the solution. The availability
of low-cost large-area pressure sensing devices which can be directly interfaced to
conventional Si-based platforms is expected to be a key enabler for innovative applications
in the markets of domestic ambient monitoring, automotive and smart buildings to give some
examples.

Part of the content of this chapter has been published in [97]. The major results provided
in this chapter are intended to be submitted for journal publication (currently in preparation).
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7.1 Introduction

Organic materials offer an attractive solution to develop large-area systems-on-foil for
distributed sensing applications. The use of the conventional printing techniques developed
for the graphic industry could enable the fabrication of electronics on plastic substrates at
very low cost per unit area. This advantage together with the mechanical properties of the
substrate (lightweight, flexible or even stretchable) could be exploited to create inexpensive
electronic solutions for applications which require sensing capabilities and large area
coverage.

Potential large-area pressure sensing solutions manufactured with organic materials could
be employed in automotive safety monitoring applications such as car crash tests to record
the applied force profiles during impact. Plastic substrates are especially suited for pressure
sensing applications, as they are rugged and can tolerate bending and large compressive
forces. In this scenario, thanks to their mechanical properties, systems-on-foil could be
accommodated between the main supporting barrier and the deformable aluminum
honeycomb prior to each car crash test. From application perspective, the availability of thin,
lightweight, large-area pressure sensing surfaces-on-foil could replace the bulky, heavy and
discrete force meters currently in use.

In the current state-of-the-art, it has been shown already that active matrices based on
organic transistors can detect the spatial pressure distribution in several applications, such
as electronic artificial skin [128][129], and tactile sensors [130][131]. In these applications,
high sensitivity and fast response have been the main objectives. However, the possibility of
achieving a high dynamic range required to determine impact force and pressure
measurements has not been proven yet. Moreover, the use of printed organic electronics in
direct combination with CMOS IC technologies could enlarge the usability and versatility of
the Printed Electronics (PE) for new classes of applications embodying what can be called
“hybrid electronics”. Customized ICs could be designed to interface the SiP using efficient
readout architectures, embedding signal processing functionalities and further enabling
connectivity via dedicated wireline/wireless transceivers to the outside world. The direct
interconnection of the two systems potentially allows to completely avoid the use of
interface electronics based on discrete components, leading to lightweight solutions with
extremely compact footprints. However, interfacing PE with SI-ICs is not free from challenges.
Printed OTFTs typically feature large threshold voltages which prevent their use at low
voltage supply. Conversely, the supply voltages of most recent silicon technologies are
limited at around one volt. Thus, in order to directly interconnect the two technologies in a
safe way, several constraints introduced by the large voltage mismatch need to be accounted
for in the design of the system architecture. If the two subsystems are DC coupled in the
voltage domain, their respective input/output voltage levels need to be aligned in order to
prevent saturation (or even damages) of the input stage on the silicon chip. Alternatively,
the bias voltage of the two subsystems could be decoupled by means of high-pass filters,
which however requires large area and is prone to defects. The voltage swing of the organic
circuits should also to be limited in order to avoid overvoltage and thus potential damages
of the Si-input stage. This situation further worsens due to the large parameter variability
and reliability issues of the OTFTs which makes the design of the electrical interface
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challenging. At last, the large OTFT stray capacitances together with the large voltage swing
of the clock signals are typically responsible for high level of charge injections, which can
saturate or even damage, the input stage of the silicon chip. For these reasons, it is clear that
the design of the interface electronics is crucial for the successful integration of both
subsystems.

As a second important point, the number of interconnects between the Si chip and the
PE foil should be minimized, to keep the area and the cost of the Sl chip to a minimum. This
objective can be reached exploiting the printed electronics to reduce the number of
interconnections needed to interface the multiplicity if sensors integrated in the sensing
surface.

In this context, the work described in this chapter aims to demonstrate the feasibility of
hybrid solutions (SiP + Si-IC) for pressure sensing applications, embedding printed OTFTs and
Si-mainstream electronics in a single system. As proof of concept, the design of the system
has been developed assuming its potential use in car crash test application scenarios.
Information on the instrumentation for impact tests specified by the Society of Automotive
Engineers (SAE) in J211-1 [151], has been used in this work to define the application
requirements. According to [151], the recording of the impact forces on the barriers requires
a Channel Frequency Class (CFC) of 60 Hz. The minimum sampling frequency required to
acquire the sensor signals during impact tests is 10 x CFC, which in this case leads to fs=600
Hz. In addition, the digitalization process requires an Effective Number of Bits (ENOB) of 10
bit, leading to a minimum SNR requirement of 62 dB. The peak forces at which the barrier is
subjected are not uniquely defined since they depend on the impact conditions (front, rear
or side), the mass and the structure of the vehicle, the speed of the moving mass, etc... For
this reason, the maximum applicable force on each pressure sensor has been assumed in
this work equal to 100 kN. This assumption is reasonable, since experimental results
previously reported in literature [152][153] reveal cumulative peak forces of ~100 kN,
recorded in impact tests with deformable barriers.

This Chapter is further organized as follows: the hybrid PE/Si sensing system architecture
is presented in Section 7.2. The system level design of the SiP and Si-IC is discussed in Section
7.3, together with their circuit level implementations. Section 7.4 describes the system
integration, while Section 7.5 provides the measurement results obtained from the system
evaluation. Conclusions are drawn in Section 7.6.

7.2 Hybrid PE/Si sensing system architecture

The simplified block diagram of the proposed hybrid PE/Si pressure sensing system is
shown in Figure 87. The SiP comprises arrays of pressure sensors printed on foil (defined
here as frontplane) laminated with OTFT electronics fabricated on plastic substrate (called
here backplane) (Figure 87). Similarly to the case of the proximity sensing surface presented
in Chapter 6, this approach allows to fabricate both sensors and OTFT electronics
independently, without introducing additional constraints on the manufacturing processes
and preserving the mechanical properties of the system-on-foil. The availability of the OTFT
distributed electronics is here exploited to perform active addressing of the matrix elements
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and to potentially integrate AFE circuits within each pixel. A customized Si-IC is connected to
the SiP to perform the matrix readout, the analog signal digitalization and the generation of
the synchronization signals for the line driving circuit (Figure 87). The latter can be
implemented either with OTFTs or discrete Si electronics, depending on the chosen pixel
aggregation strategy and the performance required. The possibility of aggregating multiple
matrix elements is extremely important in order to minimize the interconnection with the
Si-IC and thus, further reduce the overall system cost.
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Figure 87. Block diagram of the proposed hybrid PE/Si pressure sensing system

7.2.1 Printed pressure sensors

The sensors employed in this work are based on the ferroelectric polymer PVDF-TrFE,
which exhibits piezoelectric properties. The organic materials, fabrication and poling
processes discussed in Chapter 6 for the proximity sensors, have been used here without
modifications to develop the pressure sensors. As already reported in literature, sensors
based on the ferroelectric polymer PVDF-TrFE exhibit both pyroelectric and piezoelectric
response, making them suitable for proximity and pressure/impact force detection. In
addition, the characteristics of printability over large-area, robustness at mechanical stress
[97], low cost and good uniformity, together with the relatively large sensitivity of the
polymer, make this sensor a good candidate for the target pressure sensing applications.
Indeed, previous works reported in literature has already demonstrated tactile and pressure
sensing recognition [131] using sensors manufactured with the discussed fabrication process.

The working principle of the sensor is briefly discussed as follows. If the material is
deformed by an external applied force, positive and negative charge separation occurs
within the sensitive material due to its piezoelectric characteristic. Thus, on the two opposite
surfaces of the material a potential difference will be formed. In quasi static conditions, the
total charge Qe delivered by the sensor is in first order approximation proportional to the
piezoelectric coefficient dss and the force Fn applied along the 3-axis direction which is
perpendicular to the sensor surface [154]:
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Qg = ds3Fy (49)
Consequently, the voltage Ve generated across the sensor capacitance Ce is given by (50):

__ ds3Fn
Ve =T as (50)

Where Co and As are the capacitance per unit area and the active area of the sensor,
respectively. The sensor can be modelled with the same equivalent electrical circuit
proposed for the proximity sensor (Figure 63(a)). In this case the current Is provided by the
sensor is obtained by differentiating in time Eq. (49), leading to (51):

Ig = a(131303tFN) (51)

The main parameters of the piezoelectric sensor employed in this work are listed in Table 14.

Table 14. Main parameters of the employed piezoelectric sensor.

Parameter Symbol Value Unit
PVDF-TrFE layer thickness to 17.6 pHm
Capacitance per unit area Co 0.45 nF/cm?
Leakage resistance per unit area Ro ~300 GQ*cm?
Piezoelectric coefficient ds3 32 pC/N

7.3 Design of the hybrid PE/Si system

The proposed system architecture combines an active-matrix of pressure sensors on foil
(SiP) based on printed organic materials with dedicated Si-IC readout electronics. In this
section, the design of both subsystems will be discussed at system level and the circuit
implementation of the SiP also provided. The transistor-level implementation of the Si-IC is
already exhaustively reported in [155] and therefore not further discussed in this work.

7.3.1 System level design

System in Package (SiP): the proposed active-matrix architecture features 5 (rows) x 3
(columns) pressure sensing elements, organized with a symmetric pitch of 2.75 cm in an area
of 8.25 x 13.75 cm?. This matrix pitch value has been chosen in order to relax the mechanical
constraints for the integration of the system-on-foil in conventional barriers employed in car
crash tests. The number of matrix elements is instead dictated by the available area in the
mask set used to develop the OTFT electronics. It is worth mentioning that the printed
organic electronics required by all the prototypes and tests structures described in the
Chapters 4-7 have been fabricated on the same GEN1 substrate.

