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Supervisor’s Foreword

Flexible electronics features a paradigm shift by moving away from rigid assembly
of electronic components to a fully flexible, form adaptive, large-area and even bend-
able form factor. While the large-area aspect requires implementation of electronic
devices and circuits different from the established compact microelectronics inte-
gration, it remains highly desirable keep high-performance chip electronics involved
for providing an overall optimum system architecture and performance.

This leads to Hybrid Systems-in-Foil (HySiF), aiming at a combination of ultrathin
chips, thin-film devices and sensors, flexible and bendable interconnects, energy
storage and possibly harvesting, as well as wireless communication interfaces, on a
flexible substrate which also serves as the final package.

The thesis by Mourad Elsobky describes several advancements in engineering
HySiF systems. This includes an innovative approach in implementing sensory func-
tions off-chip when large area is required versus on-chip when sensors can be compact
yet need to be of high quality. The off-chip approach is demonstrated on a new type
of humidity sensor. Also, energy-efficient HySiF design is demonstrated through a
low-power chip design base on a new scalable architecture of an analog-to-digital
converter (ADC).

Stuttgart, Germany Prof. Dr.-Ing. Joachim N. Burghartz
March 2022
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Chapter 1 ®)
Motivation e

For the last half-century, the rapid scaling and cramming of silicon devices in digital
integrated circuits (ICs)Integrated Circuit have followed the well-known Moore’s
law [1]. To this end, reliable handling and processing of silicon wafers require thick
and mechanically stiff substrates [2]. Nevertheless, silicon wafers and chips can
be rendered ultra-thin and, thus, flexible, with a thickness of 20wm and below [2—
4]. Fortunately, ultra-thin chips (UTCs)Ultra-Thin Chip are key enablers of another
scaling degree of freedom in which the 3D stacking of chips allows for more compact
system-in-package (SiP) solutions [2]. However, economical feasibility, structural
reliability, elevated stress levels and altered behavior of the integrated devices are
main challenges [5-7].

In contrast, large-area printed electronics, which is based on solution-processed
amorphous semiconductor materials, offers an economic high-throughput alterna-
tive to UTCs. They can be deposited at room temperature and over large areas
of a wide range of unconventional substrates, such as plastic, textiles and paper.
For instance, AMOLED (active matrix organic light-emitting diode)Active Matrix
Organic Light-Emitting Diode displays are increasingly demanded as a display for
high-end wearables as they are lightweight, flexible and provide remarkable picture
quality. However, life span, water resistance, high power consumption to display
white color and current manufacturing cost are main challenges [8].

In summary, the advances in silicon technology have focused on the prime target
of scaling and miniaturization, meanwhile, the progress in large-area electronics
has promoted form flexibility and simpler, and, thus, faster manufacturing methods.
Therefore, a hybrid integration, which encompasses silicon technology and large-area
printed electronics into one single system, is a highly promising approach, known as
Hybrid System-in-Foil (HySiF), for realizing high-performance flexible electronic
systems [9].

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 1
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2 1 Motivation

1.1 Research Objectives

The main objective of this thesis is the implementation of HySiF-compatible elec-
tronic components, which, when integrated into polymeric foil, seamlessly operate
within a high-performance flexible smart sensor system. More specifically, this work
addresses the design, in part the fabrication, and the characterization of on-foil pas-
sives and thin-film circuits, in addition to microcontrollers, sensor readout and data
converters implemented using silicon UTCs. However, this work does not cover the
manufacturing or the integration technology of a complete HySiF.

For clarity, the terms “ultra-thin” and “thin-film” are used in this thesis to describe
electronic systems with thicknesses less than 100 wm and 100 np, respectively. Also,
the term “flexible” does not necessarily indicate an “ultra-thin” form factor and vice
versa. However, most of the implemented ultra-thin components are fabricated on
flexible substrates, although some are not characterized during bending. Besides,
stretchable electronics, a branch of flexible electronics, is outside the scope of this
thesis.

1.2 Thesis Organization

AsshowninFig. 1.1, this thesis is arranged into seven chapters, including this chapter
and the concluding Chapter 7. Chapter 2 features an overview of ultra-thin flexible
electronics. Besides, the HySiF concept is defined and its generic system-level model
is presented. Furthermore, the UTC embedding technology, namely Chip-Film Patch
(CFP), is briefly discussed.

Chapter 3 is devoted to the implementation of HySiF-compatible off-chip/on-foil
passive and active components. Here, ultra-thin temperature, humidity and strain
sensors are presented. Furthermore, flexible spiral inductors are introduced, which
target several applications, including near-field communication, energy harvesting
and passive LC sensing. Moreover, a large-area sensor addressing circuit is imple-
mented using low-voltage organic thin-film transistors.

In Chapter 4, the focus is directed to implementing power-efficient sensor read-
out systems on silicon UTCs. Here, a HySiF-compatible ultra-thin humidity and
strain-gauge sensor system is described. Furthermore, the effects of thinning on the
performance of sensor readout and microcontroller ICs are investigated.

Chapter 5 provides an overview of the design space for flexible, as well as
reconfigurable analog-to-digital converters (ADCs). A proposed technique for the
power-efficient reconfiguration of incremental data converters is presented. The cir-
cuit design and measurement results of the proposed ADC before and after thinning
are presented in Chapter 6.
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Fig. 1.1 Block diagram reflecting the organization of this thesis

1.3 Research Contributions

The main contributions of this work to advance the state-of-the-art, which have led
to 1 book, more than 7 journal and 14 conference papers, are as follows:

e Smart Ultra-Thin Humidity Sensor—An ultra-thin humidity sensor, which is
suitable for HySiF integration, is designed and fabricated considering the CMOS-
and CFP-compatibility of its processing steps. Furthermore, a complete HySiF
compatible sensor system is demonstrated by connecting 30-um readout and
microcontroller UTCs to the humidity sensor [10—14].

e Ultra-Thin Temperature Sensor—A comparative study of the electro-thermal
behavior of thin-film platinum temperature sensors is presented. The resistive tem-
perature sensors are fabricated on rigid and CFP-compatible foil substrates [13—
15].

e Flexible Spiral Inductors—The design and electrical characterization of spiral
inductors, which are fabricated on polymeric foil, enables the integration of near-
field antennas, energy harvesting and passive LC sensing into HySiF [12, 14].

e Smart Flexible Strain Gauge Sensor—The combination of organic electronics,
printed strain gauges and silicon UTCs has enabled the realization of electronic
smart skin for robotic applications. The mentioned components are characterized
after their integration into a single polymeric foil [14, 16, 17].

e Reconfigurable ADC—A novel implementation of incremental ADCs is pro-
posed in this work. For the first time and to the best of the author’s knowledge,
that a resolution reconfigurable ADC is implemented on silicon UTCs and is able
to span the 12—15 bits range in a power-efficient manner [18, 19].

e Thinning Effects on CMOS Circuits—The effects of the chip thinning on the
implemented reconfigurable ADC, as well as on other readout and microcontroller
ICs, have been investigated. This has been achieved in part by incorporating the
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effect of stress in the circuit simulation. Additionally, the chips are measured before
and after thinning to investigate their reliability and ensure proper operation before
CFP embedding [10, 12-14].
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Chapter 2
Introduction to Hybrid System-in-Foil oo

Hybrid System-in-Foil (HySiF) is an emerging approach that targets the economical
integration of multiple electronic components into polymeric foil. This chapter starts
with an overview of flexible electronics while highlighting the recent advances in
integration technologies. Furthermore, the HySiF concept is defined and its passive
and active components are discussed. To this end, a generic model for a smart sensor
system reflecting the HySiF concept is presented. Finally, the fabrication and elec-
trical characterization of the Chip-Film Patch (CFP) technology, which is an integral
part of the HySiF outlined in this work, are presented.

2.1 Ultra-Thin Flexible Electronics

Plastic electronics, including flexible, ultra-thin, printed and organic, is an emerging
field in which conformable electronic systems are designed to introduce intelligence
and connectivity to almost every Thing. Consequently, flexible electronics is consid-
ered one of the main enablers of the Internet of Things (IoT). When combined with
new materials and advanced fabrication processes, flexible electronics offer unique
characteristics such as mechanical flexibility, thin-form factor, large-area scaling
feasibility and adaptability to curved surfaces. In contrast to the dense and highly
integrated devices on silicon chips, large-area electronics include devices that can be
widely spread across a large substrate [1].

Thanks to wearable electronics, foldable phones and rollable displays, the market
for consumer flexible electronics is rapidly expanding. For instance, the company
NXP Semiconductors develops contactless chip modules targeting flexible electronic
applications, such as e-health IDs, e-vehicle licenses and e-passports [2]. The com-
pany’s progress toward thickness reduction is notable as it currently reached a total IC
package thickness of 200 um. Furthermore, the company Infineon Technologies AG
implements smart card payment solutions and is currently developing a semi-flexible
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system-on-card demonstrator aiming at combining higher computational power and
security with advanced fingerprint identification [3].

In the field of health care, personalized and predictive medical care are enabled by
the emerging soft biosensor systems that can provide critical insights into health status
by monitoring vital biomarkers in real-time [4]. Furthermore, electronic skin (E-skin)
patches, such as smart bandages, cardiac monitoring devices and drug injectors, have
already established over $7.5 bn in revenue in 2018 with a growth forecast of $20bn
per year by 2029 [5].

2.1.1 Integration Technologies

The well-established Printed Pircuit Board (PCB) manufacturing has inspired the
realization of various integration and packaging technologies for ultra-thin and flex-
ible electronic components. The natural extension of the rigid PCBs are the flexible
PCBs, in which the brittle FR4 substrate is replaced with flexible sheets of polymers,
such as Polyimide-based resin [6] and Liquid Crystal Polymer (LCP)[7]. Board thick-
nesses from 1mm down to 100 um are achieved depending on the number of metal
layers and substrate material. Since flexible PCBs integrate conventional through-
hole and surface mount components in a similar fashion to the rigid PCBs, their
flexibility and form factor are limited by the utilized active and passive components.

Another variant of flexible PCBs uses bare die UTCs, which are either embedded in
the substrate sheets or mounted on the substrate surface using flip-chip bonding [8].
The form factor is significantly reduced but another challenge remains, which is
to achieve fine-pitch circuit interconnects, particularly the fan-out interconnects of
UTCs with large I/0 count. Current flexible PCB manufacturing technologies provide
a minimum pitch in the range of 100 um, which is limited by the metal structuring
and via drilling processing steps. This, in turn, restricts the pin-count for the utilized
ICs and reflects the need for an alternative integration technology.

In order to fill this gap, ultra-thin chip embedding technologies, such as Ultra-Thin
Chip Package (UTCP) [9], Chip-Film Patch (CFP) [10, 11] and Flex Silicon-on-
Polymer [12], have emerged to provide a conformable UTC package with fine-pitch
wire interconnects. In these technologies, spin-on polymers (e.g. Pl and BCB), which
are commercially available in liquid form, are used to provide more control on the
package composition and the thickness of each layer (package thickness less than
100 um). Conventional CMOS-compatible lithography is used to achieve structures
down to 10 um at the expense of lower manufacturing throughput. Furthermore, other
passive and active flexible electronic components can be manufactured alongside
the embedded UTC(s) leading to a system-in-foil [1, 13—15]. In other applications,
the UTC fan-out package can be integrated as an interposer into another flexible
PCB, which removes the typical limitations of flexible PCBs and raises its added
value [16, 17].

For manufacturing thin-film and organic electronics (thickness less than 100 nm),
liquid printing techniques, such as screen, gravure, offset and inkjet printing, are
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Fig. 2.1 Graphical illustration of the surface area coverage versus. a the resolution capability of
various lithography and integration technologies, as well as b the elasticity of different substrate
and circuit interconnect materials. Selected lithography techniques, such as extreme ultra-violet
(EUV) lithography and R2R processing are chosen to illustrate the general trend. Ultra-thin chips
and wafers are essential elements for the advances in 3D stacked ICs (SIC) and 3D wafer-level
packaging (WLP)

widely used [18]. Additionally, roll-to-roll (R2R) manufacturing have enabled the
mass production of large-area electronics that incorporate basic circuits (e.g. thin-
film solar cells [19, 20] and Organic Light-Emitting Diode (OLED) for lighting
and displays [21, 22]). Figure 2.1a compares the resolution capability vs. the area
coverage of selected lithography techniques, such as extreme ultra-violet (EUV)
lithography and R2R processing.

The full utilization of R2R processing can be achieved when ultra-thin and flex-
ible electronic components incorporating high-performance complex circuitry (e.g.
microprocessors and data converters) are coherently integrated into the R2R process-
ing, and, thus, smart and high-value large-area electronic products can be attained.
In fact, CFP is considered a kind of sheet-to-sheet (S2S) process technology. In
this context, mix-and-match of UTC embedding (e.g. CFP) and R2R processing is
one possibility for achieving the HySiF concept. However, careful study of material
properties and boundary conditions for temperature and residual stress are necessary
to achieve a proper heterogeneous integration [1, 23].

2.1.2 Substrate Materials

The electrical, thermal and mechanical properties of the substrate and packaging
material significantly impact the performance of the assembled ultra-thin flexible
micro-systems. For instance, the mismatch in the coefficient of thermal expansion
(CTE) between the substrate and assembled micro-system induces interface residual
stress during the fabrication process (e.g. R2R [23] and CFP [24, 25]). Besides,
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substrate materials with low dielectric constant and dissipation factor are needed for
beyond 100 MHz frequencies.

Figure 2.1b illustrates the elasticity and potential surface area coverage of fre-
quently used materials for substrates and circuit interconnects. PI, PEN (polyethy-
lene naphthalate) and PDMS (Polydimethylsiloxane) are widely used as substrate
materials in plastic electronics, and the choice depends on the required thickness,
bendability and stretchability. It is clear that single-crystalline semiconductors, sil-
icon in particular, have a limited surface area due to the strengthened requirements
on material purity.

2.2 Hybrid System-in-Foil

The term hybrid usually describes the outcome of combining multiple elements,
which were prefabricated using different technologies. The result of this combination
is always thought to be more beneficial than the original single elements. This is not
always true since the outcome of hybridization could serve as a transitional stage
to new developing technology. For instance, at the beginning of the 21st century,
the term hybrid becomes related to the effort of the car industry to switch from
fossil fuel to the presumed cleaner electrical energy by manufacturing hybrid cars
that operate using both fuel systems. Besides, the term hybrid is heavily used in the
microelectronics field when two or multiple technologies are combined, for instance,
the hybrid III-V/silicon technology and hybrid data conversion techniques.

Hybrid System-in-Foil (HySiF) is defined as an approach for a promising technol-
ogy direction, which describes the fabrication process and design rules for integrating
electronic components into polymeric foil. HySiF serves as a platform, which com-
plements the merits of the Very Large Scale Integration (VLSI) of silicon ICs with
the large-area electronics by combining mechanically flexible System-in-Packages
and System-on-Packages (SiPs and SoPs) concepts.

Figure 2.2 graphically illustrates one variant of HySiF as it includes, large-area
and on-chip sensors, silicon-based and non-silicon-based ICs, antennas, passives,
display and energy storage elements [1, 14, 17, 26, 27]. Here, UTCs are main
building blocks, which are either directly embedded in the polymeric substrate or
indirectly assembled via an interposer package. In this section, design and fabrication
considerations for commonly used active and passive components (cf. Fig 2.3) are
presented to enable their integration into and compatibility with HySiF.

2.2.1 Active and Passive Components

Since HySiF targets an ultra-thin form factor regardless of the target surface area,
structural and geometrical restrictions are applied to the electronic components that
are incorporated into HySiF. For instance, conventional surface mount passives are
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Fig. 2.2 Concept of a Hybrid System-in-Foil (HySiF) [1, 14, 17, 26] in which multiple ultra-
thin silicon ICs are combined with large-area electronic components and integrated into flexible
polymeric foils

not compatible with the presented HySiF. Therefore, all the HySiF components are
designed to be self-contained, i.e. during their operation, they do not depend on
external auxiliary components (e.g. decoupling capacitors, matching resistors and
clamp diodes). For instance, certain wired communication protocols, such as I2C,
require pull-up or pull-down resistors for their proper operation. From the HySiF
perspective, such resistors should be implemented on-chip to avoid the need for
extra off-chip/on-foil components. If needed, thin-film passives can be fabricated
directly on the foil surface using standard lithography [28, 29], screen printing [30]
or inkjet printing [31]. However, they introduce additional process steps to the HySiF
fabrication and their quality does not match the conventional ones.

Ultra-Thin Chips

Since the active part of the chips takes about 1% of its total thickness, chip thickness
is a degree of freedom independent of conventional scaling. Traditionally, UTC
fabrication is divided into subtractive and additive techniques [32, 33]. Without
loss of generality, subtractive techniques are simpler to fabricate UTCs, though they
cause material waste, which is difficult to be recovered [34]. On the contrary, additive
techniques optimize material usage to achieve economic UTC fabrication.
Silicon-on-insulator (SOI) wafers can be utilized as a substractive method in
the UTC fabrication. The buried oxide acts as an etch stop layer which results in
a precise definition of the chip thickness. However, boundaries on the technology
choice, development costs and thin wafer handling are main concerns. Wafer back-
thinning/back-grinding is another technique to fabricate UTCs, which is widely used
by semiconductor manufactures to address the increasing demand for a compact and
ultra-thin form factor. However, the mere adoption of back-grinding is limited by the



12 2 Introduction to Hybrid System-in-Foil

degradation in the structural integrity of the thin wafer/chip as micro cracks start to
propagate.

Dicing-before-Grinding (DBG) method is developed to circumvent the challenges
associated with conventional grinding. Using the DBG method, UTCs with thickness
down to 20 um is achieved [35]. However, residual stress, which is induced during
grinding, increases the free-standing warpage of UTCs [36]. ChipFilm technology
is a known example of additive techniques in UTC fabrication. Minimum defects,
low free-standing chip warpage and uniform chip thickness down to 10 ym are
achieved [32, 34].

Metal-Oxide and Organic Thin-Film Electronics

A new paradigm in flexible electronics is enabled by the field of thin-film elec-
tronics, as it offers inherently thin and bendable devices, as well as a simple, room-
temperature and quick fabrication process with potentially less environmental impact
when compared to the silicon technology. Within the HySiF framework, thin-film
electronics, including metal-oxide and organic electronics, complement and operate
alongside the mature silicon UTCs. Due to the amorphous nature of metal-oxide and
organic semiconductors, they can be fabricated on a wide range of substrates [37].
However, their thin-film and semiconducting properties are inevitably impacted by
the surface roughness of the flexible substrate. For instance, organic Thin-Film Tran-
sistors (TFTs) fabricated on PEN substrate has achieved higher carrier mobility
(2.7 cm?/(Vs)) compared to those fabricated on paper (0.8 cm?/(Vs)) [38, 39].

Using TFTs, sensor array addressing and signal multiplexing is no longer limited
by the I/O count of the silicon ICs. For instance, a large-area array of frequency-
hopping ZnO TFT oscillators have been implemented in [40], in order to extend
the number of available sensor channels from the typical quadratic behavior (N?) of
active matrix addressing to an exponential behavior (2V).

In the field of neuroscience, particularly for in vivo intracellular and extracel-
lular recordings, OLEDs and TFTs have been integrated into the tip of multi-
electrode arrays for photostimulation and signal amplification, respectively [41—43].
Here, TFTs offer high interface capacitance, which results in high signal-to-noise
ratios [43].

Circuit Interconnects

For circuit interconnects, gold (Au), silver (Ag) and aluminum (Al and AlSiCu) are
commonly used metals. The thinner the metal, the more flexible it becomes but at
the same time the sheet resistance increases. This results in an additional RC delay,
which remains a challenge for signal integrity in high-speed flexible micro-systems.
As circuit interconnects get longer, the value of the parasitic capacitance increases.
Beside limiting the signal speed, such parasitic capacitance increases the power con-
sumption and places strengthened requirements on the sensor instrumentation [47].
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Fig. 2.3 Selected examples of ultra-thin flexible passive and active components. a Two 30-um
UTCs embedded in CFP [44]. b Array of organic TFTs fabricated on 20-um thick paper substrate
(area = 70 x 70mm?). Reproduced from [37] with permission from John Wiley and Sons. ¢
Skin-inspired network of vertically stacked temperature, humidity, in-plane strain, proximity, UV
light and magnetic field sensor arrays fabricated on PI substrate [45]. d Screen-printed antenna
and sensor, which are integrated into a stretchable sticker that adheres to skin and tracks human
pulse [46]. e Flexible full-color AMOLED display using carbon nanotube TFT backplane [22]. f
R2R manufacturing of organic photovoltaics [20]

Moreover, the electrical behavior of thin-film metal interconnects deviates from bulk
metal due to an improved piezoresistive effect [48, 49], which couples the RC delay
of wire interconnects to the mechanical activity of the substrate.

In the presented HySiF variant, coplanar circuit interconnects are used. Since
metals have higher Young’s moduli compared to polymers, the density and layout of
wire interconnect impacts the free-standing warpage of the HySiF. In order to improve
the elasticity of interconnects, various layout techniques have been reported, such
as zigzag and serpentine designs [50-52], but this is usually done at the expense of
longer wires. To this end, an intrinsically elastic interconnects can be achieved using
amorphous metals [53], Carbon Nanotube (CNT) [54] or even transparent Silver
Nanowires (Ag NW) [55, 56]. However, the conductivity of conventional metals
is still superior. Besides, the neutral plane of stress within the HySiF foil can be
leveraged to improve the micro-mechanical reliability of critical components and
circuit interconnects (e.g. CMOS chip fan-out) [1, 57].

Ultra-Thin Sensors

Sensors are integrated into HySiF while considering cumbersome boundary condi-
tions regarding sensor protection, thermal and moisture effects of the next processing
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steps, providing low RC interconnects and smooth substrate surface. For instance,
the electrical properties (i.e. electron/hole, ionic or proton conductivity) of resistive
thin-film sensors are affected by the physical properties, in addition to the mechan-
ical activities, of the flexible substrate. This correlation can be mitigated by either
employing bridge configurations, special layout techniques [50, 51] or more effec-
tively using capacitive sensors that benefit from the stress-insensitivity of the parallel
plate electrode design.

In order to simplify the HySiF fabrication process, multimodal sensors (i.e. a single
sensor cell that is able to sense different physical parameters) can be utilized. For
instance, a ferroelectric gate insulator is integrated into the gate oxide of an organic
TFT [58]. Since ferroelectricity includes both pyroelectricity and piezoelectricity, and
by establishing a tensor relation for the TFT electrical parameters, the temperature
and mechanical strain can be simultaneously detected. Besides, 3D integration of
thin-film sensors by vertical stacking (cf. Fig. 2.3c) is another possibility of achieving
multimodal sensors as long as cross sensitivity is minimized [45, 59].

Flexible Antennas

The electrical behavior of antennas, flexible antennas in particular, is strongly cou-
pled to the electromagnetic properties of the substrate, as well as to the passiva-
tion superstrate. Low electrical permittivity and dielectric loss in the vicinity of the
antenna tend to improve its efficiency. Pl and PDMS are widely used substrate mate-
rials with dielectric constants and loss tangent ranges of 3.4 &= 0.2, 0.0022 £ 0.0004
and 2.5 £ 0.2, 0.0017 £ 0.0003, respectively. Several flexible antennas have been
reported and their performance is approaching their rigid counterparts [60-62]. For
ultra-thin wireless systems, connection loss or signal distortion is expected when
those systems are attached to metallic objects and batteries. To resolve this issue, a
ferrite sheet or a combination of flexible metamaterials and ferrite thin-films can be
integrated into the substrate [63, 64].

Flexible Displays

For ultra-thin flexible displays, the market is currently expanding as foldable portable
electronics, notably smartphones, are on the rise. The Chinese company Royole is
currently mass producing AMOLED flexible displays, which are light weight, 100-
pm thick and can be bent downto 1 mm radius. However, the economic feasibility of
integrating flexible displays into HySiF systems, such as smart labels and e-skins, is
still in question.
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Energy Harvesting and Storage

For autonomous and self-powered HySiF, local energy storage is needed. On the
bright side, energy harvesting devices, such as photovoltaics [19, 20, 65] and elec-
tromagnetic field harvesters, can be rendered ultra-thin and flexible. On the other
side, the form factor of energy storage devices is considered a bottleneck for the
development of a portable seamless HySiF. Flexible lithium-ion batteries have been
reported [66, 67]. However, sizeable form factor, low power density and heat gen-
eration are the main concerns. Complementary storage devices, such as flexible
supercapacitors [68], can be used to supply high power demands but for limited
duration.

2.2.2 System-Level Concept

Figure 2.4 shows a block diagram for a generic model reflecting the envisioned
HySiF concept in which main electronic subsystems are defined. By closely consid-
ering a target application, this block diagram can be customized and certain blocks
can be omitted (removal of flexible display for economic implementation). The col-
ored blocks in Fig. 2.4, such as off-chip/on-foil sensors, organic circuits and data
converters, are addressed within the scope of this work.

In the presented HySiF concept, a centralized System-on-Chip (SoC) UTC per-
forms accurate sensor readout and data conversion. In addition, high-speed digital
signal processing, wired and wireless communication and power management are
incorporated. In this way, the complex electronic tasks are assigned to the well-
established CMOS technology and the number of embedded silicon UTCs is limited
to 2 or 3 ICs per HySiF.

Moreover, large-area off-chip sensor arrays are distributed on the foil as they
complement the operation of the miniaturized on-chip smart sensors. Here, on-foil
sensors require signal conditioning circuits, which eventually brings the signal flow
back to the centralized SoC. Optionally, thin-film transistors can be employed to
preamplify and multiplex the analog signals. Therefore, signal integrity is preserved
and the number of on-foil sensors can be extended beyond the limits of the number
of SoC pads. Wireless microcontroller UTCs are a good candidate for combining
high-speed computational power with multi-standard wireless connectivity. For ultra-
low power applications, bespoke microcontrollers on plastic substrates are good
alternatives since their implementation is optimized for the target application [69].

