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Abstract

In the last years, the development of new materials as well as advanced fabrication techniques
have enabled the transformation of electronics from bulky rigid structures into unobtrusive soft
systems. This gave rise to new thin-film devices realized on previously incompatible and
unconventional substrates, such as temperature-sensitive polymers, rough organic materials or
fabrics. Consequently, it is now possible to realize thin-film structures on active substrates
which provide additional functionality. Examples include stiffness gradients to match
mechanical properties, mechanical actuation to realize smart grippers and soft robots, or
microfluidic channels for lab-on-chip applications. Composite or microstructured substrates can
be designed to have bespoke electrical, mechanical, biological and chemical features making the
substrate an active part of a system. Here, the latest developments of smart structures carrying
thin-film electronics are reviewed. Whereby the focus lies on soft and flexible systems, designed
to fulfill tasks, not achievable by electronics or the substrate alone. After a brief introduction
and definition of the requirements and topic areas, the materials for substrates and thin-film
devices are covered with an emphasis on their intrinsic properties. Next, the technologies for
electronics and substrates fabrication are summarized. Then, the desired properties and design
strategies of various active substrate are discussed and benchmarked against the current
state-of-the-art. Finally, available demonstrations, and use cases are presented. The review
concludes by mapping the available technologies to innovative applications, identifying
promising underdeveloped fields of research and potential future progress.
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1. Introduction

The performance of modern electronic systems is linked to
many parameters which can be used to optimize the char-
acteristics of a system towards certain specialized applica-
tions. Nanoscale structures [1], high-mobility semiconduct-
ors [2], high-k [3] or other advanced dielectrics [4] and novel
device geometries, such as FIN-FETs [5], have significantly
pushed speed, complexity and power efficiency of integrated
circuits. On one hand, thin-film technologies [6] have allowed
the fabrication of large-scale and cheap displays [7, 8] as well
as sensor arrays [9]. In parallel, novel high-bandgap semi-
conductors have led to high power devices [10], enabling
the management of green power grids of the future. Most
of these developments resulted in impressive outcomes by
utilizing new processes [11], materials [12], or device struc-
tures [13—15]. Complementing these traditional approaches
are electronic systems in which the overall performance is
determined by the properties of unconventional substrates.
These developments already started well over 50 years ago
when Tellurium based transistors were fabricated for the first
time on flexible polymers and paper substrates [16]. How-
ever, only the recent development of high-performance semi-
conductors, including organic polymers [17] as well as small
molecules [18], poly-crystalline silicon [19], electronic oxides
[20] and 2-dimensional (2D) materials [21], allowed the wide
use of temperature sensitive materials substrates. This resulted
in fully bendable active and passive devices [22], transducers
[23], batteries [24], digital/analog circuits [25], and even fully
integrated microprocessors [26], sensor systems [27], com-
mercial mobile phones with foldable displays and unobtrus-
ive wearables [28]. Potentially even more important than the
demonstration of such devices is the associated possibility to
manufacture thin-film systems on a wide variety of substrate
materials and geometries [29]. This in turn, is essential for
the ongoing trend to fabricate thin-film devices on bespoke
substrates with unique features. New materials e.g. hydro-
gels [30], fabrication techniques such as 3D printing [31], het-
erogeneous multi-material substrates and functional compos-
ites can guide the customization of substrates with tailored
properties: tunable Young’s modulus for stretchable systems
[32], transparency for invisible electronics [33], biocompatib-
ility for degradable devices [34], or even mechanically-active
structures capable to move and generate forces upon external
stimuli [35], are few examples. The resulting new applica-
tions include: edible [36], compostable and environmentally-
friendly devices [37], sentient robots [38], smart textiles [39],
or epidermal and implantable medical devices [40]. This will
open up a new chapter in the development of customised elec-
tronic systems for consumers [41], virtual reality [42], smart
agriculture [43], Industry 4.0 [44], or intelligent healthcare
devices [45].

The goal of this review is to outline the most prominent
outcomes of electronic systems on unconventional substrate
materials. First, a comprehensive analysis of materials used to
fabricate substrates is presented, including mechanical, chem-
ical, and biological properties. Then, materials employed for
electronics alongside their performance are addressed. Next,
technologies for electronics fabrication and structuring, and
methods for designing and manufacturing substrates are dis-
cussed. In addition to the traditional role of carriers, mechan-
ically actuated substrates, microfluidic systems, metamaterials
and transparent systems are presented, followed by a dis-
cussion on engineered substrates designing, such as compos-
ites, microstructured and 3D substrates. Later, the integration
of thin-film devices with the active functionality of the sub-
strate is described. Biomedical devices, advanced agriculture
systems, robotics actuators and platforms, metamaterials for
terahertz applications, and smart textiles are covered. Finally,
limitations, challenges, and future perspectives, and potential
research directions are discussed.

1.1. Relevant performance parameters

In contrast to conventional electronics which mostly focus
on electrical performance, heat management and commercial
aspects, electronic systems on active substrates have to satisfy
a wider but also more specialized set of requirements. Import-
ant performance indicators are:

1.1.1. Electrical.  The electrical properties of electronics on
unconventional substrates are less relevant than for standard
electronics, but are still of paramount importance for the func-
tionality of a system. As in conventional electronics, they
include the mobility [63], speed [64], and operation voltages
[65] of transistors, the complexity [25], gain [66], and noise
performance [67] of integrated circuits [68], the sensitivity
and accuracy of sensors [69], and the power consumption
[3] of the thin-film systems itself. Additionally, the potential
electrical functionality of the substrate has to be taken into
account. These include stretchable and bendable interconnec-
tions [70], the dielectric properties [71] and transparency [53]
of the mechanical support, and sometimes the substrate even
is a part of the thin-film device itself e.g. by acting as the gate
dielectric of thin-film transistors (TFTs) [72].

1.1.2. Mechanical. ~ With the possibility to explore new fields
of applications, unachievable for standard rigid electronics,
the mechanical properties of these systems are a key factor.
First of all, robustness [73], during fabrication and under nor-
mal usage conditions, guarantees system stability and proper
functionality. This implies resistance to a variation of the
environmental conditions (temperature and humidity) and
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Figure 1. Visualization of the different mechanical, electrical, chemical and biological capabilities of advanced functionalized substrates. In
particular the combination of different characteristics [20, 28, 37, 46—58] can lead to innovative applications [30, 40, 59-62]. Pictures

[30, 40, 59-62] reproduced with permission.

mechanical loads [74]. Intrinsic mechanical properties, such as
Young’s modulus, strength, resilience, ductility, and rigidity,
provide indications on which application could be tackled. As
a result, the minimum bending radius [75], maximum stretch-
ing strain [76] and conformability [56] to the target surface
are significant.

1.1.3. Chemical and biological. =~ Similarly to mechanical
properties, these features are essential for unconventional sys-
tems. Chemical resistance to both reagents and harsh environ-
ments [58] are crucial, for fabrication protocols and final usage
purposes. Material composition [77], in combination with
biocompatibility [78], are of paramount importance, while
aiming for green and dissolvable devices [79], implantable
systems and edible electronics [80, 81].

2. Materials

An overview of the materials used as a substrates and
employed in thin-film fabrication is presented. Section 2.1 is
devoted to the materials for substrates and section 2.2 intro-
duces the materials for electronics according to relevant elec-
tronics parameters.

2.1. Active substrate materials

The following discussion on substrate materials is based on
their compatibility with electronics fabrication process and
their ability to provide active properties like mechanical actu-
ation, extreme bendability, transience, and shape memory
behavior.

2.1.1. Mechanically flexible supports.  Polymers define a
broad range of materials. Their mechanical flexibility is
attractive for the possibility to have stable thin-film elec-
tronics performance on non-flat surfaces. Imperceptible

and conformable electronics are achieved by ultra-thin,
lightweight, and transparent polymers [53, 82—-84]. Stimuli-
responsive materials like hydrogels and shape memory
polymers or stretchable polymers, such as elastomers, can fur-
ther improve the electronic’s mechanical adaption [46, 85—
90]. Polymeric substrates can be electrically active due to
percolation pathways of particles in the elastomeric matrix
[91], or a conductive filler dispersion such as carbon black
[92] or poly(3,4-ethylenedioxythiophene) polystyrene sulfon-
ate (PEDOT:PSS) [93].

Degradable, bioresorbable, and biocompatible active poly-
mers have been pointed out for green, recyclable, and flex-
ible electronics [54, 55, 79, 88, 94]. All these properties are
fundamental for wearable devices [92, 95-97], on-skin mon-
itoring system [46, 88, 91, 98], and soft robotic applications
[23, 99, 100].

Polyimide (PI) is the most common employed substrate
for flexible thin-film electronics with a thickness ranging
from ~1.5 pm to =50 pm [23, 48, 52, 68, 83, 92, 95, 96,
98, 101-113]. PI foils are commercially available [95, 106]
alternatively membranes can be spin-coated on a tempor-
ary carrier [48, 83, 110]. Its thermal stability is character-
ized by a low thermal expansion coefficient of 3.4 ppm °C~!
and a high glass transition of 360 °C~! temperature [107]
allowing processing temperatures up to =300 °C~' [83].
These properties and their chemical stability make it suit-
able for thin-film fabrication techniques (sections 3.1 and 3.2)
involving standard photolithography processes, lift-off, and
wet-etching [104, 105, 108]. Its natural flexibility, as shown
in figure 2(a) ensures functionality under variable bending
conditions: for 50 pm thick PI a minimum bending radius
of 1.7 mm was achieved [103]. This can be further reduced
to 125 pm [101] through neutral strain plane designs, as
described in section 4.6. Despite ultra-thin PI layer show-
ing a transparency of 90% [83], PI is generally character-
ized by an amber colour, which makes other polymers more
suitable for transparent electronics. These include parylene
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Figure 2. Mechanically flexible substrates. (a) Flexible polyimide substrate wrapped around a cylinder with a radius of 300 m [102]. (b) A
transparent 10 pm thick parylene substrate bent on wood sticks with scaling radius [82]. (c) A parylene membrane is wrapped hairs with a
radius of 50 pum [53]. (d) Epidermal system on flexible PET and PI substrate [98]. (e) Highly stretchable hydrogel-ecoflex bilayer can be

elongated up to 1780% of strain [46].

[53, 82, 84, 99, 114, 115], polyethylene terephthalate (PET)
[41, 98, 116-120], polyethylene naphthalate (PEN) [92, 121],
and polymethyl methacrylate (PMMA) [29, 122].

Parylene is a flexible and transparent polymer acting
as a substrate or as insulating layer (figure 2(b)). Tens of
micrometer-thick substrates [82, 114], as well as ultra-thin
membranes around 1 pum are obtained by evaporation pro-
cess [53, 84, 99, 115]. Due to this low thickness, thin-film
electronics fabrication must be performed while depositing
the polymer on a rigid carrier covered by a sacrificial layer
[53, 84, 115]. Thin-film electronics fabricated on parylene is
bent down to 50 pm as shown in figure 2(c). The minimum
bending radius decreased by decreasing the strain induced
by bending a 1 pum-thick substrate [53]. Similarly, PEN foils
(generally 50 pm thick), as well as, PET foils with a thickness
ranging from 1.4 pm [118] up to 175 pm [116] are commer-
cially available. Their flexibility is beneficial for the conform-
ability of epidermal electronics [98, 118] (figure 2(d)) or smart
textile applications [41, 92].

PMMA is a transparent and flexible polymer that can act
as substrate [29, 122] and dielectric layer [120, 123, 124].
Thin-film transistors on micrometer-thick PMMA (<2 pm)
showed stable electronics performance when cycling bend-
ing test at a minimum bending radius of 1 mm was per-
formed [122]. As with other solution-based polymers, the
electronics fabrication can be carried out by spin coat-
ing the PMMA on rigid support. Free-standing devices on
PMMA substrate are obtained through transfer printing pro-
cess as described in section 3.6. Moreover, PMMA itself
acts as sacrificial layer enabling free-standing electronics on

other polymeric substrates thanks to its solubility in organic
solvents [125-127].

Rubbery elastomers such as polydimethylsiloxane (PDMS)
[49, 51, 83, 85, 86, 91, 99, 100, 110, 128-139] and Ecoflex
[46, 88, 137, 140-142] are mainly attractive for their stretch-
ability that is missing in other plastic materials. These fea-
tures are particularly beneficial for wearable and epidermal
patches [46, 88, 91, 142]. PDMS is characterized by a low
Young’s modulus of ~2 MPa [49, 134]. The stretchability
of PDMS, acting as active substrate, depends on both the
elastomer deposition and design. Casting deposited PDMS
was strained up to 5% [49, 86], but a maximum applied
strain of 20% was achieved when an 800 pm thick pillars’
mould was exploited [133]. This geometry allowed a twist-
ing of the substrate up to 180°. Spin-coated PDMS swells
during the curing process due to its high thermal expan-
sion coefficient of 3 x 10~* K—' [128]. Constrained deform-
ation of PDMS is achieved by depositing it on material with
lower thermal expansion coefficient enabling the fabrication
of thermal PDMS soft actuators [99, 110] or electronics on
non-flat surfaces for skin applications [51]. Other strategies to
take advantage of the PDMS stretchability involve engineered
strain distribution and are described in section 4.6. PDMS
is also transparent [49, 51, 83]. Ecoflex is transparent, com-
mercially available, natural, and biodegradable [88, 140] and
its low Young’s modulus of 0.69 Pa ensures a stretchability
>100% [46].

Biodegradable and wast-free flexible electronics can be
achieved by using cellulose-based substrates that also bring
the advantages of being cheap and largely available [79, 94].
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Figure 3. Shape memory polymers and thin film electronics. (a) A bent shape memory substrate with and a close-up view of one of the
TFTs in the array [163]. (b) Demonstration of the sensing capabilities of the SMP-based sensor [50]. (c) Micrograph of the whiskers [50].
(d) Close-up view of the sensors [50]. (e) Fingerprint obtained with the SMP-based sensor [50]. Pictures reproduced with permission.

Depending on the production process, it can exhibit chem-
ical stability and a glass transition temperature >180 °C suit-
able for direct fabrication [79] or transfer printing processes
[94]. Less than 5% of variation on the characteristic curve of
electronics circuits is observed when cellulose is bent down
to 2 mm [79]. Another example of a bio-substrate is keratin
extracted from human hair [143]. Uniform layers of keratin
were spin-coated on a Si carrier acting as substrate or gate
dielectric. A bending test at a radius of 20 mm was performed
to prove the flexibility. Additionally, a transient behaviour
was showed when exposed to alkine-solution. Polypropylene
based paper offers another approach for eco-friendly electron-
ics [144]. Its thermal and chemical stability is suitable for dir-
ect thin-film fabrication while the paper is laminated on a rigid
support. After releasing, the bending test was performed while
the electronics functionality was preserved proving the poten-
tial paper suitability as flexible eco-substrate. Thin-film elec-
tronics on parylene membrane transferred on 100 pm thick
polypropylene foil showed improved mechanical properties
[53, 84]. The poor adhesion between the two polymers reduced
the strain on the electronics allowing its functionality under
several crumbling of the substrate [53] or an increase of the
maximum stretchability [84]. Polypropylene is also employed
in form of natural and lightweight fibers suitable for smart tex-
tile [145, 146].