In order to efficiently exploit the active-matrix addressing functionality, multiple pressure
sensitive elements M needs to be aggregated by means of multiplexing techniques. For the
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advantages already discussed in Chapter 6, a system architecture based on a Time-Division
Multiplexing (TDM) technique is preferred (Figure 88(a)). In this way, all the 5 elements
belonging to each matrix column are multiplexed by an AMUX within a time frame Terame
(Figure 88(b)). A 5-stage line driver is therefore required to perform the pixel selection. The
matrix readout frame rate Frate=1/ Trrame Nneeds to be chosen larger or at least equal to the
sampling frequency fs specified for each sensor in the application requirements. However, in
order to demonstrate the possibility of future upscaling of the active matrix allowing the
aggregation of 8x more elements, the system has been designed to operate at a maximum
frame rate of Frate=5 kframe/s. It is important to notice that in these conditions, the AMUX
needs to ensure a proper settling of the output signal within Trow=40 ps3. In other words,
the OTFTs used to implement the AMUX need to operate at a switching speed close to their
unity-gain frequency (fr~200 kHz).
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Figure 88. (a) Time division multiplexing architecture employed in the proposed pressure sensing
active matrix. (b) Simplified time diagram of the matrix readout.

From these considerations, it is also clear that the implementation of the 5-stage line
driving circuit in the backplane electronics is unpractical. Therefore in this work, a solution
based on discrete off-the-shelf components has been adopted.

Matrix pixel design: at this point, the sensor active area and the frontend electronics can
be designed. Similarly to the pyroelectric sensors, piezoelectric sensors exhibit very high
impedance. Therefore, the same considerations discussed in Chapter 6 on the choice of the
readout electronics apply also for this category of sensors. However, in this case an
additional application requirement should be taken into account. If Eq. (49) is evaluated for
the maximum applied force specified for the target applications, the peak charge delivered
by the piezoelectric can be estimated to be 3.2 uC. By introducing this value in Eq. (51), and
further assuming a sensor active area as large as the matrix pixel size (2.75 x 2.75 cm?), the
voltage generated at its terminals would approximately reach ~900 V! This would

% Trow=Terame/M
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permanently damage the OTFTs, since the absolute maximum source-gate voltage that the
transistors can withstand before breakdown is typically 90 V. In this scenario, a printed
capacitor could be introduced in the frontend electronics and placed in parallel to sensor, in
order to reach an equivalent capacitance > 10Ce which would decrease the output voltage
within the safe limit. However, the fabrication of capacitors as large as ~ 30 nF with
reasonable yield and within the available pixel area is unfeasible in the current
manufacturing process. It is clear that conventional high impedance voltage readouts are not
applicable in this case.

Alternatively, the piezoelectric sensor could be readout in current mode. Even though
Trans-Impedance Amplifiers (TIA) could be potentially integrated in the matrix pixel, the
large peak currents generated by the sensors should be handled by the OTFTs, which should
be therefore designed with extremely large channel widths, potentially resulting in low
circuit yield. An indication of the peak current provided by the sensor can be roughly
estimated by using Eqg. (51) in combination with a sinusoidal approximation of the applied
force (Fn=Fosin(2mtfot)), leading to (52):

Is max = d33Fo2mfy (52)

Where Fo and fo are respectively the maximum amplitude and frequency of the
mechanical excitation. By substituting the values of Fo and fo defined by the application
requirements (Fo= 100kN, fo=CFC=60Hz), the estimated peak current is Is_max=1.2 mA. A
typical OTFT fabricated in the current technology with minimum channel length L=10 pm and
operating in saturation region with an overdrive voltage of 15 V would require a channel
width W=2.2 cm to sustain such current. This is clearly unpractical from the yield point of
view, especially in the perspective of using such devices in large-area matrix backplanes.

The solution proposed in this work is based on the use of a resistor R in parallel to the
sensor in order to provide a low-impedance path (Figure 89(a-c)). If the resistance value is
correctly chosen, no passive integration of the current occurs on the sensor capacitance
within the bandwidth of interest, and therefore the voltage across the sensor can be limited
within a safe range. Typical resistance values are in the ~kQ range, making the integration
of the resistor R feasible with a compact footprint in the S/D metal layer of the OTFT
backplane. This approach intrinsically transfers the sensor current to an output voltage
across the resistor, and thus requires a frontend electronics which perform the readout in
high impedance voltage mode. In these conditions, the sensed voltage is proportional to (51)
and hence the applied force/pressure can be determined after digitalization by means of
numerical integration. An important conclusion can be drawn here: according to (51) the
amplitude of the sensor signal is independent from the sensor area, while the wideband
noise components associated to the leakage and R resistances lead to and integrated noise
power of Vn?=KsT/Ce. In order to maximize the achievable SNR, the area of the sensor
capacitance should be maximized. However, the dominant noise components which typically
limit the SNR performance are associated to the frontend electronic architecture. In this
perspective, the pressure sensor active area has been arbitrary chosen equal to 1.8 x 1.8
cm?. As demonstrated in [97], the frontend electronics can be reduced to a simple active
matrix-addressing architecture (Figure 89(a)). Even though extremely simple, this solution is
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affected by pixel crosstalk issues which introduce large errors in the readout. The second
solution proposed in [97] employs a voltage buffer using 2 OTFTs in a follower configuration,
to readout the voltage across the resistor R Figure 89(b). This approach mitigates the pixel
crosstalk issues at the expense of relatively large power consumption. In the perspective of
the SiP/Si-IC integration, this solution exhibits a severe drawback which prevents its use in
the architecture. Indeed, the large parameter variability of the OTFTs could largely affect the
bias condition of the frontend electronics, making the matching of the voltage levels
between the two technologies extremely challenging.

The frontend electronics proposed in this work exploit instead a transconductance
amplifier (Gm stage) to perform a voltage-to-current (V/I) conversion (Figure 89(c)). This is
here implemented using a fully differential architecture in order to improve the immunity to
common mode interferences and thus the signal integrity of each pixel. Moreover, fully
differential implementations have the potential to reduce the generation of large nonlinear
even-order harmonics, and thus DC offset contributions which otherwise could introduce
significant errors during numerical integration. The resistor R is also divided in two
components (Figure 89(c)) in order to provide a differential signal at the input of the
transconductor. A current steering approach is used to perform the pixel selection with high-
speed switching performance. The current mode readout allows to remove one of the major
limitations in the integration of the two sub-systems associated to the voltage level
matching. Indeed, the first stage of the Si-IC subsystem can be used to provide a virtual
ground node, which maintains the output of the transconductor at a safe and stable
potential and enables safe operation of the Si IC too.

Table 15. Main system specifications for the proposed pressure sensing surface.

Parameter Symbol Value Unit
Matrix elements M x N 5x3

Matrix pitch 2.75 cm
Pyroelectric sensor active area As 1.8x1.8 cm?
Bandwidth of the sensor signal CFC 60 Hz
Sensor Signal-to-Noise Ratio (SNR) SNR 262 dB

Row addressing time (TDM) Trow 40 s
Matrix frame readout time TrrAME 200 ts
Matrix frame rate Frate 5 kframe/s

In order to guarantee the correct co-operation of both sub-systems, it is necessary to
ensure that the sink and source currents will not saturate the Si-IC stage, even in presence
of the large charge injection introduced by the switching action of the active-matrix
addressing circuit. Since the matrix addressing circuit is constrained by the readout speed
specifications, the size and thus the capacitances of the OTFTs in this circuit cannot be
reduced, and therefore the unwanted injected charge should be accommodated by the first
Si-IC stage.
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For better clarity the block-diagram of the proposed matrix pixel is shown in Figure 89(c)
while the main system specifications are listed in Table 15.
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Figure 89. Block diagram of the matrix pixel and SiP/Si-IC interface electronics. (a) Voltage mode
interface based on active matrix addressing circuit. (b) Voltage mode interface based on frontend
electronics and matrix addressing circuit, both implemented with OTFTs. (c) Current mode interface
based on fully differential Gm stage and current steering analog multiplexer, both implemented on
the matrix backplane electronics.

Si-IC system level design: in all the pixels of the generic nt" matrix column, the differential
outputs of each Gm stage are connected together in order to perform element aggregation.
Next, each matrix column is directly connected to the silicon chip for readout, data
conversion and data transfer to the base station. In order to enable the readout of the matrix
columns, N differential input channels needs to be placed in the Si-IC (Figure 91(a)). In order
to demonstrate the system upscaling, by using multiple pressure sensing surfaces at the
same time, 6 differential input channels have been included in the Si-IC. Each channel
employs a fully differential Trans-Impedance Amplifier (TIA) to measure the current provided
by the aggregated Gm stages. Moreover, a Common Mode Feedback (CMFB) circuit needs
to be introduced at the input of each TIA (Figure 91(b)) to remove the DC current component
of the transconductor while ensuring a correct common mode bias voltage Vcm at the input
of the TIA, in order to maximize its output dynamic. Moreover, the CMFB should guarantee
a relatively fast settling of the TIA input common mode each time that a new pixel is
addressed, absorbing large part of the charge injected by the current steering circuit placed
in the matrix pixel after the Gm stage. Despite this, a large amount of residual differential
charge could still be introduced in the TIA, due to the asymmetric behavior of the two
transconductor branches caused by the poor device matching properties of the OTFTs. It
should be highlighted that a wideband CMFB circuit placed at the input of the TIA negatively
affect the noise performance of the Si-IC readout chain. For this reason, a trade-off between
power consumption and noise performance needs to be reached in the design of this stage.
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Figure 90. Relative position of the full scale and noise floor level of both SiP and Si-IC subsystems.

Significant current mismatches between the output branches of each transconductance
amplifier due to the large parameter variability typical of printed OTFTs need also to be
accounted for. These appear at the input of the TIA as an unwanted differential signal added
to the sensor signal, which can be systematically removed only by means of calibration. For
this reason, the TIA should be designed to achieve a dynamic range larger than the
application requirement, in order to accommodate the current provided by the Gm stage
even in presence of large mismatch. The choice of the TIA feedback resistor value is instead
constrained in the first place by the amount of charge injected during the multiplexing
operation. As mentioned above, during the pixel addressing a significant amount of injected
charge could still reach the TIA, and thus the feedback resistor Rrs should be sized to prevent
saturation of the amplifier. This design constraint further entails that the gain gm of the
transconductor needs to be maximized, in order to increase the TIA output swing and relax
the frontend noise requirements.