2.2.3 On-Chip Versus Off-Chip/On-Foil Components

HySiF components can either be integrated into thin silicon chips or be fabricated
directly on the foil substrate [1]. For sensing elements, Table 2.1 summarizes key
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Fig. 2.4 Block diagram for a flexible generic model of a smart sensor system reflecting the targeted
HySiF concept. The colored blocks, such as off-chip/on-foil sensors, organic circuits and data
converters, are addressed within the scope of this work

differences between the concepts of integrated on-chip vs. large-area off-chip/on-
foil sensors. It is clear that matrix or array formation is simpler and more economic
for the on-foil sensors in contrast to the complexity of handling and assembling
several silicon chips. Furthermore, signal integrity and readout speed are negatively
impacted when long wire interconnects are used to connect the large-area sensors
with a central readout IC.

For economic reasons, UTC embedding in CFP is limited to a maximum number of
2 to 3 chips per foil [1, 17]. The interface required between the large-area components
and silicon UTCs limits the number of accessible on-foil sensors [40]. Figure 2.5a
shows a schematic illustration of a core-limited pad ring UTC, which is embedded in
CFP foil having larger perimeter fan-out on-foil pads. Here, the chip doesn’t require
high I/O count and the UTC-foil interconnection profits from such arrangement
by spreading the UTC pads to the perimeter foil pads using a low resistance fan-
out [24]. On the contrary, due to CMOS-scaling and increased SoC integration, the
pad-limited pad rings are increasingly used. Consequently, the number of I/O pads
increases, which demand more on-foil fan-out pads, as illustrated in Figure 2.5b. In
this situation, the foil area in close proximity to the embedded UTC is utilized and
minimum width of the wire interconnects are used for routing.
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Table 2.1 Comparison between the concepts of on-chip versus off-chip/on-foil sensors
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On-chip sensors

On-foil sensors

Array formation complex simple
Interconnect parasitics low high

Readout electronics integrated remote

Signal integrity ®) ®

Area coverage, footprint small large

Thickness 10 ym - few mm <1 um

Thermal contact resistance high when in package low

Lithography complex simple
Fabrication temperature high low

Power consumption low high

Reliable lifetime years weeks - months
Biodegradable ® ©

Substrate mainly silicon PI, BCB, LCP, paper, ...
Package ceramic, plastic, ... PI, BCB, LCP, ...
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Fig. 2.5 1/0 count extension using on-foil TFT sensor addressing circuits. a Core-limited and b

B Extented TFT pads

(b)

pad-limited I/O pad ring design for embedded chips with the associated fan-out perimeter and area

pads, respectively

For both pad ring variants and in order to address more on-foil sensors using the
limited UTC access points, the chip I/O count can be extended using active TFT
multiplexing circuitry. Different system architectures for large-area acquisition and

I/0 count extension are available, such as active matrices, binary addressing circuits
and frequency-hopping oscillators [40]. In this thesis, a flexible low-voltage OTFT-

based addressing circuit is developed, which incorporates a shift register and analog

switches [15].
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2.3 Ultra-Thin Chip Packaging: Chip-Film Patch

The CFP is an embedding technology, which provides a flexible fan-out package for
single or multiple UTCs. The fine-pitch interconnects (<10um) of the CFP enable
the integration of high-performance pad-limited ICs into flexible electronic systems.
Moreover, several forms of the HySiF concept are achieved in part using CFP tech-
nology. In fact, the CFP-compatibly is a principle aim for the ultra-thin active and
passive components that are implemented in this thesis. Therefore, it is reasonable
to overview the process sequence of one version of the CFP technology.

2.3.1 Fabrication Process Steps

Figure 2.6 shows the cross-section of the CFP processing steps [10, 24]. The flexi-
ble substrate is a stack of two spin-on polymers, namely BCB and PI [10, 24]. The
embedding polymer is BCB, which is CMOS-compatible and has fine-pitch pat-
terning capability. On the other side, PI is the reinforcing polymer, which is highly
bendable, stable and is widely used as a substrate material in flexible electronics.
The temporary carrier wafer is coated with an adhesion lowering and stress-relief
layer. Next, successive spin-coating of BCB/PI layers defines the thickness of the
flexible substrate, which is designed considering the embedded UTC thickness. A
BCB layer is spin-coated in which a cavity resembling the UTC is patterned and
etched. Another adhesive layer of BCB is spin-coated on which the UTC is placed
in face-up orientation.

After curing of the BCB, additional BCB layers are spin-coated to completely
encapsulate the UTC. Dry etching using BCB or AlSiCu as a hard mask enables the
realization of micro-vias on the UTC pads. Chip warpage, nonuniform planarization,
process-induced stress and air bubbles are nonidealities, which are directly linked to
the quality and shape of the micro-vias. To counteract these nonidealities, the idea
of standard via sizes is borrowed from the CMOS technology and introduced here
as a design rule for other CFP-compatible components.

Conventional AlSiCu sputtering is used to fabricate the fan-out interconnects
on the smooth BCB surface. A superstrate layer, with a thickness similar to the
substrate thickness, is fabricated using successive spin-coating of BCB/PI layers.
Finally, coarse fan-out pads are opened and optionally covered with a noble metal.
When the CFP is used as an interposer, the CFP is mechanically released from the
rigid carrier either using a manual or laser cutter. Alternatively, further processing
steps are followed (cf. temperature and humidity sensors fabrication, discussed in
chapter 3), when the CFP is utilized as a substrate for HySiF integration.
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(4) Micro-via opening (5) First metallization layer (6) Top BCB/PI layers

(9) Fan-out pad opening and metallization, followed by the
release of the package from the carrier substrate

Fig. 2.6 Fabrication process steps for the CFP embedding technology [10, 24]

2.3.2 Electrical Characterization: Continuity Test

NMOS and PMOS devices, connected in diode configuration, are usually used in
electrostatic discharge (ESD) protection circuits, which are placed near I/O, supply
and ground chip pads. Here, such ESD devices are characterized in the presented
continuity test, which checks the basic functionality of the embedded UTC(s) after
critical CFP processing steps [17]. The measurement setup consists of a manual
probe station and source measurement units (SMUs) (cf. Fig. 2.8a).

Figure 2.7 shows the measurement results of the ESD devices integrated into the
Apollo microcontroller, which includes 4 sets, each containing 4x chip samples.
The first and second sets correspond to 400- and 30-um thick chips assembled in a
conventional ceramic package. The third set is for the 30-um UTCs during the CFP
processing after the first metallization. The fourth is for the 30-um UTCs when it is
completely embedded after the final CFP process step.

The digital ground pad VSS is connected to ground while the digital supply
voltage pad VDD is swept from 0 to —0.5 V. Consequently, multiple ESD devices
are activated and the total current is plotted on Fig. 2.7a. This preliminary test checks
the overall state of the chip supply and ground pins connections to the fan-out pads
but does not say much about the performance of the embedded UTC or the connection
of other I/O pads. Higher leakage current and lower on-current are detected in the
measurements of the ESD devices in the embedded UTCs, which trace back to high
stress and temperature present during the processing of the CFP.
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Fig.2.7 Diode characteristics for the ESD devices of anembedded UTC in the CFP of Fig. 2.8b [17].
a Diode characteristics between digital supply and ground pads while highlighting the leakage and
on-currents. Diode characteristics for a certain I/O pad while activating, b NMOS and ¢ PMOS
ESD devices, respectively

In Fig. 2.7b, c, the VSS and VDD pads are connected to ground and 2.5 V,
respectively. The voltage level of a general I/O pad is swept from —0.8 to 3.3 V.
Consequently, only the associated ESD devices (PMOS and NMOS diode-connected
devices) of this I/O pad are successively activated. By repeating the continuity test
on other I/O pads, the UTC embedding in the CFP is electrically validated.

It is interesting to observe that for NMOS ESD devices, the current curves do not
vary after the CFP’s first metallization and after the CFP final processing step. How-
ever, for PMOS ESD devices, the on-current increases after the CFP final processing
step. This could indicate a slight stress relief on the embedded UTCs after its total
encapsulation in the CFP, which occurs in the preferred direction of PMOS devices.

2.3.3 Smart Label Demonstrator

The first generation of smart labels was enabled by the RFID (Radio Frequency
Identification) technology, in which a compact silicon chip with 2—4 pads is con-
nected to a printed antenna. The reader device takes over the interrogation task and
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Fig. 2.8 High-performance smart label, which has been developed for logistics tracking within
the framework of the ParsiFAl4.0 project [73]. a Electrical characterization of the UTCs embedded
in CFP [17]. b CFP flexible package with two embedded UTCs while being released from the
rigid carrier wafer. ¢ The CFP fan-out package is assembled as an interposer in an LCP flexible
motherboard with coarser interconnections. d The smart label, including the CFP interposer, is bent
on a cylinder to demonstrate its mechanical flexibility

provides a strong-enough electromagnetic field that powers the nearby tag(s). Driven
by Moore’s law and the rise of artificial intelligence, more and more computation
power is implemented locally in the sensor nodes. That’s why, the next generation
of RFID tags requires not only communication and memory blocks, but also signal
processing cores, support for various communication protocols, integrated sensors
and sensory peripherals for off-chip sensors [70, 71].

For the purpose of demonstrating the practical feasibility of the CFP embedding
technology, various smart sensor systems have been developed. Utilizing the CFP as
a standalone SoP, an e-skin for a bionic handling assistant has been implemented (cf.
section 4.5), highlighting the key merits of HySiF, when the high-performance UTCs
and the large-area passive and active components are complementary integrated into
the CFP polymeric foil [14, 15].

Figure 2.8a, b show two UTCs, namely the Apollo microcontroller and the
Near-Field Communication (NFC) IC (manufactured by the company em micro-
electronic [72]), which are embedded in the CFP. The flexible package is assembled
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on LCP flexible board as a fan-out interposer, alongside other digital sensors and com-
munication ICs, as shown in Fig. 2.8c. This high-performance smart label has been
developed for logistics tracking within the framework of the ParsiFA14.0 project [73].
The off-chip/on-foil spiral inductor, which is presented in Sect. 3.4, is designed to
be the flexible antenna of the embedded NFC IC.
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Chapter 3 ®)
Off-Chip/On-Foil Passive and Active i
Components

HySiF concept gains its strength from mixing and matching different flexible elec-
tronic technology directions in a way that optimizes the utilization of its integrated
components. Towards the realization of a mature and reliable HySiF based on the CFP
process, different off-chip/on-foil passive and active components are implemented.
In this chapter, six case studies are designed to highlight key HySiF challenges and
present a practical methodology to address these challenges. The chapter starts with
introducing three ultra-thin environmental sensors, namely one temperature and two
relative humidity sensors. Here, the CFP compatibility with different sensing mate-
rials is investigated. Furthermore, on-foil spiral inductors are implemented to study
the challenges associated with integrating wireless communication and energy har-
vesting functionality into HySiF. Finally, a low-voltage digital library for Organic
Thin-Film Transistors (OTFTs) is characterized on the CFP flexible substrate. The
digital library is then used to implement an addressing circuit for distributed large-
area Sensor arrays.

3.1 On-Foil Resistive Temperature Detector

Figure 3.1 shows a conceptual schematic of one HySiF variant in which an off-
chip/on-foil temperature sensor and UTC are integrated into the CFP flexible pack-
age [1]. In general, small and constant thermal contact resistance is required between
the temperature sensing element and the surface or object that its temperature is
measured (cf. thermal interface A in Fig. 3.1). Modern silicon-based integrated tem-
perature sensors are compact, power-efficient and highly accurate [2]. However,
the thermal insulation of the die plastic packaging, including the CFP, increases
the thermal resistance between the sensing chip and the package surface, in addi-
tion to non-linearities in the sensor response. Albeit, on-chip temperature sensors
can be used to monitor the chip self-heating and in-package thermal behavior in
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Fig. 3.1 Cross-section of one variant of the CFP process in which embedded UTC and off-chip/on-
foil temperature sensor are integrated into/on a flexible polymeric substrate [1]

high-frequency communication or high-power switching applications (cf. thermal
interface B in Fig. 3.1) [3, 4].

To resolve this issue, off-chip/on-foil thin-film temperature sensors are imple-
mented in this work. The typical ultra-thin form factor and low thermal mass (i.e.
small form factor) of thin-film Resistive Temperature Detectors (RTDs) allow them
to draw negligible heat from the measured object or surface. Even when the thin-
film RTD is encapsulated and its area increases much larger than that of the on-chip
sensors, the thermal resistance between the thin-film RTD and the package surface
would still be small. These thermal characteristics when combined with the thin
and adaptive form factor of the CFP package, enables the realization of precision
bendable smart temperature sensors.

Different flexible temperature sensing elements have been reported (e.g. flexi-
ble amorphous silicon [5], carbon black and nickel oxide mixture [6] and printed
graphene oxide [7]). Here, thin-film platinum (Pt) RTDs are chosen due to their
well-defined temperature response and inherent compatibility with standard micro-
electronics fabrication processes that are used during UTC embedding in the CFP
process.

Sensor Design

As shown in Fig. 3.2, the RTDs use the serpentine and horseshoe layouts. The for-
mer is used when a compact sensor area is needed and the latter is used when stress
compensation, mechanical compliance and stretchability are crucial. The serpentine
metal linewidth and spacing are both about 10 um, which is limited by the pho-
tolithography processing step. Large contact pads (250 wm x 250 pwm) are used to
allow enough space for 4-point probing during the sensor characterization.

For the choice of the optimal horseshoe shape under different material and dimen-
sion constraints, the decision criteria from [8] is followed. Figure 3.2d shows the
different design parameters of the horseshoe layout, where R is the radius of the
arc median line, w is the linewidth, « is the arc angle, L is the arm length and
S is the end-to-end distance of the unit horseshoe cell. Horseshoe layouts with nar-
rower linewidth w are more compliant and stretchable [8], which is why the minimum
linewidth of 10 um is chosen. A compact sensor layout is also targeted, hence the arm
length L is minimized. Three unknowns o, w/R and L/R are solved as in [8], under
several constraints (e.g. the distance between the two nearest horseshoe ribbons,
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Fig. 3.2 Temperature sensor design. a—c¢ Serpentine and d—f horseshoe RTD layouts where mini-
mum linewidth and spacing are 10 pm. Wheatstone bridge configuration using (¢) serpentine and (e)
horseshoe unit RTDs in which the resistance mismatch Rogfser, 2 = (V1 — V2)/IBias 1s extracted

surface area and minimizing the effective applied strain). The parameters o, R, L
and S are chosen to be about 30 °, 50 pm, 5 pm and 140 pm, respectively.

Figure 3.2c, f show the RTDs when used as unit elements in Wheatstone bridge
configuration. The purpose of this design is to directly quantify the resistance mis-
match, which results from fabrication non-idealities in addition to testing possible
fully differential instrumentation. Note, that evaporated thin-film metal lines show
elevated gauge factors than those for bulk metals (gauge factors upto 20 for thin-film
vs. 2 for bulk metals) [9, 10], which calls for system-level cancellation of common-
mode disturbance, such as mechanical stress, by employing differential signaling.
Here, the resistance mismatch is extracted using Rogfser, 2 = (V| — V2)/Ipjas, Where
V| and V; are the bridge outputs and Ip;, is the bridge constant biasing current.

Sensor Fabrication

Figure. 3.3 shows three different fabrication setups that are used to characterize the
on-foil RTDs [1]. In the first setup and using a 150-mm silicon wafer, 50-nm Pt is
evaporated on top of 10-nm titanium (Ti) thin-film layer, which acts as adhesion
promoter. For the second and third setups, the same sensor stack is evaporated on a
layer of 1-pm-thick BCB, which is spin-coated on a silicon wafer. A standard lift-off
process is performed for the three setups. For the third setup, an additional layer of
1-um-thick BCB is used to encapsulate the Ti/Pt sensor stack and the BCB is finally
etched to open larger contact pads.
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Fig. 3.3 Cross-section of three setups used to electrically and thermally characterize the thin-film
Pt RTD [1]. Not drawn to scale

Sensor Characterization

The RTD wafers are placed on a thermo-chuck, which is used as a heat source and its
temperature is varied starting from 40 till 120°C in 20°C steps. At room temperature
(about 20°C), an extra data point is measured. The substrate surface temperature (in
setup #1 SiO,, in #2 and #3 BCB) is monitored using a reference thin-film Pt100 foil
sensor from which the worst-case inaccuracy in the quasi steady state temperature
measurement equals to +0.75°C.

Different RTDs with various surface areas are measured and the nominal resistance
at room temperature (about 20 °C) ranges from 80 to 50 k€2 for surface areas from
0.06 to 2.5 mm?>. Figure 3.4a shows the static characterization of three RTDs with
similar dimensions and horseshoe layouts but from different setups (cf. Fig. 3.3) [1].
The variation in the base resistance value originates from the different substrate mate-
rial and surface topography. The extracted sensitivities (AR /Ryg-c) of 18 different
sensors are plotted in Fig. 3.4b, reflecting temperature coefficients ranging from 2 to
3 m2/mS2/°C depending on the substrate composition.

Although the surface temperature in setup #2 is less than that in setup #1 due to the
thermal barrier introduced by the BCB layer, setup #2 clearly exhibits better sensor
sensitivity. This is attributed to a higher quality of the Pt metal film when fabricated
on the smoother BCB surface [11] against the silicon oxide surface [12] of setup #1.
Sensors in setup #3 show the highest effective sensitivity due to the presence of an
additional BCB thin thermal barrier layer between the RTD and air, thus lowering
the heat loss to ambient air by convection.

Figure 3.4c shows the bridge offset resistance value Ry for the horseshoe- and
serpentine-based Wheatstone bridges. Although both bridges have the same surface
area (4 x 2.5 mm?), the horseshoe-based Wheatstone bridge showed superior match-
ing to that of the serpentine-based bridge. This is regarded to better randomization
of the fabrication process non-idealities for the horseshoe layout. For instance, the
laser direct writer scans the wafer in one direction only, which leads to either better
or less matching between the structures fabricated parallel or perpendicular to each
other, respectively.
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Fig. 3.4 aMeasured resistance of three RTDs with similar dimensions from three different setups.
b Measured sensitivity of multiple RTDs from the three different setups shown in Fig. 3.3. ¢
Bridge offset resistance Roffser plotted for Wheatstone bridge RTDs designed using serpentine and
horseshoe layouts

3.2 Ultra-Thin Humidity Sensors

Capacitive polymeric Relative Humidity (RH) sensors are currently dominating the
market [13, 14]. Other developing resistive or electrochemical-based RH sensors,
such as graphene oxide (GO) [15, 16], nanosheets [17, 18] and high-surface-to-
volume ratio materials, such as carbon nanotubes and nanowires [19, 20], have the
potential to achieve faster response time and higher sensitivities. Here, two variants
of RH sensors are presented, namely electrochemical and capacitive sensors, which
have proven to be compatible with the CFP flexible package [21].
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3.2.1 Electrochemical Humidity Sensor

Previously, nanosheets composed of phosphatoantimonic acid H3Sb;P,04 were
spin-coated on rigid glass substrates [17] achieving huge sensitivity (5 orders of
magnitude from 0 to 100% RH) and response time of &~ 2 s. Upon moisture absorp-
tion, water molecules get intercalated in between the nanosheets, which increases
the film thickness. This leads to an increase in the proton conductance and a simul-
taneous shift in the refractive index, which enables the implementation of electrical
as well as optical readouts.

Here, sputtered AISiCu electrodes on BCB/PI substrate define the sensor length
and width as 0.5mm and 4mm, respectively. These values were chosen to keep the
sensor base resistance below 1 M2 (cf. [17]) for simpler sensor readout. Afterwards,
the same nanosheets (H3Sb3P,0,4 [17]) are spin-coated on the BCB/PI polymeric
substrate at a speed of 2000rpm for 90seconds.

For sensor characterization, the electrochemical sensor is assembled using double-
sided foam adhesive on a flexible carrier PCB, where pin headers are soldered to
predefined copper contact pads. The electrical connections from the sensor to the
carrier PCB are made using silver glue (EPO-TEK H20E). The sensor is then placed
in a controlled climate chamber (Votsch VCL 0010) and the RH is varied from 45 to
80% with 5% steps at a constant temperature of 30 °C. The chamber sensors are used
as reference sensors with an inaccuracy of 0.58 K and 1.7% for temperature and RH,
respectively. The RH sensor is then connected to an LCR meter (HP4284A, input
amplitude and frequency of 300 mVpp and 800 Hz) using 4-point Kelvin connection
for electrical impedance characterization. Note that a higher amplitude of the AC
excitation signal can permanently ionize, and, thus, destroy the nanosheets.

Figure 3.5 shows the characterization results of the electrochemical RH sensor.
The relative conductance change AG/Ggru=so is plotted against the RH data from
the reference sensor in the RH range from 45 to 80%. A linear fit is also plotted with a
coefficient of determination (R? = 0.9724). The extrapolated fit indicates an expected
maximum AG/Gry=s09 of about £368% for the full RH range. The measured
sensor performance matches well with the previous realization of the same sensing
material on rigid glass. This indicates that the BCB surface of the CFP package is
smooth enough on the nanoscale level for the proper fabrication and operation of
the nanosheets. The inset of Fig. 3.5a shows the change in the film optical thickness
(surface color from red to green) at RH of 45 and 100%. Figure 3.5b shows the
Nyquist plot of the electrochemical sensor at RH of about 60%. The measurement
results indicate that the sensor electrical behavior can be modeled using Randles
equivalent circuit [22] that is shown in the inset of Fig. 3.5b. The extracted proton
conductivity is about 15 mS/cm at RH of about 55%.

Although the implemented electrochemical sensor provides huge sensitivity and
optical readout, it still requires AC excitation and complex impedance readout tech-
niques for integration into HySiF. Due to the reactive electrochemical nature of the
nanosheets, a protective vent can be assembled onto the sensing active region in order
to reduce condensation and contamination [23].
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Fig. 3.5 a Measurement results of the electrochemical sensor relative conductance change
AG/GRru=50% against relative humidity. A linear fit is also plotted with a coefficient of deter-
mination (R? = 0.9724). The inset of this figure shows the change in the film optical thickness
(surface color from reddish to green) at RH of 45 and 100%. b Nyquist plot of the electrochemical
sensor at RH of about 60%. The measurement results indicate that the sensor electrical behavior
can be modeled using Randles equivalent circuit [22], which is shown in the figure inset. The model
consists of the electrolyte resistance Ry, charge transfer resistance R, specific electrochemical
element of diffusion Z,, and double-layer capacitance Cg;

3.2.2 Capacitive Humidity Sensor

Driven by the well-established plastics industry, polymers have been widely employed
as dielectric material in integrated interdigitated and parallel plate capacitive RH sen-
sors [13, 14, 24-26]. They currently dominate the RH sensor market due to their
linear response, CMOS-compatibility, stable operation over long periods and poten-
tial high power efficiency due to the fact that no static power is consumed to operate
the sensors [24, 27-30]. Thanks to the automotive and consumer electronics appli-
cations, environmental monitoring sensors, RH sensors in particular, are directed
towards miniaturization and compactness as the polymer sensing material is typi-
cally spin-coated on the top metal layer of the CMOS readout chip. Consequently,
wire-bonding between the sensor and readout circuit is eliminated. A one-chip solu-
tion is achieved where short circuit interconnections result in low parasitic capac-
itance, which enables compact, ultra-low power and precision sensor readout [29].
However, this technique is not economic for flexible and large-area electronic appli-
cations (area of more than tens of mm?, e.g. touchless motion tracking), that’s why
an inherently CFP-compatible off-chip/on-foil polymeric capacitive RH sensor for
HySiF integration is developed in this work.

Sensor Design

The RH sensor implemented in this work uses the variations in the dielectric constant
& of Pl material (Durimide manufactured by the company Fujifilm [31]) upon mois-
ture absorption and desorption [21]. The sensing material is inherently compatible
with the CFP UTC-embedding process as it has been used as a reinforcing polymer
in one variant of the CFP flexible package [32].

Besides, most integrated capacitance-to-digital converters (CDCs) implementa-
tions use an insensitive and stable reference capacitor to construct a half or full
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bridge, which enables fully differential readout and cancellation of the sensor base
capacitance [24, 27-29]. The reference capacitor is integrated on-chip only when the
value of the sensor base capacitance is low enough (less than a few pF). In contrast,
the need for an off-chip reference capacitor grows when the value of sensor base
capacitance is high, which is true in this case as a nominal sensor base capacitance in
the tens of pF range is targeted. Note, that slight variations of the capacitor nominal
value, resulting from modeling inaccuracy or fabrication non-idealities, is mostly tol-
erated in CDCs that incorporate a reference capacitor. However, CDCs that directly
digitize the sensor base capacitance along with the RH capacitive variations suffer
from degraded input dynamic ranges upon variations in the value of the sensor base
capacitance.

The capacitance ratio of the wet (RH=100%) and dry (RH=0%) P1 is given in first
approximation by the following relation [33]:

Cyet _ Ewet 3.1)
de Edry ' ’

Using the empirical Looyenga formula [34], we can calculate ey, for different frac-
tional volume y of absorbed water in our PI film as follows [33]:

3
buee = | (2 — 1) +212) a2

where eyaer = 78. Given that the capacitance value of the fringe capacitor is a linear
function of its dielectric constant ¢, to the first approximation [24, 33, 35] and that
for our PI, & changes from 3.5 to 3.8 when RH changes from 4 to 50% (curing
temperature of 350 °C for 2 h, cf. manufacturer’s datasheet [31]), an ideal relative
sensitivity S = AC/Cru=so% of about 8% is expected.

To contain all the fringing electric field lines of the planar capacitor, the PI thick-
ness should be at least equal to the sum of the finger width and spacing [33]. Here,
the minimum resolution is limited by the lithography to about 10um that in turn
requires a PI thickness of 20 pm. Consequently, more than 6 spin-coating and curing
cycles are required to achieve this PI thickness. As proven in [36], the thickness of
PI must be minimized for faster sensor response. In this work, we have used two PI
thicknesses, namely 3 and 1 um, in order to achieve fast response time and a simpler
fabrication process.

Using the analytical model presented in [35], a capacitance per unit area value
of 1.16 pF/mm? is calculated for a fringe capacitor with finger width and spacing
of 10 pm, PI layer thickness of 3 um and &, of 3.8. Finite Element Method (FEM)
is also used to calculate the nominal value of the sensor base capacitance where the
low-frequency solver of the CST studio suite is used. A capacitance per unit area
value of 1.57 pF/mm? is simulated for the same previously mentioned dimensions
and material properties.

Measurements, using LCR meter and 4-point connection, show a close value of
1.28 and 1.02 pF/mm? for sensors (finger width and spacing of 10 um) with 3- and
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1-um-thick PI sensing layers, measured at RH of 55% and temperature of 25°C.
Here, the sense and reference capacitors use the interdigitated electrode design for
achieving a simple planar fringe capacitor. Different finger width and spacing are
designed ranging from 5 to 20 um in a fixed area of 5 x 5 mm?