2.1.2. Shape memory materials. ~ Shape memory materials
are a unique class of materials that presents the ability to
change the shape upon the application of external stimuli
(e.g. temperature [147-149], magnetic field [150, 151], and
chemical conditions [152, 153]). In a macroscopic point of

view [154], this effect has been verified in diverse mater-
ials, such as metal alloys [147, 155, 156], ceramics [157,
158], and polymers [50, 90, 159-167]. They have been
extensively used in applications ranging from medical [90,
154, 168-171] to aerospace engineering [147, 172, 173].
Recently, one of the most promising applications is the use
of shape memory polymers with flexible electronics [159—
164, 166] and sensors [50], in which they are mainly used as
substrates.

Many shape memory polymers have been used as substrates
[174], such as cross-linked shape memory polyacrylate [175],
which has been used as a substrate for light-emitting diodes
when combined with silver nanowires or single-walled carbon
nanotubes; polycaprolactone (PCL) [176], which was used
to create a structure responsive to heat; and also poly(tert-
butyacrylate) (PTBA) [167], which has been applied in act-
ive tactile displays. However, thiol-ene/acrylate [177] is one
of the most used shape memory polymers as substrate for
thin-film and commercial electronics [90, 163, 165], such
as electrodes [160], OLEDS [161], capacitors [162], sensors
[50], and TFTs [163, 164]. Moreover, robust and reliable pro-
cess can be used to fabricate electronics onto this material.
For example, pentacene organic thin-film transistors (OTFTs)
were fully structured by photolithography in an array distri-
bution pattern [163] (figure 3(a)). The OTFTs’ performance
was similar to the ones realized on rigid substrates fabric-
ated with shadow mask processes, even after going through
100 bending cycles. Similarly, OTFTs can also be fabricated
onto the thiol-ene/acrylate using low-temperature solution-
processing, enabling high-performance OTFTs [164]. 3D e-
whiskers were developed using thiol-ene/acrylates as substrate
to receive multi-stimuli at the same time (figure 3(b)) [50].
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Gold strain-gauges were photolithographed on the substrate
and laser cutting was used for the outer perimeter of the
whiskers (figures 3(c) and (d)). The device was able to map
delicate surfaces, such as fingerprints, with results similar
to profilometers (figure 3(e)). Additionally, thiol-ene/acrylate
can be used as an insulator [162].

2.1.3. Transient substrates. During the last decade, the
interest in degradable electronics has been growing to
address the exigency in reducing electronics waste, usu-
ally involving toxic, long-decomposable, and rare materi-
als [140, 143, 178-180]. Research focused on bioresorbable
and biodegradable materials to meet the requirements for
smart medical implants (section 5.1.2), avoiding second-
ary surgery procedure, tissues inflammation, and enhancing
the post-operative recovery [54, 55, 60, 115, 181-184], and
favouring a sustainable approach for electronics fabrication.
In this view, substrate materials and strategies for so-called
transient electronics that can be dissolved are presented in
the following.

Polyvinyl alcohol (PVA) is a water-soluble transparent
polymer that can be used as substrate for transient electron-
ics [185—187]. The PVA dissolution time in deionized water is
around 30 min [186, 187], but it depends on many parameters
such as thickness of the layer, water temperature, and post-
deposition treatment [126]. Liquid metal patterned on PVA
was completely recollected after polymer dissolution, prov-
ing its suitable for fully recyclable systems [185]. Shadow
mask patterning [126] or transfer printing process [186, 187],
as described in sections 3.3 and 3.2, are generally preferred for
PVA.

Poly-anhydrides constitute a class of polymers suitable
for transient electronics [183, 188-190]. Acid compounds
by-products following their dissolution in water enhance the
degradation of no-transient metals [188]. Their dissolution
time depends on temperature, pH, and chemical composition
[189, 190]. A 120 pm thick layer showed a dissolution rate of
1.3 umd~! [183] suggesting the suitability of poly-anhydrides
as encapsulation layer for electronics and biomedical implants
[183, 190].

Poly lactic-co-glycolic acid (PLGA) is also used as tran-
sient substrate [54, 60, 125, 183, 190]. PLGA dissolves in
phosphate buffer solution (PBS) at physiological temperature
(37 °C) over weeks (researchers reported a period from 4 to 8
weeks) and its biocompatibility makes it suitable for long-term
health monitoring [54, 60, 183].

Naturally derived materials, such as cellulose [79] or silk
[55, 182], are also employed for biodegradable and transi-
ent electronics as well as water-soluble and edible rice paper
[125].

The electronics shut-down can be achieved by stimuli-
responsive materials such as cyclic poly(phthalaldehyde)
(cPPA) where UV-exposure or temperature triggers an
acid molecule release leading to degradation [191, 192].
Accordingly, direct electronics fabrication involving UV-
photolithography on this substrate is avoided and it is replaced
with transfer printing [191] or stencil mask [192]. Devices

for food packaging control are envisioned applications of this
approach [193, 194].

2.14. Textiles substrates. In recent years, there has been a
significant interest in wearable electronics and this has lead to
the integration of electronic functionality into everyday tex-
tiles [195]. Textiles have been preferred for wearable applica-
tion due to it is familiarity and ability to comfortably conform
onto the human body. Most of the flexible structures that are
utilised in flexible electronics are unable to conform onto body
shapes because they can only deform along one single dimen-
sion and often fail under twisting or other severe deforma-
tions. For this reason, effort has been devoted to employ tex-
tile fabrics and yarns as substrates when developing electronic
devices [113, 196-212]. In general textile materials are wash-
able, permeable to gases or liquids, able to withstand even
severe mechanical deformations such as folding or sheering
and in some cases they are also stretchable. These features
make textiles a desirable substrate for thin-film electronics
and highly suitable for smart textile and wearable applications
(section 5.5).

Researchers have utilised knitted or woven textile fabrics as
substrates [197, 199-201, 204, 209, 211-213]. These fabrics
were made from both natural fibers and synthetic fibers such
as cotton [209, 211], polyester [201, 209], meta-aramid [201],
nylon [199-201, 212, 213], glass fiber [197], kermel [209],
polyurethane [212], elastene [213], polypropylene [145, 146],
and silk [210]. The devices fabricated on the textile include
electrodes [199, 201, 212], resistors [200], transistors [204],
sensors [213], solar cells [197], piezoelectric fabrics [209] and
thermoelectric nanogenerators [211].

Textile threads and fibres were also used as substrates to
fabricate thin film electronic devices [113, 196, 198, 202,
203, 205-208, 214]. Textile fibres are the raw materials
for manufacturing textile fabrics. In some cases, electronic
devices were built directly on the textile fibres and yarns [113,
196, 205-207], whereas in others these fibres were utilised
within a textile structure to create an electronic device [198,
202, 203, 207, 208, 214]. The most commonly used fibre is
nylon [113, 196, 202, 214] but researchers have also util-
ised Kevlar multifilament [203], PET fibres [198], silk [207],
glass fibre [196], acrylic [205] and linen [206]. Devices fab-
ricated using these functional fibres include sensors [113, 198,
207], transistors [196, 202, 203, 205, 206] and piezoelectric
generators [208].

When developing thin-film structures on textile substrates
it is vital to consider the impact of bending, sheer and twist-
ing of the textile structure on the performance of the fabric-
ated device. Furthermore, the literature illustrates that the sur-
face roughness of textile yarns and fabrics have also had an
impact on the device performance [113, 196, 201]. To reduce
the influence of surface roughness researchers have employed
techniques such as ultraviolet-ozone treatment [201] and coat-
ing or lamination of the textile prior to creating devices
[199, 200]. Hence, surface roughness of the textile sub-
strate and the ability of the rest of the device to withstand
multi axial mechanical deformations remain as essential
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Table 1. Thin-film devices and their performances for the active substrates described in section 2.1. Each row underlines the best example,

among the reviewed ones, for a specific property.

Substrate material Electronics Mechanical
and thickness Devices performance properties Features Reference
Parylene 1 um TFT p=113cm>v-1s! Max. strain: 210%  Biocompatible [84]
Vi, =04V
SS =180 mV dec ™!
Ion/Ioff > 107
PMDS 80 pum TFT, logic, circuits and pu=137cm>v-1s! Bending radius: Biocompatible and [51]
rectifiers Vi =01V 13 pm imperceptible
SS =130 mV dec ™!
Ion/Ioff = 107
Cellulose 800 pm TFT, logic and circuits pu=0.12cm>Vv-ls7! Bending radius: Green and [79]
V=575V 2 mm biocompatible
Ion/Ioff > 104
PLGA 30 pym TFTs and array p=200cm*V's! Bending radius: Transient and [54]
V=1V I mm bioresorbable
Ion/loff = 108
Polypropylene Capacitive + resistive Rise and fall time: 1.4 ms, Bending radius: Transparent [146]
30 um touch display and LED emission peak at 500 nm 10 mm and
display repeated torsion:
>1000 cycles
Silk worm fiber Temperature and Temperature sensitivity: Bending Biocompatible and [207]
pressure sensors 1.2x1072°C!, angle: 0°-360° washable (3 x
pressure sensitivity: washing machine
0.136 kPa™! with detergent)
Gold microfiber TFTs Vu=-101V Bending radius: Washable (beaker [142]
100 m Ion/ Lot > 10° 2.0 mm with detergent)
Thiolene/Acrylate OTFT Vi, =-7V Bending radius: Recovareble after [163]
50 pm = 0.018 em? Vs 8.5 mm (100 deformation
cycles)

factors to consider when developing thin-film devices on
textiles substrates.

2.15. Other substrates. Thin-film structures were
also fabricated on cylindrical substrates such as metal
wires [47,142,215], glass fibers [216], and optical
fibers [217-219]. These devices were mainly utilised to cre-
ate transistors for electronic textile applications [142, 215,
217-219]. The high conformability of wires enables them
to be used as substrates in smart textile applications. There-
fore, the feasibility of synthesising devices on copper [215],
gold [142] and aluminum [47] wires were evaluated. On one
occasion the wire was cleaned and heated to form an oxide
coating [215], whereas in others they were coated in a PDMS
or P3HT solution [47, 142]. For the glass fibers, metals like
chromium, copper, and gold were evaporated all around the
fiber [216]. The ability of these substrates to withstand harsh
environments makes them suitable for applications such as
structural health monitoring of construction materials. In the
case of optical fibers, metals such as chromium and AlO,
were directly deposited on the fiber substrate to fabricate
devices [217]. Optical fibers have been utilised for smart tex-
tiles but their limited flexibility makes them unappealing for
these applications.

More exotic materials such as natural wax [220] and
ultrathin insulating poly(vinyl formal) (PVF) [221], were also

utilised as substrates for creating flexible electronics. The elec-
tronic devices created using these exotic materials include
transistors [221] and NFC circuits [220]. In addition, the
device created on PVF was able to withstand a bending radius
of 0.7 pum.

2.2. Materials for thin-fim electronics

In the following paragraphs, the materials commonly used
in the fabrication of thin-film electronics, such as insulators,
semiconductors, and conductors, are presented, together with
their roles.

2.2.1. Semiconductors. ~ Semiconductors in thin-film elec-
tronics are employed as active layers, defining the device tech-
nology and carrier transport efficiency. Traditional semicon-
ductors such as silicon (Si) are well-known for their high
mobility and for being mechanically rigid and brittle. To
employ these materials in thin-film electronics, silicon in the
form of amorphous-Si (a-Si) [129, 222] or Si nanomembranes
(Si NMs) [54, 55, 60, 125, 191, 192] have been used. The
small mobility (less than 1 cm? V~!s~1) that can be achieved
with a-Si TFTs represents a limitation, while Si NMs rep-
resent a better alternative because of their higher mobility
(>500 cm? V= s~1) [223]. Moreover, Si NMs were largely
used in transient electronics due to their fast dissolution time



J. Phys. D: Appl. Phys. 55 (2022) 323002

Topical Review

[125, 192]. Poly-crystalline Si shows a mobility between 50
and 100 cm? V~!s~! [224, 225]. Despite the better perform-
ance of Si NMs and poly-crystalline, their fabrication pro-
cesses are expensive and time-consuming [226].

Organic semiconductors have the advantages of easy and
low-cost manufacturing, mainly based on solution processes
(section 3.2), and room temperature processability suitable
for direct fabrication on plastic, fabrics, and transient sub-
strates. They are mostly p-type semiconductors such as penta-
cene [102, 123, 136, 163, 204, 227], carbon nanotubes (CNTs)
[98, 186, 206, 218, 219, 228, 229], polymeric semiconduct-
ors [79, 116, 118, 143, 230, 231] among which the most
reported is poly(3-hexylthiophene) (P3HT) [91, 93, 142, 204,
206, 219, 232], or naturally derive semiconductors such as
indanthrene yellow G, indanthrene brilliant orange RF, and
perylene diimide [140, 179]. They are lightweight and flex-
ible due to their chemical nature, undergoing large strain up to
50% when mixed with stretchable materials like PDMS [91]
or Styrene-ethylene-butylene-styrene (SEBS) [230]. Organic
naturally derived semiconductors also allowed the fabrication
of edible OTFT [140, 179]. Current limitations arise from the
less developed n-type semiconductors and the small achiev-
able mobility, typically <10 cm> V~!s~1

Metal oxide semiconductors have been used in the last dec-
ades due to their promising properties for thin-film electron-
ics such as the low temperature processability ensuring high
quality deposition, high mobility, optical transparency, mech-
anical stability, and the possibility to achieve large-scale fab-
rication [226, 233]. They are mostly n-type, and among them,
transparent amorphous indium-gallium-zinc-oxide (a-IGZO)
is the most used one [51-53, 68, 82, 84, 85, 101, 103-107,
109, 128, 131, 133-135, 137, 187, 188, 234-237] showing
a mobility >10 cm? V~!s~! [238], large-area processability,
and low deposition temperature [20]. Other n-type amorph-
ous metal oxide are zinc-oxide (ZnO) [49, 120, 239], zinc-tin-
oxide (ZTO) [112], indium-oxide (In,O3) [131, 164], while
p-type amorphous metal oxide are nickel oxide (NiO) [51] and
tin-oxide (SnO,) [72].

2.2.2. Insulators. Insulating materials in thin-film electron-
ics are employed as passivation or buffer layers, and as dielet-
rics. The dielectric constant and the thickness are the funda-
mental parameters. Good insulating properties ensure a proper
isolation of components and circuits, preventing leakage cur-
rent, and voltage breakdown.

