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ABSTRACT

Imprinting “sticky” features on the surfaces of common non-sticky flexible materials, such as paper, textile, and polymeric films produces a
myriad of adhesive tapes that we use in our daily lives. Recently, the rise of flexible electronics has harnessed the distinct adhesive behavior of
adhesive tapes to achieve special scientific and engineering purposes. In this review, recent advances including the structures, properties,
mechanisms, and functionalities of adhesive tapes and relevant flexible smart electronics are summarized. We provide a key focus on how
the distinct adhesive behavior of adhesive tapes contributes to the redesign and engineering of flexible electronics via physical and/or chemi-
cal modifications. The applications of these flexible smart electronics enabled by adhesive tapes are widespread, including high-performance
sensors, energy storage/conversion devices, medical and healthcare patches, etc. Finally, we discuss unmet needs and current challenges in
the development of adhesive tape-enabled materials and techniques for flexible electronics. With ongoing material and technical innovations,
adhesive tape-related electronic products are expected to revolutionize our lifestyle and lead us into the era of artificial intelligence.
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I. INTRODUCTION

In 1930, a young banjo player-turned-3M™" engineer named
Richard Drew’ successfully developed a lightweight, transparent adhe-
sive tape, and then he patented it in the United Kingdom and the
United States. Not long after Drew’s invention, these adhesive tapes
helped people “make do” during the Great Depression—ranging from
repairing clothes to protecting broken eggs.' Today, almost a hundred
years later, flexible electronics as a user-friendly platform have become
a hot research area due to their huge potential in transferring tradi-
tional bulk and rigid electronics to miniature, low-stiffness, and on-
body devices.”” These flexible electronics are increasingly focused on
connecting various items for efficient data collection, transition, and
exchange, ultimately facilitating the Internet of Everything.
Impressively, the footprint of adhesive tapes has explosively expanded
from daily necessities to scientific research beyond one’s imagination.
The core value of adhesive tapes in the flexible electronics field is their
unique adhesive behavior, which enables electronic materials (such as
carbon, metal, conductive polymers, and their derivatives) to be either
fabricated or introduced onto the tapes with desirable affinity. Today,
almost a century after Drew’s initial invention, these flexible electron-
ics related to adhesive tapes have motivated extensive applications,
such as artificial electronic skin,”” human-machine interfaces,”” per-
sonalized medicine,”” wearable sensors,"’"'” and portable energy gen-
erator,'"* etc., which have emphatically changed our lifestyles. These
flexible electronics enabled by adhesive tapes, combined with raising
information science and technology (5G, big data, Internet of Things,
etc.), have brought us into the artificial intelligence era.

In general, the main roles of adhesive tapes in flexible electronics
can be summarized into two aspects: one role is passively used as sup-
porting substrates of flexible electronics. When regarded as an adhe-
sive substrate, flexible electronics can be readily produced on adhesive
tape using physical and chemical fabrication techniques involving ink-
jet printing,"” screen printing,'° magnetron sputtering,' laser cut-
ting,'* electrodeposition,'”*’ etc. Another role of adhesive tapes is to
actively construct functional components of flexible electronics.
Compared to non-sticky flexible materials fibers,”' plastic films,”* and
paper,”* adhesive force is the most significant feature of adhesive
tapes. With this key capability in mind, scientists have begun to use
adhesive tapes, not simply as substrates, but also to fabricate functional
components capable of performing sensing, therapy, or energy-related
functions. Regarding the specific mechanism, these approaches include
mechanical exfoliation,”” transfer printing,zr’ stretch-release,” mecha-
nochemical activation,”” etc. For example, the mechanical exfoliation
of graphene flakes from bulk graphite using Scotch tape has contrib-
uted to the facile fabrication of graphene (Nobel Prize in Physics in
2010) and revolutionized the fabrication techniques of single/few-layer
two-dimensional materials (2DMs).”” Some conductive tapes (e.g.,
conductive carbon and metallic tape) can be directly used as electrodes
or contact components.”*”” As adhesive tapes are commercially avail-
able items, these functional components derived from adhesive tapes
have huge potential for rapid translation of flexible devices from the
research lab to the medical or consumer market.

The objective of this work is to review current advances in adhe-
sive tape-enabled flexible smart electronics. This review starts with
the general structures, properties, and adhesive mechanisms of adhe-
sive tapes. Then, we will categorize common adhesive tapes and
their corresponding application scenarios for flexible electronics. By

[
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summarizing the functional electronic materials made by adhesive
behavior, or introduced as an additive layer onto adhesive tapes, we
attempt to cover the applications of the flexible electronics enabled by
adhesive tapes (Fig. 1). Finally, regarding current limitations, the exist-
ing challenges, as well as future opportunities for adhesive tape-related
flexible electronics will be given.