Sensor Fabrication

Figure 3.6 shows the cross-section of the BCB/PI flexible substrate on which the RH
sensor and two reference capacitor variants are fabricated. Following the CFP pro-
cess [32], the substrate is an alternate stack of BCB and PI layers spin-coated on a 150-
mm carrier wafer. The metal electrodes are fabricated using sputtered AlSiCu that
is structured using standard lithography step (laser direct writing, VPG400 HIMT,
followed by dry etching). This optical lithography step, along with other process non-
idealities, such as the BCB/PI surface topography, determines the minimum electrode
spacing and consequently the maximum capacitance per unit area.

Pl

AISiCu
Adhesion onering layer EEEEEEEEER ./ [Ap—

(1) Flexible substrate (2) Sensor electrodes (3) Spin-coating of PI
BCB
D . e TR R

(4) Structuring of PI (5) Spin-coating of BCB (6) Structuring of BCB
] N mms | A B

(7) Lamination of Kapton foil ~ (8) Simple mechanical release

Sensor Reference | Reference Il

(9) Ultra-thin RH sensor and reference capacitors

Fig. 3.6 Fabrication process steps for the ultra-thin RH sensor, reference I and reference II. The
sensing material is PI, which is isolated using BCB to fabricate reference I and an additional Kapton
lamination to fabricate reference II. The foil is detached (cf. Fig. 3.7) from the carrier wafer for
characterization



36 3 Off-Chip/On-Foil Passive and Active Components

Fig. 3.7 a RH sensors on 150-mm carrier wafer. [llustration of the RH sensor b during and ¢ after
the simple mechanical release or detachment from the carrier wafer

The PI sensing material is then spin-coated at 1500 rpm and cured at a temperature
of 250 °C achieving a PI thickness of about 3 um, which is etched down to achieve a
PI thickness of 1 um for a faster sensor response time. The fabrication of references I
and IT'in Fig. 3.6 follows the exact processing steps of the RH sensor and an additional
1-um thick BCB layer is spin-coated on the PI layer to shield it from any moisture
uptake. For reference II, a 25-um-thick Kapton foil is laminated on top of the thin
BCB layer.

Since the RH sensor is fabricated on the surface of BCB/PI substrate, the fringing
field that passes through the CFP package causes a humidity-insensitive parasitic
capacitance in parallel to the humidity sensitive capacitor. An alternative approach
would be to first spin-coat the PI sensing layer, followed by electrodes fabrication and
then another layer of PI, thus a fully RH sensitive planar capacitor can be achieved.

Sensor Characterization

In this section, the dynamic behavior of the RH sensor is discussed, while the static
characterization is presented later in section 4.1. Figure 3.8 shows the dynamic char-
acterization of 41 ultra-thin RH sensors having a PI sensing layer thickness of 1pm
and finger width and spacing of 10um. Figure 3.8a plots the sensors’ response upon
forced moisture adsorption with air having a high concentration of water vapor in
order to saturate the sensors, thereby reaching RH level of 100%. Figure 3.8b plots
the sensors’ recovery during the spontaneous desorption that occurs shortly after
the air flow is discontinued. An asymmetry is observed between the adsorption and
desorption events which traces primary to the different diffusion triggering mecha-
nisms (forced adsorption vs. spontaneous desorption) and secondary to the moisture-
dependent diffusion coefficient [36].

Using the measured dynamic response, rise and fall times and relative sen-
sitivity are extracted for all the sensors and the corresponding histograms are
plotted in Fig. 3.8c—e. The relative sensitivity (cf. Fig. 3.8d) is calculated using
(Cmax — Cumin)/Chmin, Where Cyax and Cpy, are the maximum and minimum capaci-
tance values at 100% RH and 55% RH, respectively. The average rise and fall times
and relative sensitivity are 54, 750 ms and £21.85%, respectively. Furthermore,
the measured relative sensitivity is about 2.73x more than the analytically predicted
relative sensitivity (8%) in spite of using thinner PI sensing layers. Using lower
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Fig. 3.8 Dynamic characterization of RH sensors where 41 sensors are measured by a forced
adsorption of water vapor, thus saturating the sensor dielectric with 100% RH. Rise times are
extracted and a histogram is plotted in (¢) with mean time of 54 ms. b Sensors’ recovery by spon-
taneous desorption. d Histogram of the relative sensitivity (calculated using (Cmax — Crmin)/Cmin)»
where Cpax and Cpi, are the maximum and minimum capacitance values at 100% RH and 55%
RH, respectively. Fall times are extracted and a histogram is plotted in (e) with mean time of 750 ms

curing temperature than that mentioned in the PI datasheet, might be a reason for the
improved sensitivity.

Figure 3.9 compares the dynamic response of the RH sensor with reference I and
I, where Fig. 3.9a, b plots the response and recovery times. By extracting the relative
sensitivity of reference I (+2.71%), the additional 1-um-thick BCB layer desensitized
the sense capacitor by a factor of 8x achieving a good reference capacitor while
maintaining the same value of the base capacitance. A thicker BCB layer could
completely desensitize the reference capacitor. The 25-um-thick Kapton foil achieved
complete desensitization for reference II, with a slightly higher capacitance value.
Minor level variations in the measured response of reference II are observed that are
triggered by the adsorption and desorption events, which are related to variations in
temperature, pressure and contact resistance.



38 3 Off-Chip/On-Foil Passive and Active Components

48

46

44

—— Sensor
— — Reference |

Capacitance (pF)
Capacitance (pF)

42 po AL
\\
A\
40 \
sy
0 50 100 150 200 0 500 1000 1500
Time (sec) x10° Time (sec)x10®
(a) (b)

Fig. 3.9 Comparison between the measured dynamic response of RH capacitive sensor, reference
I and reference II of Fig. 3.6. a Adsoption and rise time, b spontaneous desorption and fall time
of RH sensor, reference I and reference II. The value of reference II capacitance is near-stable and
plotted on the scaled y-axis on the right-hand side

3.2.3 Benchmarking

Table 3.1 benchmarks the RH sensors presented in this work against recent thin and
ultra-thin RH sensors. Different sensing materials, with thicknesses ranging from
few tens of nm to less than a mm, have been used, such as ceramics materials (e.g.
Al,O3, TiO; and SiO,) [20], polymers (e.g. Polyimides, Poly(ethyleneterephthalate)
(PETT), Poly(methyl methacrylate) (PMMA) and Kapton) [25, 26] and inorganic
materials (e.g. graphene oxide (GO), tungsten-based 2D semiconductors WO3/WS,/
WS3, 1D materials: nanofibers, nanowires, nanotubes) [15, 16, 19, 38, 40-42].

A wide range of RH detection techniques has been employed including those
techniques, which are based on changes in the dielectric constant (capacitive), proton
or ionic conduction (electrochemical, resistive or capacitive) and refractive index
(optical). Sensor sensitivity or dynamic range vs. response time is typically optimized
according to the target application. Few RH sensors have achieved response and
recovery times in the ms range (e.g. GO-based [39], optical sensors [44] and thin-
film polymer-based [45]) as most of the reported sensors have shown few tens of
seconds response time.

3.3 Printed Strain Gauge

In this section, a resistive strain gauge, which is printed using silver-ink, is designed
and characterized. In the next chapter (section 4.2), the presented strain gauge is
combined with a readout UTC demonstrating a HySiF, which has been developed
for robotic e-skin applications.
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Sensor Design

Generally, a wire’s electrical resistance R is related to its length L and cross-section
area A using the following relation:

R=C", (3.3)

where p is the material resistivity. As the wire stretches, its length increases and its
cross-section area decreases by a certain ratio called Poisson ratio v. The relative
change in the electrical resistance is related to the mechanical strain € by the gauge
factor (GF) in the following relation:

_AR/R Ap/p

GF — + 14 2v, 3.4
€

€

where AR is the change in the electrical resistance. The bending strain at a distance
y from the neutral surface of a bending plate is given by the following relation:

) (3.5)

where r is the bending radius of the neutral surface and 1/r is the bending curva-
ture. We conclude from the relations (3.3)—(3.5) that bending the strain gauge with
a certain radius results in a mechanical strain on its surface, which affects the geo-
metric dimensions (macroscopic) and electrical resistivity (microscopic) resulting
in variations of the strain gauge electrical resistance. Furthermore, the microscopic
coefficient of piezoresistivity in metals is very small and can be neglected in most
cases (but can not be neglected in thin-film metal [9, 10]) leaving only the macro-
scopic geometry variation factor to be evaluated.

The Wheatstone bridge circuit is a network of four series-parallel resistors as
shown in Fig. 3.10a. It has two output terminals V| and V;, which have equal voltage
levels when the bridge is balanced. The bridge is balanced when the ratio of the two
resistors in one branch is equal to the ratio of the two resistors in the other branch.

In order to achieve high bridge sensitivity and linear operation, full bridge topol-
ogy is adopted in which two strain-sensitive resistors Ry, are printed vertically (cf.
Fig. 3.10b) and the other two, ideally strain insensitive, resistors Ry are printed hor-
izontally in the direction perpendicular to the bending strain. Equation (3.6) relates
the bridge individual resistance values to the voltage difference between the output
terminals V¢, given constant biasing current Ip:

Ry, 1Rv> — Ry 1Ry2
Rvi+Rva+Rui+Rus

Vou =Vi—Vo=1Ip- (3.6)

It is important to note that the stability of the biasing current is crucial for the
sensor readout accuracy, as any change in the biasing current is misinterpreted by
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VSupply

(b)

Fig. 3.10 a Wheatstone bridge circuit, which has four resistors arrange in a diamond shape, biased
using constant current source. b Photograph of serpentine-shaped strain gauge printed using silver
ink on BCB/PI substrate. The linewidth is 20um, the total dimension of the bridge circuit is 5x
5mm? and nominal resistance of 8002. The direction of expected bending (i.e. mechanical stress
o) of the robotic gripper is indicated

the bridge circuit as a change in the resistance of the active elements. The linear
transfer characteristics of the bridge output voltage with the change in resistance
AR can be shown using Ry + ARy = Ry ; = Ry and assuming that the strain-
insensitive resistors are equal (Ry = Ry,; = Ry 2) and using Eq. (3.6), this results
in the following relation:

1
Vou = EB - ARy + Voifer, (37)

where the offset voltage Vrse; corresponds to the mismatch between the two printing
directions and is given by Vet = I7‘3(RV — Ry). Using Egs. (3.4), (3.5) and (3.7)
the end-to-end relation linking the bridge output voltage to the bending curvature is

as follows:

1
Vou = EB -GF - Ry - % + Voffset- (38)

Sensor Fabrication

Aerosol Jet printing technique, also known as maskless mesoscale material deposition
(M3D) [46], is utilized in this work to print the strain gauges on the BCB/PI substrate
(cf. Fig. 3.10b) [47-49]. The high-velocity silver-ink jet is capable of creating a
compact and high resolution printing with a minimum feature size of 10 um. The
printed structures are cured at a temperature of 150°C.
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One of the shortcomings of this printing technique is the mismatched horizontal
and vertical printing. This traces back to the accumulation of minor impurities near
the nozzle tip during the printing process. Consequently, a mismatch between the
resistance values of the vertically and horizontally printed serpentine-shaped struc-
tures (Ry and Ry) is observed, which introduces an offset voltage Ve between the
two output voltages of the strain gauge bridge circuit (cf. the resistance mismatch
of the on-foil RTDs in Sect. 3.1). Selective printing is used to lower the resistance
mismatch by following a print-measure-print routine.

Sensor Characterization

After the printing and curing processes are finished, the strain gauges’ foil can be
released from the rigid carrier wafer. The sensors are then assembled on double-
sided foam adhesive that is mounted on a 3D printed plastic material for robotic
applications [47-49]. A column with a movable rod is used to incrementally bend
the strain gauges. Using a high-resolution camera, side-view images are captured,
which are then used to estimate the bending curvature of the strain gauges.

Figure 3.11a shows the measured strain gauge differential output voltage V| — V;,
with the bending curvature [47-49]. The bridge output voltage is increasing mono-
tonically with increasing the bending curvature (the relationship is ideally linear, cf.
Eq. (3.8)). The measured output voltage is about SmV at a bending radius of 38mm
and using 1mA as a biasing current. At no bending, a non-zero output voltage is
observed, which traces back to the resistance mismatch between the bridge resistors.
As shown in Fig. 3.11b, the memory effect in both the 3D printed plastic material and
foam adhesive materials causes the variation of the offset voltage after each bending
cycle. This memory effect can be reset if the strain gauge is forced to the no-bending
position or left without bending activities for long periods.

35 50
> >
E 3 T
S 32 = 30
] 31 y=0.1675x +29.94 [l
> 30 —4—measured|| > 20
— least sq.
29 10
0 5 10 15 20 25 30 0 5 10 15 20
Curvature (1/m) Cycle

() (b)

Fig.3.11 (a) Measurements show a monotonic increase of strain gauge output voltage with increas-
ing the bending curvature [47-49]. (b) Bridge offset voltage increases after each bending cycle, until
the memory effect is reset
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3.4 On-Foil Spiral Inductors

Flexible sensor systems increasingly require wireless power and data transmission
systems, which partly incorporate antennas that are mechanically and electrically
tolerant to high levels of bending and stretching. The performance of flexible anten-
nas (e.g. an inkjet-printed 1.2-3.4 GHz multiband antenna [50], 915-MHz antenna
fabricated using conductive fibers in PDMS substrate [51] and 5.5-GHz antenna on
BCB/PI with embedded transceiver UTC [52, 53]) is steadily approaching those
fabricated on conventional rigid substrates.

In this section, off-chip/on-foil spiral inductors are designed, fabricated and
characterized that are compatible with the CFP process. Here, the design tar-
gets HySiF integration as a part of a flexible NFC sub-system in a multistandard
high-performance smart label. However, the approach presented here applies to
other HySiF integration scenarios that incorporate spiral inductors. Bendable NFC
transceivers [54], energy harvesting systems [55-58], LC wireless sensor read-
out [59], magnetic resonance imaging (MRI) [60] and proximity sensing [61] are
some examples where conventional off-chip planar spiral inductors are needed.

Spiral Inductor Design

Unlike most high-frequency antennas that transmit and receive electromagnetic wave
signals, NFC antennas rely mainly on the magnetic field of conductor loops. Accord-
ing to classical electromagnetism, the electric current in a conductor results in a sur-
rounding magnetic field that forms concentric circles of field lines, which decay with
increasing the distance from the conductor. The opposite is also true as described
by the Maxwell-Faradays’ law, as when a time-varying magnetic field induces an
electric field. In RFID systems, both scenarios take place as the transmitter coil gen-
erates a strong magnetic field that is capable of reaching nearby coil(s) of the passive
receiver(s). The transmitter and receiver coils are now inductively coupled, and the
mutual magnetic field modulates a voltage difference on a resistor in the receiver
circuitry. This voltage is usually rectified to serve as a power supply for the passive
NFC tag. It is also used to communicate between the transmitter and receiver in a
so-called load-modulation.

NFC systems uses the world-wide ISM-band (industrial, scientific and medical) of
13.56MHz but for short-range secure payments or in cases of multiple tag stacking,
the NFC system can be detuned to 14.5 MHz, or even higher frequencies of 17-
19MHz [63, 64]. International NFC standards (e.g. ISO/IEC 13157, 14443, 180092,
21481, etc.) define the tag physical characteristics (i.e. antenna size), communica-
tion parameters (e.g. modulation and channel coding schemes), the card activation
sequences and the digital protocol [65]. In this work, the NFC antenna dimensions,
defined by the ISO/IEC 14443, are used from which classes 1 and 3 (Fig. 3.12) are
chosen as these classes are most suitable for smart tablets and smart phones.
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Fig. 3.12 NFC antenna design based on ISO/IEC 14443 for (a) class 1 and (b) class 3 [62]

S1 IW
R
- dout
Idin
Ctune Lant
R,

(a) (b)

Fig. 3.13 a NFC antenna circuit model. b Planar spiral inductor design paramters [66]

Depending on the used NFC tag IC and its output impedance, the antenna matching
circuitis constructed. In this work, a NFC IC from the company em microelectronics,
which is later back-thinned to a thickness of 30um, is utilized [63]. It is optimized
for an operating nominal resonant frequency of 14.5MHz supporting data rates from
106 kbps up to 848 kbps. In addition, it includes an on-chip resonant capacitor of
14pF and its evaluation board includes an off-chip tuning capacitor of 33pF. As
shown in Fig. 3.13a, the antenna is modeled using a RLC circuit. If a fixed antenna
design is used, the off-chip tuning capacitor Cy,, adjusts the LC resonance frequency
to the nominal operating frequency using the following relation:

1

CUHC - Q0 5
‘ (2 -7 - £0)2 Lan

- Cchipa (39)

where fj is the NFC operating frequency, L,y is the antenna inductance and Ceyp is
the on-chip resonant capacitor.
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Fig. 3.14 a Inductance value plotted against the required total capacitance for two NFC operating
frequencies using equation 3.9. b Quality factor plane plotted against the loop equivalent conduc-
tance for different inductance values using equation 3.10 and some measured on-foil inductors are
plotted

In this work, the total capacitance value is limited to a few tens of pF, which
originates from the capability of achieving off-chip/on-foil capacitors in this range
(cf. Sect. 3.2.2). In order to estimate the inductance of the NFC antenna, equation (3.9)
is plotted in Fig.3.14a, where the total capacitance value is swept from 10 to 60 pF for
two operating frequencies of 13.56 and 14.5 MHz. Inductance values in the range of
2-14 pH are calculated and these inductance values are used to design planar spiral
inductors.

In general, the operating bandwidth (BW) is inversely proportional to the quality
factor (Q = f,/BW). Therefore, the Q factor is chosen not too high (< 40 [65]) so it
limits the transmission data rate and not too low so the antenna requires more current
to be driven by the NFC IC. In general, the Q factor of inductors is limited by the
resistive losses in the spiral coil and by the substrate losses [67]. Here, the substrate
losses are negligible compared to the resistive loses as the spiral coil is fabricated on
BCB polymer, which have low loss tangent of 0.0008 at 1GHz [68]. The Q factor
can be calculated using the following relation:

_1m(Z) _2'7T'f0‘Lanl

Q= re(Z) RL ’ (3.10)

where Z is the coil impedance, Ry is the total series resistance of the coil conductor in
addition to any additional circuit interconnections. A widely used and best-practiced
Ry range is from 20 to 80 2 [65]. Figure 3.14b plots the inverse resistance in the
previously mentioned range against the Q factor for different inductance values that
result from Fig. 3.14a.
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Table 3.2 Spiral inductors measured performance summary [69]

Inductance (uH) | Resistance (£2) Size (mmy) Turns s, W (um)
3.6 9.2 41 x 55 5 600, 300
5.2 16.6 41 x 71 5 400,400
3.3 10.5 35 x 40 5 400, 200
44 41.3 25 %35 5 100, 100
13.8 81.3 25 %35 10 100, 100
7.7 20.1 35 x40 10 400, 200
11.6 27 35 x 40 15 400, 200

Figure 3.13b shows the different geometric parameters such that the number of
turns n, turn width w, turn spacing s, outer diameter d,,;, inner diameter d;,, average
diameter dayg = 0.5(dou + din), fill ratio o = (dow — din)/(dou + din) are defined.
The planar spiral inductance values are calculated using the modified Wheeler empir-
ical formula [66] as follows:

(3.11)

where the coefficients K; and K, equals to 2.34 and 2.75 for spiral coils with square
layout and 1 is the electrical permeability, which is defined as 47 - 107 H/m. The
metal sheet resistance together with the desired resistance and inductance determine
the number of turns n and turn width w and the capacitive coupling between each
turn limits the turn spacing s. Different spiral coils are designed and their parameters
and characterization results are listed in Table 3.2.

Spiral Inductor Fabrication

Here, spiral inductors are fabricated on BCB/PI substrate that is similar to the CFP
package stack [69]. Figure 3.15 shows the 150-mm wafer with the fabricated spi-
ral inductors, the structure of which follows the ISO/IEC 14443 standard for NFC
antennas [62]. Following the CFP process, a BCB layer is spin-coated, which has a
thickness of 5 pm and cured at 250°. An underpass is then fabricated using AlSiCu
sputtering having a thickness of 1 um. Note, that for lower parasitic resistance, a
double-layer spiral inductor can be fabricated where the first layer is fabricated in
the same processing step as the underpass.

After the fist metalization step, another 1-3-um thick layer of BCB is spin-coated
and cured. Using standard lithography, array of multiple CFP-standard vias (size =
30pwmx 30 um) is opened to connect the underpass with the inductor main loop
of the top metal. Another AlSiCu metalization step is done for achieving the top
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(a) (b)

Fig. 3.15 (a) Photograph of a test wafer for the fabricated on-foil spiral inductors using BCB/PI
substrate [69]. (b) Photograph demonstrating the mechanical detachment of a spiral inductor from
the carrier wafer

metal and main inductor loop with a thickness of 2 um. The inductors are then
released from the carrier wafer as illustrated in Fig. 3.15b. Note, that as the metal
trace density increases, the stress induced on the flexible substrate increases, which
leads to warpage and difficulties during the foil release [69].

Spiral Inductor Characterization

Table 3.2 summarizes the electrical characterization results of the on-foil planar
spiral inductors [69] and Q factor is previously plotted in Fig. 3.14b. The electrical
characterization is performed by connecting the inductor under test to LCR meter
(MFIA Impedance Analyzer) using four-point connection.

Figure 3.16b shows the measured inductance of a spiral inductor (25 x 25 mm?,
10 turns, w = s = 100um) [69]. The tensile uniaxial tensile strain acting on the
inductor increases with increasing the bending radii. As a result, the spiral loop
average diameter d,,, increases, which increases the inductance values (cf. Eq. (3.11)
and [70]). The average diameter, calculated as dayg = 0.5(dou + din), increases since
the inductor traces expand upon tensile uniaxial strain and with small Poisson ratio
for metals, both d,; and d;, increases.

3.5 Thin-Film Organic Electronics

Previous work has demonstrated in-depth device modeling [71] and the realization
of OTFT-based complex circuits, such as shift registers [72], ADCs [73], DACs [74]
and digital processor [75]. However, such circuits usually require high voltages to
operate in the range of 10-20 V.
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Fig. 3.16 (a) Photograph of the spiral inductor during bending [69]. (b) Characterization of the
spiral inductor for different bending radii
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Fig. 3.17 Top and cross-sectional views of the OTFTs on the flexible BCB/PI substrate [76]

Fabrication

Using high-resolution silicon stencil masks, the inverted staggered OTFTs are fab-
ricated on the flexible BCB/PI substrate [71, 76]. As shown in Fig. 3.17, the
organic transistors use the p-channel organic semiconductor dinaphtho[2,3-b:2’,3’-
f]thieno[3,2-b]thiophene (DNTT) and have channel lengths as short as 5 pm and
gate-to-contact overlaps of 20um. The gate electrodes and circuit interconnects of
the first layer are fabricated first using a 30-nm-thick of Al by thermal evaporation in
vacuum. The gate dielectric is a stack of 3.6-nm thick AlO, layer and 1.7-nm-thick
solution-processed tetradecylphophonic acid self-assembled monolayer (SAM). The
capacitance of the hybrid gate dielectric is about 700 nF/cm? [77] that allows for low-
voltage operation ( 3.3-2 V). A 25-nm-thick layer of the small-molecule organic
semiconductor DNTT is then deposited. In order to fabricate the source/drain con-
tacts and circuit interconnects of the second layer, a 25-nm-thick Au is evaporated.
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Table 3.3 Extracted OTFT parameters [76]

Parameter Value
Threshold voltage V, -1V
Mobility 1o 1.3 cm? /(Vs)
Contact resistance R, 0.2 kQ2cm
Sheet resistance Ry, 666 k2/00
On/off current ratio 10°
0 16'

_— l —_— -6
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Fig. 3.18 Measured and modeled static output and transfer characteristics of OTFTs

Characterization and Modeling

The OTFTs are fabricated on the smooth BCB surface and their static output and
transfer characteristics are measured. The transmission line method (TLM) is used
to extract the threshold voltage Vy,, intrinsic channel mobility o and contact and
sheet resistances R, and Ry, [71]. Table 3.3 summarizes the extracted values [76].

Using the static characterization results and the extracted transistor parameters,
a SPICE model is developed for proper design and simulation of OTFT-based cir-
cuits [78]. The industry standard Berkeley short-channel IGFET model (BSIM3) is
chosen to develop a simple and fast model for our OTFTs. Figure 3.18 shows the
static output and transfer characterization results plotted against the simulated data
using the customized BSIM3 model [76, 78].

3.5.1 Flexible Low-Voltage OTFT Digital Library

Logic design based on p-channel OTFTs is used here instead of the generally pre-
ferred complementary logic design since the performance and stability of organic
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Fig. 3.19 Schematics and measured vs. modeled voltage transfer characteristics of OTFT-based
(a), (b) biased-load and (c), (d) pseudo-E inverters [76]. (¢) Transient modeling and measurements
of 2-input NAND gates based on biased-load inverter design. All OTFTs have a channel length of
Stextmm

Table 3.4 Extracted static and dynamic parameters of the organic inverters [76]

Parameter Zero-VGS Biased-load Pseudo-D Pseudo-E
NMH (V) 1.3 0.4 1.3 1.1

NML (V) 14 04 1.5 0.3

Gain 81 2 100 3

Rise time (us) 43 29 53 61

Fall time (us) 368 144 345 147

n-channel TFTs is still inferior. Four different logic designs are investigated, namely
zero-VGS, biased-load, pseudo-D and pseudo-E [76]. Figure 3.19a—d shows the
schematics and the measured and modeled static voltage transfer characteristics
(VTC) of biased-load and pseudo-E inverter designs. Table 3.4 summarizes the
extracted static and dynamic performance parameters of the organic inverters for
the zero-VGS, biased-load and pseudo-CMOS logic designs [76]. The noise margin
high (NMH) and low (NML) are calculated using a graphical approach [79].