After the TIA, an Anti-Aliasing Filter (AAF) is introduced to prevent noise folding due to
the sampling required for the data conversion. The cut-off frequency of the antialiasing filter
is set at approximately 250 kHz in order to allow a proper settling of the output voltage
within Trow=40 us. The AAF provides also adjustable voltage amplification in order to ensure
that the maximum signal amplitude approaches the full scale of the Analog-to-Digital
Converter (ADC). In this perspective, a safety margin of about 4 dB has been assumed to
prevent the saturation of the ADC, in presence of current mismatch and performance spread
of the Gm stage (Figure 90). Next, an AMUX is used before the ADC to aggregate the outputs
of the AAFs belonging to the different columns in a TDM fashion. Finally, the output of the
AMUX is fed to the 12 bit Successive Approximation Register (SAR) ADC (with an ENOB=10.3
bit) based on the architecture proposed in [156]. For completeness, in this work the ADC full
scale is determined as the maximum RMS value of the sinusoidal signal (in) that the
converter can handle without reaching saturation.

The block diagram of the proposed Si-IC architecture is shown in Figure 91(a).
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Figure 91. (a) Simplified block diagram of the proposed silicon IC architecture. (b) Block diagram
of the CMIFB module.

7.3.2 SiP circuit implementation

The backplane electronics comprise in each pixel two shunt resistors Rs, a GM stage and
4 OTFTs used to implement the current steering AMUX (Figure 92). The resistance value of
both shunt resistors has been chosen equal to Rs= 2kQ. This value together with the
estimated maximum sensor peak current (Is_vax=1.2 mA) leads to nearly Vin =5 V (differential
peak-to-peak voltage). In addition, the relatively low Rs value can be integrated in the S/D
metal layer with a compact footprint. The Gm stage consists of a basic differential pair and
a tail bias current. Source degeneration techniques are not exploited here to stabilize the gm
of the differential pair against process variations, since the achievable transconductance
value typically does not exceed a few puS. Indeed, in order to make effective use of such
techniques, the gm value should be significantly reduced, and large degeneration resistors
would be required. The implementation of the latter devices in the S/D or GATE metal layers
is extremely cumbersome and therefore pseudo-resistors or OTFTs operating in the linear
region should be employed. Hence, in this configuration the gm of the driver transistors can
be maximized at the expense of larger power consumption. Moreover, the channel length
of the drivers is chosen equal to 40 um rather than the minimum feature size, since the
spread of the transistor parameters is minimum at this L (Figure 16). It should be remarked
that the current mismatch appears at the TIA (on the Si chip) as a differential signal which
cannot be rejected by the input CMFB circuit. As a consequence, the output dynamic range
of the TIA would be negatively affected.
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Figure 92. Schematic of the matrix pixel comprising the sensor electrical equivalent model, the
shunt resistors Rs, the backplane frontend electronics (M0-M2) and the active-addressing circuit (M3-
Mé).

For further sizing the differential pair, additional constraints posed by the application
requirements should be considered. Due to the large Low Frequency Noise (LFN)
components of the OTFTs and the relatively large signal bandwidth required from the
application, it is reasonable to assume that the achievable SNR is mainly limited by the 1/f
noise contributions associated to the frontend electronics. In this case, by assuming the
differential output current provided by the Gm stage equal to gmVin (with Vin the differential
input RMS voltage and gm calculated according to Eq.(19)) and by integrating the PSD of the
1/f OTFT noise component (Eq. (20)) over the frequency interval f,f, the achievable SNR is
given by Eq. (53):

Y2WLCVin?

SNR = 2qay(Vsg+Vry) In(f2/f1) (53)

By extracting (Vsg + V) from Eq. (19) and substituting in Eq. (53), the expression of the
SNR reduces to (54):

__gm YWLCViN?

SNR = Isp 2qay In(f2/f1) (54)

Equation (54) reveals that biasing the differential pair in order to achieve large gm/los, is
beneficial for the SNR. However, it should also be mentioned that the non-linearity
introduced by the transconductor should also be considered and its contribution minimized
in order to prevent large errors in the signal reconstruction. Since source degeneration
techniques are not applicable in this architecture, the adopted solution relies on the biasing
of the transconductor differential pair with large overdrive voltages.

According to [157] this technique can be used to mitigate the impact of the 3™ order
harmonic generated by the non-linearity of the amplifier, which is typically also the dominant
component in differential architectures. In this scenario, a relatively large overdrive voltage
of 9 V has been chosen, which further leads to a 3" order Harmonic Distortion coefficient
(HD3) defined according to [157] of 40 dBc (simulated at the estimated maximum output
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swing). Next, by using Eq. (53) and assuming f1=1 Hz, f2=250 kHz (equal to the AAF cut-off
frequency), according to the application requirement, a minimum SNR of 62 dB should be
guaranteed. This value decreases to 58 dB if the safety margin on the ADC full scale is
considered (Figure 90). The required SNR can be achieved with a minimum channel width
W=150 um. In reality, the SNR value slightly deviates from the estimation due to the noise
components introduced by the active addressing circuit and to the residual noise folding
contributions associated to the first order low pass AAF response. For the given W and
overdrive voltage, the gm value of M1 and M2 does not exceed 0.25 pS. As a consequence,
part of the current signal dynamic range could be comparable or even dominated by the off-
current contributions of the OTFTs placed in the active-matrix addressing circuit, potentially
causing large errors in the readout. Indeed, as discussed in Chapter 4, the OTFT off-current
is sensitive to environmental conditions (e.g. light exposure) and can drift during time. This
makes the use of calibration techniques to systematically remove the unwanted current
contributions unpractical. In order to mitigate these issues and preserve the signal integrity,
both transistors M1,M2 (Figure 92) have been sized with a channel width W=4000 pum. In
these conditions, each driver transistor of the Gm stage exhibits a simulated
transconductance value of gm= 2.6 uS which is 3 dB lower than its initial value, at a frequency
of fc=41 kHz, yet well above the bandwidth specified in application requirements. The Gm
stage is biased with a tail current of 28 pA leading to a simulated achievable SNR of
approximately 76 dB (in the bandwidth 1Hz — 250 kHz), which is more than sufficient for the
given application requirements. It is clear however, that the design of proposed pixel
electronics aims to maximize the signal integrity at the cost of larger power consumption.

Since the circuit performance is not desensitized from the OTFT parameter variability,
the matrix backplane requires a gm calibration prior to its use in the target application. Even
though the calibration of each pixel is typically expensive and cumbersome, this is in any
case required in order to account for the piezoelectric coefficient variability of the pressure
sensors. A first-order calibration of the entire acquisition chain could be performed at once
by using drop tower tests in combination with reference force meters [97]. In this case, the
force excitation should engage with an applied force uniformly distributed over the entire
pressure sensing surface.

Finally, four current switches are connected to the outputs of the transconductance
amplifier following the arrangement shown in Figure 92. The transistors M3,M5 enable the
pixel readout when the row selection signal Vrow is asserted, while steering the output
currents to Vss by means of M4,M6 during in the remaining time. The bleeding current paths
provided by the transistors M4, M6 enable high speed current switching performance in
exchange for large power dissipation. This trade-off is necessary here to meet the required
frame rate specifications. In this conditions, circuit simulations reveal a settling time of
Tser=17.6 us required for the Gm output currents to achieve a marginal error <5% from the
steady state value.

For completeness, the proposed pixel electronics require the following supply and bias
voltages: Vopo=35V, Vss=0V, Ve1=17 V, Vg2=5 V. In addition, the complementary signals Vrow
and Vgow used for the pixel addressing should swing between +18V.
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The implementation of the proposed pixel backplane electronics requires 7 OTFTs and 2
resistors, which are accommodated in an area of approximately 0.5 cm?. Following the
approach proposed in Chapter 6, it is possible to determine a rough estimation of the matrix
pixel yield (backplane only). Indeed, by using Eq. (44) the probability of a fully functional pixel
is associated to the probability that both frontend electronics and active-matrix addressing
circuit are fully working. Since the implementation of the pixel electronics requires 9 devices
while the AMUX devices contained in the 4 remaining rows are 8 (only 2 OTFTs in a pixel are
effectively connected to the matrix column), the probability of obtaining a fully functional
pixel is given by Eq. (55)

Poixer = Poev’’ (55)

where Poev is equal to the transistor yield value for this technology. Thus, in the proposed
architecture is expected that about 96% of the matrix pixels will be fully functional. It is
important to remark that for the same considerations discussed in Chapter 6, this estimation
can only be used to obtain a rough indication of the circuit yield performance.

7.4 System integration

As discussed in Section 7.2, the proposed system-on-foil consists of a sensing frontplane
laminated with backplane OTFT electronics. The foil lamination needs to guarantee stable
electrical interconnections between the two submodules, even under mechanical stress
(impact tests, etc...). Since both sensors and OTFT electronics are fabricated with additive
processes starting from plastic substrates, the electrical interconnection of the two foils can
be obtained by means of physical contact between the sensor electrodes (not covered by a
passivation layer) and the bonding pads developed on the backplane (Figure 93(b)). In order
to maintain a mechanically stable connection, conductive adhesive microdots have been
sandwiched between frontplane and backplane as shown in Figure 93(a). An insulating black
adhesive sheet has been pre-patterned by means of laser cut and glued between sensors
and electronics to improve the mechanical stability of the system, while allowing the
electrical interconnection of the foils (Figure 93(a)). The lamination procedure is finalized
with a second black adhesive sheet used as light shielding layer for the OTFT electronics. As
discussed in the previous chapters, by exposing the OTFTs to ambient light, the transistor
off-current increases dramatically, significantly reducing the achievable lon/lorr ratio, and
thus negatively impacting on the performance of the frontend electronics.

For clarity, a summary of the lamination process is provided in Figure 93(a) while the
layout of a generic matrix pixel (backplane only) is shown in Figure 93(b).
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Figure 93. (a) Lamination process: cross-section view of the proposed system-on-foil. (b) Layout
(top view) of the OTFT electronics of a generic matrix pixel.