Insulating materials are silicon oxide (SiO,) [49, 54, 55,
60, 83, 88, 125, 127, 132, 186, 187, 236, 237], aluminum
oxide (Al,O3) [51-53, 68, 79, 84, 101, 103, 105-109, 112,
118, 128, 131, 133, 135, 234, 235, 240], hafnium oxide
(HfO) [3, 165, 228], magnesium oxide (MgO) [55, 188], sil-
icon nitride (SiN,) [54, 88, 129, 131, 186, 187, 236] or poly-
mers such as parylene [86, 112, 114, 136, 163], polyimide
[241, 242], SUS [49], hydrogels, [116] and ion-gels [91, 93].
Moreover, organic dielectrics are glucose, lactose, or nucleo-
base [179].

Si0O, is a bioresorbable insulating material employed as
electronics dielectric layer [49, 55, 60, 83, 125, 127, 236]

or passivation/encapsulation layer [54, 55, 83, 88, 236]. It
is deposited by plasma-enhanced chemical vapor deposition
(PECVD) (section 3.1). Oxide layers ranging from 50 nm to
900 nm are water soluble [55, 125, 127], and their solubility is
also proved on saline [29] and PBS [54, 60, 125] solutions. The
large SiO, layer thickness is required when it is employed as
a gate dielectric layer because of its low dielectric constant,
around 4. For this reason, high-k dielectric materials [243]
are preferred for thin-film electronics e.g. Al,O3 exhibiting a
dielectric constant of /~8.5 [79] or HfO, acting as gate dielec-
tric with a thickness of 20 nm [228].

MgO is used as gate dielectric for transient thin-film elec-
tronics [191], and it can also act as passivation layer to tune
the dissolution time of the transient electronics according to
its thickness [55]. SiN, can be deposited as a single layer
[129] or in sandwich structures with SiO, [54, 186, 187] act-
ing as passivation layer, gas barrier layer [83], or humidity
barrier [236].

Although polymeric dielectrics have lower dielectric con-
stant than SiO, (€polyimige = 3.24 [242], €parylene = 4 [244]), they
are suitable as substrate for their stretchability and bendabil-
ity. Parylene substrate hosting TFTs with parylene dielectric-
layers can undergo up to 10000 bending cycles [114], while
hydrogel dielectric based TFTs can withstand a maximum
strain of 55% [116]. Additionally, shape memory polymers
can also be used as insulators providing two different dielec-
tric constants and resistivity depending on the temperature.
For example, thiol-ene/acrylate has a dielectric constant of
5.26 £ 0.11 and 6.38 & 0.11, below and above the transition
temperature, respectively [162].

Sandwich insulating structures are fabricated for improved
dielectric performance due to the combination of different
dielectric materials [231, 245]. Both polymers and organic
dielectrics are deposited in the form of bilayer dielectric struc-
ture with Al,O3 [102, 112, 134, 140]. OTFTs based on nuc-
leobased dielectric layers showed larger capacitance per unit
of area (from 5.6 nFcm™2 to 23.4 nF cm™~2) when forming a
hybrid organic/inorganic with Al,O3 [140].

2.2.3. Conductors. Most of the employed conductor mater-
ials for thin-film electronics are metals. Copper (Cu) [51, 133],
gold (Au) [129, 131, 136, 234], and aluminum (Al) [86, 112,
239] are extensively used because of their high electrical
conductivity of 59.8 x 10° Sm~!, 42.6 x 10° Sm~!, and
37.7x 10° Sm~! respectively [246]. Chromium (Cr) [234,
235], and titanium (Ti) [51, 231, 241] have a low electrical
conductivity, are employed as adhesive layers to improve the
adhesion of other metals like Au [132, 231, 237, 241], plat-
inum (Pt) [132, 241], palladium (Pd) [186]. However, Cr
is also less ductile, showing a smaller rupture strain level
(<0.5%) compared to others, such as Cu, limiting the min-
imum achievable bending radius [103].

Molybdenum (Mo) [54, 83, 186, 187, 236] and magnesium
Mg) [55, 60, 88, 125] are commonly employed for their
biodegradability and biocompatibility. Moreover, Mg is also
water soluble and suitable for bioresorbable implants, while
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Mo can degrade in acid environment as zinc (Zn) or iron
(Fe) [191].

Fully transparent electronics are fabricated through trans-
parent conductive oxide such as indium-tin-oxide (ITO)
[49, 51, 82, 107, 116]. However, it was shown that they eas-
ily experience fractures and delamination [53].

Metals can be deposited through vacuum-based techno-
logies (section 3.1), some can also be solution processed
(section 3.2).

Additionally, so-called liquid metals, consisting of metals
and metals alloys that are liquid at room temperature, have
been used for compliant and microfluidic electronics. Within
this class, galinstan (GalnSn) [139, 185, 247], and eutectic
gallium-indium (EGaln) [139, 247, 248] are the most prom-
ised candidates because of their electrical conductivity of
3.40 x 10° Sm~! and low melting point equals to 19 °C~!
and 15.5 °C~! respectively.

Finally, carbon-based conductors are also employed in thin-
film electronics in the form of CNTs [207, 230] or as conduct-
ive fillers in polymeric matrix [92].

3. Technologies

The established process and novelty technologies for thin-film
electronics fabrication and substrate deposition are presen-
ted in the following. Sections 3.1 and 3.2 describe vacuum-
based technologies and solution-based processes for electron-
ics fabrication, and the deposition of substrates materials.
Next, in sections 3.4 and 3.5, 3D printing techniques and mold-
ing process for substrate fabrication are introduced. Finally,
section 3.6 gives an overview on alternative techniques and
strategies for the fabrication of electronics on unconventional
substrates.

3.1 Vacuum based thin-fim technology

Vacuum-based technologies can be divided into two main
groups that are physical vapor deposition (PVD) and chem-
ical vapor deposition (CVD). PVD processes, consisting of
electron beam evaporation (e-beam), thermal evaporation, and
sputtering, are based on the vapour condensation of a source
material on the desired substrate [249]. Thermal evaporation
processes exploit the current flowing on a crucible to heat
the source material; whereas, e-beam evaporation relies on
accelerated electrons emitted from an electron gun to evap-
orate or sublimate the source material. In both cases, the pro-
cess, the roughness of the sample surface, the angle between
the sample and the source affect the quality of the deposition
The low working pressure condition (down to 10~* Pa) pre-
vents gaseous contamination and a high deposition rate (up to
1 ummin~") can be achieved. Both thermal and e-beam evap-
oration are mainly employed for metals such as Cr [55, 68,
105, 134, 136, 223, 241], Au [55, 68, 105, 108, 116, 117, 134,
136,223,228,241], Ti [68, 108, 128, 133,228, 241], Mg [105,
125], Mo [187], Cu [128, 133, 188] and Al [112, 137]. Also
semiconductors [86, 136, 188, 191, 204, 227] and dielectrics
[140, 231] can be evaporated.

Sputtering processes are based on a bombardment of a
source material from an ionizing injected gas. The source
dimension ensured several arrival angles of the eroded atoms
on the substrate allowing conformal films deposition. Both DC
and RF sputtering process are used for conductive materials
[51, 54, 60, 82, 88, 190, 191, 236], and semiconductors [51,
105, 128, 134, 137, 187, 188, 236], while RF sputtering must
be used for insulators.

CVD process relies on chemical reactions of vapour phase
reactants near or on the substrate. Different CVD process can
be distinguished [250]. Among them, plasma-enhanced CVD
(PECVD) exploits the formation of an ionizing gas within
the chamber exciting the reactants and allowing the chem-
ical reactions and film formation at lower temperature (below
<450 °C~") than other CVD processes. Fast deposition rate
and good step coverage are also achieved, while unwanted
contamination or damage due to plasma can be possible. It is
employed for dielectrics deposition such as SiO, [55, 60, 187,
236], and SiN, [55, 68, 186], conductive layers [114, 251], but
also polymeric substrates such as parylene [82]. Conformal
deposition can be achieved by atomic layer deposition (ALD)
processes whose prime feature is the control on the thickness
[105, 252]. The chemical reactions on the substrate surface
occurs in a sequential way allowing an atomically-thick layer-
by-layer growing of smooth thin-film. Materials deposited by
ALD are dielectrics such as Al,O3 [68, 79, 108, 112, 114, 128,
133, 137, 223] and HfO, [228], or metals [222].

3.2. Solution based processing

Solution based processing offers the possibility of low-cost
large area fabrication, uniform and dense deposition for both
electronics and substrate materials. Depending on how the
material is deposited, different techniques can be distinguished
such as coating process (spin, dip, and spray) [253], and print-
ing technologies [254].

Spin coating consists in the spread of the material on a
surface by centrifuge rotation. It is a fast process where the
rotation speed can be used to control the thickness of the
deposited layer. Both the speed and uniformity of the layer
are affected by the viscosity of the material. Compared to
other solution process, a greater material consumption occurs.
The process is suitable for solution processed semiconduct-
ors [79, 93, 112, 116, 186] and insulators acting as substrate
[230] or gate dielectric [143]. Polymeric materials can be also
spin coated as a substrate [88, 230, 241], encapsulation layers
[88] or planarization layer reducing the roughness of substrate
[102]. Spin coated materials require annealing processes to
remove all the solvents from the solution. Normally, thermally
and chemically stable substrates like cellulose [79] and poly-
imide [88] are required. Alternatively, deposition and sinter-
ing steps are performed on a rigid carrier, followed by transfer
printing (section 3.6) onto the desired substrate [55, 191].

During spray coating processes, solution is heated and
sprayed on the substrate through a gas stream. The thickness
of the deposited layer depends on how many times the spray
coating is performed. Despite the material is thermally heated,
the temperature of the substrate does not increase allowing the
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suitability of the process on different substrates. For instance,
CNTs were spray coated on SEBS [230] or on fabric [210] as
conductive layer, but also semiconductor [123, 201, 255] and
dielectric materials can be deposited as proved in a fully spray
coated solar cell [232]. Patterning of spray-coated material can
be performed during the process by shadow mask.

Dip coating processes immerse the sample in a bath of the
material to be deposited. After coating and drying steps are
required to result in a uniform layer. As spray coating, also
dip coating is a repeatable process allowing an easy adjust-
ment of the thickness. It is also a cheap and waste-free pro-
cess. It can be used for both organic [201, 218, 228, 228] and
inorganic TFTs active layer [217] or as encapsulation/protect-
ive layer [215]. Roll-to-roll fabrication on textile dip coated on
conductive PEDOT:PSS has been reported [203].

Printing technologies allow simultaneous deposition and
patterning. Screen printing offers a fast route to define the pat-
tern layer by ink dropping on a substrate through a mask pat-
tern. The substrate does not undergo any thermal and chem-
ical stress, thus the technique is suitable for elastomers [46],
plastic foils [98], and textiles [209]. Inkjet printing selectively
ejects a liquid ink through a nozzle on the surface followed by
annealing or sintering to cure the ink. Inkjet can be used on 3D
printed substrates [176, 180, 256]. Finally, gravure printing is
based on rolling cylinders spreading a liquid ink on an inden-
ted substrate. The process is particularly suitable for micro-
fluidic devices based on liquid metals [185], but also semicon-
ductors, insulating, and metals can be employed [229].

3.3. Electronics structuring

Electronics materials deposited through vacuum technologies
(section 3.1) or coating solution-based processes (section 3.2)
are structured according to designed patterns to fabricate thin
film-electronics. Photolithography is the most employed pro-
cess [51, 53, 103, 105, 116, 117, 132, 133, 163, 257, 258].
It consists of several steps based on the use of a photosensit-
ive compound, which is deposited on the substrate typically
through a spin-coating process, and exposed to a source light,
while the substrate is covered with a patterned mask. Different
light sources can be employed and the wavelength is chosen
according to the photoresist properties. After the exposure and
depending on the photoresist, wet etching processes of the
substrate in a proper developer solution are used to remove
the exposed area of the photoresist (positive photolithography)
or the not exposed ones (negative photolithography), leading
to the pattern definition. Afterwards, the electronics materials
are structured according to the obtained pattern by others wet
etching steps. Although the photolithography process is com-
patible with many polymeric substrates, for example, poly-
imide [103, 105], parylene [53, 116], PET [116, 117], thiol-
ene/acrylate [163], light-sensitivity or chemicals involved in
wet etching processes can cause the swelling or damage of
some substrates. To overcome these issues, the patterning can
be performed through a shadow mask process. In this case,
the mask covers the substrate during the materials deposition
processes, resulting in the direct structuring of the materials
while they are deposited [60, 79, 93, 129, 134, 135, 140, 143,

191]. Another alternative consists in transferring processes, as
described in section 3.6.

3.4. 3D printing

3D printing has been attracting attention in many fields in sci-
ence and industry, mostly because of its ability to fabricate
objects of complex shape layer-by-layer with reduced waste.
When it comes to fabricating substrates, the main techniques
used are fuse deposition modelling (FDM) [255, 259, 260],
and UV-light based techniques, which includes stereolitho-
graphy (SLA) [176, 261] and digital light processing (DLP)
[259, 262].

Fuse deposition modeling is used to print mechanically
resistant structures through melting high-strength thermo-
plastics, such as nylon [263], polypropylene [264], thermo-
plastic polyurethane (TPU) [265], polyether ether ketone
(PEEK) [266], polylactic acid (PLA) [267, 268], polyeth-
ilene [264], and acrylonitrile butadiene styrene-based mater-
ials (ABS) [255, 268, 269]. Normally, the printed surfaces
are wavy with a roughness around 15 pm [255], requir-
ing a planarization. The planarization can be carried out
by using a microwave remote-plasma etcher [255], by heat-
ing the printed device and applying a flat mold on it, by
exposing the printed object to acetone vapor [270], or by
using spray deposition of an insulating material (figure 4(a))
resulting in a root mean square (RMS) roughness around
0.39 pm. After the planarization, conductive layers can be
added onto the surface, for example, carbon nanotubes, sil-
ver nanowires, or PEDOT:PSS [255]. Figure 4(b) shows a
structure printed through FDM using a semi-transparent ABS-
derivative material later planarized through spray deposition of
an insulating semi-transparent ABS-derivative mixed with an
organic solvent.

UV light-based 3D printing is a technique that can also
be employed for building substrates [176, 261, 262, 271].
The fabrication process consists of irradiating the UV light
in a liquid polymer resin containing photoinitiators, photoacid
or photoradical generators [259, 260]. The light induces the
decomposition of the photoinitiators and triggers the polymer-
ization and the curing of the exposed region [176, 259, 262].