In the biased-load inverter design, the load transistor is always-on, using the
external bias voltage Vp;,s, so that it provides a rapid discharging of the output
node (cf. Fig. 3.19a). When the input voltage is low, the driver transistor pulls up
the output voltage but a finite voltage drop across the conducting load transistor
is inevitable. The non-rail-to-rail operation of the biased-load inverter is observed
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in the measured VTC in Fig. 3.19b. Consequently, the driver transistor is typically
designed with a larger channel width compared to load transistor (K > 1, where K
is the ratio between the driver and load transistors’ channel width. Figure 3.19e
shows the transient measured and modeled behavior of a 2-input NAND gate based
on the biased-load designs for an input signal frequency of 1 kHz. Here, the fall
time decreases as K increases from 3 to 10 since the sizing of the load transistor is
different for the three designs (33 ym, 20 um, 10 pm). On the contrary, the rise time
is independent of K, which traces back to the identical sizing of the driver transistors
for all three designs (100 pm).

In the pseudo-E inverter design, a rail-to-rail output swing is possible at the
expense of a larger transistor count [80]. The pseudo-E design first stage is a biased-
load inverter, while its second stage driver transistor connects its gate to the same
input signal and the load transistor is biased using the output voltage of the first
stage (cf. Fig. 3.19¢). When the input voltage is low, the output of the first stage is
high, which turns off the load transistor of the second stage, thereby preventing any
direct current flow from the supply to the ground similar to the CMOS action. The
rail-to-rail operation of the pseudo-E inverter is observed in the measured VTC in
Fig. 3.19d.

3.5.2 On-Foil Sensor Addressing Circuit

Based on the previously developed combinational digital blocks, sequential digital
circuits, such as flip-flops and shift registers, are implemented [47, 76]. Fig. 3.20a
shows the schematic of a sensor addressing circuit incorporating a 3-stage shift
register and analog OTFT switches. Using the shifted versions (i.e. Dp;;1, Dpiso and
Dyi3) of the input waveform D;,, the OTFT analog switches are time-multiplexed.

Figure 3.20b shows the schematic of a 1-stage shift register, which is based on a
dynamic positive-edge-triggered master-slave flip-flop using the biased-load inverter
design and operating using low-voltage (3.3-2 V). The flip-flop consists of two
latches and each latch includes 3 biased-load inverters and two pass transistors.

Conventionally, when the clock signal CLK is zero, the p-channel pass transistors
are not able to pass a logic low signal. Therefore, the design here consists of two
parallel paths so that the signal can pass directly through the primary path, whereas in
the secondary path, the signal is inverted first then passed through the pass transistor
and then inverted back again. All OTFTs have a channel length of 20um and K ratio
of 5.

Figure 3.20c, d show photographs of a 1-stage shift register based on the biased-
load design (cf. Fig. 3.20b) and the flexible BCB/PI substrate with the organic shift
registers during its mechanical release from the rigid carrier wafer [47, 76].

Figure 3.21a shows the transient measurement and modeling results of the 3-stage
shift register where an input clock frequency of 100 Hz and a bias voltage of —1 V
are used. As shown in Fig. 3.21b, the dynamic flip-flop operates at a maximum
frequency of 3 kHz where it consumes about 233 uW. In principle, the presented
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Fig. 3.20 a Schematic of 3-stage shift register, where b is the schematic and c is the photograph of
a 1-stage shift-register using dynamic positive-edge-triggered master-slave flip-flop using biased-
load inverters [47, 76, 81]. All OTFTs hve channel length of 20 pm. (d) Photograph of the flexible
BCB/PI substrate with organic circuits during the mechanic release from the carrier wafer
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Fig. 3.21 a Measurement and modeling of a 3-stage shift register operated using a supply voltage
of 3V, bias voltage of -1V and clock frequency of 100 Hz. b Measurements of 1-stage shift register
operated using supply voltage of 2.2 V, bias voltage of —1 V and clock frequency of 3 kHz
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Fig. 3.22 a Schematic of one strain gauge biased using current source and connect to a pair
of OTFT analog switches. b Static measurements showing the performance of the OTFT analog
switches in the off/on states. ¢ OTFTs and printed strain gauges fabricated on the surface of the
BCB/PI substrate [82]
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flip-flop will also operate with a bias voltage of 0 V, albeit with larger signal delay
and smaller noise margins [76]. Note, that the minimum load at the output node is
the oscilloscope input impedance, which is in our case 1IMS2 in parallel with 16 pF.
In fact, the shifting frequency is higher when the shift register drives the gates of
OTFT analog switches, in order to successively address the off-chip/on-foil sensors.

Figure 3.22a shows the schematic of a pair of OTFT analog switches, which is
connected to a printed strain gauge (previously discussed in Sect. 3.3, here the gauge
resistance equals about 400 €2) [49]. As shown in Fig. 3.22b, the OTFT acts as a
proper switch when its gate-source voltage Vs is higher than the threshold voltage
V.. Figure 3.22c shows the released BCB/PI substrate including 3 strain gauges and
an array of OTFT switches [82].
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Chapter 4 ®
Ultra-Thin Chips: Sensors Readout oo
and Microcontrollers

Due to the strengthened requirements on material purity and uniformity, single-
crystalline silicon has a limited surface area coverage, which is governed by the
maximum available wafer size. Ultra-Thin Chips (UTCs) are considered the repre-
sentative of the mature silicon CMOS industry in the field of flexible electronics, thus
unlocking various applications where embedded intelligence and data processing are
required. In this chapter, the potential of UTCs as a promising candidate and build-
ing block for high-performance smart flexible electronic applications is investigated.
Four case studies are designed to evaluate the impact of the chip back-thinning
on the performance of different UTCs and propose circuit design methodologies,
which address key HySiF challenges. The chapter starts with the implementation
of a smart humidity sensor system, which uses readout and microcontroller UTCs
and off-chip/on-foil humidity sensor. Here, the readout circuit is discussed within
the HySiF concept and the impact of the readout chip thinning is investigated. Next,
a smart resistive readout system, which cancels process-induced errors of printed
strain gauges, is discussed. In addition, an Application-Specific Integrated Circuit
(ASIC) prototype is implemented in a 0.18 yum CMOS technology. Multiple read-
out channels and an integrated temperature sensor are implemented for interfacing
with off-chip/on-foil sensors. Finally, the focus is directed towards the electrical and
thermal characterization of ultra-low-power microcontroller UTCs.

4.1 Humidity Sensor System

The research in capacitance-to-digital converters (CDCs) is mainly driven by the
ever-increasing need for precision MEMS-based capacitive sensors. In this section,
a CDC ASIC is utilized as a readout interface circuit for the previously discussed
ultra-thin capacitive relative humidity sensor (cf. Chap. 3, Sect. 3.2).
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System Design

CMOS-integrated CDCs can be divided into two categories namely, direct CDCs
that incorporate the sense capacitor within an ADC or oscillator implementation
and indirect CDCs in which a capacitance-to-voltage or capacitance-to-current con-
verters (CVC, CCC) is followed by a voltage-mode or current-mode ADC. Various
ADC architectures are adjusted for a direct CDC implementation. For example, the
sense capacitor is connected in parallel to the CDAC in a SAR-based (Successive
Approximation Register) ADC implementing a power-efficient CDC [1]. However,
the parasitic capacitance and the loss of dynamic range (DR) due to the inevitable
quantization of the sensor base capacitance value are the main challenges. Another
precision CDC uses a similar SAR-based implementation followed by a fine conver-
sion using an incremental ¥ A ADC achieving ENOB (Effective Number of Bits)
of 15.4b [2]. However, the CDAC matching requirements and the need for complex
calibration are the main challenges. Finally, the sensor capacitor(s) is (are) incorpo-
rated in the first SC integrator of ¥ A ADCs achieving precision CDC operation [3,
4]. This technique overcomes the shortcomings of the previous direct CDC designs,
but since the ¥ A modulator coefficients are defined by the sense capacitor, strength-
ened matching requirements are imposed. Other direct CDC designs are reported,
including period modulation [5] and iterative delay-chain discharging [6], which use
time-to-digital conversion techniques.

Indirect CDCs typically use virtual ground node(s) of an Operational Transcon-
ductance Amplifier (OTA) to bypass the sensor parasitic capacitance [1]. In this
case, the strength of the half or full bridge drivers increase proportional to the para-
sitic capacitance. Additionally, in voltage-mode CDCs, an SC Programmable Gain
Amplifier (PGA) is typically used, followed by a SAR ADC [7]. In current-mode
CDCs, a set of current mirrors followed by an integrating dual-slope ADC has been
reported [8]. Indirect CDCs are more flexible in terms of DR selectivity, which is
needed when interfacing with off-chip sensors.

In this work, indirect voltage-mode CDCs that use SC CVC followed by SAR ADC
are utilized [9, 10]. A CDC ASIC that implements charge balancing using an active
SC integrator is connected to the off-chip/on-foil ultra-thin RH sensor. Figure4.1
shows the design of the humidity sensor readout system. Off-chip sense Cg and
reference C; capacitors are connected to the CDC ASIC that was previously designed
and fabricated in a 0.5-um CMOS technology [11]. The CDC ASIC integrates two SC
PGAs, one 8-bit SAR ADC and Serial Peripheral Interface (SPI) that communicates
with microcontroller unit (MCU). It operates using a supply voltage and clock signal
of 5V and 1 MHz and consumes about 3 mA for a measurement time of 8 us. The CDC
ASIC integrates a SC PGA where the sampling feedback capacitor Cy is implemented
on-chip by means of a 6-bit CDAC with a total capacitance value of 5.9pF. An
optional off-chip Cy., connection is possible in case the on-chip capacitance is
not large enough, which can be implemented here by scaling the off-chip reference
capacitor in order to set the final CVC gain.

In this basic structure of the CVC, shown in Fig.4.1, the SC action is con-
trolled using two non-overlapping clock phases @ and ®,. During @, the feedback
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Fig. 4.1 Humidity sensor readout system including a CDC ASIC, MCU and off-chip sense Cg
and reference C; capacitors with an optional off-chip sampling capacitor Cgex. The SC CVC,
which includes a half bridge capacitive driver, implements charge balancing between the sense and
reference capacitors as the common node is connected to the OTA virtual ground node

capacitor Ct is discharged and the sense and reference capacitors are precharged
using bipolar reference voltages =V, or unipolar reference voltage Vs and the
ground voltage. The analog supply and ground voltages Vpp and Vg are used as
the reference voltages. During ®,, the charge imbalance between Cg and C;, which
equals (C; — C;)Vpp, flows to the feedback capacitance Cy as the OTA keeps the
virtual ground potential constant. The CVC output voltage Vo, during &, is given
by the following relation:

Vout ==
B C.—C y
= 1 (Gt Gt G/ P
(Co+Cot Gt Cy) = Ao(Co+ G+ C)/ (Ao +1) | Vi

+— @D
Ci+(C+C +Cr+Cp)/Ap 2

where C, is the interconnection parasitic capacitance, Ay is the OTA open loop gain
and Vg is the input referred offset of the OTA [12]. The error in the output voltage
due to the finite dc gain € 4 and the offset voltage scaling factor €y g are used to rewrite
Eq. (4.1) in simpler form:

1 Cs - Cr VDD
VDD + GOSVOS + —. (42)

VOU[ e —
I+es Gt 2

Assuming Ay — oo, the relation is simplified and is given by:

G —C \%
Vou = ————Vpp + Vos + ——. (4.3)

Ce 2
Here, some disadvantages can be observed. From Eqs. (4.1) and (4.2), the offset
voltage appears at the output voltage and ideally it will not be amplified (Assuming
AtextsubscriptO— 0o, €gs— 1). In addition, the output and inverting terminals of
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Fig. 4.2 Static characterization of the RH sensor readout system. a Measured CDC 8-bit output
code plotted versus relative humidity during adsorption and desorption for 400- and 30-um thick
CDC ASICs. b Measured CDC 8-bit output code and slope plotted vs. relative humidity during
desorption for two 400- and two 30-um thick CDC ASICs

the OTA, that is incorporated in the basic CVC, are short-circuited for resetting
the feedback capacitor. Consequently, the output voltage switches back and forth
between the common-mode voltage and the desired output voltage in every clock
cycle. Therefore, an OTA with relatively high slew rate (SR) should be implemented.
Finally, the circuit accuracy is directly related to the OTA open loop gain A and the
error in the output voltage €, is given by:

G+ G+ G

= 4.4
€A Al 4.4

An enhanced version of this basic SC PGA that is less sensitive to the open loop dc
gain A and other parasitic effects is discussed later in Sect.4.3.2.

Measurement Results

For the humidity sensor readout characterization, the 3-um thick off-chip/on-foil
sense and reference capacitors are detached from the carrier wafer. They are assem-
bled using double-sided foam adhesive on a PCB, where pin headers are soldered to
copper contact pads. The electrical connections from the sensor to the PCB are made
using silver glue (EPO-TEK H20E). The CDC readout ASICs are back-thinned to
conventional and ultra-thin thicknesses of 400 and 30 um in order to test the ASIC
performance after the back-thinning process. Next, the sense and reference capaci-
tors are connected to the CDC readout ASICs, which are assembled in conventional
ceramic packages. Finally, the sensor system is placed in a controlled climate cham-
ber (Votsch VCL 0010) and the RH is varied from 45 to 80% with 5% steps at a
constant temperature of 30°C.

For this characterization, the base capacitance values of the sense C and reference
capacitors C; equals 24.3 and 27.6 pF when measured using 4-point connection to
an LCR meter at RH of about 55% and temperature of about 21 °C. The on-chip
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feedback capacitance is not large enough for the wide sensitivity range of the sensor,
therefore a 47-pF off-chip ceramic capacitor is connected to the CDC ASICs.

Figure4.2a shows the output code of two CDC ASICs with thicknesses of 400
and 30 um during humidity adsorption and desorption (i.e. RH is swept between 40
and 80%). Comparable performance is achieved for both CDC ASICs. Compression
is observed at the higher humidity values, which accounts for the inability of the
climate-controlled chamber to maintain high levels of humidity. Hysteresis in the
CDC response traces back to the turbulent airflow resulting from the always-on fan
of the climate-controlled chamber.

Figure 4.2b plots the CDC output code on the left axis for 4 CDC ASICs during
desorption (i.e. RH decreasing from 80 to 45%). The slope is plotted on the right axis
and shows a slight distinction between the responses of the 400- and 30-um thick
CDC ASICs.

Figure 4.3 shows the dynamic characterization of the presented humidity sensor
system. While keeping the 30-um CDC ASIC, the off-chip/on-foil sense and ref-
erence capacitors inside the climate chamber, the chamber humidity level is varied
down and then up with the maximum possible slope. As shown in Fig.4.3a, the
humidity level requires more than 30 min to cover the range from 80 to 45%. The
sensor system response is plotted and it traces the dynamic changes in the humidity
level of the chamber.

Since the volume of the climate-controlled chamber is relatively large (i.e. large
time constant), the true response and recovery times of the implemented RH sensor
can not be extracted. Therefore, the dynamic behavior of the sensor system is captured
through forced adsorption by exhaled human breath, which leads to the fast saturation
of the sensor. Figure 4.3b shows the measured 30-um CDC ASIC 8-bit output code
during two cycles of forced adsorption and spontaneous desorption. The rise and fall
times are extracted and equals to 1.9, 0.8 s and 29, 2.5, respectively.
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Fig. 4.3 Dynamic characterization of the RH sensor readout system. a Measured CDC 8-bit output
code and reading of the reference sensor plotted on the left and right axes versus time, while ramping
the humidity level down and then up in the humidity range from 80 to 45% [13]. b Measured CDC
8-bit output code during forced adsorption by the exhaled human breath, which leads to sensor
saturation, followed by spontaneous desorption
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4.2 Strain Gauge Readout System

A smart e-skin combining multiple flexible electronic components has been demon-
strated by using the CFP as a standalone HySiF [14—16]. Here, the e-skin is assembled
on arobotic gripper and is used to monitor its uniaxial bending activities. Figures 4.4
and 4.5 show the cross-section and photographs of the e-skin in which UTCs are
embedded in the flexible CFP package and off-chip/on-foil electronic components,
such as printed strain gauges and organic addressing circuit (previously discussed in
Sects. 3.3 and 3.5), are fabricated on the surface of the CFP package.

During the uniaxial bending of the robotic gripper’s finger, the outer surface of the
fingers experiences a non-uniform stress distribution. Therefore, three strain gauges
are distributed on the upper half of the foil, where the maximum stress is present. A
similar approach, presented in [17], uses only an embedded array of distributed UTCs
to monitor the bending activities of the same robotic gripper. Alternatively, a single
sensor readout UTC is utilized here to simultaneously readout the strain gauges. It is
designed in the 0.5-um Gate Forest™ CMOS technology [18] and is thinned down to
a thickness of 20 um for CFP embedding. In this section, an overview of the readout
circuit design and electrical characterization is presented.

Architecture

Figure 4.6 shows the schematic of the employed readout circuit architecture for the
off-chip/on-foil resistive strain gauges [15, 16, 19]. A resistor string digital-to-analog
converter (DAC) is connected in parallel to the strain gauge Wheatstone bridge. The
DAC uses the voltage drop across the bridge as a reference voltage and generates
two analog voltages Ve and Viep. A single-ended differential difference amplifier
(DDA) amplifies the differential bridge signal and cancels the offset voltage origi-
nating from the resistor mismatch in the Wheatstone bridge. A 10-bit SAR ADC that
uses an R-2R DAC digitizes the amplified strain gauge signal at a conversion rate of
156 kS/s.

3. Strain gauge

2. Organic TFT
9 Ag. ink_l

Embedding polymer
(BCB)

Carrier substrate L
Removable adhesive

Fig. 4.4 Cross-section of one variant of the CFP process in which embedded UTC and off-chip/on-
foil printed strain gauges and organic circuits are integrated into/on the polymeric substrate of the
CFP flexible package [14-16]
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Fig.4.5 Photographs of the implemented HySiF-based e-skin for robotic applications [16]. a Three
HySiF strips are fabricated on each 150-mm silicon carrier wafer. b Zoomed-in image of the e-skin.
¢ A simple mechanical release of the HySiF foil from the carrier substrate after which d the e-skin is
assembled on the robotic gripper 3D printed plastic material using double sided foam adhesive [16].
e The e-skin combines two UTCs, antennas, printed strain gauges and organic circuitry

Printed strain gauges

vref1

vref2

'A%

Fig. 4.6 Integrated readout system for off-chip/on-foil resistive strain gauges [15, 16]
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The output voltage V, of the DDA is given by the following relation:

1

Vou = Acl (VI — Vo + Viepp — (1 - A_1> Vref1> ) (45)

where V| and V; are the strain gauge output voltages, the closed-loop gain A is
given by A, = 1 + Ry/R;.

Here, V. is the quasi-static DAC mid-range voltage and is buffered to provide
a low impedance node for the DDA gain-setting resistors. It is calculated using the
following relation:

Vies1 = Vs — 1 Ry R
refl — VS B RDAC +Rg DAC | »

by assuming Rpac > R, we conclude:

I
Viert & Vs — EB(ZRg + AR + Ryfrer). (4.6)

where V is the 5-V supply voltage, Ip is the 1-mA biasing current, R, is the bridge
resistance with nominal values ranging from 400 to 800 €2 depending on the printing
process. AR and Ry are the strain dependent resistance and equivalent offset
resistance values, respectively.

The DAC output voltage V., is calculated using the following relation:

Vref2 = Vrefl + Di . LSB7 (47)

where D; is the ith input digital word for the 5-bit DAC as i spans the range [0:15].
Since the bridge offset voltage is in the range of 30 mV, the DAC’s LSB is designed to
be equal to 10 mV. Knowing that the unit poly resistors in the utilized technology has
a value of 3.115k€2 and in order to achieve the 10-mV LSB, about 80 unit resistors
are used in series (31 unit resistors for the DAC core and about 25 unit resistors for
each of the low and high DAC sides).

By combining the Eqgs. (4.6) and (4.7) into the main DDA relation (4.5), we can
clearly acknowledge the offset cancellation and the signal amplification performed
by both the DDA and DAC using the following relation:

I
Vou = Ad (EB(AR + Rofreet) £ D - LSB) : (4.8)

Measurement Results

Figure4.7 shows the measurement setup for the e-skin in which a wafer manual
probing station, oscilloscope and GUI on a laptop for data acquisition and FPGA
for emulating the functionality of a customized wireline communication protocol
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Fig. 4.7 Measurement setup for testing the e-skin (without bending)
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Fig.4.8 The measurement results of the strain gauge readout channel at different offset cancellation
voltages [16]

between the embedded sensor readout and another non-functional wireless commu-
nication UTC that was damaged during the CFP processing.

In order to mimic the robotic gripper bending, the bridge differential output voltage
(the same as the DDA differential inputs) is swept in the range of = 15mV for
different DAC settings. As shown in Fig. 4.8, the 10-bit ADC output code is plotted
vs. the strain gauge differential voltage and good linearity is achieved. The readout
system consumes 1 mA as a biasing current for the strain gauges and about 0.9 mA
is consumed by the analog circuits.



68 4 Ultra-Thin Chips: Sensors Readout and Microcontrollers

4.3 MultiSense Readout Chip

The implementation of sensor interface chips that support multiple sensor types is pri-
marily driven by the continuous miniaturization and integration of more sensors into
single microsystems. It is secondarily driven, in this work in particular, by the HySiF
economical approach, which minimizes the number of embedded UTCs and diversi-
fies the large-area sensors and components. As an example, skin-inspired stretchable
polymeric matrix networks integrating 8 sensors (e.g. temperature, humidity and
pressure) have been fabricated on a PDMS substrate [20]. However, what is gener-
ally lacking in the literature is a universal multi-sensor interface chip that is physically
compliant with flexible electronic systems.

On the contrary, universal sensor tags that are implemented using conventional
PCBs and ICs (e.g. SensorTag and SmartBond manufactured by TI and dialog semi-
conductor, respectively [21, 22]) include distributed smart sensor ICs that do not need
a centralized sensor interface circuitry. As an example, SensorTag IoT kit includes
10 smart sensors, a wireless microcontroller and a PCB antenna.

Analog circuit design is an art, which is based on tradeoffs between accuracy,
speed, area and power consumption. Therefore, implementing a universal sensor
interface chip is not a straightforward task since the realization of a general yet
reconfigurable design is itself an application-specific decision. Previously, multiple
realizations of universal sensor interface chips have been demonstrated [23-28]. As
an example, a self-powered reconfigurable multi-sensor SoC was fabricated in 0.35-
pm CMOS technology and operates using a supply voltage of 1.8 V [26]. It includes
4 reconfigurable sensor readout channels namely, resistive, capacitance, voltage and
transimpedance interfaces. An on-chip 10-bit ADC is time-multiplexed among the
different channels.

Here, several building blocks for an envisioned universal reconfigurable sensor
readout (MultiSense) are implemented. A prototype chip is developed to interface
with on-chip and off-chip/on-foil sensors allowing for future HySiF integration. In
this section, an ASIC prototype is presented, which is implemented using a 0.18-
pum CMOS technology and integrates a bandgap reference and offset-compensated
capacitive and voltage readout circuits. In the next chapters, the implementation of a
resolution-reconfiguration ADC is discussed. Figure 4.9 shows the layout of the first
ASIC prototype, in addition to photographs of a 700- and 30-um thick bare dies.

4.3.1 Bandgap Reference Circuit

Semiconductor technology does not directly offer any electric quantity that is inde-
pendent of temperature and mechanical stress [29, 30]. For the temperature depen-
dency, resistors fabricated using silicon or metals, having negative and positive tem-
perature coefficients (N- and PTCs), respectively, are commonly available in IC tech-
nologies. A low TC resistor can be achieved by connecting NTC and PTC resistors



4.3 MultiSense Readout Chip 69

analog
buffer

Fig. 4.9 a Layout and floor plan of the MultiSense readout ASIC. Photographs of b a 700-um and
¢ 30-um MultiSense bare dies 1.65 x 1.65 mm? ASICs

in series. However, the large TC mismatch and uneven sheet resistance values
between NTC and PTC integrated resistors and the resistance-to-voltage conver-
sion, have hindered the implementation of resistor-based voltage reference circuits.
Alternatively, a CMOS-compatible approach, which utilizes the NTC voltage across
a forward-biased diode and the PTC voltage difference between two forward-biased
diodes carrying different current densities, achieves what is known as the bandgap
reference circuit [31, 32].

For the mechanical stress dependency, various error sources originate during
higher stress levels during chip assembly and packaging. The stress sensitivity of the
reverse-saturation current traces back to the piezojunction and piezoresistive effects
in diodes. Such stress-induced errors are amplified when the voltage reference is
implemented in UTCs. Static stress-induced errors occur when UTCs are assembled
in rigid packages (e.g. chiplets 3D integration). Dynamic stress-induced errors occur
when UTCs are integrated into bendable or stretchable packaging. Static and low-
frequency errors in bandgap references are trimmed, chopped corrected and shuffled
(e.g. dynamic element matching (DEM) in order to cycle through different diodes
and periodically select the 1 diode of the 1:n ratio in the bandgap reference) [33, 34].

Figure4.10a shows a typical CMOS bandgap voltage reference circuit that
includes two branches with equal biasing current Ig. The circuit incorporates an
Operational Amplifier (op-amp) A and two vertical pnp bipolar junction transistors
(BJTs) Q; and Q, that are diode-connected and utilize the p-substrate as the collector
terminal. The pn diode IV characteristic is described by the following equation:

I=IyedV/&T — 1), 4.9)
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Fig. 4.10 a A basic CMOS bandgap voltage reference circuit [31, 32]. b A low supply voltage
bandgap circuit adapted from [37]. ¢ Start-up branch connected to (a) and (b). d Bandgap regulated
voltage reference circuit

where kg is Boltzmann constant and I is the reverse-saturation current, which is
given by:

D D
I = Aqn? | —— + —> ), 4.10
0 qn; (LpND + LnNA> (4.10)

where A is the diode area, n; is the carrier concentration in undoped silicon, D, and
D, are the diffusion coefficient for holes and electrons, Np and N, are the donor
and acceptor dopant densities in an abrupt pn junction, L, and L, are the holes and
electrons diffusion lengths that typically vary from a few to hundreds of pm [35]. The
diffusion of the minority carriers and the electron-hole pair generation and recom-
bination is a highly temperature dependent process. This temperature dependence is
highlighted by rewriting the reverse-saturation current Iy equation (4.10) as follows:

Ip = Ije B/ 4.11)
where E, is the bandgap energy that itself is a function of temperature:

aT?

m, (4.12)

E,(T) = Eg(0) —

where E,(0) is the bandgap energy at OK, the fitting parameters « and B are
0.473 meVK ™! and 636 K, respectively [36].