7.5 Measurement results

The backplane of the proposed pressure sensing matrix has been developed on a 126 x
126 mm? plastic submodule area (Figure 94(a)) with the fabrication process presented in
Chapter 2. The matrix frontplane (Figure 94(b)) has been manufactured and the pressure
sensors individually poled using the process described in Section 6.2. At last, the micrograph
of the Si-IC fabricated with a standard 65nm CMOS technology process is presented in Figure
94(c).
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Figure 94. (a) Fabricated module containing the matrix backplane electronics. (b) Manufactured
array of piezoelectric sensors (matrix frontplane). (c) Micrograph of the Silicon chip.

Pixel backplane characterization: the electrical performance of the electronics contained
in the matrix pixel has been evaluated at first. Frequency domain characterizations have
been used to assess respectively the small signal gain of the Gm stage, its linearity
performance and obtain an indication of the frontend electronics noise level. For these
characterizations the pixel backplane electronics have been connected to the readout circuit
based on discrete off-the-shelf components as shown in Figure 95(a). The input signal used
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in the frequency characterization is provided by the HP3588A Spectrum Analyzer and further
fed to a Single-ended-to-Differential (S2D) conversion module which is applied to the input
of the pixel electronics. These interconnections require the use of test probes which directly
land on the bond pads of the pixel (Figure 93(b)). The current readout is performed by two
discrete TIAs which outputs are combined by means of a Differential-to-Single-ended (D2S)
converter and connected to the spectrum analyzer. For completeness, each TIA uses an
AD8066ARZ operation amplifier in combination with a feedback resistor of 300 kQ. The small
signal AC response of the pixel backplane electronics has been evaluated using an input sine-
sweep signal with amplitude Vs=100 mVreak. During this characterization, the signals Vrow
and Vgow are held to constant bias voltages, respectively -18 V and +18 V. The measurement
results presented in Figure 95(b) show a transconductance gain value of gm=2 uS and cut-
off frequency of fc=29 kHz, deviating from simulation results by -20% and -30%, respectively.
These discrepancies could be caused by OTFT parameter variability but to a lesser extent by
printing process issues such as misalignment and finite engraving resolution of the OSC layer
(discussed in Chapter 2). In the two latter cases, the printed transistors might feature
different ratios between Cep and Ces parasitic capacitances, which also modifies the loading
impedances in the circuit nodes and thus the speed performance. Another possible cause of
the low cut-off frequency value could be related to the reduction of the organic
semiconductor mobility which typically occurs at relatively high frequency of operation.

The noise performance of the pixel backplane electronics has been also evaluated with
the same measurement setup. In this case, the single-ended-to-differential converter placed
at the input provides only the bias voltage for the transconductor differential pair, while no
AC signal is applied. Also in this case, the four current switches are driven with bias voltages
in order to permanently enable the pixel to be readout. The recorded Noise Power Spectral
Density is provided in Figure 95(c). The measurement results clearly highlight that in the
frequency range of analysis the noise corner frequency is not yet detected and that the 1/f
noise contributions of the OTFTs are the dominant noise components. The integrated
output-referred current noise over the entire analyzed bandwidth is equal to 0.88 nAgrwms
which for the measured gm value leads to a maximum SNR of 82 dB. These results are
obtained with a total current consumption of 31.6 pA. The achieved SNR is approximately 6
dB higher than the simulated one. However, in order to properly compare the two results,
the measured noise PSD should be integrated over a larger frequency range. Unfortunately,
due to the bandwidth limitation of the spectrum analyzer the frequency span of the analysis
has been restricted to 1 Hz — 100 kHz.

The characterization in time domain has been used to evaluate the speed performance
of the current steering active addressing circuit. In this case the measurement setup has
been modified in the following way: first, both single-ended-to-differential and differential-
to-single-ended converter have been removed and the inputs of the Gm stage were
connected to opposite bias voltages in order to unbalance the differential pair. Next, the
outputs of the two TIAs have been recorded with the National Instrument data acquisition
board NI 6259 DAQ running at a sampling rate of 500 ksample/s. In addition, the board is
also used to generate the line addressing signal (Trow=400 ps in this analysis) for pixel
selection. However, in order to match the voltage level (*18V) required for the
complementary row enable signals Vrow and Vgqy, two comparators based on off-the-shelf
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components have been used as interfacing electronics. The differential signals recorded at
the outputs of the TIAs during the addressing operation is presented in Figure 95(d). The
settling time Tser required by the differential output signal to reach a marginal error 6<5%
(from the steady state value) is for this sample equal to Tser=16 ps which is in good
agreement with the simulation results.

For completeness, all the measurements (unless otherwise specified) are performed
using the following bias voltages: Vop=35V, Vss=0 V, Vg1=17 V, Vg2=5 V.
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Figure 95. (a) Simplified block diagram of the measurement setup used for the characterizations
in the frequency domain. (b) Frequency response of the pixel backplane electronics. (c) Output
refereed noise PSD of the pixel backplane electronics (rectangular window, averaging factor=100).
The spurious harmonics visible in the PSD are due to the interference coupled with the measurement
setup. (d) Transient response of the pixel selection and settling time required by the differential
output voltage to reach a marginal error 6<5% from the steady state value. The signal Vrow has been
normalized to improve the clarity.

Complete matrix backplane characterization: all the pixels of 4 different matrix
backplanes manufactured within the same campaign have been characterized in static
conditions as well as in dynamic ones (in frequency and time domain). In this perspective,
four main indicators have been extracted from the measurement dataset, which are: bias
current 1s=2lo and current mismatch Alo (between branches) of the Gm stage,
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transconductance gm of the pixel electronics and the time Tser required by the differential
output signal to reach an error smaller than 5% from the steady state value. The two
measurements setups used for these characterizations have been already described in the
previous section.

All the analyzed pixels are fully-functional with the exception of 3 (connected to the same
column) which have been damaged during the foil handling. Even accounting these as faulty,
the matrix pixel yield (only backplane) remains as high as 95%, which appears to be in line
with the prediction provided in Section 7.3.2. However, due to the limited amount of
analyzed sample it is not possible to drawn a conclusion. Each defect-free matrix backplane
corresponds to 135 fully-functional devices of which 105 are OTFTs and 30 resistors.

From the soft—yield point of view, the performance of the proposed pixel electronics is
expected to be relatively sensitive to the OTFT parameter variability, since specific
desensitization techniques have not been applied. This can be clearly observed in Figure 96(a)
where the distribution of the total circuit bias current is provided. Indeed, while the mean
value of the distribution (e=30.9 WA) is relatively close to the simulated one, the extracted
standard deviation reads ois=4.5 pA, which is nearly 15% of the mean value.
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Figure 96. Statistical characterization of 57 pixels measured over 4 successive foils. (a) Histogram
of the Gm stage total bias current Ig, the mean value of the distribution is p;=30.9 uA and the
standard deviation o,5=4.5 uA. (b) Histogram of the Gm current mismatch Al,. Mean value p =184
nA and and standard deviation 6,,=180 nA. (c) Histogram of the Gm transconductance gain. Mean
value pym=2.1 uS and standard deviation o,m=722 nS. (d) Histogram of the output settling time
required to reach a marginal error <5% from the steady state value. Mean value prser=20 us and
standard deviation orser=6.5 ps.
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This relatively large spread of the bias current is expected to have a significant impact on
the variability of Gm stage transconductance gain.

The distribution of the current mismatch between the two branches of the
transconductor has been also accessed and the histogram of its extracted distribution is
provided in Figure 96(b). The main statistical indicator extracted from the distribution, such
as mean value pap and standard deviation oaio are respectively 184 nA and 180 nA. Even
though paio and caio are comparable, it is interesting to highlight that the average current
mismatch is only 0.5% of the bias current mean value pe. In this perspective, the design of
the transconductor differential pair probably benefits from the use of the 40 um channel
length transistors (due to their low global parameter variability) and from the relatively large
channel area.

Characterizations in the frequency domain have been used to extract the Gm
transconductance gain for each analyzed pixel. The distribution obtained from the
measurement database exhibits a mean value pgm=2.1 pS and a standard deviation ca0=722
nS, which is approximately 35% of pugm. The histogram of the distribution is also depicted in
Figure 96(c). The gm of the transconductor suffers from a relatively large parameter spread.
This is caused in large part by the variability of the tail current Is, but also by the parameter
spread of the OTFT in differential pair.

The last indicator chosen for the evaluation of the backplane electronics performance is
the settling time Tser. This parameter is of paramount importance especially in large-area
applications exploiting active-matrix addressing circuits. Indeed, knowledge of the time
required by the output to settle within a specified maximum error band 1§, allows to
estimate also the maximum frequency at which the multiplexer can operate. The histogram
of the Tser parameter is provided in Figure 96(d). The mean value and standard deviation
extracted from the parameter distribution are respectively prser=20 ps and o1ser=6.5 ps. From
Figure 96(d) it can be also observed that all the recorded pixel output signals can be readout
with a settling error <5% using a row addressing time Trow=40 ps, further verifying the target
frame rate specification.

Si-IC characterization: for the evaluation of the Silicon chip performance three main
indicators have been investigated. First, the frequency response of a generic acquisition
channel has been recorded. A differential current sine sweep has been used at the input of
the acquisition chain to evaluate its frequency response across the frequency range 10 Hz -
1 MHz, while the differential output voltage is sampled and convertered with the on-chip
ADC. During this characterization the AMUX (Figure 91(a)) is statically controlled to select
only the channel under test and the gain of the AAF is set to the maximum. The measurement
results provided in Figure 97(a) shows a maximum gain of the acquisition chain equal to
101.1 kQ while the 3 dB cut-off frequency of the AAF falls at approximately 220 kHz. This
gain performance corresponds in nominal conditions (Gm stage transconductance equal to
2.6 uS) to a maximum differential output swing of 1.3 V, which is relatively close to the full
scale of the ADC (1.98 V). It should be remarked that this voltage mismatch is due to the
safety margin (of 4 dB) introduced at the design stage.
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The noise performance of the Si-frontend has been also evaluated. In this case, the AMUX
channel selection has been performed at the nominal operational frequency, reaching a
potential sampling rate of 5 ksample/s (per pixel). The recorded input-referred current noise
PSD is presented in Figure 91(b). The integrated input-referred current noise in the
bandwidth 1 Hz - 2.5 kHz is equal to 8.5 nArms, which corresponds to an SNR of 64.2 dB
leading to an ENOB of 10.3 bits, as targeted in the application requirement.