SLA [176] and DLP [262] have been employed for build-
ing substrates. In both techniques, materials such as sil-
icone, polysiloxane-containing formulations, acrylate-based,
and thiol-ene-based materials have been used to print elast-
omeric objects [272]. To fabricate biocompatible substrates,
resin mixtures, that include macromers combined with non-
reactive diluents such as N-methylpyrrolidone (NMP) or
water, are alternatives [273, 274]. The structures is printed
layer by layer and each layer is coated on top of the cured layer.
Here, supporting materials may be necessary depending on the
complexity of the structure [261]. This technique is attractive
when substrates with high-resolution printing (around 50 pm)
are necessary [260]. For example, the SLA technique was used
to fabricate an electrical switch with shape memory polymer
PCL macromonomers and metal layers for a commercial LED
[176], resulting in a structure that could be switched on and
off (figure 4(c)) through heating.
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Figure 4. 3D printing technologies. (a) Illustration of the planarization of a FDM printed structure through spray deposition of an insulating
material [255]. (b) Planarized FDM printed structure [255]. (c) 3D structure printed using SLA technique. [176]. (d) 3D structure printed

using DLP technique [262]. Pictures reproduced with permission.

DLP uses UV light projection to illuminate each layer for
polymerization, resulting in a shorter time when compared to
stereolitographic methods [260]. This method is capable of
creating very complex substrates with high precision around
10 pm. It also enables the production of hollow and porous
structures, since the printing is performed in a liquid environ-
ment and does not require any supporting materials, which is
an asset for the fabrication, as removing supporting materials
might cause damages to delicate printed substrates [262]. For
example, a complex bucky ball-shaped substrate was 3D prin-
ted with a highly stretchable material (SUV elastomer polymer
resin) through the DLP technique and then used as conductive
switch after being coated with silver nanoparticles [262]. It
could be switched on and off through the deformation of the
structure (figure 4(d)).

Despite 3D printing technologies enabling the fabrication
of objects with complex shapes, the integration with thin-film
electronics and sensors is still a challenge because their fab-
rication requires processes that are not compatible with the
materials used in 3D printing techniques. Therefore, molding
(section 3.5) might represent a more suitable alternative for
building substrates with complex shapes [133, 275].

3.5. Molding

To fabricate substrates with high stretchability, bendability,
and conformability, molding is an established technology. It
relies on pouring a non-cured material in a mold so that it can
be cured e.g. by UV light-based photopolymerization or heat-
ing. This method is employed for creating elastomeric sub-
strates and consists in injecting non-cured material between
two parallel structures, like microscope glass sliders, that are
separated by a spacer to set the thickness and then carry out the

1

curing process. It has been used to fabricate planar substrates
[50]. For example, a 125 pm thick shape memory polymer
substrate [160] was fabricated, having a electro-beam evap-
orated Au layer onto it. Similarly, a 1 gm thick shape memory
polymer substrate was fabricated with a following addition of
thermal-evaporated inverted top-emitting OLEDS [161].

Coating the parallel structures with metal before injecting
or pouring the non-cured material is an straightforward way
of creating metal layers during the molding process. When
the substrate is separated from the mold, the metal layers are
already affixed on its surface. For instance, a shape memory
polymer substrate was fabricated using a monomer solution
in parallel microscope glass slides, in which one of the glass
slides was coated with a 100 nm of gold beforehand. The pos-
terior UV light-based photopolymerization resulted in a sub-
strate with a gold layer adhered onto it, ready to go through the
following patterning and etching process for the fabrication of
OTFTs [163].

The molding technique can also be used to fabricate engin-
eered substrates (section 4.7), which are composed of sep-
arate parts that are later bonded. This approach could res-
ult in carriers with increased functionality. As an example,
a 560 pum thick PDMS layer was spin-coated on a mold
with a specific shape (squared, hexagonal, and circular) then
positioned on top of a second PDMS layer and bonded on
the top of a planar PDMS substrate, resulting in a sub-
strate that can withstand stretching, bending and twisting
deformations [133].

3.6. Others technologies

Alternative technologies and approaches have been proposed
for electronics fabrication on unconventional substrates.
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Figure 5. Transfer printing. (a) Electronics transfer on PVA substrate is achieved through thermal tape process pressed onto the electronics
on a sacrificial layer [187]. (b) and (c) Free-standing electronics on 1 um thick parylene obtained by water dissolution of a sacrificial layer
[53]. (d) Cilia-assisted transfer printing of ultra-thin electronics on textile. The device fabricated on a bilayer sacrificial layer is transfer on a
pre-treated substrate with a PMDS solution. Repeatedly dropping the PDMS solution gradually dissolves the supportive layer. After the
complete dissolution, the cilia wraps around the textile [62]. Pictures reproduced with permission.

Transfer printing offers a suitable route when high depos-
ition temperatures or chemical processes can destroy the sub-
strate. The electronics fabrication is carried out on a rigid
carrier involving one or more soluble sacrificial layers, and
after its dissolution, the electronics is transfer on to the
desired substrate through PDMS stamp [54, 125, 191, 222,
228], thermal tape process [108, 186, 187, 228] (figure 5(a)),
water-soluble tape [88], or mechanical detachment [83, 122].
Another strategy to avoid vacuum process issues on sens-
itive elastomeric substrates consists in a transfer-free pro-
cess [131]. The active substrate was deposited on top of
electronics which were fabricated on a sacrificial layer. The
elastomer adhered on the electronics remained attached to
the substrate while the sacrificial layer was etched. Exploit-
ing the dissolution of a sacrificial layer can also be benefi-
cial for free-standing electronics on ultra-thin substrates that
could not directly undergo the electronics fabrication pro-
cess [29, 53], as shown in figures 5(b) and (c). Here, the
substrate itself is deposited on top of the sacrificial layer

on a rigid support, undergoing all the electronics fabrica-
tion process, and it is released from the carrier after dissol-
ution. The same process was also used for micro-robots fab-
rication [241]. Another achievement involving the dissolution
of a sacrificial layer consists in self-rolled electronics where
micro-fabricated layers reshape in a micro-tubular structure
due to etching of the sacrificial layer and strain engineer-
ing [234, 240, 251, 276, 277]. When the transfer involves thin-
film device on textile, transfer assisted process can be used to
ensure the conformability on the substrate [62]. Cilia-assisted
transfer printing, represented on figure 5(d), exploits cilia at
the periphery of the substrate allowing a reliable wrapping
around the textile threads. Moreover, cilia serve as dampers
to release stress during mechanical deformation.

Finally, smart textiles carrying thin film devices were cre-
ated using dedicated textile manufacturing techniques such as
weaving [197, 202, 202, 215], twisting [142, 203], knitting
[214], and braiding [208]. In the present-day garment supply
change speed is vital for the mass production of textiles [278].
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Therefore, utilising already established textile manufacturing
techniques enable researchers to effectively produce smart tex-
tiles with flexible electronics.

4. Substrate properties

Substrates comprise a fundamental part in the design and
building of thin-film devices. In sections 4.1-4.3, the
properties of mechanically actuated substrates for micro-
fluidic system and metamaterials are presented, respectively.
Sections 4.5 and 4.6 introduce micro-fabrication strategies
and composite materials for strain engineered and functional-
ized substrates with enhanced mechanical properties. Finally,
section 4.7 discusses several approaches to obtain 3D sub-
strates.

4.1. Mechanical actuation

Mechanical actuation in substrates for thin-film electronics
consists in inducing materials to perform mechanical activit-
ies, such as grasping, handling, or moving. It can be realized
through materials responsive to external stimuli, such as mag-
netic fields [89, 150, 151, 279, 280], temperature [99, 160—
166, 241], chemicals [222], and air pressure [132].

Shape memory polymers (section 2.1.2) represents a suit-
able option to build substrates for mechanical actuation
[161-166, 175]. The ability to be triggered by differences in
temperature makes it possible to assume a specific shape [148].
It can be further exploited when combined with other materi-
als, such as magnetic particles [89, 279], to realize structures
that can also be responsive to magnetic field. For example,
NdFeB microparticles mixed with thiol-ene/acrylate resulted
in a substrate that could assume pre-programmed shapes when
heated by a magnetic field and with temperature differences
[279]. However, due to the time-depended nature of the shape
memory phenomenon in polymers [89], the response of the
substrate was slow, requiring around 8 s for a complete actu-
ation. A faster, near instantaneous response was verified when
NdFeB microparticles were mixed with PDMS resulting in
a substrate that yielded complex patterns and shapes, like
curling, buckling, and folding in a controlled manner [280]
(figures 6(a)—(c)).

Shape-memory behaviour, as a response to temperature
variation, was used in stiff islands interconnected by shape
memory alloy wires, nitinol (NiTi), on a PDMS substrate [99].
Current flowing through the actuated wires induced the shrink-
ing and the relaxing condition of the NiTi as well as the con-
traction of the elastomer, leading to the bending of the whole
system (figure 6(d)). No thin-film electronics was integrated,
but commercial LEDs on an electrode on the surface remained
functional at a bending radius of 10 mm. A thermal responsive
hydrogel was also employed in a bilayer structure with an iron
film to force the bending of the metal to grasp/release micro-
wires [241].

Pneumatic pressure was employed as a controlling mechan-
ism of a soft-gripper [132]. As shown in figure 6(e), the actu-
ation was obtained by bonding a non-stretched polyimide film

with a PDMS frame-layer on a pre-stretched silicon rubber.
A hole was patterned on the second polyimide layer hosting
the electronics and forming the air channel to allow the air-
flowing. A controlled rolling around an object can be obtained
down to a bending radius of 1 mm depending on the substrate
thickness.

Electrochemical actuation exploiting highly reactive Pt
metal films was employed for microrobot legs [222]. Capped
thin-film layers of Pt electrochemically reacted in solution
and bent due to species adsorption (figure 6(f)). While the
legs’ bending was affected by the amount of the adsorbed spe-
cies, the voltage applied to the electronics on the robot body
controlled their helix-curvature and actuated the movement
(figure 6(g)).

Although many advancements have been achieved to
build substrates that can respond to external stimuli, there
are still uncovered areas. For example, thin-film electronics
and sensors can benefit from the shape memory [147] and
pseudoelastic phenomena [173] of thin-film shape-memory
alloys [281], as these alloys can be trained [282] to assume
complex shapes and are triggered by heating.

4.2. Microfluidic systems

Microfluidic systems precisely manipulate fluids in channel-
like geometries at the micro scale. It has gained attention
since the 80s [138], providing advancements in many research
fields, such as chemistry, biology, medicine and physical
sciences [283-286]. Microfluidics can be combined with
electronics, for example, transistors and diodes [284, 287]
and sensors [248, 285], enabling applications that would be
impossible to realize using only rigid and stiff electronics
devices [139].

In the design and fabrication of microfluidic devices,
various elastomers have been employed, such as poly-
styrene [288], and poly(methyl methacrylate) [289]. How-
ever, PDMS is the most popular polymer used as substrate
[139, 248, 288, 290].

When it comes to combining microfluidics with flex-
ible electronics, conductive liquid-filled elastomeric chan-
nels can be employed to overcome the mechanical mismatch
between metals (e.g. gold, copper, silver) and elastomers [84,
128]. Because of their excellent electrical conductivity, liquid
metals at room temperature such as eutectic gallium-indium
[139, 247, 248] and gallinstan [139, 185, 247] have been used
as conductive fillers of microfluidics [290]. Furthermore, they
provide reliable electrical connections in the channels even if
the structure is severely deformed (figure 7(a)) [139]. Thus,
conformal electronics can be built through microfluidic sys-
tems by embedding liquid conductors, electronics devices, and
circuits into elastomer materials [290, 291]. Figure 7(b) shows
a flexible antenna with microfluidic channels filled with galin-
stan that can change its properties through pneumatic inflation.
The resonant frequency could vary in the range of 426-542
MHz, depending on the level of inflation [292].

The fabrication of active components using the current
microfluidic technology is still a challenge, as monolithic
fabrication for active components represents a barrier for
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making fully functional microfluidic electronic systems [285].
On the other hand, hybrid integration of functional parts fab-
ricated by many processes [138, 284, 293, 294] or materials on
substrates have been used to make advanced systems [290], in
which the liquid metal contacts rigid components. The strain
of these advanced systems is absorbed by the elastic substrate
and the rigid parts are protected, avoiding damages to the rigid
parts [286] (figure 7(c)).

Monolithic integration of microfluidics and electronics on a
paper was demonstrated by Hamedi ef al [285]. Here, printing
2D and 3D fluidic and electrofluidic, and electrical compon-
ents on a paper substrate allows the development of devices,
such as printed batteries, which were able to keep a LED on for
15 s (figure 7(c)), and multilayer circuit boards (figure 7(d)).

4.3. Metamaterials

Metamaterials are a class of artificial materials exhibiting
unique properties, such as acoustic [271, 295-298], and elec-
tromagnetic [299, 300] wave control, that cannot be found
in nature [237, 242, 244, 271, 301, 301-306]. Essentially,

metamaterials are the composition of architected unit cells
with specific properties and geometries distributed along with
a host structure [237, 242, 244,271, 302-304, 307, 307-317].
The interaction between the unit cells and the host structure
provides the metamaterials with their unique characteristics
and functionalities [304]. Although the unit cells can be a pat-
terned modification of the host structures [271], they are nor-
mally fabricated and then added to the host structure or fabric-
ated directly in the host structure [237, 244, 302].

Most of the metamaterials that employ substrates and thin-
film electronics are related to electromagnetic applications to
manipulate waves in the range of terahertz frequencies [237,
242, 244, 307, 318, 319]. In this case, the substrate plays
the role of a host structure, and the electronics, the role of
the unit cells. Hence, the interaction between the electromag-
netic properties of the substrate and the electronics allows the
unique functionalities of these metamaterials.

In this class of materials, the substrates are fundament-
ally active because they can provide low electromagnetic
loss [244], high response at terahertz frequency range [242],
electrical conductivity, or wide band gaps [308]. Additionally,
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the terahertz metamaterials’ substrates can also benefit from
mechanical properties like stretchability, bendability, and con-
formability which can be provided by polymeric elastomers
[242, 320].

Among many materials that can be employed as substrates
for electromagnetic metamaterials, PDMS [307, 309, 318],
parylene [244, 310, 311], polyimide [312, 313], and quartz
[237] have been used, mostly because of their electromagnetic
properties, such as the relative permittivity and the loss tangent
[242].

Polyimide is the most used material for substrates in
metamaterial applications. It presents a loss tangent of 0.031
between 0.2 THz and 2.5 THz [242, 312, 313]. It also provides
strong adhesion to metals and mechanical stability, which
facilitates fabrication [242, 315]. Parylene-based metamater-
ials enables devices that can withstand temperatures in the
range from —200 °C to 200 °C, keeping their low-loss per-
formance [242, 316]. It also demonstrates low-loss perform-
ance in the terahertz regime [242, 244, 310, 311], with a con-
stant refractive index of 1.6 between 0.45 THz and 2.80 THz.
In addition to being a low-cost material and the ease of fab-
rication, PDMS presents a permittivity of 2.35, a loss tangent

of 0.04, and demonstrates a moderate dissipation across the
terahertz frequency range [242, 309, 318].