Il. GENERAL STRUCTURES AND PROPERTIES
OF PRESSURE-SENSITIVE ADHESIVE (PSA) TAPES

Sometimes, the term “adhesive tape” represents a broader mean-
ing, including polymer patch,” hydrogel,"” biomass-derived fibrin,"’
silk-based adhesives,” etc. These adhesive materials feature intrinsic
adhesion and stretchability, which are appealing candidates for flexible
healthcare electronics. To enhance the adhesion on complex or
biofluid-related interfaces, scientists have already constructed sophisti-
cated micro-nano architectures on these adhesive tapes inspired by
the adhesive organs of gecko,”” beetle,"* octopus,”** which can gener-
ate physical cross-link, van der Waals (VdWs) force, or cavity-
pressure induced adhesion between the substrate and adhesives.
Imposing external stimuli can further mediate the adhesion effect.”” It
is worth noting that these self-design adhesive materials are not the
focus of this paper. Instead, the term adhesive tapes in this review
refers to off-the-shelf commodities with a clear commercial brand. In
this section we will give the structures, properties, and adhesive mech-
anisms of these well-defined adhesive tapes.

A. General structures and properties

In general, pressure-sensitive adhesive tape is composed of two
major compositions, viz., non-sticky backings and sticky adhesives
[Fig. 2(a)]. The non-sticky backings are usually made of polymeric
film, nonwovens, paper, textiles, metal foil, etc., serving as a physical
supporting matrix. The sticky adhesives used in most commercial
adhesive tapes are pressure-sensitive adhesives (PSAs, we mainly focus
on PSA-type adhesive tapes in this paper), which dominate the adhe-
sive behavior."® The PSAs are aggressive and permanently tacky, capa-
ble of being adhered to different adherents (substrates) under slight
pressure (no more than finger or hand pressure) in a short period (a
few seconds), without the need for activation by heat, solvent, or water,
and exert a strong holding force for bonding."’ PSAs are a kind of vis-
coelastic polymer, which can be categorized into acrylics, silicones,
polyurethanes (PUs), and epoxies according to the chemical
components,**

B. Adhesive mechanism

To demonstrate the adhesive mechanism, we start with the
required force (P, at an angle of 180°) to peel a PSA material from a
rigid substrate, which can be given at the molecular level

nN,Dt ,
Gps
kgT

where b and ! indicate the width and thickness of the PSA film, respec-
tively, k is a constant related to the contribution of a backing deforma-
tion and the interaction between the PSA and substrate, N,, denotes
the number of segments of size a in a polymer chain, D is the self-
diffusion coefficient of a polymer segment, t is apparent relaxation
time of the adhesive polymer, g, represents the ultimate tensile stress

P = kbl
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FIG. 1. Adhesive tapes-enabled material fabrication techniques and flexible electronics counterparts. Triboelectrification—surface electrification on a viscoelastic polymer adhe-
sive surface by bonding/debonding with two substrates. Reproduced with permission from Gong et al., Adv. Mater. 32, 1907948 (2020). Copyright 2020 Wiley-VCH.*’
Mechanical exfoliation—a single monolayer of MoS, fabricated bg the Scotch tape method for triethylamine detection. Reproduced with permission from Perkins et al., Nano
Lett. 13, 668 (2013). Copyright 2013 American Chemical Society.”' Transfer printing—fabrication of flexible photodetectors based on the adhesive tape-assisted transfer print-
ing technique. Reproduced with permission from Wang et al, ACS Appl. Mater. Interfaces 10, 16596 (2018). Copyright 2018 American Chemical Society.”” Selective
removal—Selective removal of excessive graphene outside the polydimethylsiloxane (PDMS) channel using adhesive tape for the high-resolution graphene pattern.
Reproduced with permission from Oren et al., Adv. Mater. Technol. 2, 1700223 (2017). Copyright 2017 Wiley-VCH.* Swab sampling—extraction of analytes from the targeted
objects using adhesive tapes. Stretch-release—highly stretchable graphene electrode prepared by a stretch-release technique using the elastic tape. Reproduced with permis-
sion from Xu et al., Adv. Electron. Mater. 2, 1600022 (2016). Copyright 2016 Wiley-VCH.** Bonding—system-level packaging of self-powered wearable microfluidic sweat sen-
Sors usin% PDMS and medical tapes. Reproduced with permission from Yu et al., Sci. Rob. 5, eaaz7946 (2020). Copyright 2020 American Association for the Advancement of
Science.”” Additive techniques—a wearable micro-supercapacitor enabled by pencil drawing on a medical tape. Reproduced with permission from Zhu et al., Small 15,
1804037 (2019). Copyright 2019 Wiley-VCH.* Subtractive techniques—A laser-cut, skin-safe, adhesive tape as skin adhesive bonding layer of sweat microfluidic electronics.
Reproduced with permission from Reeder et al., Sci. Adv. 5, eaau6356 (2019). Copyright 2019 Authors, licensed under a Creative Commons Attribution (CC BY) license.””
Mechanochemical activation—mechanochemical activation-induced radicals for in situ reduction of metal nanoparticles (NPs) by the immersing a peeled adhesive tape in metal
salt solutions. Reproduced with permission from Baytekin et al., J. Am. Chem. Soc. 137, 1726 (2015). Copyright 2015 American Chemical Society.”” Chemical vapor deposi-
tion—chemical vapor deposition (CVD) of MoS, crystals on the adhesive tape-peeled SiO,/Si substrate. Reproduced with permission from Wang et al., ACS Nano 12, 635
(2018). Copyright 2018 American Chemical Society.”’ Chemical bath deposition (CBD)—ZnO nanorods (NRs) on Kapton tape by a microwave-assisted chemical bath deposi-
tion (CBD) for UV and hydrogen sensing. Reproduced with permission from Hassan et al., Mater. Sci.-Pol. 31, 180 (2013). Copyright 2013 Elsevier.* Electrodeposition—elec-
trodeposition of Au nanodendrites (NDs) on a conductive carbon tape for portable surface-enhanced Raman scattering (SERS) detection of food residues. Reproduced with
permission from He et al., Biosens. Bioelectron. 152, 112013 (2020). Copyright 2020 Elsevier.
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FIG. 2. General structure and adhesive mechanism of pressure-sensitive adhesive tapes. (a) The two major compositions of adhesive tapes are non-sticky backing and sticky
PSA. The non-sticky backing is usually made of polymeric film, nonwoven, paper, textiles, metal foil, etc., as a physical supporting backbone. The PSA is a kind of viscoelastic
polymer, producing two types of force, capable of being adhered to different adherents under slight pressure in a short period. (b) Adhesive mechanism of adhesive tapes in
terms of the penetration process of PSA on the substrate and the generation of adhesion and cohesion effect. The adhesion comes from the interaction between the substrate
and PSA, and the cohesion comes from the internal covalent bond, hydrogen bond, and vdWis forces from PSA itself.