At last, the linearity performance of the acquisition chain has been assessed by means of
a single tone test at 110 Hz with a differential amplitude of 18 pA. The recorded output
spectrum shown in Figure 91(c) reveals a Spurious Free Dynamic Range of 62 dBc, limited in
the first place by the third harmonic of the fundamental signal. Thus, it is expected that the
linearity performance of the complete system (SiP+Si-IC) will be mainly determined by the
matrix backplane electronics.

For completeness, the measured total current consumption of the Si-IC is approximately
1.5 mA with a supply voltage of 1.2 V.
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Figure 97. Performance evaluation of a generic acquisition channel of the Silicon chip. (a)
Frequency response. The DC gain and 3 dB cut-off frequency are respectively equal to 101 kQ and 220
kHz. (b) Input-referred current noise PSD (rectangular window and averaging factor=200). The
integrated-input referred noise in the bandwidth 1 Hz-2.5 kHz is equal to 8.5 nAgrus (c) Output
spectrum obtained with a single tone test at a frequency of 110 Hz and differential amplitude of 18
HUA. The extracted SFDR is equal to 62 dBc (Hanning window and averaging factor=1).

Complete system characterization (SiP+Si-IC): the performance of the complete system
comprising the SiP and the Si-IC has been evaluated at first by using one of the matrix
backplanes previously analyzed. The measurement setup consist of the matrix backplane
connected through an interfacing PCB to the Silicon chip and a Digilent Nexys Video Artix-7
FPGA board used for the ADC digital output readout and data storage. Test probes are here
used to access the matrix pixel electronics. The columns of the matrix backplane are directly
connected to the Si-IC, while discrete off-the-shelf components are used to implement the
5-stage line drivers and to enable matching of the voltage levels with the SiP. The photograph
of the measurement setup is provided in Figure 98.

In this configuration, the frequency response of a generic matrix pixel frontend has been
measured by using one of the Silicon chip acquisition channels. The measurement results are
provided in Figure 99(a). The frontend electronics exhibit a transconductance gain of 1.18 uS
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and a 3 dB bandwidth of 34 kHz. Even though the transconductance value is nearly a factor
2 smaller than the average measured value (2.1 uS), this result is still compatible with the
outcome of the analysis provided in Figure 96(c). Similarly, also the bandwidth of the organic
frontend slightly deviates from simulations and previously reported measurement results.
Both effects can be attributed to OTFT parameter variability as well as aging effects.

fasssenaenf

SiP

Figure 98. Photograph of the measurement setup used for the evaluation of the complete system
SiP+Si-IC.

Next, the noise performance of the entire acquisition chain (SiP+Si-IC) has been
investigated. For simplicity, the measured output-referred voltage noise PSD has been
referred to the input of the Si-IC. From the experimental results presented in Figure 99(b) it
can be clearly observed that the noise level of the complete system (red curve) is slightly
higher than the previous case in which the Silicon chip only was connected (black curve). This
result suggests that the noise floors of the two subsystems are in this case somewhat
comparable, or that other sources of noise introduced by the measurement setup are
currently reducing the SNR performance of the complete system. However, as demonstrated
by the results of the characterization provided in Figure 95(c), the noise floor of the
backplane electronics is well below the noise floor of the Si-chip. Therefore, the SNR
reduction is most likely caused by noise sources related to the measurement setup. The
integration of the input-referred current noise PSD of Figure 99(b) leads to an SNR value
equal to 60.2 dB which further corresponds to an ENOB of 9.7 bit.
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Figure 99. Performance evaluation of the complete acquisition chain (SiP+Si-IC). (a) Frequency
response. The measured DC gain of the organic frontend electronics is equal to 1.18 uS, while its 3 dB
cut-off frequency is 34 kHz. (b) Comparison between the current noise PSD (referred to the input of
the IC) recorded with (red) and without (black) the SiP (rectangular window and averaging
factor=100). (c) Output spectrum obtained with single tone test at a frequency of 110 Hz using the
complete system (red) and the Si-IC only (black). The extracted SFDR is in the first case 32 dBc and 62
dBc in the second (Hanning window and averaging factor=1).

The linearity performance of the complete system has been also evaluated. A single tone
test at a frequency of 110 Hz and differential amplitude of +2.5 V has been applied at the
input of the pixel frontend electronics. It is worth mentioning that a single tone test at 110
Hz has been used in this case in order to be consistent with the Si-IC characterization, even
though the frequency range of analysis falls beyond the bandwidth specified by the
application requirements. The output spectrum provided in Figure 98 (c) reveals a SFDR of
the complete acquisition chain equal to 32 dBc, which is about 9 dB worse than the simulated
one. As mentioned above and clearly visible in Figure 98 (c), the linearity performance is
mainly determined by the flexible circuit, and thus this discrepancy could be related to the
large parameter spread of the OTFTs which further affects the biasing of the organic circuit.

(a) (b)

Figure 100. Large-area pressure/impact force sensing surface prototype. Top (a) and bottom (b)
view.
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At last, the functionality of the system as large area impact matrix sensing surface has
been experimentally demonstrated. The sensor frontplane (Figure 94(a)) and the matrix
backplane (Figure 94(b)) electronics have been laminated according to the procedure
described in Section 7.4. The photograph of the prototype is provided in Figure 100.
Differently from the proximity sensing surface discussed in Chapter 6, the lamination process
was not responsible for any pixel failures, leading to an element matrix yield of 100%. Thanks
to the larger matrix pitch and simpler assembly process, the lamination of this prototype is
typically less challenging than the proximity sensing surface one. The prototype functionality
check has been performed by means of hammering tests on individual pixels of the matrix.

These functionality tests have been recorded with the Si-readout electronics based on
off-the-shelf components and already developed for the time domain characterizations
provided in Figure 96(d). Indeed, at the time when the pressure sensing surface functionality
check was performed, the Si-IC subsystem was not yet finalized. The matrix was scanned at
the nominal frame rate of 5 kframe/s, and the three differential output signals (Vcumi-3) were
sampled and converted by means of the NI 6259. Finally, the output signals have been
demultiplexed and the offset voltages subtracted by means of calibration.

The signals recorded from two pixels of the same column during a hammering test are
provided in Figure 101(a). This test consisted of three consecutive hits on the pixel identified
by the coordinate R3C1 (Figure 101(b)), followed by with three additional excitations applied
on the pixel R2C1. The sequence of the impact forces can be clearly distinguished from the
noise floor of the time evolution signals provided in Figure 101(a). Moreover, it can be
observed that the impact forces applied on a pixel are also detected (with a minor amplitude)
on the other one. This is probably due to the shear forces caused by the impact as well as
vibration of the measurement setup support rather than by the electrical cross talk between
pixels. In the perspective of employing the prototype in the target application, both effects
can be mitigated by introducing the system-on-foil in the mechanical structure proposed in
[97].
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Figure 101. (a) Hammer impact tests performed on the proposed pressure sensing surface. The
first three mechanical excitations are applied on the pixel R3C1 and the three successive on the pixel
R2C1. (b) Pixel identification convention (system on-foil-top view).
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It is clear however, that a more quantitative characterization of the proposed pressure
sensing surface, in combination with the Si-IC readout electronics is required. This could be
performed by exploiting a drop tower setup in which the impact tests are recorded (at the
same time) with the proposed system and with commercial force meters as discussed in [97].
At the moment of the manuscript preparation these tests are still ongoing and therefore
further results cannot be provided.

For clarity, the main indicators of the system performance are summarized in Table 16.

Table 16. Main performance indicators of the proposed pressure sensing surface.

Parameter Symbol Value  Unit
SiP frontend | Matrix elements
Gain gm 2 uS
Bandwidth 29 kHz
Settling time (at marginal error <5%) Tser 16 s
Integrated input referred current noise 0.88 NArmS
SNR (bandwidth 1 Hz — 100 kHz) 82 dB
Power consumption 1 mwW
Supply voltage Vbp 35 \Y
Area 0.5 cm?
Required number of devices 9
Yield performance (over 60 samples) 95 %
Si-IC back end
Gain 1011  |kQ
Bandwidth 220 kHz
Integrated input referred current noise 8.5 NARrMs
SNR (bandwidth 1 Hz — 2.5 kHz) 64.2 dB
SFDR (@ 18 pA diff. inp. curr. amplitude) 62 dBc
Power consumption* 1.8 mwW
Supply voltage Vbosi-ic 1.2 \"
Area* 1.2 mm?
SiP + Si-IC
Number of elements 3x5
Gain (entire acquisition chain) 480 V/A
Bandwidth 2.5 kHz
Matrix readout frame rate Frate 5 Kframe/s
Integrated input referred current noise 13.6 NArMs
SNR (bandwidth 1 Hz — 2.5 kHz) 60.2 dB
Dynamic range 56.2 dB
SFDR (@ 5 V diff. input voltage amplitude) 32 dBc
Power consumption** 16.8 mW
Total area 113.5 |cm?

*Of the complete Si-IC
**Excluding the 5-stage line drivers
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7.6 Conclusions

This work demonstrates for the first time in literature the integration of a customized Si-
IC fabricated with a standard 65nm CMOS process with a low cost System in Package (SiP)
for large-area pressure sensing applications, developed with printed organic materials. The
SiP contains printed piezoelectric sensors connected in a 5 x 3 matrix arrangement by the
frontend OTFT electronics. The direct interconnection of the two subsystems is typically
challenging due to the very different operating voltage of the OTFTs and Si-IC electronics,
which require respectively Vpbp>20 V and Vopsiic<1.2 V. The solution proposed in this work
overcomes this problem by using a current mode readout approach, which maintains the
nodes of the interface electronics at a safe potential thanks to the virtual ground provided
by the input stage of the Si-IC. The current signal collected by the Si-IC is further conditioned
and digitized with a 12 bit SAR ADC inside the chip.