Recently, cyclic olefin copolymer (COC) has gained atten-
tion because of its loss tangent of 0.0007 across the entire tera-
hertz range (0.1-10 THz), which is three orders of magnitude
lower when compared to the frequently used polymeric sub-
strates [242, 321, 322] and enables electromagnetic devices
across the entire terahertz regime [242, 317].

Although non-flexible, other materials have also been
employed as substrates for electromagnetic metamaterials,
such as quartz (SiO,) [237], sapphire [323], and silicon nitride
(Si3Niy) [324]. They are attractive because of their availabil-
ity, low loss, high permittivity, and ease of handling [242].

4.4. Transparent substrates

For many applications, such as health monitoring systems,
smart glasses, and contact lens, transparency is important [51].
To realize transparent, stretchable, and bendable substrates,
PET [20, 325, 326], parylene [53, 56, 82, 115], and PDMS
[51] have been used. Transparency can also be important for
applications in which bendability and stretchability are not of
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interest. In this case, materials like PI [327] or even a mixture
of polymers [328], have been exploited.

To accurately map the temperature of complex and del-
icate surfaces, such as fresh food (figure 8(a)), 120 nm
thick PEDOT:PSSa was spray coated on top of a 1.4 um
thick PET substrate [326]. Here, the combination of PET
with PEDOT:PSS endowed the device with transparency at a
stretched state, while in the wrinkled stated it became trans-
lucent. In another example, an imperceptible magnetoresist-
ive e-skin sensor was developed to endow humans with a
sixth sense, detecting the presence of static and dynamic
magnetic fields (figure 8(b)) [325]. Co/Cu and multilayers of
Nig;Fe 9/Cu were added on top of a 1.4 pm thick PET foil
substrate. Besides the bendability and the good adhesion on
human skin, the PET foil also ensured the imperceptibility of
the device due to its transparency (figure 8(c)).

To accurately map the temperature of complex and delic-
ate surfaces, such as human skin or a soap bubble (figure 8(a))
or food (figure 8(c)), 120 nm thick PEDOT:PSSa was spray
coated on top of a 1.4 pum thick PET substrate [325]. Here, the
combination of PET with PEDOT:PSS endowed the device

with transparency at a stretched state, while in the wrinkled
stated it became translucent. In another example, an imper-
ceptible magnetoresistive e-skin sensor was developed to
endow humans with a sixth sense, detecting the presence of
static and dynamic magnetic fields (figure 8(b)) [325]. Co/Cu
and multilayers of Nig; Fe 9/Cu were added on top of a 1.4 um
thick PET foil substrate. Besides the bendability and the good
adhesion on human skin, the PET foil also ensured the imper-
ceptibility of the device due to its transparency (figure 8(c)).
Parylene was used as a substrate to fabricate transpar-
ent, ultraflexible, and active multielectrodes arrays, which
consisted of organic electrochemical transistors and semi-
transparent Au grid wirings for local signal amplification
[115]. The device was used to map electrocorticogram elec-
trical signals, as demonstrated in figure 8(d). In another
example, transparent and unobtrusive transistors and strain
sensors were fabricated on top of 1 um thick parylene [53].
Here, the substrate was transferred to a commercial polymeric
contact lens, indicating a possible application in monitoring
and diagnosing eye diseases, such as glaucoma (figure 8(e)).
Similarly, ultra-thin transistors were deposited on top of 1 um
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thick parylene to form imperceptible humidity sensors [82],
achieving overall transparency of 90% (figure 8(f)).

High transparency can also be achieved through PDMS.
To demonstrate the fabrication of imperceptible electronics
on 3D surfaces, such as leaves or human skin (figure 8(g)),
PDMS was used as a substrate for a full-wave rectifier based
on IGZO/NiO diodes in a bridge configuration with indium-
tin-oxide (ITO) [51]. The electronics on the substrate exhib-
ited transparency up to 71.6%.

Transparency is also possible through combining different
polymeric materials. To fabricate strain sensors and acous-
tic transducers for epidermal and implantable electronics, an
ultra-thin transparent dielectric substrate was realized through
dissolving and mixing polymer particles, such as PVA, PU,
PI, and PVDF [328]. The substrate was used in the fabrica-
tion of a transparent piezoelectret with a sandwiched struc-
ture (electret/dielectric substrate/electret) reaching transpar-
ency higher than 80%.

4.5. Microstructured substrates

Micro and nano-technologies enable the fabrication of thin-
film electronics on substrates that can be compressed and
stretched by maintaining the electronics performance. Even
though 1 pum thick-substrate can achieve a bending radius
up to 50 um [53] and composite elastomer provides a
stretchability >1000% [46], limitations on these values arise
from the mechanical load experienced from the electronics.
Enhancement of electronics performance, mechanical proper-
ties, and how they influence each other can be achieved by
micro-fabrication procedures and design for micro-structured

substrate. Researchers have proposed neutral plane electron-
ics [49, 83, 85, 101, 102] and electronics fabrication on
wave-like substrate [49, 51, 84, 86, 128, 129] as strain-
relief techniques. Other approaches regard the fabrication of
microstructures, like islands, on the substrates [134, 137], or
design strategies of micro features on substrates [117] and
electronics [93, 104, 116].

Neutral plane methods position the electronics between
two layers, with the same thickness and Young’s modulus.
This guarantees a sensible reduction of the stress experienced
from electronics improving the bendability before failure. It
was proven that neutral plane IGZO TFTs underwent 0.023%
strain at the surface while a strain of 0.48% was observed
without encapsulation when performing a cycling bending
experiment at a radius of 250 pum. Moreover, mobility of
22 cm? V~!'s~! was measured, proving the performance sta-
bility under mechanical stress [83]. The example employed a
1.5 pm thick polyimide for both the substrate and the encapsu-
lation, but the approach was also proven with polyimide thick-
ness of 12.5 ym [102], and 50 pm [101].

Wave-like substrates are characterized by wrinkles allow-
ing stress relief on the electronics, and the improvement of the
maximum strain applied on the system. Different approaches
have been used to develop wrinkles. One way is a transfer
process of the fabricated electronics from a carrier to a pre-
stretched substrate [49, 84]. As it is shown in figure 9(a),
an array of transparent ZnO TFTs experiences wave-like
bridge interconnections that relaxed when the substrate was
5% strained by allowing tensile-compressive cyclic tests with
just a 10% reduction of the average mobility [49]. Figure 9(b)
represents a 1 pum thick parylene membrane with passive
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components, IGZO TFTs, and logic circuits transferred on
a pre-stretched elastomer undergoing wrinkles when relaxed
and that can be stretched up to 210% [84]. Another method to
achieve wave-like substrate is by constraining an elastomeric
active substrate, like PDMS, with a high thermal expansion
coefficient, on arigid carrier, like Si, with a low thermal expan-
sion coefficient [51, 128]. Due to this difference, the PDMS
swelled during the electronics fabrication and substrate pre-
paration process resulting in wave-like substrates after releas-
ing from the carrier through a sacrificial layer. Improvements
in the bendability of the system were observed down to a min-
imum bending radius of 13 pm and maximum strain on the
electronics of 5%, figure 9(c). Wrinkles can be also obtained
as a consequence of substrate surface modification [86]. Mod-
ified PDMS (m-PDMS) with a hydrophilic coating developed
wrinkles after parylene deposition enhancing the stretchability
from 100% of pure PDMS up to 160%.

Microstructured stiff islands on the substrate aim to host
no-stressed electronics when the substrate is stretched or bend
[134, 137]. Figure 9(d) shows a TFT fabricated on a rigid
island whose long metallic pads run towards other SU8 islands
[134]. This configuration avoids any strain on the TFT when
stretched up to 20%, and the flexible metallic wires ensure no
fractures at the joined part. Having a good adhesion between
the substrate and the island is fundamental, and a stretchable
buffer stage between them can avoid the issue [137].

Moving to the design strategies, it was shown that commer-
cial porous PET membranes (porous diameter equals 11 pm)
as a substrate for Au electrodes ensured 33% higher metal
conductivity, avoided Au fractures under bending compared
to non-porous substrates, because of reduced tension on the
PET membrane [117].

Researchers also showed that micro-patterning and the
shape of the electronics materials can be adjusted to develop
mechanically-resistant devices with stable or enhanced elec-
trical parameters. As shown in figure 9(e), TFTs patterned
with a matrix of holes prevented cracks propagation and device
failure [104]. Semi-circular patterned OTFTs metals contacts
maintained the switching behaviour under 10% of uniaxial
strain while loosing of the performance was observed for
a linear pattern [93]. Micro-patterned hydrogel through UV
photolithography between two ITO electrodes in a capacitive
pressure sensor favoured the accumulation of ions under pres-
sure due to an increase in the contact area at the interface by
improving the sensitivity [116].

4.6. Composite substrates

Composite substrates consist of a homogeneous mixture
[46, 87,279] or a heterogeneous integration [131, 135, 136,
150, 239] of two or more materials forming a substrate. Com-
posite mixtures can enhance or reduce the properties of cer-
tain materials. For instance, a homogeneous composite eco-
flex/hydrogel substrate leads to a Young modulus of 0.005 Pa
that is lower than that one of ecoflex (0.69 Pa) [46]. As
consequence, a metal conductor on the homogeneous compos-
ite can be stretched by 1780% without delamination while a
smaller maximum strain is achieved with pure ecoflex. On the

other hand, glass fabric embedded within a gel-resin favoured
the reduction of its thermal expansion coefficient making
it suitable for high temperature process electronics fabrica-
tion [239]. Homogeneous mixing or heterogeneous integra-
tion also allows the functionalization of the substrate. Mag-
netic actuation was achieved by composite shape memory sub-
strates containing magnetic nanoparticles in a mixture [279]
or dispersion [150] within the polymeric matrix. Enhanced
adhesive and mechanical properties of PVA was obtained
by hydrophobic-hydrophilic behaviour of UV sensitive TiO,-
carbon dots (CDs) solution-processed in PVA [87].

Heterogeneous composite substrates overcome issues
related to the fracture limits of electronics. Strain engineered
substrates were achieved by stiff polyimide islands coated
with a PDMS mixed with a photo-inhibitor solution as shown
in figure 10(a) [136]. UV exposure of the PDMS softened the
elastomer in the region without the island resulting in a harder
area where the OTFTs were fabricated. The stiffness gradient
ensured <1% of stress on the electronics when the substrate
strain was up to 13%, and the fabrication can be performed
without swelling of the PDMS. 0% of strain in In,O3 TFT
was obtained by fabricating electronics on rigid SU8 islands
patterned and embedded in a PDMS substrate [131]. Due to
the stretchable composite interconnections AgNWs/Au the
electronics can be contacted in a fully foldable configuration,
as shown in figure 10(b). Measurements of the conductivity
showed good stability of the electrical interconnection when
the percolation pathway of AgNWs is coated with a Au film
in a composite stacked layers PDMS/AgNWs/Au due to the
embedding of the nanowires in the PDMS, while the con-
ductivity is lost in the case PDMS/Au/AgNWs due to the
mismatch between PDMS and Au causing metal cracks. To
overcome issues related to interfacial stress, locally reinforce
composites are proposed. Figure 10(c) depicts the distribu-
tion of iron-coated alumina plateletes in a micro-width area
(down to 20 pum) within the polymeric substrate to increase the
Young modulus of the substrate in that area [135]. The plate-
lets distribution was controlled through a magnetic tape and
resulted in a PDMS, PU, and PVA stiffness increase by 558%,
478%, and 265% respectively. Despite that, this strategy led
to rough substrates causing an yield of 11% yield of in the
TFT fabrication.

For the sake of completeness, it is reported that also elec-
tronic materials can become composite when mixed with elast-
omer to achieve stretchable semiconductors [76, 230] or per-
colation pathways within rubbery polymers [91].

4.7 3D substrates

Creating conformable 2D electronics on rough or not-flat sur-
faces remains challenging due to the rupture limits of elec-
tronics and substrates. Complex 3D substrates can be real-
ized through 3D printing [259, 329] (section 3.4), however,
there are no reports of electronics benefit from 3D prin-
ted substrate. This is mostly due to the high temperatures
required for the fabrication of thin-film electronics and the
chemical processes which are incompatible with materials
used for 3D printing [176, 255, 262, 268]. Therefore, 3D
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self-assembling structures [132, 234, 240, 251, 277, 279, 280,
330-333], kirigami inspired systems [334-338], and mol-
ded substrates [133, 275] represent an alternative approach to
obtain electronics-integrated into 3D architectures.

3D self-assembly processes consist of a substrate that is
forming from a planar configuration, suitable for electronics
fabrication, to a 3D shape. Depending on the mechanism indu-
cing the shape morphing, micro-tubular devices [234, 240,
251, 277, 330-332, 339] and origami systems [279, 280] are
distinguished. The most widely known mechanism to real-
ize rolled-up microtubes consists in -plane stress generated
between single layers of a multi-layered system. As shown
in figure 11(a), the selective etching of AlAs induced the
rolling of the successive layers due to built-in strain in the
InGaAs/GaAs semiconducting layers [240]. Field-effect tran-
sistors were fabricated starting from the pre-strained semicon-
ductors and the electronics performance remained stable after
self-rolling. The same approach was used for a micro-battery
shownin figure 11(b) [330]. Swelling processes of a hydrogel
layer due to water absorption can also induce the rolling pro-
cess [234, 339]. Micro-tubes were also obtained by the stress-
inducing from the difference in thermal expansion coefficients
of the deposited materials [277, 331]. Another way to induce
rolling from a planar state is through magnetic fields. A rotat-
ing magnetic field was applied to a 2D planar nanomembrane
having a magnetic film incorporated into it [332]. This resul-
ted in a magnetic torque that assembled the structure forming
a high-performance energy storage capacitor with volumetric
capacity >104 Cm—3.

Origami is a folding technique that has been applied in
many science and engineering fields [258]. It is beneficial in
designing 3D substrates that are folded from an initial plane
2D structure. [279, 280]. An origami shape memory polymer-
based structure embedded with magnetic particles was capable
of assuming a 3D configuration depending on the incidence

of light and magnetic field [279]. To enable the 3D substrate
folding mechanism, only specific parts of the substrate were
magnetized so that the planar structure could fold in specific
regions (figure 11(c)). Similarly, the integration of PDMS with
magnetic nanoparticles was also successful in achieving com-
plex movements [280].