Since the base of a BJT is designed to be much narrower than the emitter, the pn
junction reverse-saturation current given in Eq. (4.10) is redefined and approximately
equals:

A
Ip = kgT——un?, (4.13)
Np,a
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where A is the emitter area, p is the mobility of the base minority charge carriers
and n; is the intrinsic concentration. Upon mechanical deformation,  and ni2 vary
due to the piezoresistive and piezojunction effects in silicon transistors [30]. The
piezojunction effect is mainly concerned with conductivity changes due to minority
carriers, which is the case in BJT transistors.

The voltage across the pn junction and hence the BJT base emitter voltage Vg can

be expressed as function of the collector current I = I¢ using the following relation:

kpT. (1
Vg = ——1In (—C) . (4.14)
q Iy

The Vpg voltage varies nonlinearly and complimentary to absolute temperature
(CTAT). This can be appreciated by calculating the temperature coefficient of
VgE [29], which is given by the following equation:

dVee  Vpe — (4 +m)kgT/q — E,/q
aT T ’

(4.15)

where m ~ —3/2.

An intrinsically linear voltage that is proportional to absolute temperature (PTAT)
can be generated using two diode-connected BJTs and is given by the following
equation:

ksT
AVgg = VBg1 — VBR2 = Tln(n), (4.16)

where n is the emitter area ratio (i.e. Ay = n - Aj). Using Eq. (4.11) and (4.16), the
bandgap reference voltage Vg of the basic circuit in Fig.4.10a is calculated by the
following equation:

R\ kT
Vse = Verar + K- Verar = Ves + (1 + R—l) ?ln(n), 4.17)
2

where K is the PTAT scaling factor. Note, that the op-amp offset is amplified by a
factor 1 4+ R;/R», therefore large n and low R /R, ratio should be chosen.

Circuit Design

Figure4.10b shows the implemented low supply bandgap reference voltage circuit,
which is adapted from [37]. The output voltage Vg is calculated using the following
equation:

= o + K- Vprar) = > (Vies + . le (), (4.18)
Veg = a(V . = — m- — - —In(n)), .
BG CTAT PTAT R + R BES Ry q

where « is a scaling factor < 1 and m is the W/L ratio of Ms to My or M3 in
Fig.4.10b. Here, the drains of M3 and My are connected to similar voltage levels
(= 0.6 V) unlike M; and M, in Fig.4.10a (= 0.6 and 1.2 V'), which leads to lower
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Table 4.1 Bandgap reference circuit design parameters summary

Device Parameter Device Parameter Device Parameter
(k€2)
Q3, Q5 Ag=10x10 |R3 50 Ms;, My W/L = 2.8 um/
pm? 1.4um
Q4 Ag =8 x Ry 200 M; m-W/L =3x
10 x 10 u m? 2.8 um/1.4um

channel length modulation and accurate PTAT current mirroring. This circuit requires
a minimum supply voltage of Vgg + |Vps|, as long as the op-amp supports this input
and output common-mode ranges and since the nominal supply voltage here is higher,
i.e. 1.8V, the advantage of the voltage scaling resistor Rs at the circuit output is not
exploited. However, trimming the resistor Rs directly sets the nominal Vg voltage
without altering its temperature coefficient. Additionally, trimming the resistor R4
sets the PTAT voltage scaling factor (K cf. Eq. (4.18)). Figure4.10c shows a start-
up circuit, which is connected to the bandgap reference circuit in order to avoid a
possible state where the two main current branches are not powered up and remain
off indefinitely. Table4.1 summarizes key design parameters for the implemented
bandgap reference circuit.

Different temperature-independent voltage levels are needed in the MultiSense
ASIC, namely 0.9 and 0.6 V. Figure4.10d shows a conventional bandgap regulated
voltage reference circuit in which the current source Mg is controlled using the error
signal generated from an op-amp. The output voltage of the bandgap reference circuit
in addition to the op-amp and a resistive ladder are placed in a negative feedback
loop, which results in temperature-independent reference voltages V.. The current
source Mg is placed in common source configuration and together with the op-amp,
instability is possible especially when the op-amp itself includes multiple gain stages.
As shown in Fig. 4.10d, resistor R¢ and two resistors Ryef,rim are used to generate the
0.9-V and 0.6-V and associated trimming voltage levels.

Measurement Results

For the bandgap reference characterization, 700- and 30-um thick MultiSense ASICs
are assembled on a customized PCB, wire-bonded and protected with plastic insula-
tion material. Next, the ASICs are placed in a climate-controlled chamber in which
the temperature is swept from —30 to 90°C in steps of 15°C and each step lasted
for 1h in order to reach thermal equilibrium. The ASICs are operated using a nom-
inal supply voltage of 1.8V and consumes currents of 4.5 and 5 pA for the op-amp
and the bandgap core, respectively. The Vcrar and Vg voltages are buffered and
multiplexed to a single output pad.

Figure4.11 shows the measured and simulated CTAT voltages Vcrar or Vggs
and their temperature coefficients. The plots include the typical simulation results
as well as the +30 boarders of a Monte Carlo simulation with 1000 samples, in
which the beta multiplier and bandgap reference circuits’ components are varied



4.3 MultiSense Readout Chip 73

0.8 Measured -7
075 ey | © T8
S o7 et | B a8
5 oes o | &5 185
0.6 ’é -1.9
0.55 2 1.95
0'5-30 -15 0 15 30 45 60 75 90 -2-30 15 0 15 30 45 60 75 90
Temperature (°C) Temperature (°C)

(a) (b)

Fig. 4.11 a Measured and simulated CTAT voltages and b their temperature coefficients

using mismatch parameters from the devices’ model that reflect the wafer-to-wafer
and in-wafer statistical variations. Here, the Monte Carlo simulation is preferred as
it is more representative of the worst case mismatch than the corners simulation.
Asshownin Fig.4.11a, the measured Vcpar values for the thick and thinned ASICs
are within the boundaries of the process variations in the measured temperature
range. However, the extracted temperature coefficients of Vcrar, plottedin Fig. 4.11b,
show a similar trend of increasing values at higher temperatures, yet are slightly
lower (considering the TC absolute values) than the Monte Carlo simulation 3¢
boundaries. This behavior can be explained by assuming the presence of an error
source with PTAT characteristics that adds up to lower the CTAT property of the
Vg voltage. By considering the error sources in a typical CMOS bandgap reference
circuit, as presented in [33], the only error affecting Vgg with PTAT characteristics
is the spread in the BJT reverse-saturation current Aly. By rewriting Eq. (4.11) as:

kgT I ksT. (1 kpT Al
Vg = ——1In <—C) ~ 2 n <—C> S (4.19)
q Iy + Al q Iy q Io

Assuming Aly/Iy is temperature independent, it is obvious that the error in Vgg due
to I variation has a PTAT characteristics and can be removed by a single PTAT
trim [33].

Aside from other PTAT error sources that might be present in the measurement
setup, the spread in the reverse-saturation current Al is higher than that modeled
by the IC foundry for both ASICs. The measured TC of the CTAT voltage for the
bandgap reference implemented in the 30-um ASIC is lower compared to the 700-um
thick ASIC. Consequently, the Al spread is higher for the 30-um ASIC compared
to the 700-um thick ASIC. Here, one might assume that the altered wafer thickness
might directly affect the reverse-saturation current since the substrate is the collector
terminal of the utilized vertical pnp BJT device. However, the reverse-saturation cur-
rent is independent of the collector thickness (cf. Egs. (4.10), (4.11) and (4.13)). This
directs to the higher stress levels that occur during the chips back-thinning process
and thin chips assembly and packaging. The stress-induced changes in the reverse-
saturation current results from combining the piezoresistive and piezojunction
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Fig. 4.12 a Untrimmed and trimmed measured and typical simulated bandgap reference voltages
and b corresponding temperature coefficients

effects in silicon BJTs (e.g. vertical pnp BJTs fabricated on (100) silicon wafers
show highly parabolic stress-dependent reverse-saturation currents with variations
up to 7% in the uniaxial stress range of 200 MPa, [30]).

Figure4.12 shows the untrimmed and trimmed measured and typical simulated
bandgap reference voltages Vpg and the corresponding TCs. The plots include the
measurement results of a 700-um and 30-um thick ASICs in addition to the typical
simulation result. The measured untrimmed Vpg values are within the process vari-
ation boundaries, however, the untrimmed TCs of both ASICs show mostly PTAT
behavior. Error sources, such as the spread in the resistors’ nominal value and the
mismatch between R3 and R4, contribute to the elevated PTAT contribution (or K
factor cf. Egs. (4.17) and (4.18)) to the Vg values.

It is interesting to notice that the TC of untrimmed Vg for the 700-um and 30-
pm ASICs closely match, indicating the independence of the PTAT voltage on the
reverse-saturation current (c.f Eq. (4.16)). Note, that the non-PTAT error resulting
from the offset voltage of the op-amp is a significant contribution to the spread of the
Vg values and requires offset cancellation techniques, such as chopping, that help
mitigate other non-PTAT low-frequency errors. Although the output voltage range
of the bandgap reference trimming resistor R4 is overestimated during design (from
1 to 1.5V using 4-bit RDAC), the trimmed Vgg values and their corresponding TCs
of both ASICs are close to the typical simulated results.

From the theoretical discussion and measurement results of the bandgap reference,
it is important to conclude that for low and medium precision integrated systems
(below 10-12 bits), the classical bandgap reference circuits have similar performance
when implemented in either thick or thin chips. A single room temperature trim
corrects PTAT errors resulting from V p g spread and resistor mismatch [33]. For high
precision systems, additional offset cancellation and Vpg curvature corrections are
also needed. The previously mentioned techniques are enough in systems employing
thin chips with high levels of static stress.
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However, for dynamically variable stress levels (e.g. in bendable or stretchable
systems), the single room temperature trim of the PTAT error due to the reverse-
saturation current stress dependency is no longer valid. Therefore, bandgap reference
circuits should employ stress-insensitive components (e.g. silicided resistors). In
addition, keeping the dominance of the PTAT voltage contribution higher than that of
the CTAT voltage resulting in a general PTAT behavior that ensures stress-insensitive
voltage reference (cf. Eq. (4.16)), provided that the PTAT voltage scaling factor K is
also stress-insensitive.

4.3.2 Offset-Compensated Readout Circuit

Figure4.13 shows a low power and compact implementation of a combined voltage
and capacitive readout channel that is based on offset- and dc gain-compensated SC
PGA [12]. Compared to the basic SC charge-balancing CVC implementation (cf.
Fig.4.1), an extra feedback branch is realized here by the hold capacitor C, and
associated switches. In this configuration, the output voltage V,; changes as little as
possible between clock phases ®; and &, [12]. Consequently, an OTA with a lower
slew rate, thus lower power consumption, can be used. In addition, OTA matching
requirements can be relaxed since the offset is compensated using the hold capacitor
Ch.

Two transmission gate (TG) switches (s and s in Fig. 4.13) selects which readout
channel is connected to the op-amp inverting terminal. For the capacitive readout
(i.e. s = 1), the charge imbalance in the capacitive half bridge is related to the output
voltage using the following equation:

1 G -G
= - Vop + Viets 4.20
out l + EA Cf Iel ( )

Fig. 4.13 Voltage and
capacitive readout channels
using offset- and dc Vi
gain-compensated SC PGA (Pz)’ C,

~
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where V. is the output common-mode voltage, here set to Vpp /2. For Cy = Cy,, the
error due to the finite dc gain A of the OTA €4 is given by:

1 C, + Cs + C,
~N— (12— ), 4.21
[N A%( + C: ) ( )

Note, that here the error in the output voltage, for low-frequency capacitive variations,
is scaled by 1/A3 compared to 1/A, for the basic CVC implementation, that is
previously shown in Fig.4.1.

For single-ended voltage readout (i.e. s = 0), the output voltage is related to the
input voltage Vj, using the following equation:

1 Cin

Vout = T <
14+ €a Ct

(VinZ71 - ch) + Vrefa (422)

where V., is the input common-mode voltage. The feedback capacitor C¢, which
is implemented using a 6-bit CDAC (0.92pF — 29.44pF), sets the readout closed
loop gain.

Measurement Results

Figure 4.14a shows the dynamic performance of the voltage readout channel (s = 0)
for small-signal inputs at different gain settings. A square wave input signal is applied
with an amplitude and frequency of 20mV and 843 Hz. The SC clock is a 1.8-Vpp
signal with a frequency of 5SHz. The output voltage shows similar behavior and
no sign of stress-dependency for the 700- and 30-um ASICs. Note, that the output
voltage does not return to the common-mode voltage level every half cycle but rather
stays close to the output voltage level of the previous phase. Therefore, the SC voltage
readout benefits from less strengthened slew rate requirements.

Figure 4.14b shows the voltage readout channel when a large-signal is applied to
the input. Here, a square wave signal is applied to the input with an amplitude and
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Fig. 4.14 a Small-signal and b large-signal dynamic response of the voltage readout channel
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frequency of 0.9V and 3.4kH and a SC clock with a frequency of 20kH. Depending
on the input signal frequency, the output voltage requires more clock cycles to settle to
the correct voltage level (here 2 cycles). The rise / fall times are extracted for the 700-
pum and 30-um ASICs and equal to 4.4 us/1.7 ps and 4.3 ps/2.6 ps, respectively. When
operated using a single 1.8V supply voltage, the measured current consumption of
the 700-um and 30-um ASICs are about 135 yA and 146 yA, respectively.

The output stage in the implemented op-amp is class A with NMOS and PMOS as
driver and load transistors, respectively. The constant current sourced by the PMOS
load transistor (about 10 pA) sets the upper threshold of the rise time, which is inde-
pendent of the input signal. This explains the similar rise times of the 700- and
30-um ASICs. Alternatively, for the fall time, the NMOS driver transistor is able
to dynamically sink current, more than the quiescent current, mainly limited by the
W/L - uCox product. Here, the measured fall time of the 30-um thick ASIC is almost
twice that of the 700-um thick ASIC, which is beyond the simulated process varia-
tions. Therefore, the only remaining effect on the fall time is the mobility variation,
which in turn affects the on-resistance of the TG switches, caused by higher stress
levels in the 30-um chip.

Figure4.15a shows the extracted transfer characteristics of the voltage readout
channel at the end of @, for different clock frequencies. Gain compression occurs
due to the incomplete settling of the OTA at high input amplitudes. Figure4.15b
shows transfer characteristics of the voltage readout channel when configured as
a simple temperature sensor. Here, the difference between a scaled voltage of the
bandgap reference and the CTAT voltage is amplified. It is interesting to observe,
once more, that the TC of the thin chip is slightly lower (cf. Sect. 4.4.2).
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Fig. 4.15 a Response of the voltage readout channel at different clock frequencies to a staircase
input sweep. The data points are captured at the end of the clock phase ®,. b Transfer characteristics
of the voltage readout channel when configured as a simple temperature sensor. The PGA gain is set
to 5, while the CTAT voltage is subtracted from the bandgap regulated voltage reference (nominal
value 0.6 V)
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Fig. 4.16 a Measured response of the capacitive readout channel. b Extracted static data points
from (a) at the end of the clock phase ®;

Figure 4.16 shows the static response of the capacitive readout channel (s = 1) for
the 700-pm and 30-um ASICs. Two discrete sense C, and reference C, capacitors are
used to characterize the capacitive readout channel and are measured using an LCR
meter, where their values equal to 48.03 pF and 47.66 pF, respectively. A maximum
value of the feedback capacitor is set using the integrated CDAC and four discrete
capacitors are added in parallel to either C; or C; to allow for the incremental increase
or decrease in the output voltage. Figure 4.16b plots the capacitance change (C; — Cy)
vs. the extracted steady state output voltage at the end of the clock phase ®,. For both
ASICs, a good linearity is measured and no sign of stress dependency is observed.

4.4 Characterization of Ultra-Thin Microcontroller

Computation and digital signal processing is continuously pushed to edge devices
(i.e. locally in the sensor node) as user privacy and communication availability,
bandwidth and latency are main concerns [38]. For achieving high-performance
battery-operated flexible sensor nodes, low power microcontrollers ICs are needed.

A flexible microcontroller, which is implemented using organic thin-film transis-
tors on a plastic substrate, is operated using a 10-V supply voltage and consumes
about 90uW [39]. However, the low operating speed and high-supply voltage are
main concerns. Alternatively, silicon-based commercial microcontrollers have been
thinned to less than 50 um and embedded in polymeric fan-out packages, which were
presented in various loT-driven demonstrators, such as health monitoring, e-skin and
logistics tracking [9, 16, 40, 41]. However, the performance of MCUs after the
thinning and UTC embedding processes is rarely reported.

Back-thinning of bare die MCU chips is used to achieve a chip thickness of 30 um,
which is an intermediate step towards UTC embedding using the CFP fabrication
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(a) (b)

Fig. 4.17 Photographs of a 400- and b 30-um thick low power microcontroller chips attached to
probe needles for comparison

process. Figures4.17a and 4.17b show two photographs of a 400-um and 30-pm thick
MCU chips, respectively.

The utilized MCU is known as Apollo MCU that is manufactured by the company
Ambiq Micro [42]. The MCU consumes about 143nA in deep sleep mode and
35uA/MHz during program execution when operated using a supply voltage of
3.3V (supply range down to 1.8 V). In this work, simple programs are designed and
executed to test different MCU blocks, such as the integrated temperature sensor,
10-bit ADC and RC oscillators, before and after the chip back-thinning process [41].

4.4.1 Integrated 10-Bit ADC

Modern MCUs are fabricated using advanced deep submicron technologies (DSM)
and they usually incorporate one or multiple scaling friendly ADCs, such as SAR
ADC:s. In the utilized MCU, a 10-bit 13-channel SAR-ADC is integrated that is able
to operate at conversion rates from 115 kS/s up to 800kS/s. The typical differential
(DNL) and integral (INL) nonlinearities, from the product datasheet, equal to 1 LSB
and 1.8 LSB, respectively.

For ADC characterization, the ADC is operated using a supply and reference
voltages of 2 and 1.5V. The ADC uses the internal 24-MHz RC oscillator as a
clock source, which is divided by 16, in our case, for better accuracy resulting in a
conversion rate of 125 kS/s. A highly linear DAC wave generator is used to generate a
staircase ramp signal and the 10-bit ADC output code is captured using a Single Wire
Output interface (SWO). Figure4.18 shows the histogram linearity measurement
results of the 10-bit ADC for a reference and 30-um chips. For both chips, the
DNL and INL are within 1 LSB and 1 LSB, respectively. This proves that the chip
thinning did not alter the ADC performance at the low conversion rate of 125 kS/s.
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Fig. 4.18 Static histogram-based a DNL and b INL of the 10-bit SAR ADC for a reference and
30-um thick MCUs [41]

4.4.2 Integrated Temperature Sensor

Compact and power-efficient temperature sensors are usually integrated into modern
MCU s as they are able to quickly estimate the die temperature. For low power MCUSs,
the integrated temperature sensor could be used for ambient temperature estimation as
chip self-heating is almost negligible, especially if the MCU is duty-cycled between
long sleep and short active periods.

Here, the integrated temperature sensor, which uses a bandgap reference circuit,
is characterized [41]. The 30-um thick MCUs are assembled and wire-bonded to a
ceramic package. The reference and thinned chips are placed in a climate-controlled
chamber in which the temperature is varied from —20 to 100°C in both directions
and in 20 °C steps (each step lasted for 2 h until thermal equilibrium is achieved).

Figure 4.19 shows the 10-bit output code of the integrated temperature sensor plot-
ted versus the chamber temperature for a reference and 30-um thick MCU chips. Here,
an offset error is observed between the two MCU chips that can be easily calibrated.
As shown in Fig. 4.19, the sensor sensitivity is also plotted, which is calculated as the
slope of the straight lines (with the unit of mV°C) using AY/AX - 1.5V/2!°, The
average sensitivity in the measured temperature range slightly decreased from the
nominal value of 3.6 mV°C to 3.5mV °C. This sensitivity variation traces back to an
increase in the CTAT temperature-dependent leakage current of the diode-connected
devices in the bandgap reference circuit as the defects in the silicon substrate approach
the device active region upon chip thinning (cf. Sect. 4.3). Note, that the offset and
gain errors hint at the necessary re-calibration of ICs after the chip thinning process.
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Fig. 4.19 Measured static response of the integrated temperature sensor and its sensitivity for a
reference and 30-pm thick MCUs

4.4.3 RC Oscillators

The utilized MCU incorporates 1024-Hz and 24-MHz RC oscillators. The low-
frequency oscillator (LFRC) is usually used for tasks with low timing accuracy
and basic finite state machine operations [42], while the high-frequency oscillator
(HFRC) is used when stable and accurate timing is needed (e.g. wireline communi-
cation). For characterizing the impact of the MCU chip thinning on the performance
of the RC oscillators, the period jitter of the LFRC and HFRC signals is measured.
The period jitter is defined as the deviation in cycle time or period of a periodic sig-
nal (e.g. clock signal) with respect to its ideal value over several randomly selected
cycles [43]. Furthermore, the cycle-to-cycle jitter is defined as the time difference
between the cycle time or period of each two consecutive cycles of a periodic signal.

A simple program, which activates the LFRC and HFRC oscillators, is down-
loaded to three MCU chips, namely a reference, 400-pm and 30-um thick MCU chips.
A high-speed oscilloscope (Tektronix 1 GS/s) is used to capture 2000 consecutive
clock cycles of each MCU. Figure 4.20 shows the period jitter measurement results
of the LFRC oscillator in which a histogram of the cycle frequency is plotted for the
three MCUs. A slight mismatch in the LFRC oscillator frequency from the nominal
frequency of 1024 H that is uncorrelated to the different MCU thickness. In general,
this frequency mismatch is calibrated or trimmed using an external XTAL oscillator.

Figures 4.21a—c show the period jitter measurement results of the HFRC oscillator
in which a histogram of the cycle frequency is plotted for the three MCUs. A signifi-
cant degradation in the period jitter is observed for the 30-um thick MCU. The cycle-
to-cycle jitter is also plotted for the three MCU chips, as shown in Figs.4.21d-4.21f.
The extracted cycle-to-cycle jitter is within & 2ns, &= 4 ns and = 6 ns for the reference,
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Fig. 4.20 Period jitter of the integrated LFRC oscillator for 2000 clock cycles [41, 44]. The
characterization result in a is for the evaluation board (EVB) of the Apollo MCU, which uses a
conventional BGA package. The characterization result for b the 400-mm thick chips and ¢ is for
the 30-mm thick MCU chips assembled in ceramic package
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400-pum and 30-um thick MCUs, respectively. Although lower resistive noise cou-
pling in the substrate (i.e. between two p- or two n-doped regions) is expected for
thinned chips as the resistive noise path is thinner than the bulk chips. For high fre-
quencies, the capacitive noise coupling (i.e. between reverse biased p- and n-doped
regions) takes effect. Here, a higher substrate digital noise capacitive coupling for
the thin chips is attributed for the degradation in HFRC oscillator jitter. Traditional
guard-rings are usually effective at low frequencies but such high-frequency noise
coupling can be taken into consideration during UTC ASIC design using supply
bounce reduction techniques, such as those presented in [45]. Note, that noise cou-
pling is minimized as long as the circuits are placed at a certain distance, however,
this is ineffective in those circuits with densely packed devices, such as oscillators,
phase-locked loops (PLLs) and image sensor pixels [45].
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Chapter 5 ®
Reconfigurable Analog-to-Digital oo
Converter for HySiF: Part 1

One of the main goals of this work is the implementation of a power-efficient, sample
rate and resolution reconfigurable ADC with state-of-the-art performance. The ADC
design is targeting smart electronic systems that integrate multiple heterogeneous
sensors. By exploiting the back-thinning of the ADC chips as a post-processing step,
the presented ADC evolves into a HySiF-compatible UTC, which is readily available
for integration into flexible electronic systems. The presentation of the proposed ADC
is divided in this work into two chapters. This first chapter deals with the literature
review and relevant theory, while the next chapter presents the ADC’s circuit-level
implementation and measurement results.

This chapter starts with briefly investigating the general ADC trade-offs, specify-
ing the expected performance and outlining the top-down design methodology. Next,
reconfigurable ADCs, as well as ADCs that have been implemented on flexible sub-
strates, are reviewed. Furthermore, a short discussion of A¥ modulators promotes
the in-depth analysis of incremental AY (I-AX) ADCs. Finally, the proposed archi-
tecture for a power-efficient reconfigurable ADC is presented.

5.1 Motivation, Target and Methodology

The ADC design space can be navigated using standard performance metrics, such
as Signal-to-Noise+Distortion Ratio (SNDR), Schreier Figure-of-Merit (FoMy),
Walden Figure-of-Merit (FoMy,), etc. Fig.5.1 plots the energy consumption of
recently published ADCs versus SNDR [1]. Selected I-AX¥ ADCs are highlighted
and a trendline is extracted in order to convey an impression about the reconfig-
urability potential of I-AX¥ ADCs. Note, that reconfigurable SAR ADCs dominate
the low to medium resolution range that is below SNDR of 60 dB [2, 3]. Besides,
a reconfigurable time-to-digital converter (TDC) has been recently reported to span
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Fig. 5.1 Energy consumption versus SNDR of recently published ADCs adapted from [1]

Table 5.1 Summary of the specifications for the proposed ADC

Resolution 12-16b

Nyquist rate 40kS/s (16b)

Technology XFAB XH018 180-nm CMOS
Supply voltage 3.3V

Power <1lmW

Architecture I-AX, 3rd order CIFF

Chip thickness 700- to 30-um

the 5—13-b resolution range with SNDR from 30 to 74 dB [4]. Consequently, it is now
evident that there is an innovation opportunity for medium to high reconfiguration
resolutions beyond SNDR of 80dB in the field of Nyquist-rate ADCs.

In this work, this opportunity is exploited by proposing a power-efficient scalable
SC I-AX ADC with wide reconfiguration range between 12 and 16b. The I-AX
architecture is chosen in order to deliver high resolution when digitizing multiple
on-chip and on-foil sensors. Additionally, no calibration is required either in the
analog or digital domains resulting in reduced system complexity. Besides, ADCs
employing feedback systems are robust and more tolerant of nonidealities of the
underlying building blocks [5]. Consequently, I-A X are a reasonable candidate for
implementing a reliable ADC that is less sensitive to process- and bending-induced
stresses.