The matrix pixel fronted electronics are equipped with a fully differential Gm stage to
convert the sensor signal from voltage to current domain and four current steering switches
to achieve high speed multiplexing. The measured Gm stage performance achieves a gain of
about 2 S, a cut-off frequency of 29 kHz, and an SNR of 82 dB (in the bandwidth 1 Hz — 100
kHz) achieved with a power consumption of 1 mW. The settling time required by the
differential output signals to reach a marginal error <5% of the steady state value is typically
<40 ps, thus demonstrating matrix readout frame rate as high as 5 kframe/s. The results of
the statistical characterizations of the pixel frontend electronics reveal spread of the main
performance indicators of 20% - 30% from the mean value. The acquisition channel of the
Silicon back end electronics achieve a typical gain performance of 101.1 kQ with a 3 dB
bandwidth of 220 kHz and an SNR of 64.2 dB (ENOB=10.3 bit), achieved with a power
consumption of 1.8 mW. The SNR performance reduce to 60.2 dB (ENOB=9.7 bit) when the
SiP is also connected. This loss of performance is attributed to noise sources introduced by
the measurement setup. At last, the linearity performance of the complete system is limited
by the SiP, achieving an SFDR of 32 dBc (with a full-scale input signal), limited by the third
harmonic of the fundamental signal.

Preliminary mechanical tests have been also performed and impact force detections have
been successfully demonstrated with the proposed system-on-foil. The availability of such
pressure sensing surfaces could be used for applications in the markets of automotive,
environment monitoring and smart buildings, where large-area coverage, large dynamic
range of forces and relatively high readout frame rate are requires. Moreover, the approach
proposed for the interconnection of the SiP with the Si-IC, could be further extended to new
classes of smart sensing solutions enabling the fabrication of low cost electronic devices,
with unprecedented mechanical properties and reduced footprint thanks to the minimum
number of discrete components required.
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New design methodologies and circuit solutions have been proposed and demonstrated
to tackle two of the major challenges in circuit design with printed organic technologies,
which are the large parameter variability and the limited yield. The main idea relies on the
use of circuit techniques which systematically desensitize the circuit performance from the
OTFT parameter variations. Jointly, the circuit implementations aim also to minimize the
number of required devices in order to maximize the overall circuit and system yield. These
techniques have been further used to demonstrate robust systems-on-foil for a new class of
smart sensing applications which benefit from the mechanical flexibility and large area-
coverage achieved at a low price.

The fundamental enabler for the development of these new design methodologies is a
deep investigation of the OTFT technology weaknesses together with the printed process
capabilities. The effectiveness of the design methodologies and circuit implementations can
be assessed using suitable simulations. Moreover, in order to enable the design of complex
systems-on-foil, a Process Design Kit (PDK) specifically tailored to the gravure-printed
organic transistor technology has been developed. The PDK includes for the first time in
literature a thorough description of the static, dynamic and noise behavior of an OTFT
technology. The formalization of the design rules is also a crucial point in the development
of the PDK. The proposed strategy allows compact descriptions with a set of only four
technological parameters, which further enables quick adaptation to the advances of the
technology. EDA tools such as DRC, LVS and LPE have been also enabled to assist the design
flow with automatic verifications. The PDK has been integrated in the commercial framework
Cadence Virtuoso®. Complex hybrid systems comprising printed organic transistors and
mainstream Silicon-electronics can be now designed, simulated and automatically verified
within the very same software environment.

The methodology proposed for the design of digital circuits with unipolar printed
technologies exploits the combination of different inverter topologies within the same
functional block. Compared to the classical approach which uses only one basic inverter
topology, this strategy allows to exploit the key features of each inverter configuration in the
critical points of the circuit, enabling the reduction of complexity (in terms of transistor
count), power consumption and area occupation, while ensuring correct functionality. This
methodology has been used to design three different 8-stage line driver circuits (based on
respectively dynamic and pseudo-static logics) for display and matrix addressing
applications. Multistage line drivers circuits fabricated with unipolar printed organic
technologies have not been demonstrated before in the literature, probably due to the
reliability issue associated to the relatively large number of devices required for their
implementation. The results of the statistical analysis reveal that the yield performance is
different for the three configurations starting from a minimum of 65% and reaching 100%
for one of the implementations based on dynamic logic. The yield performance of the latter
architecture is extracted over 15 samples, meaning that the addressing of a 120-row matrix
suitable e.g. for flexible displays featuring Quarter Quarter Video Graphics Array (QQVGA)
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resolution (160 x 120 pixels) can be enabled by printed electronics. This architecture
achieves also the best performance in terms of energy efficiency, area occupation,
integration density and number of transistors required among the analyzed configurations.

The methodology proposed for the design of digital circuits has been also used to develop
an inexpensive disposable smart sensor on RFID for temperature monitoring applications.
The temperature sensing relies on resistive printed temperature sensors, while the signal
conditioning exploits a highly digital architecture based on a BBPLL time-based interface. The
proposed ratiometric sensor readout provides a simple but effective approach to mitigate
the effects of the OTFT parameter variability on the system performance. The experimental
results demonstrated that the system-on-foil is capable of sensing the environment
temperature between 3 °C and 27 °C, converting it into a robust digital representation, and
further transmitting the data to a base station reader, using ASK modulation on a 13.56 MHz
RF communication link. In addition, the harvesting circuit enables the energization of the tag
from the RF carrier. The smart sensor requires a conversion time of 2 s to achieve a resolution
of 270 mKerwms, leading to a resolution FoM of 291 wK2. A 3¢ inaccuracy of +1.6 °C is obtained
in the temperature range from 3 °C to 27 °C, after systematic non-linearity removal and 2-
point calibration. By using a third calibration point the 3o inaccuracy can be lowered down
to 1.2 °C. Even though the immunity of the system performance from supply variations,
typical of unregulated RFID devices, has been considered at the design stage the
measurement results show that the inaccuracy performance is still partially impacted. As a
future work, the development of voltage regulators based on unipolar organic transistor
could be exploited to further improve the performance of the smart sensor. To the author’s
knowledge, this work presents for the first time in literature a smart temperature sensor on
RFID, fabricated with a gravure-printed OTFT technology and potentially enabling
temperature monitoring in cold chain applications.

Analog design techniques for the development of robust large-area sensor matrices have
been also investigated. The first proposed system-on-foil demonstrates for the first time in
literature, a 5 x 10 fully-printed large-area proximity sensing surface integrating Analog
Frontend Electronics in each pixel. This solution exploits local signal amplification (within the
matrix pixel) using a reduced number of devices. Closed loop amplifier configurations
obtained with passive feedback networks have shown to tolerate large OTFT parameter
spread without significantly affecting the frontend electronic performance. A TDM technique
has been used to aggregate multiple pixels and thus reduce the number of interconnections
with the Silicon readout electronic. The results of the statistical analysis performed over 200
pixels, reveal an average defectivity rate of 18% which proves the robustness against hard
failures and device parameter viability of the architecture. The highest number of fully-
working pixels recorded among the same matrix backplane is 48 out of 50, which
corresponds to 768 fully-functional devices. This result attains the largest circuit complexity
(in terms of device count) ever achieved by a printed OTFT circuit to date. Proximity
detections at 100 frame/s of human hand approaches from different directions up to 40 cm
distance and position tracking of a localized movable heat source have been demonstrated.
These results prove that printed electronics can be potentially used to fabricate low-cost
solutions suitable for human proximity detection which could increase the level of security
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(collision avoidance), improve the interaction modalities and significantly reduce the costs
in HRI applications.

At last, a design approach suitable to develop analog and mixed signal systems which
integrate two heterogeneous technologies has been explored. The proposed hybrid system
integrates a low cost large area sensing surface (System-in-Package (SiP)) manufactured with
organic materials and a custom Si-IC fabricated with a 65 nm standard Silicon CMOS process.
The impact test/pressure sensing capability of the SiP has been successfully demonstrated
combining a 3 x 5 matrix of piezoelectric sensors (frontplane) with distributed organic
fronted electronics (backplane). The implementation of a current steering analog
multiplexer in the backplane electronics enables high speed matrix pixel aggregation and a
significant reduction of the readout interconnections. Measurement results show that the
frame rate as high as 5 kframe/s can be achieved. The outcome of the statistical yield analysis
highlights that the pixel electronics benefit from simple and compact circuit implementation,
reaching a defectivity rate as low as 5%. On the contrary, the spread of the main frontend
performance indicators is relatively large (20% - 30% from the mean value) since no
desensitization techniques have been applied. The voltage-to-current conversion performed
in the pixel frontend electronics allows to realize a current mode interface, removing the
major limitations in the direct interconnection of the two subsystems, which is the very
different operating voltage of the OTFTs and Si-IC. The integration and the successful readout
of the matrix backplane at the nominal frame rate with the Si-IC has been also demonstrated.
The complete system achieves an SNR performance of 60.2 dB (ENOB=9.7 bit) and an SFDR
of 32 dBc (at the estimated maximum input signal amplitude), with a total power
consumption of 16.8 mW. This system is expected to enable low cost solutions for pressure
sensing applications which require large-area coverage, large dynamic range of force
detection and relatively high readout frame rate. Moreover, the approach proposed for the
design of hybrid PE/Si-IC systems, could be further extended to new classes of smart sensing
solutions with unprecedented form factors and reduced cost thanks to the minimum number
of Si/PE interconnections needed.
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Summary

Circuit Design for Low-Cost Smart Sensing Applications
Based on Printed Flexible Electronics

The development of electronics is still led nowadays by the Moore’s law trend, which
makes possible increasingly more dense integrated circuits, and enables ever improved
functionality while keeping costs basically unchanged. Moore’s developments, however, are
not the only propulsive force in the development of electronics. “More than Moore (MtM)”
trends aim to integrate in a system functional diversification based on the simultaneous use
of heterogeneous technologies that do not scale in accordance with Moore’s law, in order
to enable novel applications. In this framework, for instance, large-area technologies can
expand the application of electronics beyond miniature integrated circuits, to provide large-
area interfaces, like displays. Interestingly, large-area electronics can also be manufactured
on flexible substrates to make possible unprecedented applications like foldable displays, or
flexible sensing surfaces, or biomedical instrumentation that can adapt to the shape of the
body. Printing electronics on large foils is also possible, adding to the attractiveness of
flexibility the advantage of ultra-low production costs and enormous potential throughput.