Kirigami is another technique that allows the construc-
tion of 3D structures out of planar structures [258]. Differ-
ent from origami, kirigami involves cutting to resemble a
3D shape when stretched. To overcome the decrease in per-
formance after deformation in solar cells, paper-based per-
ovskite solar cells were fabricated with a kirigami geometry
on ultrathin cellophane substrates to yield high stretchabil-
ity [335], as shown in figure 11(d). This achieved a strain
up to 200%, a twisting angle of 450°, a bending radius
down to 0.5 mm, and a high mechanical endurance with
stable performance after 10 000 stretching, twisting, and bend-
ing cycles. Kirigami was also exploited in paper electronics
(PE), to reduce the fracture of conductive nanosilver elec-
trodes while strain was applied [336] (figure 11(e)). When
compared to a similar PE in which no kirigami design
was employed, these electrodes exhibited 85% lower vari-
ation in resistance during folding tests and superior durab-
ility after 100 twisting cycles. To acquire electromyography
(EMG) signals and reduce the adhesion problem between
muscle tissue and elastomer-based bioprobes, a donut-
shaped parylene 3D substrate kirigami [337] presented bet-
ter performance when compared to the traditional bioprobes
(figure 11(f)). In this case, the kirigami substrate surrounded
the whole muscle, resulting in a low effective Young’s mod-
ulus more compatible with the muscle, a maximum stretch-
ability around 226%, an easy fixation to the tissue, and a
more stable EMG signal. Moreover, no plastic deformation
was observed after 1000 loading cycles with a maximum strain
around 200%.
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[335]. (e) Nanosilver electrodes with a fully folded kirigami structure [336]. (f) Illustration of the kirigami-structured bioprobe surrounding

the muscle [337]. Pictures reproduced with permission.

Finally, several studies [133, 275, 340-344] presented
approaches to fabricate 3D-shaped substrates pillar structures,
as this allows augmented flexibility due to the reduction of
the mechanical strain experienced by the electronics fabricated
onto them. Here, a simple technique to achieve this is mold-
ing, described in section 3.5. For instance, GaAs solar cells
were added to strain relief structures on a 3D PDMS substrate
[275], providing a stretchability of 0.4% on the pillars, and an
overall stretchability of 20%. Similarly, a 3D PDMS substrate
composed of a 2D plane layer with bonded pillar-like struc-
tures could provide stretchability, twistability up to 180°, and
bending radii down to 6 mm [133]. Because the deformation
was concentrated on the plane 2D layer, the electronics per-
formance was not affected, by the deformation.

5. Applications

The substrate properties, the broad range of materials for
thin-film electronics, and the evolution of fabrication meth-
ods allow applications in different fields. In section 5.1, bio-
medical systems as epidermal patches and functionalized

implants are described with a special focus on edible elec-
tronics. Monitoring systems and sensors for smart agricul-
ture and food quality control are shown in section 5.2.
Section 5.3 discusses the advancements in robotics, from
large to micro-scale range. The class of metamaterials
and their applications in the terahertz frequency range is
introduced in section 5.4. Finally, wearable systems and
the integration of electronics with textiles are presented
in section 5.5.

5.1 Biomedical

Thin-film electronics for health care monitoring and med-
ical therapy have been proved. The fabrication on biocompat-
ible active substrates and the research on bioresorbable and
ingestible electronics materials, as reported in sections 2.1
and 2.2, have enabled the possibility of electronics integra-
tion on-skin as well as in-body. In the following, epidermal
compliant active systems are presented and bio-implantable
and digestible systems are discussed as an alternative to
conventional medicine.
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5.1.1. Epidermal system and artificial skin.  The suitability
of thin-film electronics for on-skin applications relies on the
intrinsic properties of active substrates. The employment of
stretchable and flexible materials has allowed systems with
proper adhesion and conformability to the epidermal rough-
ness [46, 51, 84, 88, 91, 98, 126, 345]. Transparency and
lightweight guarantee imperceptible and unobtrusive systems
[51, 53, 82, 126, 141]. Hypoallergenic patches avoiding skin
inflammations benefit from biocompatible materials ensuring
safe electronics operations [30, 77, 88]. Additionally, they can
biodegrade, allowing the development of disposable medical
systems. The applications can consist on diagnostic systems
[98, 126, 346, 347], wound healing process [348] or skin con-
ditioning sensors [46, 91].

A multi-functional device for biosignal monitoring con-
sisting of temperature, UV, electrocardiogram (ECG) sensors,
and printed accelerometers, for motion sensing, was fabric-
ated on PET and PI substrates [98]. A kirigami-like design
of the substrate, as described in section 4.7, was employed
to prevent stress and failure of the electronics under strain
when applied on a human chest and tested during different
motoric activities. The temperature and UV sensing process
relied on CNT TFTs, showing a constant outcome when no
temperature and light variations occurred while running/rest
tests proved the ECG sensor and the accelerometer’s detec-
tion capability. An EMG sensor was also fabricated on a PVA
substrate because of its capability to ensure a proper adhesion
on-skin [126]. Thermal treatment of PVA allowed the custom-
ization of its swelling rate due to water or moisture adsorption
as described in section 2.1.3, ensuring mechanical conformab-
ility and sensor functionality. The employment of elastomers
prevents electronics failures, even while a mechanical strain
is applied. In this regards, organic TFTs pressure and strain
sensors were fabricated by dispersing conductive and semi-
conducting materials within a stretchable PDMS matrix and
tested as an artificial skin on a robotic hand [91]. The system
was used for sign language interpretation and was character-
ized by a stable gauge factor around 33, while a strain from
10% to 50% was applied. A printed pressure sensor embedded
on an ecoflex-hydrogel bilayer was also proposed to guaran-
tee the electronics functionality under mechanical stress [46].
The low modulus of elasticity of the hybrid substrate, which
is around 0.005 Pa, ensured a proper sensor response when
applying on fingers undergoing folding/flatten cycles.

Smart epidermal systems also required the development of
a wireless powering system and signal processing to be non-
invasive. A Bluetooth transmission system consisting of a flex-
ible and biodegradable sensor was proposed [88]. Despite the
device being portable, it resulted in a tethered system because
of the connection with the rigid electronics board. The suitab-
ility of a thin-film rectifier as wireless energy transmission cir-
cuits based on inductive coupling was proved on both parylene
[84] and PDMS [51]. Although the electronics miniaturization
ensured the imperceptibility of the circuit, this limits the max-
imum output power.

Current challenges remain the integration on epidermal
patches of an efficiency powering system and the energy trans-
mission over long distances.
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5.1.2. Functionalized implants. ~ Researches on biocompat-
ible materials have encouraged the fabrication of in-body
devices as a promising approach for non-invasive medical pro-
cedures [60, 80, 181, 182, 184, 349] and biosignals mapping
[54, 115, 132, 183, 223, 251, 350].

Materials for functionalized implants must be chemic-
ally stable when immersed in biofluids ensuring reliable
electronics performance and providing sufficient mechanical
adhesion on the target organ without compression damages.
In this regard, shape-memory materials (section 2.1.2) have
been shown their suitability because of the possibility to con-
trol their stiffness. For example, thiol-ene/acrylate is char-
acterized by a reduction of the glass transition temperature
(from 70 °C to 37 °C) when exposed to a physiological
environment that lessens its Young’s modulus [118]. Hence,
the softening of the polymer after the implantation has been
explored to develop cortical probes for in-vivo recording of the
neural activity [350]. A flexible polyimide/PDMS substrate
that can be wrapped around blood vessels by air-pressure con-
trol, as described in figure 6, has also been proposed to achieve
proper implant adherence [132]. Here, thin-film temperature
and strain sensors were fabricated showing a reliable detec-
tion of blood vessels pulses compared with the conventional
measuring system.

Vital signals monitoring also demand a data acquisition
and transmission system. In-vitro experiments on a Swiss-roll
nerve cuff (described in section 4.7) have reported the per-
formance of IGZO transistors and circuits in detecting ionic
liquid when neural stem cells were growth within the micro-
tubular structure [234]. It was also proved the monitoring of
cardiac cells proliferation in a tissue-repairing patch due to
interaction between the cells in a nanofibre scaffold coating
a Au electrodes matrix [349]. Here, the electrodes were used
for signals detection from the cells and their stimulation, but
also to activate the release of drugs hosted in a porous hydro-
gel membrane within the matrix, as shown in figure 12(a).
The charged structure of the hydrogel allowed the on-demand
release of the drug molecules stored in the hydrogel matrix
thanks to its swelling during immersion in the solution. To
achieve a transmission system in in-vivo and untethered sys-
tem, as well as the control of the implants functionalities, elec-
tronics, and biological parameters, have been accounted for a
trade-off between antenna dimensions and power efficiency.
As an example, a miniaturized helical antenna was optimized
to provide good efficiency in industry-scientific frequency and
accounted for signal penetration between human tissue [251].

Transient materials for implantable systems have gained
attention for the possibility to preserve stable functionality
before dissolution in the surrounding environment, leaving no
harmful residuals [54, 55, 60, 115, 181-184]. Despite surgical
processes are still required for the implantation, the implanted
devices can overcome the limitations of standard therapies
enhancing the effect of the treatment, and their bioresorbabil-
ity prevents possible injuries from a second extraction surgery
[60]. Here, a wireless receiver antenna (figure 12(b)) intercon-
nected with a Mg electrode-cuff was encapsulated in a 30 ym
thick PLGA substrate and used for in-vivo electrical stimu-
lation of nerve and muscle. The device resulted in a quicker
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Figure 12. Schematics of functionalized implants. (a) Cardiac patch consisting of electrodes for signals detection and stimulation, a
nanofiber scaffold for cardiac cells growth, and an electroactive polymer for drug encapsulation [349]. (b), (c) Wireless bioresorbable
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In (b), Mg wires connect the antenna to the PLGA cuff for nerve stimulation. [60]. In (c), Mo wires in a serpentine-design connect the
antenna to the PLGA cuff for nerve stimulation. The polyurethane based encapsulation (b-DCPU) enhances the device stretchability [181].

Pictures reproduced with permission.

recovery when compared to standard therapies, and the resorp-
tion of the system within 2 months was ensured by both the
PLGA dissolution and electronics encapsulation. Due to the
dependence of the transient time on the PLGA thickness, it is
possible to customize the device’s working time [54]. Here, a
multiplexed array of Si NMs metal oxide semiconductor field
effect transistor (MOSFET) (from 64 to 128) was also fabric-
ated on the same substrate for recording cerebral cortex activ-
ity. In-vitro experiments demonstrated the dependence of dis-
solution time on doping and thickness of the NMs allowing
a proper design of the system according to signal monitor-
ing duration. The performance of the device was validated by
comparison with clinical equipment and carried out over one
month, suggesting the importance of wireless data commu-
nication system. A wireless and bioresorbable heating system
based was also fabricated on silk natural fiber [182] because
of its proved biocompatibility [55]. Additionally, wireless data
circuits must be conformable to guarantee the signal acquisi-
tion over prolonged periods. As it is shown in figure 12(c),
an elastic and bioresorbale polyurethane encapsulation com-
bined with serpentine Mo electrodes allowed the minimization
of mechanical stress on the electronics during in-vivo tests that
could cause device failure [181]. This design, as described in
section 4.5, reduced the electronics strain and ensured a stable
operation up to a maximum uniaxial strain of 20% and a dis-
solution time of 50 d.

The rapid advances in materials and system functional-
ity have guided the exploration of digestible and edible elec-
tronics [36]. This new class of smart implants envisions the
tracking of biomedical signs and disorders by inserting elec-
tronic systems in the gastrointestinal tract, paving an innov-
ative route in the field of health monitoring and telemedicine.
Although initial prototypes were suitable only for swallowing
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(endoscopy capsules [351] and smart pills [352, 353]), the
ongoing trend in this field is to design and realize completely
digestible systems, safe for both the human body and the envir-
onment, with no need of recollection [36, 352]. Fully func-
tional systems require the combination of sensing or actu-
ation features (i.e. temperature, pH, gas, pump reservoir),
with powering (i.e. batteries) and data transmission unit (i.e.
antennas), reducing the risk of rejection [354]. To achieve
these requirements, a step forward is constituted by the use
of biocompatible, transient, and natural food-based materials
in the device stack [355]. Passive components, such as capacit-
ors, antennas, conductors [356], as well as active devices, like
field-effect or electrolyte-gated transistors [81, 140, 357, 358],
filters [359], and logic circuits [358], have been presented.

5.2. Smart agriculture and food monitoring

Besides medical applications, the biocompatible, and transient
properties of certain types of electronics have also applications
in the production, storage, and distribution of food. Although
the deployment for soil and food monitoring is still at early
stage, key properties of smart and active systems, including
mechanical flexibility, real-time sensing, and actuation, will
certainly open up future opportunities. In particular, the fol-
lowing two application scenarios promise to become more
and more important in the near future: (a) mapping of the
fruit ripening processes [360, 361], monitoring of the envir-
onmental conditions [43], as well as the presence of nutri-
ents, toxicants and pest infestations in the field. This enables
the efficient and localized use of fertilizers, insecticides, herb-
icides, and fungicides, for a smart approach to agriculture
inspired by Industry 4.0 [362]. The required systems have
to be cheap, compatible, environmetally-friendly and operate
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without an external power supply. Ideally, they will dissolve
after fulfilling their respective task, without leaving behind any
harmful substances [363]. (b) Monitoring of food quality. On
one hand, this can concern environmental parameters in par-
ticular during the transport and retail phase and can e.g. help
to guarantee sufficient cooling of perishable goods [364]. On
the other hand, this involves the reliable analysis and detection
of residuals and foodborne toxicants [365]. Finally, chemical
sensors inside the food packaging can detect indicators of food
spoilage [366] or ripening, such as gas production (ethylene
[367]), humidity and temperature variations, as well as bac-
teria growth [368, 369]. In this way, the whole supply chain
and logistics will be monitored, and customers will be safely
guided, reducing the risk of food poisonings.

5.3. Robotics

From the macro- to the microscale, artificial robotic systems
have supported and influenced our daily-life for decades. A
natural evolution for them to further expand their applications
fields relies on the integration with materials and electronics
for sensing, data transfer, and remote control. Here, robotic
systems are presented. For the sake of comprehensiveness, in
section 5.3.1, an overview on how substrates and thin-film
electronics are integrated with sensing elements and actuators
as a part of soft and macroscale (>cm? scale) robots, is repor-
ted. In section 5.3.2, the attention is focused on the achieve-
ments and current issues in the development of autonomous
microscale (<mm? scale) machines and smart micro-systems.

5.3.1. Softrobots.  Soft robots have been gaining attention in
the last few years for being composed of flexible components
that exhibit many capabilities, including high stretchability,
the ability to conform to irregular geometries or surroundings
and interact smoothly with biological tissues [262, 370-373].

Substrates can be used as components of sensors or actuat-
ors in soft robots. For sensing applications, they are integrated
on the soft robot’s external surface for proprioception, temper-
ature, tactile, or force sensing [50, 374]. For actuating, they can
be used to hold and guide the moving components [99] or they
can be the actuators themselves (section 6).