Table 5.1 lists the initial specifications for the proposed ADC. The ADC’s con-
version speed is set in the kilohertz range, which targets sensor readout applications,
such as temperature and humidity sensor systems. Besides, for the later HySiF inte-
gration, the ADC is tested when the bulk chip is back-thinned to thicknesses of 100
and 30 pm.
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Fig. 5.2 ADC design tasks and methodology developed in this work

Figure 5.2 shows the design tasks and top-down methodology which are devel-
oped for implementing the presented ADC. Motivated by the targeted applications
and after an in-depth literature review, the ADC design specifications have been for-
mulated. Next, AX toolbox is utilized for the initial estimation for the coefficients
of the discrete-time (DT) AX modulator [6]. Furthermore, Verilog-A models for
analog blocks, such as OTA and switches, are used to transform the mathematical
representation of AX modulator into circuit-level models. Additionally, the ADC
circuit is divided into unit blocks to facilitate the later floor-planning and layout.
Transistor-level design and simulation are performed based on the device models for
the XHO18 CMOS technology provided by the company X-FAB Silicon Foundries.

The default settings for the Spectre simulation platform from Cadence Virtuoso is
altered to guarantee accurate simulation results. Moreover, multithreading using the
accelerated parallel simulator (APS) is enabled to accelerate simulation time without
losing the accuracy of the analog simulator. Similarly, simulation testbenches use
co-simulation of transient and stability analysis to ensure proper operation of each
building block. After tapeout, an evaluation board is designed on which the ADC
chips with different thicknesses are assembled. Finally, the dynamic ADC testing
method is used to evaluate the performance of the presented ADC.

5.2 Analog-to-Digital Converters

By the late 19th century, the field of communications has been the main reason
for the development of electronic data converters [7]. Aiming at finding the maxi-
mum signaling rate that could be used over a channel with a given bandwidth, Harry
Nyquist formulated the well-known Nyquist sampling theorem in 1920. While study-
ing pulse code modulation (PCM), he concluded that when a signal with bandwidth
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fp is sampled instantaneously at regular intervals at a rate fy at least twice the high-
est significant frequency, then the samples contain all the information in the original
signal [7, 8]. The Nyquist-theorem is summarized in the following relation:

fn > 2 x fp, (.1

This has laid the foundations for the later development of the Information Theory
by Claude E. Shannon in 1948, after which various channel-coding schemes have
been developed to exploit the limits of the communication channel capacity [9].
Shortly before that and during World War II, PCM has been implemented in speech
secrecy communication systems, where 5-bit counting [10] and later SAR [11] ADCs
and DACs at the transmitter and receiver have been integrated using vacuum tube
technology. Interestingly, the main ADC architectures used nowadays have been
invented in the early 20th century [7].

Figure 5.3 shows the general resolution versus signal bandwidth capabilities of
main data converters architectures. Flash ADCs are among the fastest ADC archi-
tectures but with a limited resolution and large size. Pipeline ADCs are used in
medium- to high-speed communication and imaging systems. They employ a cas-
cade of multiplying stages, which have a pipeline latency disadvantage depending
on the number of stages. But once filled, pipeline ADCs optimally utilize a serial
data link. SAR ADCs consist of a hybrid combination of digital logic, comparator
and analog DAC. Their digital circuit implements search algorithms that have ben-
efited from scaled DSM technologies. ADCs that incorporate a A’¥X modulator (e.g.
freely-running, I-AX and noise-shaping (NS) SAR ADCs) unlocks higher resolu-
tion capabilities by the virtue of oversampling and in-band noise-shaping. Dual-slope
ADCs are among the integrating ADCs category in which the input signal charges
and/or discharges a capacitor at a constant rate. Meanwhile, a counter calculates the
ramp-up and/or ramp-down times. Therefore, a direct trade-off between resolution
and speed arises.

Nowadays, hybrid and digitally-assisted ADC architectures are increasingly used
as they efficiently complement the conventional ones. Hybrid ADCs are not lim-
ited to the topology-level combination of single conventional ADCs but rather are
extended to the combination of different signal processing techniques, circuit-level
optimization methods and advanced data conversion algorithms [12]. As an exam-
ple, the linearity of SAR ADCs is extended beyond 100 dB by employing the DAC
mismatch error shaping (MES) technique [13]. Besides, in order to mitigate dynamic
range losses due to MES, the first three most significant bits (MSB) are linearized
using data weighted averaging (DWA) and are resolved using Flash ADC, thus saving
switching power. Finally, an oversampling NS AX modulator samples the residue
voltage of the SAR least significant bit (LSB) and shapes the comparator noise and
quantization noise.

While incorporating Flash, SAR and A ¥ together with DEM, MES and dithering,
the aforementioned ADC’s reconfigurability results in a 9.5- and 16.5-b resolutions
for Nyquist operation up to conversion rate of SMS/s and an oversampling oper-
ation at 2kS/s, respectively. In this context, hardware reconfiguration targeting an
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optimized data conversion is a key ingredient of hybrid ADCs [12]. In the following
section, state-of-the-art resolution and speed reconfigurable Nyquist-rate ADCs are
reviewed. Next, selected examples of mechanically flexible ADCs and their corre-
sponding TFT technologies are highlighted.

5.2.1 Reconfigurable ADCs

Power-efficient sensor SoCs are essential components for IoT applications. Such
SoCs frequently integrate multiple heterogeneous sensors in/on the same package
or die. Here, each sensor can require a different dynamic range (DR) and signal
bandwidth in the subsequent ADC. As an example, an environmental sensor can
switch from its standard low-resolution mode to a higher resolution mode upon a
sudden change in its measured data that requires more accurate monitoring for further
investigations.

Figure 5.4 shows typical multi-sensor readout channels where a single ADC is
shared among different channels. In a system using a fixed, non-reconfigurable ADC,
the ADC has to comply with the highest SNR and speed requirements, resulting in
poor power efficiency when digitizing the lower resolution sensor data. To tackle
this problem, resolution reconfigurable Nyquist-rate ADCs have been proposed.
They aim at delivering a better end-to-end power efficiency when a single ADC is
time-multiplexed between different sensors and/or when a sensor with dynamically
reconfigurable resolution modes has to be digitized.

For low resolutions, a 3—7 b hybrid two-step and Flash ADC has been reported,
which operates from 1.5 to 4 GS/s conversion rates [14]. It requires digital calibration
and a complex clocking scheme. For low to medium resolutions, resolution recon-
figurable SAR ADCs, which use a combination of a scalable CDAC and supply
voltage [2] or a scalable CDAC and comparator [3], have been proposed. They can
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Fig. 5.4 Typical multi-sensor readout channels where a single ADC is shared among n channels.
Each sensor delivers a signal accuracy and bandwidth of rj bits and f; Hz, where i is the index of
the corresponding channel. The usual practice of using a fixed resolution and speed ADC results
in a poor power efficiency during the operation of the lower resolution and/or lower speed sensor
channels. Therefore, resolution and speed-reconfigurable ADCs aim at bringing about an optimized
power efficiency for all readout channels

span the 5-10b resolution range at few MS/s conversion rates while maintaining a
low FoMy of less than 10 f]/conv.step.

An attempt to extend the resolution reconfigurable range of SAR ADCs to 14b
is achieved by employing start-up calibration, post-corrections and dithering [15].
Howeyver, increased system complexity and the resulting large area of the digital
circuitry are main concerns. In [16], a first-order NS SAR ADC is used for the
8-10b resolutions and is reconfigured as an adder and quantizer within a third-
order AX in order to achieve resolutions up to 16 b. However, a freely-running A%
modulator hinders the Nyquist-rate A/D conversion. In conclusion, while the SAR-
based approach is suitable for the low to medium resolution design, it cannot be
easily or efficiently extended towards higher resolution.

For medium resolutions, multiple power scalable bandwidth and/or resolution
reconfigurable pipeline ADCs have been reported. As an example, parallel OTA
scaling has been proposed, which enables a near-constant FoMy, for a fixed 12 ADC
operating at reconfigurable conversion rates from 20 to 40 MS/s [17]. However,
pipeline ADCs are limited to the medium resolution range owing to their topolog-
ical dependency on the absolute process and design parameters, such as capacitors
matching and OTA open-loop gain and settling errors.

Aside from the voltage-domain ADCs, a TDC, which operates at 500 MS/s-
5GS/s and 5-13 b conversion rate and resolution reconfigurable ranges, has been
proposed [4]. The TDC is configured either as SAR-TDC or Flash-TDC for high
resolution or high conversion rates, respectively. Limited by its voltage-controlled
oscillator (VCO) nonlinearity, a foreground digital calibration is required. Table 5.2
compares selected Nyquist-rate ADCs reflecting the current state of the art in the
field of reconfigurable ADCs.



5.2 Analog-to-Digital Converters 93

Table 5.2 Comparison of selected Nyquist-rate ADC topologies

Topology SAR Pipeline I1AX TDC
Resolution | N N[ [N | N
Speed EEN L[] R |
Technology © ® ® ©
scaling

Calibration free |® ® © ®
Tolerance to @) ® © ©

process- and
stress-induced
errors
Reconfigurable |© ® ® ©

hardware
utilization

5.2.2 Ultra-Thin Flexible ADCs

The next generation of mechanically flexible RFID modules calls for miniaturization
(i.e. more thickness reduction), higher computational power and more integrated sen-
sors and sensor readout channels while keeping minimal power consumption. ADCs
are at the heart of every smart sensor system and notably required for achieving high
performance flexible electronic systems. Although ADCs integrated into ultra-thin
chips represent the natural extension for the silicon-based semiconductor technology
to the flexible electronics world, ADCs fabricated using other technologies, notably
organic and inorganic metal-oxide semiconductors, are on the rise. These technolo-
gies allow for large-area coverage and are inherently flexible and simply processed
in a room-temperature environment.

Figure 5.5a shows a photograph of the Silicon-on-Polymer package developed by
the company American Semiconductor in which the industry’s first bendable ADC
is embedded [18]. The 8-channel 8-bit 100-kS/s SAR ADC is fabricated using a
180-nm CMOS technology and its die size is about 2.5 x 2.5 mm?>. The so-called
FleX-ICs are essentially UTCs with thickness of 10-25 wm and are embedded in
35-50-um thick polymeric packages using spin-on polymers.

Alternatively, Fig.5.5b shows a photograph of the 6-b SAR ADC fabricated on
PI substrate using unipolar dual-gate metal-oxide (InGaZnO) TFTs [19]. The ADC
occupies an area of 27.5 mm? and consumes about 73 wW when operated using a
supply voltage of 15V at a conversion rate of 26.67 S/s. Other examples include
AX-based ADCs fabricated on polymeric foils utilizing OTFTs [5] and InGaZnO
TFTs [20] achieving FoMy of 3.45 and 0.039 uJ/conv.-step, respectively. Table 5.3
compares different TFT technologies that are used to fabricate flexible ADCs, namely
single-crystalline UTCs, poly-crystalline silicon (poly-Si), amorphous silicon (a-Si),
OTFTs and metal-oxide TFTs (e.g. InGaZno).
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(a) (b)

Fig. 5.5 a Photograph of 50-um thick Silicon-on-Polymer package with an embedded 10-25-um
FleX-ICs developed by the company American Semiconductor. Reproduced from [18] with per-
mission from American Semiconductor. b Photograph of 6-b SAR ADC fabricated on PI substrate
using metal-oxide TFT technology. Reproduced from [19] with permission from IEEE

Table 5.3 Comparison of different TFT technologies used to fabricate flexible ADCs

Technology Si-UTC Poly-Si a-Si OTFT Metal-oxide
Resolution | [l [ [N BE W] W] W]
Speed EEN BE BN W] W]
CMOS © © ® ® ®
availability

Room- ® © © © ©
temperature

processing

Large-area ® @) ®) © ©
coverage

Roll-to-roll

5.3 AX Data Converters

Since both freely-running and I-A ¥ ADCs have intrinsically similar structures, it is
rather intuitive to briefly discuss the theory behind AX data converters. Figure 5.6
shows a block diagram of a AX ADC [21, 22]. The antialiasing filter (AAF) limits
the bandwidth of the analog input signal to half the Nyquist sampling frequency
fn/2 [22]. Therefore, higher frequency components are blocked and do not alias
back during the sampling process. The sample-and-hold process (S/H) samples the
continuous input signal u(t) and holds it constant u(n) for the duration of a single A/D
conversion. The sampling process is repeated at a certain rate which correlates with
the ADC’s conversion rate and must not violet Nyquist theorem (cf. (5.1)) for proper
reconstruction of the signal in the digital domain. The A¥ modulator performs the
oversampling and NS as it quantizes the amplitude of the input signal and filters
the resulting quantization error. The quantizer bitstream v(n) is filtered to eliminate
out-of-band noise and is down-sampled to the Nyquist-rate frequency [22].
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Fig. 5.6 Block diagram of a generic AX ADC adapted from [22]

In order to appreciate the oversampling and NS of AX modulators, a linearized
quantizer model with additive quantization error e(n) is used to derive the signal
(STF) and noise (NTF) transfer functions as follows [21, 22]:

Y(z) = STF(z) - U(z) + NTF(z) - E(z), 5.2)
H(z)
STF(z) = ———— NTF(z) = ———.
1 +H(z) 1 +H(z)

Ideally, the NTF completely removes the in-band noise without affecting the signal
and its gain is allowed to increase outside the bandwidth of interest (i.e. high-pass
filter characteristics) [22]. Conversely, the STF is desired to be as flat as possible
within the bandwidth of interest and its gain drops outside the in-band region (i.e.
low-pass filter characteristics). Applying this approach on (5.2) brings down the
choice of H(z) to a Lth order integrator, which has large in-band gain and decreases
outside the bandwidth of interest. A Lth order NTF is expressed as follows:

NTE(z) = (1—-27)", (5.3)

where the order of the NTF high-pass filter determines the amount of in-band noise
suppression.

The theoretical Signal-to-Quantization-Noise Ratio (SQNR) for a third-order
freely-running AY¥ modulator with 1-bit quantizer is estimated as [23]:

21
SQNR (dB) = 10log;o <FOSR7> , (5.4)
T

where OSR is the oversampling ratio OSR = fs/fy and fg being the modulator clock
frequency. Note, that by doubling the OSR, up to 21 dB of SQNR improvements is
achievable for a third-order freely-running A ¥ modulator with 1-bit quantizer (com-
pare to only 12dB SQNR improvement for I-A¥ employing the same modulator).
The aggressiveness of the NTF noise-shaping is upper-limited by the modulator’s
stability. As reported in [24], the stability of higher-order AX modulators is guar-
anteed as long as proper feed-forward coefficients are chosen and the out-of-band
quantization noise gain is limited to 2 when an internal 1-bit quantizer is used.
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5.4 Proposed Reconfiguration of Incremental AY Data
Converters

[-AY data converters are well-suited for covering the high-resolution moderate speed
range in applications where a single converter is time-multiplexed among different
channels. In this work, I-A¥X ADC architecture is chosen targeting a reconfigurable
resolution range from 12 to 16 b. For I-AY data converters, the AY modulator and
digital filter are periodically reset and operate using an oversampling clock frequency
fs for a predetermined clock cycles M. Consequently, I-A ¥ data converters are mem-
oryless and nonlinear time-invariant systems that are among Nyquist-rate converters.
Therefore, input signal frequencies fiy that are within fs/(M - 2) < fiy < fs/2 alias
back into the signal band [25, 26]. In the following section, the proposed reconfigu-
ration architecture of I-AYX ADCs is presented.

5.4.1 Dynamic Range Presetting

AY¥ ADCs are intrinsically resolution and sample rate reconfigurable since the signal
bandwidth is determined by the maximum sampling frequency fs and the Oversam-
pling Ratio (OSR, or M). However, a simple adjustment of the sampling frequency
and/or the OSR without adapting the internal modulator structure would lead to
largely varying energy efficiency versus resolution.

Figure 5.7 shows the block diagram of the proposed reconfigurable ADC operating
at Nyquist conversion rate of fy = fg/M. The chosen architecture is a single loop,
third-order cascaded-integrator-feed-forward (CIFF) A X modulator with a single-bit
internal quantizer to achieve a good linearity at moderate OSRs. An off-chip chain of
integrators (Col) digital filter is used to extract the high-resolution digital signal from
the quantizer bitstream. During a single conversion, the loop filter shapes the signal
as well as the noise placing the most stringent requirements on the first integrator
stage since its noise and distortion are not shaped by any preceding integrator stages.

Inthe presented design, the OSR of the I-A ¥ modulator is reduced on system-level
in the lower resolution modes thus, unlocking higher conversion rates. At the same
time, the thermal-noise-limiting first integrator is scaled on circuit-level, allowing
for a large reconfiguration in the ADC’s dynamic range (DR). More specifically,
DR presetting is achieved provided that a certain number of unit integrators Son is
a priori selected from a maximum number of available unit integrators Syax and
the associated modulator’s OSR is optimally chosen according to the required DR.
The selected unit integrators are then connected in parallel acting collectively as the
modulator’s first integrator throughout an entire conversion cycle. If an additional
power saving is needed, the proposed reconfiguration approach can be combined
with the dynamic scaling of noise method of [27] to further optimize the energy
efficiency at higher resolution modes.



5.4 Proposed Reconfiguration of Incremental AX Data Converters 97

u(n)
|

1-bit

6 resn 6 oset 6 peser 6 g 6 pose Orosnt f,=
V I r r v Quantizer = [ - fu=f/M
+ "
1 1 vin)[ 5 . z (n)
z-1 I: z1 z1 [T z1 [P z1 [7] lM *[>_'
Off-Chip Digital Filter Down

Chain-of-Integrators (Col) Sampling

o 3!
" (M-1)-(M-2)-(M-3)

Modulator Coefficients

£ a |043]0.19/0.19] -
b [033] 0 0 [0.19
O Roset I AN L c |033/075/020] -

outputs
Scaled Integrator

Fig. 5.7 Block diagram of the proposed reconfigurable I-A¥ ADC incorporating a 4-b scalable
first integrator arranged in a switch matrix configuration

Quantization Noise

The accuracy of the proposed I-A X ADC is quantization noise limited for the lower
resolution modes and thermal noise-limited for the higher resolution modes. In order
to achieve power-efficient operation through all resolution modes, the noise behavior
of I-A¥ ADCs is reviewed. Consequently, the optimal settings for the modulator’s
OSR and the number of active unit integrators are achieved.

In oversampling AX ADCs, the quantization noise is suppressed by the high-pass
noise-shaping characteristics of the NTF. For a single loop third order I-AX ADC
employing a single-bit quantizer and Col digital filter, the theoretical SQNR is given
by Caldwell and Johns[26]:

M + 2)!
SQNR (dB) = 6.02log, <a -+ 1) +1.76, (5.5)

3IM — 1)

where « is the maximum amplitude of the input signal that keeps the quantizer input
bounded (cf. 5.4 for freely-running AY modulator). As an example, reducing the
resolution from 14 b to 12b, which is equivalent to reducing the SQNR by 12 dB,
requires halving M that allows for doubling the conversion rate. In lower resolution
modes, the lower bound for the input capacitor(s) of the first SC integrator is set
and is usually chosen to ensure that the matching requirements of the modulators’
coefficients are fulfilled. Consequently, the kT/C thermal noise requirement is easily
met and the ADC operation is limited by the quantization noise.

For higher resolution modes, in order to lower the thermal noise, a higher-order
AY modulator, higher OSR, or higher input capacitance value C are the available
design decisions. Only the value of the input capacitor C does not determine the
quantization noise, yet it primarily determines the ADC’s power consumption. In
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addition, thermal noise is inherently random, while quantization noise is not. There-
fore, the thermal noise contribution to the total SNR is usually chosen such that it
dominates over the quantization noise (10-20 dB lower quantization noise) [26, 28].

Thermal Noise Penalty

For the discrete-time implementation of the AX modulator using SC integrators, the
input-referred thermal noise power equals gkT/C [25]. The constant g depends on
the particular implementation of the SC integrator, k is the Boltzmann constant, T is
the absolute temperature in Kelvin scale and C is the bandwidth-limiting capacitor
of the input equivalent RC network. Higher-order I-A X ADCs suffer from a thermal
noise penalty that increases at higher OSRs. To further investigate this issue, signal
and noise analysis of I-AX ADCs in the time domain, adapted from [25, 26], is
presented.

The digital output word v(n) for the nth conversion cycle, comprising of M clock
periods, can be calculated using the finite-length convolution operation as follows:

v(n) = h(k) * d(k) (5.6)
[nN+1]M—1
2 3" h(N+1M—1-k)-d(k),
k=nNM

where h(k) is the impulse response of the digital filter and N is the number of channels.
The digital output sequence of the quantizer d(k) is given by:

d(k) = stf (k) * [u(k) + t(k)] + ntf (k) * q(k), (5.7)

where stf(k) and ntf(k) are the impulse response of the signal and noise transfer
function of the A¥ modulator, u(k) is the input signal and t(k) and q(k) are the
input-referred thermal and quantization noise, respectively. By combining (5.6) and
(5.7), an end-to-end relation is given by:

v(n) = h(k) * stf (k) * [u(k) 4+ t(k)] + h(k) * ntf (k) * q(k). (5.8)

Using the finite-length convolution operation, the thermal noise power contribu-
tion to the output v(n) is estimated:

vi(n) = h(k) * stf (k) * t(k) = stf’ (k) * t(k) 5.9
[N-+1]M—1
£ 3 stff(IN+ 1M — 1 - k) - t(k),
k=nNM

where stf’(k) is the impulse response of the end-to-end signal transfer function.
The impulse response of stf’(k) can be described as stf’[k] = {56 S } By
choosing stf’ (k) to equal 1 [26], the following constraint results:
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M-1

Y=t (5.10)

i=

The impulse response stf’(k) shapes the input-referred thermal noise, which
results in the following thermal noise power spectral density:

T
V)2 = gT 32 (5.11)

i=0

By observing (5.11), the condition for minimum thermal noise contribution to
the output v(n) demands s; = 1/M for all values of i. This reduces (5.11) to equal
gkT/(M - C), which is the same condition for the freely-running A¥ ADCs regard-
less of the modulator order. Conversely, this condition is normally not suitable for
higher-order I-AX ADCs, since the last few output samples of d(k) contain large
quantization errors and must be suppressed by a low-pass digital filter. Therefore,
the impulse response of the digital filter h(k) is chosen to apply more weighting to
earlier outputs d(k) than later ones, while maintaining the constraint given by (5.10)
for a unity STF [26].

Considering a unity STF assumes a negligible effect for the AX modulator with
a low-distortion implementation on the STF [25, 26, 29]. Therefore, the impulse
response of the digital filter h(k) is the dominant shaping-response of the output
v(n). Subsequently, the thermal noise relation (5.11) can be adjusted as follows:

- a1 KT
V)2 = gT Y k) = ﬂﬁ. (5.12)
k=0

A so-called thermal noise penalty B results from such uneven weighting of the
samples’ thermal noise by the digital filter and the deviation from the optimum
even weighting of 1/M. The thermal noise penalty is calculated as [25]:

actual thermal noise power s
B = P =M K. (5.13)
k=0

minimum thermal noise power

Fig.5.8a plots the modeled OSR settings and thermal noise penalty of different
resolution modes for the implemented third order I-A¥ ADC.

Figure 5.8b shows the number of unit integrators Soy that are activated in order to
achieve a certain DR for Syax from 1 to 32. The typical fixed-resolution I-AX ADC
employs a whole first integrator (Smax = 1) and is always-on (Son = 1) regardless
of the OSR value M. Alternatively, in the proposed DR presetting approach, the first
integrator is scaled in order to match the thermal noise and power efficiency require-
ments of the high and low-resolution modes, respectively. Note, that the availability
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Fig. 5.8 ADC configuration using the DR presetting method for different resolution modes. a
Oversampling ratio M and thermal noise penalty 8 for different resolution modes related to a
modeled third order CIFF I-AX ADC utilizing Col digital filter. b The number of active unit
integrators Son versus the resolution range from 12 to 16 b for different Spax

of more hardware resources (i.e. higher Syax) provides the modulator with the
reconfiguration flexibility to pinpoint the thermal noise suitable for the required DR.

Figures 5.9a, b show the modeling results of the relative change in FoMg and
FoMyy, respectively, for different resolution modes and Syax values. The FoMs are
calculated based on the modeled behavior of third order I-A ¥ ADCs and taking into
consideration the lower OSR at lower resolutions shown in Fig. 5.8a. As an example,
considering Smax = 16, if the DR is to be changed from 16 to 15 b, the DR presetting
adjusts M from 158 to 123 (cf. Fig 5.8a) and Son from 16 to 5 (cf. Fig 5.8b). Therefore,
the B gkT/(C - M) noise is increased by 10 - log((16 x 158)/(5 x 123)) = 6.1dB,
which corresponds to a decrease in the ENOB by 1b. It is interesting to observe
that FoMy is near constant for Spax higher than 8, which turns out to be sufficient
number of unit integrators supporting a wide DR reconfiguration.

5.4.2 Dynamic Scaling of Noise

A straight-forward digital filter implementation is the Cascade (Chain) of Accumu-
lators or Integrators (Col) with the number of stages equivalent to the A > modulator
order. Other implementations of the digital filter trades off higher OSRs for attrac-
tive features, such as suppression of periodic noise [30]. The terms h; describe the
impulse response of the digital filter, which is reset after M periods, as

h(k) = {ho, hy, ..., hy—1}.
The terms h; for the first- and second-order Col digital filters simply equal h; = 1

and h; = (i + 1), respectively. For a third-order Col digital filter, the terms h; are
given by:
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Fig. 5.9 Modeling results of the relative change in a FoMg and b FoMy using the proposed DR
presetting method

k
hi=> i+1. (5.14)
i=0

From (5.6), the quantizer output d(k) is convoluted with the impulse response h(k)
and for higher-order filters, the earlier d(k) are more weighted than later samples [26].
To illustrate this uneven weighting, weighting factors w; are derived from the filter’s
impulse response:

wi = {wo, Wi, ..., Wm—1} (5.15)

1
= . {hm—1, hm—2, ..., ho},
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where g = M(M + 1)(M + 2)/6. Therefore, the thermal noise relation (5.12) can be
re-written as a function of the weighting factors w; [26]:

M-1 - ng M-1
vi(n)? = ; wiovi= = ; w2, (5.16)

where V?,i is the input-referred thermal noise power of each sample and normally
equals gkT/C.