Despite the recent advancements of printed electronic technologies, their use in
commercial products remains up to date very limited. Technology challenges such as limited
yield, large transistor variability, and poor electrical performance, still prevent printed
systems on foil from commercial exploitation. However, several of these limitations can be
tackled and mitigated at the circuit design level. In this perspective, the main research
question addressed in this work is to create new design methodologies and circuit topologies
specifically suited for printed organic technologies, which are able to improve the robustness
of the printed circuits, enabling their use to enable innovative market applications.

In Chapter 2 the printed organic TFT (OTFT) technology used in this work is introduced in
a bottom-up fashion, starting from the printing capabilities and reaching the device
fabrication process. The OTFT electrical characterizations and the technology yield analysis
are also reported.

Chapter 3 discusses the development of a Process Design Kit (PDK) for the printed organic
technology. First, the OTFT models (static, dynamic and noise) are derived. Next, the
methodology developed to define the technology Design Rule Manual (DRM) is introduced.
The integration of the PDK in a commercial Computer Aided Design (CAD) framework is also
discussed.

Chapter 4 focuses on the design and characterization of multi-stage line drivers for matrix
addressing applications manufactured with the gravure-printed unipolar organic transistors
technology. Different transistor-level implementations for the single delay stage have been
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proposed and the circuit performance is compared by means of simulations. Three
typologies of 8-stage organic line drivers have been developed exploiting the proposed delay
stages. Measurement results have been further used to provide insight in the vyield
performance of each line driver architecture, and to select the most robust circuit
implementation in the given OTFT technology.

Chapter 5 presents the design and evaluation of a smart temperature sensor integrated
in a passive RFID tag, manufactured with a unipolar printed organic transistor technology.
The proposed system-on-foil enables the fabrication of inexpensive disposable electronic
devices for innovative applications in the cold chain temperature monitoring of food and
pharmaceutical products. In order to achieve this, printed resistive temperature sensors
have been selected for the temperature sensing, and a time-based frontend interface has
been exploited to perform the analog-to-digital signal conversion. The RFID tag is further
capable of transmitting the digitalized signal to a reader, via an RF communication link at a
frequency of 13.56 MHz. In addition, in order to develop a stand-alone system—on-foil, the
tag has been equipped with a harvesting circuit for wireless power transfer.

Chapter 6 deals with the design of a fully-printed large-area proximity sensing surface
fabricated with organic materials. The core of the sensing surface is a 5x10 active sensor
matrix obtained by lamination of printed organic pyroelectric sensors on foil (frontplane)
with printed organic frontend electronics (backplane). The frontend electronics is used here
to provide sensor signal amplification and unambiguous pixel addressing in order to
maximize the SNR and reduce the pixel crosstalk. The proposed system-on-foil could be
exploited to improve the safety in environments where humans and robots are cooperating
or to develop artificial electronic skin for novel human-machine interaction applications.

Chapter 7 presents the design and evaluation of a system suitable for pressure sensing
applications, which integrates Si-IC electronics (based on Si-65 nm technology) with a system
on foil manufactured with printed organic materials. The use of printed organic technologies
enables low-cost large-area distributed pressure sensing capability, while the Si-IC
electronics performs readout, sensor aggregation and signal digitalization, using a minimum
number of interconnections and allowing a compact footprint. The core of the flexible
system is a 5x3 active matrix of printed organic pressure-sensitive sensors on foil (frontplane),
laminated with a second flexible substrate containing printed frontend electronics
(backplane). The pixel frontend electronics make use of a transconductor to perform high-
speed sensor aggregation and the voltage-to-current conversion for the direct
interconnection with the Si-IC electronics. The proposed system-on-foil is designed to
achieve large dynamic range in force/pressure measurements together with a fast response,
in order to further extend the versatility of the solution. The availability of low-cost large-
area pressure sensing devices which can be directly interfaced with conventional Si-based
platforms is expected to be the key enabler for innovative applications in the markets of
domestic ambient monitoring, automotive and smart building, to give some examples.

Finally, conclusions are drawn in Chapter 8: new design methodologies and circuit
solutions have been proposed and demonstrated in this work to tackle the two major
challenges in circuit design with printed organic technologies: the large parameter variability
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and the limited yield. The main idea relies on the use of circuit techniques which
systematically desensitize the circuit performance from the OTFT parameter variations.
Jointly, the circuit implementation aims also to minimize the number of required devices in
order to maximize the overall circuit and system yield. These techniques have been further
used to demonstrate robust systems-on-foil for four innovative smart sensing applications
which benefit from the mechanical flexibility and large area-coverage achieved at a low price
by the printed electronics approach.
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correctly pronounce his surname “Duipmans” (you know the Italians...), in 4 years. And

4 Title earned in 2015 while rescheduling with authority his meeting with Eugenio
5> Some dutch people find their name cuter in Italian.
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maybe | should also apologize for all pranks he has been a victim of (one day he even found
his bike about to be sold on Marktplaats). | would like to thank also Debby (Mitra) for
reminding me every single day of my PhD that organic transistors and my circuits won’t work.
Despite this, and despite his accent/way of speaking which took me 6 months to decrypt and
yet | have not fully understood, Debby has been an important person for me in the office.
Thank you for all the Cadence/Matlab related problems you helped me fixing and all the
discussions we had on circuits based on p-MOS transistor only®. A special mention goes also
to Carlos Antonio Mendes Da Costa Junior (or in short Carlos+Junior= Carlinho). Brazilian of
origin, with Italian roots and a German attitude of working, a real nightmare for me to work
with ©. Carlinho is also one of those who did not like Italians conversing in the room,
although at the very end he got used to that (or he simply gave up). Another very important
member of the group that | would like to thank is Martin (for the record known as “Petite
velo” or “French *****”) He taught us a lot about the French language and more specifically
the way you are supposed to speak’. Among other things with Martin | shared a passion for
vinyl records, a large number of wine bottles and the common interest for Brooklyn Nine-
Nine. All in all, he is a nice guy even though he is French! After Martin, | would like to thank
Debby 2 for daily enriching the atmosphere of the office with his amazing stories through all
the 4 years. | truly believe that the legend of the Bangladeshi Tiger will continue to fascinate
for centuries...The last members of the Nest Hunters group | would like to thank are in order
Giustino®, Gonenc, Ashwin, James, Piyush and Genchino. With Giustino, | have been working
for about two years of my PhD. During this period we both worked hard to ensure a
successful outcome of the ATLASS project, and | am glad he was my team mate in this
adventure. Cooperating together has not always been easy (We zijn allebei een beetje koppig)
but it has surely been a lot of fun. James shared our office for about a year and without any
doubt he is the best Chinese officemate | have ever had®. Even though James is an excellent
photographer, he lacks some skills using the self-timer of the camera®. A special thank goes
to Piyush (and Giustino) for motivating me to do some sports (Running, cycling, squashing,
playing football...). Finally | want to thank Genchino for his great contribution to my
dissertation and above all for the “caciocavallo impiccato” we designed and successfully
taped-out last week.

My appreciation also goes to the rest of the members of the IC group, starting from the
current head Peter Baltus. A special thanks to Margot and Rainier for their prompt support
on technical and non-technical matters.

Among the people involved in my PhD project, | would like to express my deep gratitude
to Micael and its team at CEA for their hard work and great effort in the development of the
transistor technology and to Herbert for his valuable support in the technical discussions. |

& The circuit were re-drawn with nMOS transistors for pity on Debby.
" For a demonstration feel free to contact Debby.

8 And the only one ©

9 #Camilo’s farewell dinner
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would also like to thank Gernot, Lars and Josephine for their contribution in the development
of the ATLASS demonstrators.

Beside the working environment, | also want to thank all the people who have supported
me during these years. | would like to start with Daniela my former housemate. Thank you
for revealing my true name Marione, for teaching me that Rieti belongs to Abruzzo and for
always encouraging me with sentences like “Marione you look pale, | have my doubts you
are going to make it to the end of the PhD”. My appreciation goes also to Bibi, Teresa, Ema
and Luca for their active part in all the parties at Havensingel 70. | also want to mention
Sergio my last housemate at Havensingel. Thank you for considering me, your best Italian
housemate you have ever had®!