Electrically conductive silicone filled with carbon black
was used to realize kirigami-inspired soft strain sensors,
enabling a feedback of the 3D configuration of the structure
[375] (figure 13(a)). To measure objects slippage, PEN was
used to fabricate a ferroelectric polymer-based soft sensor con-
sidering parallel and perpendicular forces (figure 13(b)) [121].
A PDMS layer was employed to form a substrate for a T-
type and a K-type thermocouples that were integrated on a
soft micro-finger, conferring tactile sensing abilities to the soft
robot [376]. Figure 13(c) shows a close-up view of the T-
type temperature sensor. Additionally, some applications can
utilize substrates inside the robot structure rather than on the
external surface, as demonstrated by Xie et al [100]. Here,
a flexible piezoelectric PVDF thin film combined with jam-
ming layers was developed to provide proprioceptive sensing
(figures 13(d) and (e)).
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As part of actuators, PDMS was combined with PI and
Au to realize a bio-inspired ultra-thin controllable device that
could simulate the movements of a chameleon’s tongue to
hunt moving insects or mimic the plant’s vine in winding
around a tiny pole [110]. A combination of Au electric traces
in a liquid crystal elastomer doped with carbon black (LCE-
CB) with a PI substrate layer was used to selectively control
different parts of the substrate (figure 13(f)), mimicking the
locomotion patterns of inchworms [48]. In another example,
the shape morphing was controlled through a combination of
PDMS with PEDOT:PSS with hygroscopic properties to form
a single composite material that could change through specific
environmental humidity or the application of electrical current
[130]. Figures 13(g)—(h) show the robot in non actuated and
actuated states, respectively.

5.3.2. Microrobots. Miniaturized systems have been gained
attention for the envisioned functionalities they could achieve
in medical technologies [377], such as drug delivery, or
non-invasive surgery, and for environment sensing and pol-
lutants degradation in energy and green application [378].
Despite smart micro-machines, such as self-propelled micro-
engines [379, 380], cargo loading/transport platform [381,
382], and locomotive programmable and controllable micro-
system [383, 384] have been realized thanks to the materi-
als and technologies innovations, the micro-scale geometry
has limited the electronics integration. These limitations are
mainly represented by temperature and chemicals sensitivity
of the employed materials (such as elastomers and hydro-
gels) as well as their flexibility leading to substrate swell-
ing [128, 131]. A possible way to overcome these limita-
tions is the employment of standard rigid electronics carried
on a silicon wafer that does not undergo mechanical deform-
ation during the electronics fabrication allowing for dimen-
sions scaling. An example of silicon electronics-based walk-
ing micro-robots with 7 nm thick Pt based electrochemical
actuated legs were reported [222]. Standard electronics fabric-
ation followed by a PDMS stamp transfer process (section 3.6)
ensured a large area fabrication of floating microrobots, as
shown in figures 14(a) and (b). The electronics actuation by
laser powering ensured the travelling speed of the microrobot
of 1 ums™!, as described in section 4.1, offering a strategy for
micro- and nano- objects manipulation (figure 14(c)). Never-
theless, the micro-systems bodies consist of 5 pm thick rigid
electronics, far from lying to thin-film electronics definition.
Recently, a self-propelled flexible platform equipped with
a micro-arm to grasp, transport and release micro-objects was
obtained by thin-film electronics integration [241]. The micro-
system was built on bilayer hydrogel/polyimide substrate to
host an on-board circuit consisting of Au receiver coil and two
Ti heaters in contact with Pt electrodes. Using a transfer pro-
cess (section 3.6), the electronics fabrication was carried out
on a rigid carrier and then released for experimental studies,
where the flexibility of polyimide ensured mechanical stability
to the whole system. Repeated compressive tests of the whole
micro-system were performed showing the full shape recovery
after each cycle. The rolled micro-engines at the edges of the
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Figure 13. Active substrates in soft macroscale (>cm?) robots. (a) Pneumatic soft robot with a kirigami-shaped sensor on its surface for
proprioception sensing [375]. (b) Sensor for Object slippage [121]. (c) T-type thermocouple for a soft microfinger [376]. (d) Soft robot
finger with multifunctional jamming/sensing structures [100]. (e) Three fingers gripper for grasping [100]. (f) Beginning (left) and end
(right) of a rolling movement to mimic inchworms locomotion [48]. (g) Beginning (left) and end (right) of the actuation movement of an
electrically driven flower-shaped [130]. Pictures reproduced with permission.

system were obtained by hydrogel swelling during sacrificial
layer dissolution, as described in section 4.7, forcing the bend-
ing of the polymeric substrate. Figure 14(d) depicts the fab-
rication steps and the final micro-system. With the same pro-
cess, a micro-arm was obtained consisting of a hydrogel layer
coated with a Fe/Au layer. The self-propulsion was achieved
by catalytic reaction of the Pt micro-engines in a hydrogen
peroxide solution. A wireless system was used to transfer the
energy from an external coil to the receiver one through induct-
ive coupling and employed for three purposes. First, it was
used to heat the Pt engines through the heater allowed the
locomotion control in terms of speed and directions. Next,
the Fe/Au micro-arm was heated to induce rolling/relaxing
(grasping/releasing) of the temperature responsive hydrogel,
as shown in figure 14(g), and the transport of a Au wire
was proved. Finally, the wireless energy transfer was proved
by switching an integrated IR-LED showing an efficiency of
37% of the transmission/receiver energy system. The micro-
robot provided a valid example of a smart and multifunctional
micro-system. Although that, the use of a non-biocompatible
fuel, such as H,O,, as well as the electronics energy demand
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and supply must be accounted for applications in the micro-
scale range and, potentially, in-vivo.

5.4. Terahertz metamaterials

Terahertz metamaterials have been used as polarizers [309,
312, 313, 318, 322], anti-reflexive layers [316], modulators
[323, 385] and absorbers [324]. They primarily relies on poly-
meric [242, 309, 312, 313, 316, 318, 321, 322] or rigid [237,
242, 323, 324] substrates that interacts with patterned metal
layers, enabling the manipulation of the terahertz frequencies.

Modulation is also possible through active electronics. For
example, a monolithic terahertz metamaterial structure com-
posed of quartz as the substrate and an array of a-IGZO TFT as
the unit cells was developed to manipulate terahertz frequen-
cies [237]. The absorption depth was modulated by tuning the
a-IGZO conductivity via external electrical bias, which can be
a promising tool for efficient real-time control and manipula-
tion of frequencies. A conductive range up to 40 Sm~! with a
resonance at 0.75 THz and a 4 dB relative intensity change at a
forward gate bias of 24 V was verified. Figure 15(a) shows the
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[241]. Pictures reproduced with permission.

incident terahertz waves being modulated by the array of TFT
and figure 15(b) presents a zoom of the structure, showing the
layers of the a-IGZO-TFT.

5.5. Electronic textiles

Flexible electronics combined with textile structures were
employed for numerous wearable and smart textile applica-
tions [386]. Textiles are comfortable to wear and can con-
form onto human body shapes due to the textile’s ability to
bend, drape and sheer. In general, electronic components are
bulky and rigid making them less desirable for smart textile
applications. The flexible nature of thin-film electronics makes
them a preferred alternative for smart textiles. Some research-
ers have developed thin-film devices for smart textiles util-
ising textile fibres and textile structures as substrates [96, 111,
142, 196-203, 205-214, 227, 387, 388]. These devices were
fabricated by either employing vacuum-based thin-film tech-
nologies (section 3.1) [113, 196, 199, 200], solution-based
processing (section 3.2) [201-203, 207, 209, 210, 212, 213],
molding (section 3.5) [198] or cilia assisted transfer printing
(section 3.6) [62]. Subsequently, others have textiles carrying
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prefabricated thin-film devices within it [47, 62, 92, 95, 97,
113, 119, 146, 204, 215, 217-219, 227, 389, 390].

5.5.1. Textiles comprising of thin-fim conductors and sensors.
A preeminent factor when fabricating electronic textiles is to
identify methods of creating conductive pathways and struc-
tures in the textile. To this end, researchers have investig-
ated the feasibility of creating simple thin-film structures such
as electrodes and resistors [62, 199-201, 212, 214]. These
devices were either fabricated directly on a textile substrate
(an example of this is displayed in figure 16(a) [199-201, 212],
created using a textile manufacturing technique [214], or trans-
ferred onto a textile structure as shown in figure 16(b) [62].
The ability of textiles to comfortably drape over several
areas of the human body enables sensors integrated on or
in the textile to closely monitor important parameters of the
body. Therefore, sensing textiles is one of the most promin-
ent areas of research in electronic textiles [195]. Several tex-
tiles carrying thin-film sensors were fabricated, and in other
cases, the textile itself was used as a substrate [92, 95, 96,
96, 111, 113, 146, 198, 207, 387]. Since temperature is one
of the most commonly measured human vital signs, several
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Figure 15. Teraterhz metamaterial device. (a) Schematic illustrating the contacts (source, drain, and gate) of the IGZO-TFT array [237]. (b)
Close-up view of the structure with each transistor layer [237]. Pictures reproduced with permission.

Figure 16. Smart textile carrying flexible electronics. (a) A resistor created on a cordura composite substrate using laser treatment on a
silver layer [200]. (b) Cilia-assisted transfer printing of ultrathin devices onto a textile [62]. (c) 3D sketch of a temperature sensor fabricated
on a yarn substrate [113]. (d) Light emitting device fabricated on a substrate comprising of polypropylene fibres [146]. (e) A schematic of
the perovskite solar cell and super capacitor on a flexible PET substrate for smart textile applications [119]. (f) Circular knitted energy
generator using nanostructured hybrid PVDF/BT fibers [208]. Pictures reproduced with permission.

thin-film temperature sensors were synthesised on textiles or
integrated into textiles [95, 96, 111, 113, 207]. Woven poly-
imide temperature sensor strips with a tolerance of 2.5% were
fabricated by utilising platinum as a sensing layer [95]. The
bendability of polyimide substrates ensures the high flexibil-
ity of the smart textiles in a single dimension. Subsequently,
Au thin films were also utilised as sensing layers on the same
substrates to fabricate temperature sensors with a temperature
coefficient of resistance of ~2.7 x 10~3 °C~! [96]. Similar
devices to the aforementioned once were incorporated within
textile yarns [111]. The temperature coefficient of resistance
of the different sensing yarns varied from 2.58 x 1073 °C~' to
1.53 x 1073 °C~!. Moreover, researchers have built temper-
ature sensors directly on nylon yarns by depositing Au, and
utilising planar and tube masks [113]. A schematic of a pat-
terned yarn is illustrated in figure 16(c). These sensors had
a temperature coefficient of resistance of 2.6 x 1073 °C~!.
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Textile yarns and fibers are the raw materials for creat-
ing textile fabrics, therefore, developing devices on yarns
ensure smooth integration of these devices within a smart tex-
tile. A yarn-based temperature sensor with a sensitivity of
1.2 x 1072 °C~! (range of 30 °C—65 °C) was fabricated by
coating a PET fibre wrapped in a silk yarn with a mixture
of carbon nanotubes and an ionic liquid ([EMIM|Tf,N) [207].
This yarn was used to fabricate a textile glove capable of mon-
itoring temperature.

Textile structures are able to compress, deform, and in some
cases stretch to maintain their drape during bodily movements.
These features are utilised to fabricate strain, tactile, and pres-
sure sensors for wearable applications [96, 198, 207, 213, 387,
389, 390]. Woven strain gauge strips able to respond to strains
from 5% to 9% were created by utilising a Au conductive
layer and a polyimide substrate [96]. A different strain sensor,
created by sandwiching PET fibers in between polyethylene
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films and then depositing conductive fillers comprising of
PEDOT:PSS and silicone, demonstrated a gauge factor of 6.9
for strains up to 5% [198]. Pressure sensors able to showcase
a maximum gauge factor of 10 (for compressive strain from
2% to 10%) were created by utilising a 3D printed sacrifi-
cial mold (moulding is explained in section 3.5) to surface-
embed a graphene coating on a porous silicon substrate [390].
A wristband carrying the sensor was able to detect the pulse of
a person having a heartbeat rate of 68 bpm. A woven capacit-
ive pressure sensor built using two crossing silk fiber-wrapped
polyurethane (PU) yarns coated with silver nanowires as elec-
trodes and ecoflex as a dielectric insulating layer had a sens-
itivity of 0.136 kPa~'and a relaxation time of 0.25 s [207].
A machine-washable pressure sensor, fabricated by sandwich-
ing a PET microfiber textile layered with PEDOT in between
two nickel-plated fabrics, had a response and recovery time
of 52 ms and 22 ms respectively [387]. This device was able
to withstand 2000 cycles of folding and the resistance of the
device changed from 20 €2 to 15 k{2 when the pressure was
changed from 39 kPa to 33 Pa. A capacitive/resistive touch
display having a rise and fall time of 1.4 ms was fabricated
by the transfer of CVD graphene onto a tape-shaped polypro-
pylene fibre [146]. In the same work a LED display (shown in
figure 16(d)) with an emission peak of 500 nm was synthes-
ised by spin coating ZnS:Cu and BaTiO3 onto polypropylene
fibres [146]. The device was able to withstand a bending radius
of 10 mm and repeated torsion (>1000 cycles). Nevertheless,
these polypropylene tapes are incapable of sheering and drape
which makes them less desirable for smart textile applications.

The fact that people are comfortable wearing textiles on
their bodies makes it desirable to have more distinct sensors
such as electronic noses within the textile structure. A tex-
tile carrying electronic nose strips were able to detect acet-
one (down to 50 ppm), toluene, IPA, and methanol [92].
These devices were fabricated on PEN and kapton subtrates,
and they were woven into a textile. PEN substrate shows
mechanical limitations similar to polyimide, where they are
also unable to sheer or drape around a surface. Four dif-
ferent sensors were fabricated utilising non-conductive poly-
mers (poly-iso-butylene PIB, poly-styrene PS, poly(N-vinyl-
pyrrolidone) PVP and, poly-vinyl-butyral PVBU) mixed with
carbon black as the conductive filler.