Figure5.10a plots the normalized weighting factors wi/w} and the normalized
thermal noise power of each sample vf,i / vf’o for an exemplary M = 158. Tradition-
ally, the first-stage SC integrator of AX modulators consist of fixed-value input
capacitors, which results in a constant thermal noise power of each sample vf’i (i.e.
time invariant sample noise). However, if the input capacitors, as well as the first-
stage integrator, are scaled appropriately within the conversion cycle, the thermal
noise power will differ from each sample resulting in a more power-savings for
I-AY ADCs (i.e. time variant sample noise) [27, 29].

Figure 5.10b plots the same normalized weighting factors w? /w3 and the nor-

malized thermal noise power of each sample vii / vf,o, which is allowed to increase
progressively within the conversion cycle. Due to the limited resolution of the unit
integrators and the corresponding quantized thermal noise, switching instances are to
be chosen for optimized power savings versus SNR drop. The scaled noise power of
each sample V?_i / vio is now a stair-case shaped curve. The concept of dynamic scal-
ing of thermal noise within a conversion cycle was introduced in [27]. The authors
used a 2-bit scaled SC integrator into a third-order CIFF I-A ¥ ADC. In [29], an opti-
mization problem was formulated in order to choose the optimal switching instants
so that FoMg is maximized.

In this work, an intuitive and generic approach is proposed by observing the fact
that the thermal noise power of each sample is mainly shaped by the impulse response
of the digital filter h(k) and when allowed to increase in a similar fashion to the drop
in the digital filter weighting factors w?, the optimal switching instants (i) can directly
be extracted. To accomplish this, the order of the weighting factors w; is reversed
resulting in new weighting factors m; given by:

m; = {mg, my, ..., my—1}
= {WM-1, WM-2, .-, Wo} -
These new weighting factors are then applied to the thermal noise power of each

sample so that they change in a way that is inherently compatible with the impulse
response of the digital filter :

M-1 - ng M-1
vim)? = wiev2 = TZwﬁ.(l +r-md), (5.17)
i=0 i=0
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Fig.5.10 Dynamic scaling of noise concept illustrated by plotting the normalized weighting factors
wi2 /w% and normalized thermal noise of each sample. a The typical case wherein each sample
contributes a constant level of thermal noise. b Dynamic scaling of the thermal noise of each
sample as it is allowed to increase progressively in a way that is inherently compatible to the
impulse response of the digital filter. ¢ Combining DR presetting method with the dynamic noise
scaling technique. Normalized weighting factors of the digital filter wi2 /w% (left y-axis) and the
normalized thermal noise power of each sample (right y-axis) are plotted using optimal switching
instances for multiple resolution modes namely, 16, 15.5, 15, 14, 13 and 12b

where the typical condition of a constant thermal noise power of each sample occurs
when the scaling parameter r = 0. The first row of Table 5.4 lists the parameters used
for generating the example shown in Fig.5.10b and the expected decrease in SNR
and power consumption.

Figure5.11a, b plot the decrease in the power consumption versus the drop in SNR
(i.e. increase in total noise power) for different numbers of available integrators units
(Smax)- The corresponding FoMg and FoMy are also plotted on the right y-axes.
Note, as the number of available integrator units increase, the step size of the sample
noise power decreases thus, the rise in thermal noise is able to better approximate and
follow the fall in the digital filter weighting factors. Additionally, an improvement
of up to 2.3 dB and —48% can be ideally expected to the FoMg and FoMw from
a scaled integrator with Syjax = 16 units, respectively. For a scaled integrator with
Smax = 4 units, an improvement of up to 1.9 dB and —40% can be ideally expected
to the FoMg and FoMyy, respectively. This is in agreement with the results reported
in [29].
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Table 5.4 Modulator settings and optimal switching instances when DR presetting and dynamic
scaling of noise are used

ENOB (bits) | Son(unit) M Switching SNR drop SQNR drop
instance i (dB) (dB)
16 Smax = 16 158 35,42,48,52, |-0.8 0
57,61
65,69, 73,78,
84
91,99, 112,
135, x
15.5 9 142 20, 38,47, 54, | -3.7 -3
61
69, 80, 99, x
15 5 128 19, 45, 58,77, | -6.4 -6
X
14 2 100 44, x -11 -12
13" 1 80 X -15 -18
12" 1 62 X -16.1 24

x No unit integrator is disconnected
* Quantization-noise-limited mode
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Fig.5.11 The power-savings achieved using the dynamic scaling of noise plotted versus the increase
in SNR. Changes in a FoMg and b FoMy are plotted for different values of Syax

Combined DR Presetting and Dynamic Noise Scaling

For the proposed 16—12 b resolution reconfigurable I-AX ADC, the dynamic scaling
of noise is optionally combined with the DR presetting technique. Figure 5.10c plots
the normalized weighting factors of the digital filter w?/wj and the normalized
thermal noise power of each sample for the resolution modes of 16, 15.5, 15, 14, 13
and 12 b. Note, that the dynamic scaling of noise is beneficial in the higher resolution
modes since the ADC operation is thermal noise limited. Table 5.4 lists the optimal
switching instances used for the different resolution modes shown in Fig.5.10c
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Chapter 6 ®
Reconfigurable Analog-to-Digital oo
Converter for HySiF: Part I1

In this chapter, the circuit-level implementation of the proposed reconfigurable I-A X
ADC is reported. The chapter starts with discussing few practical system-level design
considerations, such as dividing the first SC integrator into scalable unit elements
and the impact of mechanical stress on the ADC performance. Next, transistor-level
implementation of critical building blocks are adapted to serve the power efficiency
and reconfigurability of the ADC. Furthermore, considerations for the floor-planning
and physical design of the ADC chip are discussed taking into account the distributed
and scalable nature of the first SC integrator. Finally, measurement results are pre-
sented for the bulk and ultra-thin ADC chips.

6.1 System Design Considerations

Fully-Differential (FD) configuration is employed in this work due to its several
advantages compared to the single-ended one. Systems that utilize FD circuitry ben-
efit from improved common mode and power supply noise rejection and reduced
charge injection effects [1].

Figure 6.1 shows the implemented reconfigurable I-A¥ ADC and the associated
timing diagram. In order to render the entire first integrator stage scalable with
resolution, the sampling and integration capacitors, as well as the switching network
and the OTA are designed as unit elements. Furthermore, the load capacitance seen
by the ADC driver also scales with resolution. The structures of the SC integrators in
the second and third stages resemble those of the first stage unit integrators, with the
only difference being the corresponding capacitor ratios. Consequently, the design
of the AX modulator is reduced to the design of one unit SC integrator which is
repetitively utilized as a standard cell (i.e. 16x cells for the first integrator, 1x cell
for the second, as well as the third integrator).

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022 107
M. Elsobky, Ultra-Thin Sensors and Data Conversion Techniques for Hybrid

System-in-Foil, Recognizing Outstanding Ph.D. Research,
https://doi.org/10.1007/978-3-030-97726-9_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-97726-9_6&domain=pdf
https://doi.org/10.1007/978-3-030-97726-9_6

6 Reconfigurable Analog-to-Digital Converter for HySiF: Part II

108

s1oyeI3aIul

JIun 9Y) U2AMIRqQ paIeys Ie JINJI gD Y pue 3noao densjooq seyoyms Indur oYy, DAV X VI 2[qeindyuoodr poyudwoidwir ay) Jo dnewayds 9 ‘S

Buidwes ayed m ml worel gy o
wopoq Joy Aejep ! 1 1 v 9l=""S | Wiy asern
Buiddeponc-uoul LI LT 1% . oo
T LT LT P A
T LI LT e —I..I_
‘b wesou gy
|—| «wmﬂ._g
v__ue nnd—
| 13 Pz
weibeiqg burwi o |FN_UI emv ()
vd'o, 'NO N&v :U 39 ‘ul
> S T
LTﬁuloé s gy [ I/n_lzlldlo A
h.o \Nslv ¢
ry oo W _ | .
vz m\ﬂ&lv S.I |v—|. zoW . F,_‘U vA&lM :_>
B \l ‘h Axs :U 'NO| .
b SU: —NQ
. N;U ISL'NO, | 0 ‘“«
LI~ 7 -, IAW_LT_H@ /M L ) () (]
% + = %
1+ T S + -l e “w»ome
II_ cd L L mtz“l [
i) e o|"d S|
g = 9, > oy
P g || -
= L F— P
T JojesBajul 3sald ovaua-i
J
d'oep
yoje -dweaid A W Hﬁz
19zpuenp yq-|  Jeppe anssed JojeiBejul piyl  JojesBajul puoosag Hun WA A
Jojelbajul )sii{ ovana-i




6.1 System Design Considerations 109

6.1.1 Switched Capacitor Integrator

In Fig. 6.1, a FD parasitic-insensitive SC integrator is used in the first, second and
third stages of the proposed I-AX ADC. This basic SC integrator is operated using
a clocking scheme with two phases, namely ®; and ®,, in addition to a reset phase
Dreser. In I-AX modulators, the reset phase is triggered at the Nyquist conversion
rate fy = M/Ts. The operation of the SC integrator (®ser = 0) is described using
the following transfer function:

C,/Coz! C,z!
1/Coz ~ 1Z 6.1)

=5 +1/A1+Ci/C) = (1 +1/A)z7! Gl —z7!)’

where C; and C, correspond to the sampling and integration capacitors, respectively.

During @, the voltage on C, is ideally zero thus, the memory of the integrator
is cleared. During @, the input Vj, is sampled on the bottom plate of the capacitor
C}, while the integration capacitor C;, holds on the charges from the previous clock
cycle. During ®,, the input is disconnected and the reference Vs for the first stage
or the common mode voltage V., for the second and third stages, are connected as
the integrator accumulates the charges from C; to C, with a voltage gain of C,; /C,.

Here, one drawback is due to the charge transfer between the input and reference,
which occurs if the input and reference have different common mode voltages [2]. On
the other side, an advantage is the validity of the output voltage V, at the end of both
phases, which provides a flexible implementation for the clocking scheme in order
to ensure power-efficient operation. For instance, the output voltage changes only
during ®,. Therefore, the capacitive load of the OTA during phase ®; is minimized as
it sets the overall dynamic characteristics, such as SR and Gain-Bandwidth (GBW).
Additionally, the subsequent stage samples the output voltage and loads the OTA
during the less critical phase ;.

6.1.2 Capacitor Sizing

Targeting a maximum SNR of 100dB, the mean-square noise voltage relative to
a = 0.68 (i.e. the maximum amplitude of the input signal that keeps the quantizer
input bounded) is calculated using the following relation [3]:

il (@Vpp/2)*/2  (0.68 x 1.65)*

— —642
n lOSNR/lO - 2 % 1010 = (79 X 10 ) . (62)

The relation in (5.12) sets the kT/C thermal noise of DT I-A¥ ADCs. Here, the
thermal noise contribution of the second and third integrators to the total SNR is
neglected since their noise is shaped by the previous stage(s). Therefore, the total
sampling capacitor C; oy Of the first integrator is calculated from the in-band input
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referred mean-square noise voltage using the following relation:

Cro — S - Cro — 52T 5 2KT
1,total — YMAX L,unit = M. V_% - 158 x (79 x 10—6)2

= 1.67pF. (6.3)

Assuming equal noise contribution from each unit integrator, the lower limit for
the sampling capacitor C; y;; of each unit integrator is the kT/C noise requirement
for the highest resolution mode. Another lower limit is determined by the mismatch
requirements in order to keep the integrator coefficients of all unit integrators suffi-
ciently close. Therefore, the unit sampling capacitor C; i is chosen to be 2x 106 fF
for Syax of 16 unit integrators. The same unit capacitors are used to realize the
coefficients of the SC integrators for the second and third stages.

6.1.3 Large-Signal Settling

At the start of ®,, the non-linear settling starts as the SC integrator charges the
integration capacitor using the maximum current supported by the OTA’s output
stage. As a rule of thumb for power-efficient slew rate limited design, the duration of
the non-linear settling is allocated about one half of &, (i.e. Ts/4) [3]. By using the
clocking scheme shown in Fig. 6.1, the OTA of the first integrator is not loaded by
the second stage or the passive adder during the critical clock phase ®,. However,
in this phase, the OTA is loaded by its sampling and integration capacitors, as well
as the capacitors of the SC Common Mode Feedback (CMFB) circuit Cceypg and
circuit interconnect parasitic capacitors Cp. The following relation summarizes the
overall output-referred load capacitance Cjoyd, total during @,

Cl,unitCZ,unit

Cload, total = SMAX <—
Ci,unit + Co,unit

> + Ccmrs + Cp. (6.4)

Consequently, the maximum current Ipiys max Supported by the OTA’s output stage is
designed based on the following relation:

maX(Vout,swing)

Ts/4 , (6.5)

Ibias,max = Cload,lotal X SRlotaI = Cload,total X

where SR corresponds to the slew rate of the OTA and max (V oy, swing) 1S the maximum
amplitude swing for the first integrator output voltage.

Since non-linear settling is dependent on the instantaneous state of the A¥ mod-
ulator, statistical analysis of the integrators’ output swings is needed. Figure 6.2a—c
and d—f plot the probability of a certain amplitude and amplitude swings, respec-
tively, for the first, second and third integrator. Here, the I-A ¥ modulator is modeled
using 1-bit internal quantizer whose decision is bound to +1. Therefore, the max-
imum amplitude swing max(Vou,swing) for the first integrator, which uses a supply
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Fig. 6.2 Statistical analysis of the a—c amplitude and d—f amplitude swings of the first, second and
third integrators. Here, a third order CIFF I-A ¥ with 1-bit internal quantizer (decision is bound to
+1) is modeled

voltage of 3.3V is about 2V. Using (6.5), the maximum current supported by the
OTA’s output stage within each unit integrator equals about 6 L A. Here, equal driving
capabilities for the 16 unit integrators is assumed.

Note, the output amplitudes of the first, second and third integrators are similarly
limited to about £ 0.6 with close absolute mean (abs. u) and standard deviation o.
Alternatively, the maximum output amplitude swing decreases from about £ 0.6 to
4 0.2 from the first to the third integrator, respectively. This directs at the reduced
slew rate requirements for the OTAs incorporated in the second and third integrators.

6.1.4 Small-Signal Settling

After the non-linear settling, the OTA takes control and determinately completes the
charge-transfer in an exponential fashion. The OTA can be modeled as a first order
low pass filter within its GBW with a RC time constant 7. The total transconductance
Zm.total Of the first integrator’s OTA is calculated using the following relation:
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Cload _ Cload
- Tg/4-1/n’

(6.6)

Zm,total =

where n is the number of time constants t required to reach adequate settling accuracy.
For high resolution DT AX ADCs, n is typically chosen between 12 and 20. In this
work and supported by the simulation results, n = 16 is chosen, which sets the
OTA’s unity GBW to be ten times the sampling frequency (10 x fg). Since the unit
integrators are connected in parallel, the active unit gy, unic are added results in the
maximum g total = SMAX * €m,unit fOI the high resolution mode.

Due to the fact that less unit integrators of the first stage are activated towards the
lower resolution modes, the ratio of the CMFB capacitors to the total load capaci-
tance increases. In a similar situation, the CMFB capacitors of the second and third
integrators are not shared and present a rather large ratio of the total load capacitance.
Here, the reduction of the OTAs’ driving and settling capabilities are not critical since
those requirements are already relaxed for the second and third stages. For the case
of the first integrator, the requirements for speed and settling accuracy are relaxed
only towards lower resolutions.

These deterministic variations of the dynamic performance of the first integrator
are simulated using transient and stability analysis in Cadence Virtuoso with the
proposed circuit configuration shown in Fig. 6.3. The stability analysis is triggered
at the end of the clock phase ®,. The simulated transient response of Son active
integrators, as well as the AC response of the associate OTAs are plotted in Fig. 6.4.
For instance, during the highest resolution mode (Son = 16), the ratio of the CMFB
capacitor to the total load capacitance is negligible (= 1/17). Therefore, the col-
lective performance of the active OTAs result in the highest GBW and SR values.

P,
voﬂ,P
It
1 C,
C,
4_)'_ E | iVm,P
4_)'_ IE ] Jcload
C,
llC2
I v
P | Yoisp
diffstbprobe >l
D]

Fig. 6.3 Proposed circuit configuration, which is used to enable the stability analysis of the unit
OTAs that are incorporated in the scalable first integrator. A single diffstbprobe is used to break the
feedback loop of all active unit integrators
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Fig. 6.4 a Simulated AC response for different number of active unit integrators Son. The stability
analysis (.stb) is performed using the arrangement shown in Fig. 6.3. The inset shows the transient
response for the same number of unit integrators. Here, the stability analysis is triggered at the end
of ®;. b The extracted slew rate, GBW and ¢ low frequency (LF) gain of the OTA’s are plotted
versus SoN

However, during the low resolution modes when only one unit integrator is active
(Son = 1), this capacitance ratio increases to about 1/2. Consequently, the OTA’s
GBW and SR decrease. It is important to note, that the OTA’s DC gain is maintained
above 80 dB regardless of the number of active integrators. This is due to the fact
that the product of g, and the OTA’s output resistance rgs is near-constant according
to the following relation:

Tds, unit
AV = &Zm,total * I'ds,total = SONgm,unitS_ = Zm,unit * Ids,unit- (67)
ON

It is interesting to point out that a similar approach has recently been investigated
to dynamically reduce the OTA’s SR and GBW towards the end of a single A/D
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conversion in an attempt to achieve power-savings [4]. However, such reduction in
SR and GBW drastically degraded the performance of the presented high-resolution
ADC. This proves the importance of maintaining a near-constant SR and GBW when
the proposed DR presetting is combined, in this work, with the dynamic scaling of
noise.

6.1.5 Effects of Mechanical Stress

In order to gauge the susceptibility of the implemented ADC against mechanical
stress o, the simulation models of NMOS and PMOS devices are varied. In fact,
the variations of mechanical stress primary impact the electron and hole mobilities,
thereby changing the drain currents [5-7]. By neglecting the geometrical and thresh-
old voltage variations [5], the change in drain current Alj, is related to the change in
the carrier mobility Au by the following relation:

Al Ap
—PaT o —Iij - 0w, (6.8)
Ip 2

where Il are the first-order piezoresistive coefficients and oy is the stress ten-
sor [5, 7]. Since the piezoresistive coefficients of the utilized CMOS technology
are not available, the mobility changes due to in-plane stress in the longitudinal and
transversal directions are selected based on previous work on silicon UTCs (0.5 pm
CMOS) [5-8]. Consequently, the device parameters ne3i_u0_m and pe3i_u0_m are
varied in the BSIM models for the NMOS and PMOS, respectively. Table 6.1 sum-
marizes the effects of applying an exemplary uniaxial stress magnitude of 400 MPa
on the mobility change in NMOS and PMOS, when the devices are oriented in the
transversal and longitudinal with respect to the same crystalline orientation [110] of a
conventional (001) silicon wafer. The +/— signs represent the tensile and compressive
stress, respectively.

Figure 6.5a, b plot the simulated SQNR of the ADC (Syax = 16) versus variations
in the applied uniaxial longitudinal and transverse stress, respectively. For instance,
if the on-resistance of TGs is observed, one can detect the drop in resistance due to
the application of tensile or compressive longitudinal stress as either the mobility of
PMOS or NMOS decreases. Consequently, the SQNR significantly drops for stress
values higher than 1.6 GPa and 2.8 GPa for tensile and compressive longitudinal
stress, respectively. When the applied stress is transversal to the channel, the change
in mobility is similar in NMOS and PMOS devices (similar trend, yet different mag-
nitudes). Therefore, the SQNR does not drop while increasing the carrier mobility
but it drops for stress values higher than 2 GPa for compressive transversal stress.



6.2 Circuit Design 115

Table 6.1 Mobility change in NMOS and PMOS for an exemplary stress magnitude of 400 MPa

Condition NMOS PMOS Condition NMOS PMOS
stress magnitude = +12% —17% stress magnitude = +6% +16%
+400 MPa +400 MPa
stress direction = stress direction =
[110] [110]
channel orientation = channel orientation =
[110] [110]
stress magnitude = —12% +17% stress magnitude = —6% —16%
-400 MPa —400 MPa
stress direction = stress direction =
[110] [110]
channel orientation = cllannel orientation =
[110] [110]
100 150 150
20 100 S 100
m 80 % %
m
) 50 § 50 §
x 70 S S
4
g &0 ] "2
50 -50 9
50 = =
5254 05005 1152 53 a0 1 2 3 &'
Stress (GPa) Stress (GPa)
(a) (b)

Fig. 6.5 Effect of mechanical stress on the accuracy of the implemented ADC. The SQNR is plotted
when NMOS and PMOS devices are oriented along the a longitudinal and b transversal direction
to the applied in-plane stress using the same crystalline orientation [110] of a conventional (001)
silicon wafer. The +/— signs represent the tensile and compressive stress, respectively

6.2 Circuit Design

6.2.1 Operational Transconductance Amplifier

Each unit integrator contains a FD OTA, which is implemented as a FD version of the
single-ended recycling folded cascode (RFC) OTA reported in [9]. Figure 6.6 shows
the transistor-level design of the implemented FD RFC OTA. The input pair M1 and
M2 are DC biased using constant current source MO (2Iy;,5). Furthermore, they are
operated in the moderate inversion region in order to strike a balance between achiev-
ing high power efficiency g, /Ip ~ 15 and a moderate gate-drain C,4q capacitance (as
Cyq additionally loads the OTA).
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Fig. 6.6 The implemented fully differential (FD) recycling folded cascode (RFC) OTA. Table 6.2
lists the transistor sizing and drain currents Ip

Compared to the conventional folded cascode OTA, the input pair are divided into
two halves, namely M1a, M2a, M1b and M2b. The latter two are cross-coupled and
connect to recycling current paths, which are formed by wide-swing current mirrors
(M3-MB8) with current mirroring gain K. Hence, M3 and M4 are not only used as
DC current sources but also as AC drivers for the output branches. Finally, M9-M12
are cascode current sources in which half of M9 and M 10 are used for the control of
the common mode output level, thus ensuring the operational symmetry of the FD
OTA. Table 6.2 lists the sizes and drain currents Ip of the transistors, which are used
to implement one unit element of the FD RFC OTA.

The large-signal and small-signal analysis of the single-ended RFC [9] also apply
for the implemented FD RFC OTA. The SR and g, are enhanced by a factor of K
and (1+K), respectively, which are given by the following relations:

K- 2Ibias,unit

SRunit =
Cload,unit

) (6.9)

Zm,unit = &m,1 = gm,la(1 + K) (610)

In the recycling path, a higher current mirroring gain K improves g,,, GBW and SR
but degrades the phase margin and input referred noise. In practice, less K value
is achievable due to the discrepancy in the current mirroring during large- and
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Table 6.2 Transistors sizing of the implemented FD RFC OTA

Transistor Ip (UA) W/L (um/pm)
MOa 12 28.16/1.8
MOb 12 56.32/0.45
MIlaMlib, 4 14/0.3
M2a,M2b

M3a,M4a 6 1.76/1.8
M3b,M4b 3 0.88/1.8
M5,M6 3 3.52/0.45
M7,M8 3 3.52/0.45
M9a,M10a 2.25 5.28/1.8
M9b,M10b 0.75 1.76/1.8
M11,M12 3 14.08/0.45

Table 6.3 Performance summary of the implemented FD RFC OTA

Supply 33V Area 16 x 70 x 80 pm?
Current 16 x 18 pA Capacitive load 16 x 2 x 100 fF

LF gain 82.5-83.6dB Phase margin 70°-60°

GBW 48-74 MHz SR 68-120 V/ps

FoM; 533-822 MHz pF/mA | FoM, 755-1333 V pF/(us mA)

FoM;| = GBW - Cjpad /I, FOM3 = SR - Cjgaq/1

small-signal operation of M3 and M4. In the presented design, a value of K = 2
has been chosen as a good compromise between performance enhancement and sta-
bility. Table 6.3 summarizes the simulated performance of the implemented FD RFC
OTA.

To integrate the dynamic scaling of noise technique into the proposed reconfig-
urable I-AY ADC, certain unit OTAs are required to dynamically power down during
a single conversion and then power up again before the start of the next A/D conver-
sion. In order to enable fast start-up, the biasing network of the OTA is not turned
off and the cascode transistors MOb, M11 and M12 are used as switches to power
down the core circuitry of the associated unit OTA.

Common Mode Feedback Circuit

A tradeoff applies to the design of the SC CMFB circuit as the CMFB capacitors
Ccewmrs sizes are comparable with those of the unit integrator. Therefore, using a
CMEB for each unit element would significantly impact the OTA’s driving capabil-
ities, slew rate and GBW. To avoid this problem, a single adapted CMFB circuit,
shown in Fig. 6.7, is shared among all unit integrators.

Here, the CMFB output drives the gates of all M9a and M10a transistors of the
unit OTAs. By examining the operation of the CMFB circuit, the steady-state value
of the CMFB output turns out to be independent on the parasitic capacitance at the
output node (depicted as Cp in Fig. 6.7) [10]. However, as Cp increases, the start-up
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Fig. 6.7 SC common-mode feedback circuit shared among the unit OTAs of the scalable first
integrator. A parasitic capacitance Cp arise due to the loading of the multiple current sources M9a
and M10a. This capacitance does not influence the steady-state value of the CMFB output, but only
lowers the start-up time

settling time of the CMFB circuit increases. In the implemented oversampling ADC,
the start-up time is much lower than the duration of a single A/D conversion in
the operational mode with the fastest conversion rate. Besides, increasing the ratio
of the CMFB capacitors (i.e. C4/C3 in Fig. 6.7), results in lower start-up time and
lower charge injection and leakage errors [10]. In this work, C; = C4/2 = 106 fF is
chosen.

6.2.2 Shared Bootstrap Circuit for Input Switches

Highly linear bootstrapped input switches are required for the utilized SC integrator
implementation. However, using two conventional single-ended bootstrap switches
for each integrator unit would be power and area inefficient. An alternative would be
to share a single switch among all the integrators but this would increase the parasitic
capacitance at this shared node. Therefore, in the presented design, a single bootstrap
circuit, adapted from [11], is used, in which an array of NMOS switches (M0[15:0]
W/L =2.5um/0.35 pm, cf. Fig. 6.8) shares the same gate and input signals but the
output signals are connected to their corresponding unit integrator.