E poi ci sono gli abitanti del regno di Eindhoven... Quelli del ponte di qua, a cominciare
da Sua maesta, re Giacomo | da Conegliano, e Sua Altezza regina, Claudia Calabrona. Un
abbraccio a entrambi per aver mantenuto la PAX a Eindhoven con quei terroni del ponte di
la e per aver introdotto la cavallina ad UNO. Giacomi grazie anche per le casse di vino e per
il costante impegno nel perculare Basilio e Chicco. Nel dubbio sempre forza Juve e CR7. Ci
sono poi i due ribelli del ponte di la, Basilio'® (for the record also known as Bafuggi) e Viviana
anche detta Scrocchiarella. Basilio € un numero 10, uno di quelli della leva calcistica del ‘68:
fan sfegatato della Lazio (ha I'aquilotto pure sul vetro del pandino), non perde un derby
Lazio-Roma dal 1953, uno cosi ottimista che Tonino Guerra gli spicciava casa a confronto.
Ovviamente se scherza Basix! Basilio & della Magica, uno che cerca I'avventura, leale,
altruista insomma un amico vero. Uno che se lo chiami alle 23:00 di sabato sera per chiedergli
un passaggio fino all’aereoporto di Amsterdam per il giorno dopo alle 6:00 ti dice: “Mortacci
tuq FrHERE||] wkHxAK || *x%*] Ci vediamo domani!”. Viviana invece & una con cui NON puoi
giocare ad UNO. Comunque vada, con una cavallina lei ti appioppera un +2+2+2+2 seguito
da un paio di +4 1. Anche quando sei li con una carta in mano che assapori la vittoria (sempre
che tu abbia prima detto “UNO!” altrimenti lei ti ricordera di prendere due carte addizionali
in amicizia) lei ha la carta per mischiare il mazzo.. Grazie Viviana, dopo 4 anni ancora non
vinco una partita... Tra quelli del ponte di qua c’é anche la coppia Gabriele-Mandy. Gabriele,
meglio conosciuto come Maestro, e calabrese, parla alla stessa velocita di Carmine e viene
dal piano 9 del FLUX. Ricordo con piacere le sue sortite dal piano 8 e le pistolettate. Maestro,
ma che bella 'uscita in bici di 140 km in Belgio che quasi sembrava la coppa Cobram! Nei
primi 10 km, tutti in salita Gabriele andava una spada®?... Poi la crisi di fame, a 80 km dal
traguardo il Maestro era sul punto di chiamare un’ambulanza. Poi il pranzo con la lasagna e
la svolta fino a casa. Che faticaccia! Daje Maestro, torna presto alla TUe! Mandy instead
(known also as Mendina, Mendozzi or Mendy according to Chicco) is the Italian of the couple.
Always synchronized with the Italian Time Zone'® (UTC-2), almost proficient in Italian but
with very little understanding of my jokes. | thank you both very much for the amazing time

10 Dal greco Baotiievg(basileus) che vuol dire "re" (cosi finalmente la smetti co sta storia)
11 Allowed only in the Italian rules.

12 Tipycal expression from Abruzzo which means going like a charm

13 The same time zone of Carmine
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spent together, for the nice dinners at your place and for the “dutch experience”!* at your

birthday party. Maestro non e che mo senti autorizzato a fa u billu, vedi de statte carmo...
Tra le new entry del gruppo di quelli del ponte di qua c’e anche Giogina (o Gufetta depending
on the situation). A lei va un grazie di cuore per non aver fatto nulla... e un grazie anche per
il prestito del letto che ho gia acquisito per usucapione. Giorgina € una grade campionessa
(mancata) di squash che ha smesso di sfidarmi non appena ha perso la prima partita (il
galletto ha abbassato la cresta)’. In suo favore perd, devo anche menzionare un paio di
outstanding victories..Va be non fa la matta, non te monta la testa mo.. Daje Gufetta, rimani
a Eindhoven che qua se sta meglio, che ce fai co Rometta tua! Altra recente new entry del
gruppo e Sergigno (o semplicemente Sergio), pseudonimo di Edoardo Paoles. Reatino
d’origine, a 25 anni ha gia vissuto in Bracciano City*®, Germania, Stati Uniti e Olanda, un
giramunnu'’ come direbbe Gufetta. Un grazie va anche a te Sergigno per tutti i lavoretti
impossibili che trovi solo tu: biciclette con malattie rare tipo 1 su 1000000, installazione di
lavastoviglie non su misura e in posti scomodi, etc... Quando vieni a casa cosi proviamo la
bottiglia di Whisky che mi hai regalato? Mi sa che se non ti sbrighi la trovi vuota. Infine, tra
gli abitanti del regno del ponte di qua vorrei anche ringraziare Michele, Irene, Federico e
Laura. Irene, grazie per i mille tips sulla Grecia, ottima destinazione. Certo che se fosse stato
per Michele saremmo finiti a Canosa a piantare patate! Oh Cumpa, si tu Miche, la vuoi
smettere di risponde “No No!” e fa battute senza senso quando ti chiedo qualcosa? Dai su
tanto non ti esce bene! Una menzione speciale va anche a Federico I'uomo con i tappi per le
orecchie piu cari del mondo. Che dici ce la fai a passare a trovarmi a casa visto che abitiamo
a 70 metri in linea d’aria 'uno dall’altro? Laura, mi raccomando pensaci tu... PS: il fragolino
che mi hai regalato a Maggio era ottimo, altro che i ciccioli di Federico... The last members
of the Eindhoven’s group | would like to thank are Jon, Rongling and Felix. Thank you guys
for the amazing evenings spent together, the board games, the super delicious duck cooked
by Rongling (that I and Chicco ate almost entirely alone), Felix’s concert and the bike trips
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a casa di Riccio, Kebab con 3X extra piccante alle 24:00, corse alla fontanella (dopo il Kebab),
vacanze in bici, concerti, serate passate a vedere le stelle cadenti, campi estivi, Via Crucis e
tanto altro...). Grazie Giandomenico, Daniele, Riccardo, Martina, Betta, Federica T, Federica

14 1t consists of starting the party eating the dessert

15 Typical italian expression which literally means: “the rooster has lowered his crest”
16 Metropolis located in the middle of Italy

17 Globe throttle
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sempre qua... Porta anche un po’ di quei guanti anti taglio fighi. PS2: Daniele (alias Stupidillu)
considera che quando leggerai questo commento sara troppo tardi, ti staremmo gia
portando alle montagne russe. PS3: Riccardo o Riccio o Caciotta (valido solo ad Eindhoven),
non ride troppo che a te, te tocca la barca... PS4: Aldo, al momento della scrittura della tesi
non ne sono ancora sicuro, ma credo tu ce I'abbia fatta a laurearti prima di me. Grande!!!

Visto che ormai siamo arrivati a Rieti vorrei anche ringraziare i miei professori dell’Istituto
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Simacchio per non ricordarti mai di me e dei tuoi coinquilini dell’Aquila ma sempre e solo del
fratello buono. Un grazie al mitico Antonio Astorino, compagno insieme a Chicco di mille
battaglie durante i 4 anni passati insieme all’Universita degli Studi dell’Aquila. Un abbraccio
a Chiara per le chiacchierate infinite ed a volte anche senza senso. Grazie Irinel per il tuo
supporto nonstante la lontananza. Ecco, magari se ti ricordassi del fuso orario che ci divide
mi eviteresti i messaggi e le chiamate alle 3 di notte ©! Ti aspetto presto in Europa... Daje!

Sono quasi alla fine dei ringraziamenti prometto..

Il Grazie piu grande di tutti va poi ai miei genitori, Agnese e Pino. Grazie per avermi
sempre appoggiato incodizionatamente e sostenuto in tutte le mie scelte, nonostante la
distanza e nonostante tutto. Questo traguardo € sopratutto merito vostro. Mamma, ora pero
gna che te impari un po de inglese eh, mica te posso sempre tradurre io! Caro Pino, per te
invece e arrivata la fama internazionale, da quando i nostri incontri di Wrestling sono stati
trasmessi in tutto il mondo (Ops...). In fondo, non sei altro che un piccolo Rey Mysterio senza
maschera. Pronto per il prossimo match?

Della famiglia fa parte anche Stefano, il fratello buono. Grazie per le mille passioni che mi
hai trasmesso fin da quando eravamo piccoli. Per arrivare fin qui, ho seguito in parte anche
il tuo esempio. Questo non significa che durante la prossima uscita in bici ti lascero vincere.
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new entry in famiglial Un abbraccio va anche a zia Rita, Antonio, zio Daniele, zia Anna e
ovviamente a nonna Anita! | would like also to thank the other part of the family which is
located in Belgium. Lut, Guy and Sam, thank you for the super nice time we spent together
(and more is yet to come), for me it really feels like being at home.

18 Che secondo il fratello buono ha gli stessi soldi dello zio d’ America, ma si trova solo a
2 ore di volo da Rieti.
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The last person on the list that | would like to thank is my girlfriend Anke. | can’t thank
her enough for being next to me, side by side in the last years. The PhD period hasn’t been
easy for us. The distance between us, together with the misbalance of the workload which
resulted in much less time to spend together. In spite of all these, we managed to make it
work. Since few months we are finally living together, in Eindhoven. | know moving to the
Netherlands has been a very big step for you, and not free from challenges. | am deeply
grateful to you for taking this step in the relationship. Thanks for being there, | am sure that
even during these difficult times we had created some beautiful memories that we can look
back together.
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...Chicco state carmooo!.. Ah, mo non me so dimenticato de te.. Abbassa a cresta! Sono piu
di 10 anni ormai che percorro la stessa strada con Simone Cardarelli (in arte Chicco). Ci siamo
conosciuti durante la triennale a L’Aquila, poi I'Erasmus ad Eindhoven, Sint Jorislaan e infine
il PhD alla TUe. Chicco ¢ il Soggetto #1, stravagante, a tratti smemorato e sconclusionato ma
anche super creativo, skillato (ha anche imparato il Reatino)... quasi un genio direi... se non
fosse per la storia di quella serranda, le mille e una volta che Chicco prima di partire con la
bici la lega con la catena e la rislega di nuovo, per tutte le volte che mi domanda la stessa
cosa ogni giorno della settimana, etc... Ma Chicco e cosi, lo si sa, il compagno di mille
avventure: dalle corse in bicicletta sull’autostrada, agli arrosticini con la genziana fatta in
casa, alle partite a squash, ai concerti, fino alle corse da pazzi senza senso. Chicco grazie di
tutto. Raccolgo il tuo invito a sposarci. Facciamo a Luglio 2020? Tanto lo so che te lo
dimenticherai sicuramente, percio Anke puoi stare tranquilla ©!







Curriculum Vitae

Marco Fattori was born on 11-05-1990 in Rieti, Italy. After finishing the technical high school
in 2009 at C. Rosatelli in Rieti, Italy, he studied electronic engineering at Universita degli Studi
dell’Aquila, Italy. In 2014 he received the M.Sc degree cum laude in electronic engineering.
From March 2015 he started a Ph.D. project at in the Integrated Circuits group, department
of Electrical Engineering, Eindhoven University of Technology (TUE), Eindhoven, The
Netherlands of which the results are presented in this dissertation.