5.5.2. Thin-fim technologies to power electronic textiles.

Smart textiles with energy sources can provide power to wear-
able devices [391]. Thus researchers have developed elec-
tronic textile with solar cells [119, 197] and generators that
utilise piezoelectricity [208, 209], triboelectricity [47], pyro-
electricity [388] and thermoelectricity [211]. Textiles carry-
ing thin-film solar cells that convert energy of light directly
into electricity were utilised for power generation applica-
tions [119, 197]. Two differently configured solar cells were
fabricated using amorphous silicon and interwoven metal
wires [197]. In one, glass fiber fabrics were utilised on top
of the device; whereas, in the other configuration, glass fibers
were utilised as the substrate. The device that was built with the
glass fibres as substrate demonstrated superior performance
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showcasing a open-circuit voltage of 0.88 V, short-circuit
current density of 3.70 mA cm~2, fill factor of 43.1%, and
an efficiency of 1.41%. Furthermore, a thin-film perovskite
solar cell and supercapacitor woven into a textile had a
short-circuit current density of 16.44 mA cm™2, open-circuit
voltage of 0.96 V, fill factor of 0.66, and a power conver-
sion efficiency of 10.41% [119]. Although, the device had
multiple layers comprising of PEDOT:PSS/methylammonium
lead iodide(perovskite layer)/phenyl-C61-butyric acid methyl
ester/Cu(OH), nanotube/copper ribbon, the fabrication on a
ITO/PET substrate, limits the conformability of the device
around a curved surface

Textile structures are able to withstand mechanical stresses
such as compression and bending. Hence, they are well suited
to utilise the piezoelectric effect in order to produce electrical
energy [208, 209]. Piezoelectric generators were created on
woven textiles by screen printing layers constituting of a lead
zirconate titanate (PZT) and silver nano particles as the piezo-
electric film [209]. This film was sandwiched between two sil-
ver polymer ink electrodes. Three woven substrates polyester-
cotton, cotton and polyamide-imide (Kermel) were tested. The
maximum energy density under an 800 N compressive force
was showcased by the Kermel textile at 34  m—3, whereas cot-
ton textile demonstrated the maximum energy density under
bending at 14.3 Jm™3. A piezoelectric yarn was fabricated
utilising a three layer structure comprising of a silver-coated
nylon core electrode, a circular knitted barium titanate nano-
particle and poly(vinylidene fluoride) (PVDF) nanocomposite
fibers layer and a braided silver-coated nylon outer layer [208].
This yarn structure is displayed in figure 16(f). The yarn gener-
ated an open-circuit voltage of 4 V and an output power density
of 87 tW cm™3 during cyclic compression.

A textile’s ability to conform onto the human body and
move with it, ensures that it can be used as a platform to
harvest energy from human motion [47, 210]. A triboelectric
generator capable of converting mechanical energy to elec-
tricity was synthesized by spray coating a CNT-silk layer on
an electrospun silk fiber layer [210]. The device generated a
power of 317.4 ;W cm~2 from hand patting (force of 20 N
with a frequency of 7 Hz). Moreover, researchers have woven
coaxial fiber shaped triboelectric nanogenerators to produce
a current of 210 pA and a voltage of 40 V corresponding
to an output power of 4 mW under a cycled compressive
force of 40 N [47]. The coaxial cables were made by growing
Zn0O nanowires on an aluminium wire, followed by the depos-
ition of a Au thin-film and this structure was inserted into a
PDMS tube.

The close proximity of textiles to the human body enable
them to harvest the heat generated by the body [211, 388]. A
pyroelectric nanogenerator capable of generating a current and
voltage of 2.5 A and 42 V respectively for breath temperature
changes (12 °C variations) was fabricated by sandwiching a
PVDF film in between two aluminium films and attached to
a mask [388]. Similarly, a cotton fabric substrate coated with
reduced graphene oxide and PEDOT:PSS was used to create
a thermoelectric nanogenerator [211]. The device showcased
a Seebeck coefficient of 25.5 ;VK~! and a power factor of
0.25 W (m K?)~! for a temperature gradient of 16.5 °C.



J. Phys. D: Appl. Phys. 55 (2022) 323002

Topical Review
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Figure 17. Different fabrication techniques of transistors on textiles. (a) An IGZO-based 7-stage ring oscillator transfered onto a textile
hanker chief utilising cilia assisted transfer printing [62]. (b) A transistor schematic of a Cu wire substrate having an outer shell of Cu,O and
Pt pads for the drain and source [215]. (c) Schematic picture of a transistor synthesised by adding a drop of polymer electrolyte at the
junction of two PEDOT/PSS coated fibres [202]. (d) Micrograph of a transistor transferred on a nylon wire [196]. Pictures reproduced with

permission.

Another crucial aspect to consider is data and power trans-
mission for on body wearable applications. Metamaterial
textiles carrying pressure sensors were able to support
surface-plasmon-like modes of communication frequencies
and provide a platform to propagate radio-waves around the
body [389]. Metamaterials are described in paragraph 4.3. The
relative signal strength indicator averaged over 32 dB for the
device and it was able to transmit an output power of 20 dBm
(100 mW) at a transfer efficiency of 10.5% to a loop antenna
and 3.5% to a LED. This metamaterial textile improves the
transmission efficiency of wireless networks by >30 dB com-
pared to conventional radiative networks and provides secure
localized measurements within 10 cm of the body.

5.5.3. Electronic textiles supporting transistors and
circuits. ~ Textiles carrying transistors provide wearable
devices and electronic textiles with the requisite function-
ality of modern-day electronics. For smart textiles, thin-film
transistors were either prefabricated and integrated onto tex-
tiles [62, 97, 204, 215, 217-219, 227], created using textile
structures and enhanced fibres [142, 202, 203, 205] or syn-
thesised directly on textile fibres [196, 206]. In most cases
researchers have textile structures carrying prefabricated tran-
sistors [62, 97, 204, 215, 217-219, 227]. Early work investig-
ated the feasibility of weaving in amorphous silicon transistors
fabricated on SiNx—coated Kapton fibers [97]. These transist-
ors demonstrated a threshold voltage of 7.5 V and a linear
electron mobility of 0.13 cm? V™! s~!. Moreover, a textile
ribbon structure enabled the creation of transistors by gluing
the gate, dielectric and semiconductor onto it [204]. Two gold
wires crossing the device acted as the source and drain. The
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proposed transistor exhibited limited performance and only
produced a drain current of around —10 nA for gate voltages
of —80 V. A complex 7-Stage ring oscillator was developed
on a textile as shown in figure 17(a), by using cilia-assisted
transfer printing of IGZO transistors [62]. The transistor was
created on a polyimide substrate utilising SiO, as a buffer
layer and dielectric, Mo as the gate dielectric, Au/Cr layers
as the source and drain electrodes and a passivation layer of
SUS8. The transistor demonstrated an Iy, off current ratio of
108. In the case of the ring oscillator at a Vpp of 10 V the
output voltage oscillated with a frequency of 33 kHz and a
propagation delay of 2.2 us.

The cylindrical surfaces of metal wires and optical fibers
also enabled the fabrication of transistors [215, 217-219, 227].
Maccioni et al created an organic field-effect transistor by
evaporating pentacene on a metal wire and created two devices
one with source drain contacts made of gold and the other with
PEDOT:PSS. Both the devices had an I, /. current ratio of
10 and the transistor created with PEDOT:PSS showcased
the best performance demonstrating a 0.06 cm?> V~! s~! while
functioning at a threshold voltage of 0.6 V. Thin metal wires
are well suited for smart textile applications because of their
ability to undergo multi-axial bending. Indeed, heated copper
wires with a copper oxide shell structure with the source drain
electrodes evaporated on it as displayed in figure 17(b), was
utilised to form a transistor [215]. A woven structure was used
to connect perpendicular wires to the source and drain elec-
trodes. The device had an I, . current ratio of >10* and a
channel mobility of 26.3 cm? V~! s~!. However, it had a gate
leakage current which made it undesirable for developing cir-
cuits. Nonetheless, the device demonstrated an 82% change in
drain current when the relative humidity was varied from 0%



J. Phys. D: Appl. Phys. 55 (2022) 323002

Topical Review

to 70% making it a potential humidity sensor. Subsequently,
transistors were also fabricated on optical fibers [217-219],
although their limited flexibility makes them less desirable
for most smart textile applications. These devices were fab-
ricated by depositing chromium and AlO, on the optical fiber
for the gate electrode and dielectric respectively. Park et al
dip coated it with a InO, or IGZO precursor solution [217].
The source/drain electrodes were made by depositing alu-
minium and the device showcased a field-effect mobility and
an Iy, /of current ratio of 3.7 cm? V='s~! and >10° respect-
ively. In contrast, Heo et al utilised SWCNT network as
the channel layer [218, 219]. Au electrodes were utilised
with non-isolated and isolated SWCNT channels to achieve
an Iy /off current ratio of 10° and a field-effect mobility of
3.61 cm? V~!'s~! [219]. Alternatively, in another paper dry
spun conductive carbon nanotube fibers were sewn in as
source/drain electrodes [218]. This device had a saturation
mobility of only 0.56 cm?> V™! s~!. Nonetheless, a pressure
sensor was developed using this transistor which had a sens-
itivity of 3.86 x 10~! Pa~! and 2.4 x 10> Pa~! for pressure
ranges of 0-32 Pa and 32-280 Pa respectively.

Researchers have combined multiple fibres with vari-
ous textile structures to construct transistors for smart
textiles [142, 202, 203, 205]. Organic transistors were fab-
ricated by adding a drop of polymer electrolyte at the junc-
tion of two PEDOT/PSS coated fibres [202]. This structure
is illustrated in figure 17(c). The coated fibres were running
perpendicular to one another and a woven textile was util-
ised to realise the structure. The transistors had an I, /of; cur-
rent ratio >103 for gate voltages ranging from 0 and 1.5 V.
These transistors were utilised to create an inverter and mul-
tiplexer. A similar transistor was fabricated by twisting two
PEDOT:PSS coated kevlar yarns and putting a drop of elec-
trolyte [203]. This new method of creating transistors utilising
twisting ensured that the device can be integrated more easily
into different textile structures rather than just woven once.
In this way, an analogue amplifier with an amplification of
7.5 was created and the transistor showcased an Iy, /off cur-
rent ratio of >10%. A more recent publication has fabricated
a transistor utilising three twisted Au microfibers [142]. Here,
for the source and drain electrodes the microfibers were coated
in P3HT solution, then twisted together and an ionic gel was
dropped on the twisted structure. Thereafter the Au microfiber
for the gate electrode was wound around ion-gel and then pas-
sivated using Ecoflex. The device showcased I, /i current
ratio of 1.46 x 10° at drain and gate voltages below —1.3 V.
The device had a transconductance and a threshold voltage of
111.8 usmm~" and —1.01 V respectively, these values were
maintained up to 80% after bending over a radius of 2.0 mm.
Biosensors were achieved by creating a transistor comprising
of a source drain synthesised of different ion selective mem-
branes around a PEDOT:PSS soaked acrylic textile yarn sub-
strate and a Ag/AgCl wire for the gate electrode [205]. One
device had a potassium selective membrane solution and was
able to detect concentrations of potassium from 10~* mol to
1 mol with a selectivity of 20.34%. The other transistor had
a calcium-selective membrane and was able to detect calcium
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ions in concentrations ranging from 10~ mol to 10~! mol
with a selectivity of 12.19%. Both the transistors also respon-
ded to changes in sodium concentration.

Textile fibers can be directly employed as substrates when
fabricating transistors [196, 206]. Devices engineered on
nylon and glass fibers showcased limited performance with an
Ion/ofr current ratio of ~3 x 10% and 10* (functioning only in
depletion mode with a threshold voltage of —12.5 V) respect-
ively [196]. In the same work devices fabricated on a silicon
wafer were transferred to textile fibers utilising a parylene
membrane and these transistors demonstrated an /1, /ot current
ratio of 107 and a field-effect mobility of 7.2 cm?> V=!s~1. A
microscopic image of a transistor synthesised on a nylon yarn
is displayed in figure 17(d). In a different work, a p-type tran-
sistor was synthesised by drop casting a semiconductor solu-
tion on a linen thread and then knotting Au wires as the source
and drain contacts [206]. Two semiconductor solutions were
tested CNTs and organic semiconductor P3HT (regioregular
poly(3-hexylthiophene)). They both had limited I, /ofr ratios
of >107 and the transistor made with CNT had a linear mobil-
ity of 3.6 cm?> V~!s~1

6. Summary

The advancements in materials and technologies employed
for electronics fabrication have enhanced the application of
thin-film electronics on several fields. Figure 18 provides an
outlook on the current achievements of the active substrates
presented in this review.

Polymers have been shown to be the most employed sub-
strates because of the several classes of materials gathered
in this group. The thermal and chemical instability of some
polymers during electronics fabrication have been overcome
by transfer printing process and micro-fabrication strategies,
while composite polymers ensured the mechanical stability of
the electronics under stress. Accordingly, thin-film electron-
ics on polymers have been proved outstanding performance in
applications as biomedical epidermal systems, implants, and
wearable sensors integrated on textiles. Soft sensors and actu-
ators have also been developed as part of robotic systems,
while electronically integrated micro-scaled robots remain
challenging.

Shape memory materials as a substrate for thin-film elec-
tronics are mostly polymer-based. They have been largely
exploited in many applications such as implantable biomed-
ical devices, soft robotic tactile and sensing systems because
of their ability to reshape in a controllable way. However,
there are still no reported approaches of epidermal patches
and wearable devices that benefit from the integration with
thin-film electronics. Shape memory polymers might not be
suitable for metamaterials applications due to the loss tangent
variation when triggered by temperature [392].

The programmable lifetime of electronics on transient sub-
strates has defined the suitability of these materials as in-body
implants and on-skin sensors. The absence of toxicity and
inflammations issues from the in-vivo experiments, and the
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Figure 18. Outlook on the applications of active substrates for thin-film electronics as biomedical devices, soft robots, smart textile and
wearables, metamaterials, as well as sensor systems [46, 47, 50, 54, 55, 60, 88, 92, 98, 113, 118, 130, 140, 142, 185, 212, 213, 237, 312,

389]. Pictures reproduced with permission.

amount of residuals after materials dissolution lower than the
accepted daily intake were reported as a proof of their biocom-
patibility [54, 60, 79]. Future works could be slowly go toward
the implementation of real studies and tackle specific surgery,
to achieve real applications in human beings..

Textiles have been used as active substrates because of their
ability to withstand severe deformations which makes them
highly desirable for wearable applications. For this reason
techniques such as deposition [113, 196, 199, 200], coat-
ing [201-203, 207, 210, 212, 213], vapour phase polymerisa-
tion [387], moulding [198], drop casting [206], printing [209]
and cilia assisted transfer printing [62], were employed to
fabricate electronics on textiles. However, the high conform-
ability of textiles makes it vital for devices developed on
this material to withstand multi axial deformations, such as
bending, sheering, folding and twisting. Despite this most of
the textile-based devices were only tested for bending along
a single axis. Furthermore, textiles are generally machine
washed and only a few researchers have analysed the perform-
ance of devices after wash cycles [207, 387]. In addition, tex-
tiles are constantly rubbing against skin or on other surfaces,
therefore, it is crucial to understand the effects of abrasion
on the fabricated devices. Nonetheless, only a limited num-
ber of researchers have investigated the effects of abrasion
on their devices [214]. Future work must investigate the feas-
ibility of creating robust thin film devices within/on textiles
that are able to endure multi axial deformations, wash cycles
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and mechanical stresses induced on textile garments due to
daily use.

Few works on metamaterials applications involved the
reviewed materials as active substrates. To the best of our
knowledge, only one application integrated active electronics
on a quartz substrate to achieve frequency modulation in the
terahertz [237], while polymers are used as host structures. In
addition, metamaterials have also been envisioned for applic-
ations involving textiles [389], widening the possibilities of
creating smart wearable devices with increased capabilities.
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