It is important to mention that during @, the capacitor Cy, acts as a single battery
across the shared gates and sources of MO[15:0]. Therefore, Cy,, is scaled considering
such increased loading effect and other parasitic capacitance that results from circuit
interconnects. Consequently, a good compromise between performance, circuit area
and required driving strength is achieved. By separately clock gating the signals
applied to the gates of MO[15:0], individual switches can be accessed in order to
be disable when the corresponding unit integrator is not needed. Consequently, the
loading on the ADC driver decreases towards lower resolution modes.
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Fig. 6.8 Shared bootstrap circuit for the input switches in which an array of NMOS switches
MO[15:0] shares the same gate and input signals but the output signals V[15:0] are connected to
their corresponding unit integrator

For the remaining switches in the first integrator, as well as other switches in the
CMEB circuit, second and third integrators, standard cells of TG switches are utilized.
The TG switches are designed with low on-resistance that ensures the dominance
of the OTA’s g, in defining the integrators time constant. Besides, the TGs sizing is
done while considering the worst case corners due to the expected influence of the
piezoresistive effect on the TG’s on-resistance.

6.2.3 Voltage Summer and Comparator Circuits

In this work, a passive SC adder is utilized as a voltage summer for the input signal, as
well as the output signals of the first, second and third integrators. Unlike an active
adder (AA), the passive adder undergoes charge redistribution rather than actual
voltage amplification. This mandates the translation of the modulator coefficients
(cf. by, a;, ap and a3 Fig. 5.7) to match the transfer function of the passive adder (PA)
and enable proper capacitor sizing. This is done using the following normalization
relations:
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a1,AA
ajpa= , (6.11)
aj AA + a2 aa + a3 aA + bsaa
a a a2 3 AA
2,PA = a3 pA= ,
a;aa + a2 aA + a3 an + by an
bs aa

bspa= .
ajaa +a2aa +a3 a4 + by an

Besides, highly linear bootstrapped switches are used for the input feed-forward path.
Furthermore, minimum size TG switches and small capacitors (100 fF) are used to
implement the passive adder.

Figure 6.9 shows the utilized conventional two-stage comparator in which the first
stage is a preamplifier and the second stage is a StrongArm latch. The preamplifier
provides a voltage gain in the range of 8—12, which helps in isolating the high-speed
latch from the sensitive passive adder. It is important to note that during &, the
passive adder drives the inputs of the comparator (cf. Fig. 6.1). Consequently, charge
sharing with the equivalent gate capacitance of the input pair (M1 and M2 in Fig. 6.9)
occurs.

In this context, several measures have been taken to improve the accuracy of
the passive adder. First, minimum size devices are chosen for the input pair of the
preamplifier in order to reduce charge sharing. Second, during ®,, the preamplifier
stage is configured as a unity gain buffer where the gate and drain of the input
pair and the top plates of the passive adder are shorted. Hence, input auto-zeroing is
performed. More importantly, the load capacitance of the passive adder (i.e. the gate-
drain capacitance of the input pair) is cleared thus, the next summation starts with
minimum signal dependent charge residue. Third, the StrongArm latch is triggered
after the regeneration time of the preamplifier and near the end of ®; to avoid any
disturbance from propagating to the passive adder during the high-speed latching
process. Fourth, the bottom plates of the passive adder capacitors are resetted during
@, to the supply voltage, ensuring that the input pair being NMOS transistors start
their operating region excursion at the beginning of ®; from the same operating

VDA

o L1 T
wresel
¢1

VSA Pren I I

Fig. 6.9 Two-stage comparator. The first stage is a preamplifier while the second stage is a Stron-
gArm latch. A conventional S-R latch follows the StrongArm latch and is power up using the digital
supply voltage. The timing diagram of the control signals is shown on the right
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Fig. 6.10 a Non-overlapping clock signals generator in which 71 and 7, are used to adjust the
non-overlap and delay duration [3]. b Alignment and buffering of the complementary clock signals.
¢ Edge detector for controlling the StrongArm latch shown in Fig. 6.9

region (i.e. weak inversion). In another words, the common mode voltage of the
passive adder is shifted to match the output common mode of the preamplifier.

6.2.4 Non-Overlapping Clocking Scheme

Non-overlapping clocking is utilized in the analog circuitry of the implemented [-A X
ADC. This clocking scheme provides proper charge distribution in SC circuits [1].
Furthermore, bottom-plate sampling is used to ensure signal-independent charge
injection. Figure 6.10a shows the clock generation circuit, which is used to set up
the non-overlapping clock signals (®; and ®,) from an external clock source [3]. As
shown in Fig. 6.10b, dummy TG resistors are used to align the complementary clock
signals. Due to the distribution of the unit elements of the first integrator across the
chip area, strong buffers are utilized for all the generated clock signals. For a higher-
speed system employing similar unit integrators, distributed buffers and repeaters
are necessary to meet the timing constraints. Figure 6.10c shows an edge detection
circuit, which is used to generate the control signal for the StrongArm latch of the
comparator at the end of @, (cf. Fig. 6.9).

6.3 Digital Control and Physical Design

6.3.1 Finite State Machine

The ADC chip includes a Finite-State Machine (FSM) for configuring the resolution
modes and analog timing using a standard SPI. The number of reset (R cycles) and
A/D conversion (M cycles) cycles are defined by two 8-bit registers. Additionally,
each unit integrator has two corresponding 8-bit registers (Sorr, Son), which control
the on/off state of each integrator. When the unit integrator is in the on-state, a
configuration for the onset of the dynamic scaling of noise is possible. Furthermore,
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Fig. 6.11 Flowchart of the implemented finite-state machine (FSM). A 8-bit synchronous counter
keeps track of the number of clock cycles in the reset (R cycles) and conversion (M cycles) states.
Each unit integrator has two corresponding registers (Sorr, Son) controlling the on/off state of
each integrator. These registers are either initialized or dynamically updated during the reset and
the conversion states, respectively

it is possible for the unit integrator to require few start-up cycles for properly turning
on again. Therefore, this is done at the end of the A/D conversion as the last samples
already contain large quantization errors.

Figure 6.11 shows a flowchart for the implemented FSM, in which two main states
namely, reset and conversion, control the operational state of the I-AX modulator.
A 8-bit synchronous counter keeps track of the number of clock cycles in the reset
and conversion states. In the reset state, the I-A X modulator is resetted for a certain
number of clock cycles (R cycles) and the on/off state of all unit integrators are
initialized. In the conversion state, the A/D conversion takes place for a certain
number of clock cycles (M cycles). Meanwhile, the FSM dynamically updates the
on/off state of all unit integrators.

6.3.2 Floor-Planning and Layout

The distributed nature of the unit elements of the first integrator in addition to the
expected nonuniform stress distribution in the ADC’s UTC, require careful physical
design and floor-planning of the ADC chip. For instance, by placing the circuit com-
ponents far from the chip edges, large stress gradients are avoided [5]. In addition,
the direction of the current flow in all analog and digital transistors is aligned to
the same crystalline orientation [110] of a conventional (001) silicon wafer. Con-
sequently, local uniformity and device matching are preserved in the presence of
highly nonuniform stressors. Besides, the utilization of MIM capacitors, known for
their stress-insensitivity [12], ensures the stress-independent realization of the AX
modulator coefficients.

To address the piezoresistive effect and stress-induced errors on the performance
of the digital circuitry, the timing constraints, such as the setup and hold times,
are relaxed during the digital synthesis and place-and-route flow [12]. Besides,
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Fig. 6.12 Layout and die images of the reconfigurable I-AX ADC

the warpage of the free-standing UTCs is influenced by the passivation and metal
interconnection layers, which exhibit negative and positive residual stress, respec-
tively [13]. Therefore, special attention has been given to the routing density of each
metal layer, ensuring homogeneous distribution of the digital signals and dummies
in the different metal layers.

Figure 6.12 shows the layout and top-view image of the implemented reconfig-
urable I-AX ADC. The ADC occupies an area of about 0.5 mm? from which the
digital controller consumes an area of 220 x 300 wm?. Each unit cell of the scalable
first integrator occupies an area of about 200 x 100 wm?.

6.4 Measurement Results

6.4.1 Measurement Setup

After the ADC bare dies are received from the IC foundry, the chips are assem-
bled onto a custom PCB shield. Conventional aluminum wire-bonding (25-um thick
diameter) is used to connect the ADC chip to the shield, which is mounted on top of
an evaluation board.

For the ADC characterization, a fully integrated test instrument (ATX7006) for
data converters is used. The digital I/O module generates the master clock signal
and captures the ADC output bitstream, which is filtered using an off-chip Col
digital filter. The 20-bit arbitrary waveform generator (AWG20) and 16-bit dual
reference generator (DRS16) slots have been used to generate the sinusoidal-wave
input (2.28 Vpp) and reference (OV and 3.3 V) signals, respectively. In addition,
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a first order buffered RC filter is used to filter wide-band noise and drive the FD
inputs of the ADC. Separate supply regulators are used for the digital and analog
cores, which have nominal voltage of 3.3 V and 3 V, respectively. Since high second
harmonic distortion are observed during the measurements, the analog supply voltage
is lowered to 3 V in order to optimize the operation of the prototype.

6.4.2 Characterization of Bulk ADC Chips

Figure 6.13a shows the measured ADC output spectrum for M = 133 and Son = 3.
For Son = 6, Fig. 6.13b, ¢ show the measured ADC output spectrum for the nominal
15b resolution for two different input frequencies of 4 kHz (deep inband signal) and
12 kHz (close to the Nyquist frequency). Fora —3.2 dBFS (2.28 Vpp) input signal, the
measured SNDR/SFDR values for the 4- and 12-kHz input tones are 88.5/104.2 dB
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Fig. 6.13 Measured ADC output spectrum for the nominal 15b mode of the proposed resolution
reconfiguration. The ADC spectrum is for an input amplitude of —3.2 dBFS (2.28 Vpp) and input
frequencies of 4 and 12kHz. a M = 133 and Son = 3, b-d M = 211 and Son = 6. In d the
proposed DR presetting is combined with the dynamic scaling of noise
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and 84/101.4 dB, respectively. The absence of low frequency noise indicates proper
integrator resetting.

Figure 6.13d shows the measured ADC output spectrum for the 15 b mode when
the dynamic scaling of noise method is applied to the ADC. Here, 4 out of 6 unit
integrators are dynamically disconnected within a single A/D conversion (as sug-
gested in [14]), which illustrates the possible power savings (from 1.2 to 0.93 mW)
at a minimum SN(D)R degradation.

For the DR presetting method, Fig. 6.14 shows the DR plots for different res-
olution modes at an identical input frequency of 4 kHz and a sampling frequency
of fs = 5.4 MHz. The ADC achieves a variable DR between 73 and 92 dB for the
nominal resolution settings between 12b and 15b. Table 6.4 lists the DR presetting
configurations used for each measurement. The measured DR points are chosen in
increments of 0.5 b nominal resolution to demonstrate the ADC’s flexibility and its
DR fine selection granularity. Due to thermal noise, the 16-bit resolution mode is not
measured. Thermal noise is confirmed to be the error source, and not quantization
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Fig. 6.14 Measured dynamic range of the proposed ADC for different resolution modes

Table 6.4 Summary of the configurations used for each ADC measurement

Resolution SoN ENOB (bits) M fx (kS/s)
15 6 14.41 211 25.8
15 + dynamic 6 14.24 211 25.8
scaling of noise

15 3 13.97 133 40.8
14 2 13.64 110 494
14 2 13.05 33 65.5
13 1 12.52 77 70.7
13 1 11.91 63 86.3
12 1 11.52 54 100.7
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or linearity errors, by averaging N measurements and observing an improvement of
approximately 101log(N) in the measured SN(D)R.

Figure 6.15a illustrates the measured FoMy degradation when a simple reduction
of the OSR is used at a fixed sampling frequency of fg = 5.4 MHz. On the contrary,
when the DR presetting is used (i.e. number of active integrator units is optimally
chosen to the target resolution), a 2.5 x improvement in the FoMy is achieved.

Figure 6.15b plots the SN(D)R of the ADC when operated using sampling frequen-
cies of fs = 5.5MHz and 6 MHz and OSR of M =63. Here, a single unit integrator
is activated for each data point. Hence, the performance of each unit integrator is
evaluated separately. The index of the current active unit integrator is shown on the x-
axis of Fig. 6.15b and the corresponding physical location on the chip is highlighted
in Fig. 6.12. The least performing unit integrators (i=7, 8, 9) are those located at
greater distance than others from crucial circuit blocks, such as the clock generator,
beta multiplier and CMFB circuit. On average, the unit integrators located on the
right side (i=0—7) perform better than the left side (i=8-15).

Figure 6.16 visually compares the presented design against the state-of-the-art,
highlighting the state-of-the-art performance in a scalabe design, thereby
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Fig. 6.15 a Measured effect of the first integrator scaling on the ADC FoMy. Using optimum DR
presetting, a 2.5x power reduction can be achieved in comparison to a pure OSR-based scaling of
the DR. b Measured SN(D)R when the ADC is operated in the low resolution mode (M =63) and
a single unit integrator is activated for each data point. Consequently, the performance of each unit
integrator is captured
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demonstrating the efficiency of the proposed power scaling technique for I-AX
ADCs. Table 6.5 summarizes the performance of the proposed ADC and compares
it against the state-of-the-art in I-A ¥ and reconfigurable ADCs.

6.4.3 Characterization of Ultra-Thin ADC Chips

Post-processing is performed on a number of bare die chips, which are back-thinned
to achieve chip thicknesses of 100 and 30 pm. Figure 6.17 shows side-view images
of the (from left to right) 700, 100 and 30-um thick ADC chips. Since thin chips are
known to experience higher stress levels compared to bulk chips, during packaging in
particular, the thinned chips are carefully handled and assembled onto a flat custom
PCB.

For comparison, Fig. 6.18 plots the SN(D)R of 4 dies from each thickness cat-
egory, namely 700, 100 and 30-pum thick ADC chips. The same measurement con-
ditions and ADC DR settings are applied to all chips, where input amplitude and
frequency of —3.2 dBFS (2.28 Vpp) and 4 kHz, sampling frequency fs = 5.44 MHz,
M = 133 and Spn = 3 are used. From the SNR plot, no deterministic signs of stress-
or thinning-dependencies can be detected. However, the minimum SNDR achieved

() (b) (c)

Fig. 6.17 Side-view images of the (from left to right) 700, 100 and 30-um thick ADC chips
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for each thickness category decreases with the chip thickness. Since the number
of the measured ADC chips are limited, no solid conclusion can be drawn from
this observation. Nonetheless, this SNDR degradation could point us towards the
stress-induced variations in the on-resistance of the utilized switches, which results
in higher nonlinearities.

Table 6.6 compares the performance of the proposed ADC against the state-of-the-
art in flexible ADCs implemented using various TFT technologies, such as UTCs,
OTFTs and InGaZnO inorganic TFTs. The presented reconfigurable I-AYX ADC
achieves the best power efficiency and highest resolution, which makes it a good
candidate for HySiF integration targeting highly performing ultra-thin and flexible
electronic systems.
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Chapter 7 ®)
Conclusion and Outlook Chack or

7.1 Conclusion

The main aim of this thesis is to introduce a design methodology for HySiF-
compatible sensors and circuits. This aim has been demonstrated by implementing
several ultra-thin passive and active electronic components. More specifically, this
work is enabled by focusing on key factors, such as:

e Theoretical analysis and in-depth understanding of key building blocks (e.g. RH
sensor, bandgap reference and ADC).

e Careful choice of CFP-compatible materials and fabrication process flow (e.g. PI
for RH sensing).

e Prioritizing form factor, form flexibility and form adaptivity considering potential
application for HySiF.

e Co-design of individual components by simultaneously considering the challenges
on system, circuit and sensor levels (e.g. sense and reference capacitors for RH
sensor, ADC topology optimally serving multiple sensors).

e Minimizing auxiliary components achieving complete independence for the imple-
mented components.

e Pinpointing key performance metrics and suggesting several implementation of
the same component to serve different applications.

The following part summarizes the main features and results from this thesis.

System-Level Concept—A generic model reflecting an envisioned HySiF con-
cept has been introduced. Here, a centralized SoC UTC performs complex electronic
tasks, meanwhile TFTs are distributed on the foil to preserve signal integrity and
provide access to higher sensor nodes. Moreover, on-foil and on-chip sensors are
complementary combined to customize the HySiF according to the targeted appli-
cation.

Off-Chip/On-Foil Components—Various on-foil environmental and mechanical
sensors, passive R, L and C components and TFT-based circuits are implemented on
the surface of the CFP substrate. Such diversity of passive and active components is
demonstrated on a flexible substrate that is used for UTC packaging.
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For instance, an on-foil thin-film metal temperature sensor is fabricated on the
BCB/PI substrate having nominal base resistance ranging from 80 €2 to 50 k€2 and
temperature coefficients ranging from 2 to 3 m€2/ 2 °C depending on the substrate
composition. Such on-foil temperature sensors, due to its low thermal mass, can
be used for accurate temperature monitoring when the self-heating of the embed-
ded UTC dominates or when the UTC package hinders the precision of the CMOS
integrated temperature sensor.

Additionally, two variants of ultra-fast and wide sensitivity ultra-thin RH sensors
are demonstrated. The electrochemical RH sensor, which is composed of thin-film
nanosheets, showed no performance degradation when fabricated on the BCB/PI
flexible substrate. This proves the suitability of the CFP to be used as a platform for
the integration of a wide variety of sensors and not only polymeric sensors.

Furthermore, the capacitive RH sensor, which is composed of humidity-sensitive
PL, is inherently compatible with the CFP process. It achieved a reliable operation
and wide sensitivity (150%), which can be traded-off for ms response time, when
needed.

Next, resistive strain gauges are printed using silver-ink on the BCB surface of
the CFP substrate. Using four serpentine resistors, which are arranged in Wheatstone
bridge configuration (surface area of 5 x 5mm?), gauge resistances ranging from
400 2 to 800kS2 are achieved. The successful printing of such sensors shows the
compatibility of the BCB/PI flexible substrate with recent metal printing techniques
that are increasingly used in HySiF fabrication.

Moreover, on-foil planar spiral inductors with nominal inductance values ranging
from 2 wH to 14 wH are designed to be compatible with the ISO/IEC 1443 class 1
and 3 standard for NFC. A peak Q factor of about 37 is achieved, which validates
the fitness of the BCB/PI substrate in applications where MHz- and GHz-operations
are needed.

For active components, a low-voltage OTFT digital library, including combina-
tional and sequential logic, is characterized when fabricated on the BCB/PI substrate.
The digital circuits operate using supply voltages in the range of 2 to 3.3 V. The shift
register operates using a maximum clock frequency of 3 kHz. Besides, an on-foil
sensor addressing circuit is developed utilizing the mentioned library, where biased-
load inverters, shift register, pass transistors and analog switches are used.

Sensor Readout and Microcontroller UTCs—Ultra-thin smart sensor systems,
sensor readout chips and microcontrollers have been successfully demonstrated. A
humidity sensor system is implemented and its HySiF compatibility is tested by con-
necting the ultra-thin polymeric RH sensor to a 30-um thick capacitive readout chip.
A response-time of about 1 second is measured and no sign of stress-induced errors
are detected for the 8-bit readout accuracy.

Furthermore, a strain gauge readout system that has been developed for robotic
e-skin applications is characterized. It utilizes the CFP package as a HySiF platform
in which UTCs, printed strain gauges and organic electronics are integrated. The
signal amplification, offset-cancellation and digitization operations of the embedded
UTC are tested.
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Moreover, an ASIC prototype is implemented as a part of the MultiSense readout
chip. The design and electrical characterization of a conventional bandgap reference
circuit when integrated into a UTC are discussed. Here, stress-induced variations
in the reverse-saturation current result in PTAT variations of the bandgap reference
output voltage. For static stressors, a single point trim is sufficient. However, for
dynamically varying stressors, this action is not enough. Therefore, inherently stress-
insensitive components in combination with layout techniques should be used to
design a stress-insensitive bandgap reference circuit.

Besides, an offset-compensated readout chip is designed where hardware resources
are shared between the capacitive and voltage readout. The operation of the readout
channel is tested using conventional 700-um and thin 30-pm thick chips. No sign of
thickness or stress dependency is detected in the analog readout operation.

Finally, the characterization of different blocks of a low power microcontroller
upon thinning is discussed. For the accuracy of the on-chip 10-bit ADC, no sign of
thickness or stress dependency is detected. However, the performance of the inte-
grated temperature sensor slightly deviated from its nominal sensitivity values after
the chip back thinning process. Additionally, the period jitter of the high-frequency
RC oscillator significantly degraded. Note, that the stress-induced errors hint at the
necessary re-calibration of ICs after the chip thinning process.

Reconfigurable ADC—After reviewing recently published reconfigurable, one con-
cludes that SAR ADCs have dominated the low to medium resolution range. For
ultra-thin or flexible ADCs, low-resolution SAR and AX ADCs have been widely
implemented using various TFT technologies. Consequently, there is a need for a
mechanically flexible reconfigurable ADC, which is tailored for medium to high
precision multi-sensor systems. Therefore, third-order CIFF I-AX ADC architec-
ture employing a 1-b quantizer and Col digital filter is chosen. The DR presetting
method is proposed for efficient hardware and resolution reconfiguration. The pre-
sented method is able to tune the ADC’s DR through the scalable design of the first
SC integrator. For an additional power-savings in high-resolution modes, the pro-
posed ADC is able to use the dynamic scaling of noise technique. In this work, a
simple solution is proposed for determining the optimal switching instances when
using the dynamic scaling of noise technique.

In order to render the entire first integrator scalable, yet maintain its power-
efficiency, various circuit blocks, such as the input switches’ bootstrap circuits, are
adapted. Furthermore, the OTA, sampling and integration capacitors and switches of
the first integrator are divided into unit elements. Besides, simulation results showed
the robust operation of the ADC against longitudinal in-plane stress in the ranges of
[—2.8,1.6] GPa. From the measurement results, the FoMy, varies between 2.1 and
1.6 pJ/conv.-step over all nominal resolutions between 15b and 12 b and a minimum
FoMy of 0.88 pJ/conv.-step for the 14 b mode is achieved. To this end, the perfor-
mance of this ADC is comparable with state-of-the art fixed-resolution I-A ¥ designs,
while offering a scalable resolution range that cannot be covered by the normal SAR
based reconfigurable ADCs. Interestingly, the proposed scaled integrator technique
results are very good in mature CMOS technologies, which are still frequently used
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for sensor readouts, but also scales advantageously in DSM CMOS due to reduced
parasitics in the circuit interconnects. Finally, back-grinding of bare die chips has
been utilized to realize 100-pum and 30-um chips. The measured SN(D)Rs of the thin
ADC chips have shown no suggestion of thickness or stress dependency when the
ADC chip is assembled on a flat substrate.

7.2 Future Outlook

HySiF is increasingly adopted in practical applications, including e-skin for pros-
thetics and robots and smart catheters and bandages. However, these applications
represent niche markets, thereby call for more research and development in order to
introduce the HySiF approach into mass production. To this end, improving the reli-
ability, process yield and air-stability of on-foil components is of prime importance.
Furthermore, the availability of models and process design kits (PDKs) aides the cus-
tomization and wide adoption of the HySiF approach. In fact, more PDKs are being
introduced for TFT technologies and foundries are promising a less than two-week
manufacturing cycle. One expects the co-design of TFT and conventional CMOS
circuits to enable optimal task and block allocation for each technology. By coupling
the mechanical, thermal and electrically properties of the substrate, as well as, each
HySiF component into a single software simulator, more mechanically compliant
and electrical reliable HySiF can be achieved.

Besides, as more sensors are crammed into the foil, big data is generated and
needs to be locally or remotely processed and communicated. Therefore, high-speed
microprocessors and communication ICs are inevitably needed. Many questions arise
regarding the economical feasibility of utilizing UTCs embedded in flexible packages
or one can still utilize conventional rigid packages. By adapting the existing UTC
embedding methods to fit into R2R manufacturing, high-speed UTCs can claim a
central role in the mass production of flexible electronics.

Additionally, rethinking the design of basic sensors is needed so that less data is
generated or even more meaningful signals are captured for less power and footprint.
In this context, passive and active multi-modal sensors are good candidates for natu-
rally encoding multiple sensor signals, thereby lowering the data overhead. The active
multi-modal sensing variant can be achieved by employing split-gate electrodes and
introducing the sensing material as the gate dielectric in TFTs. Consequently, signal
amplification and buffering, in addition to local signal encoding, are achieved. In
this context, deep-learning algorithms, implemented on TFT circuits or UTCs, turn
out to be useful in order to decode the sensor signals and retrieve the corresponding
physical variations.

In circuit design for flexible electronics, new challenges are faced, not only con-
cerning the impact of mechanical stress on circuit blocks, but also due to other factors,
such as parasitic RLC and cross-talk, which increase as long thin-film wire inter-
connects and thin substrates are used. TFT amplifiers and repeaters can be used to
ensure analog and digital signal integrity across large-area systems. Additionally, the
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sensor readout should be able to handle elevated offset in the sensor signal, which
traces back to higher mismatch and resolution of simple printing technologies. Fur-
thermore, shielding the HySiF polymeric foil against electromagnetic interference is
another challenge. Employing fully-differential signaling directly reduce the effect of
environmental and mechanical disturbances. Moreover, the high internal resistance
of flexible batteries limits peak currents, which are needed in high-speed circuits.
Therefore, the developing of thin-film supercapacitors can be particularly important
for mitigating non-idealities of flexible batteries.

For analog circuit design, ADCs in particular, the energy consumption, speed
and accuracy have favorably scaled to support battery-operated electronic products.
Although the speed of the implemented ADC is suitable for sensor readout, higher
speed ADCs are essential in order to cope with the rapidly increasing number of
sensors in the same system. Emerging techniques, such as ring amplifiers, time-
interleaved and hybrid ADCs, can be utilized to unlock higher speeds using mature
or advanced DSM technologies. As more UTCs are integrated into flexible electronic
applications, the modeling and incorporation of stress effects in PDKs is of paramount
importance. The characterization of high-resolution ADCs during elevated levels of
mechanical stress can provide critical feedback for design improvements. Finally,
noise analysis of stressed devices and the investigation of noise propagation in thin
chips can improve the performance of ultra-thin microsystems.
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