of the PSA film under uniaxial extension, and kz and T denote
Boltzmann’s constant and temperature, respectively.

According to this equation, there are two main prerequisites for
achieving a favorable adhesive effect. First, a PSA material must pos-
sess high molecular mobility (D) with long-term relaxation processes
(7) and fluidity to penetrate the surface roughness of a substrate [Fig.
2(b), left]. In this way, close contact between the PSA and substrate
can be generated [Fig. 2(b), top right].”"”” The interaction between the
substrates and most PSAs is adhesion, which comes from vdWs force
only (the vdWs force exists for all contacted systems).S >%* Second, a
PSA material must have certain intermolecular strength and elasticity
(can be equal to g;), which is essential to resist the debonding stress
and dissipate the mechanical energy of adhesive bond failure under a
peeling force.”” This interaction is cohesion, which comes from the
covalent bond, hydrogen bond, and vdWs forces from PSA itself [Fig.
2(b), lower right]. The apparent adhesive behavior of PSA-type adhe-
sive tape is a synergistic effect of cohesion and adhesion of the PSAs.”

11l. COMMON ADHESIVE TAPES USED IN FLEXIBLE
ELECTRONICS

Various combinations of sticky adhesives and non-sticky back-
ings contribute to different types of adhesive tapes. Figure 3 shows sev-
eral representative adhesive tapes that are widely used in flexible
electrical. Their typical structures, properties, and application scenarios
are also briefly presented.

A. Scotch® tape series

Scotch® tape series are usually regarded as the most common
commercial adhesive tape. In general, Scotch® tape series consist of
rubber adhesive and polyester backings. However, it is worth noting
that as a trademark brand of the 3M™ Company, Scotch® brand
tapes include many different subtypes, and each of them may have dif-
ferent (more or less) compositions and structures. For example,
Scotch® Cellophane Tape [Fig. 3(a)] consists of cellophane film
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FIG. 3. Several common adhesive tapes in flexible smart electronics, including (a) Scotch® tape series, (b) Kapton® tape series, (c) conductive tape, (d) medical tape, () tat-
too, (f) elastic tape, (g) soluble tape, and (h) thermal release tape (TRT). The respective actual photograph, structure, feature, and application scenario of each adhesive tape
are briefly represented, which should be fully understood before the construction of specific flexible electronic devices. It is worth noting that some self-design adhesive materi-
als (e.g., functional hydrogels) are not the focus of this paper. Instead, the term adhesive tapes in this review refers to off-the-shelf commodities with a clear commercial brand.

backing and acrylic PSA, which is highly transparent (also named
Scotch™ Transparent Tape) and can provide immediate adhesion to a
variety of substrates.”” High transparency is a desirable feature for
optical or optoelectronic devices, where the light beam can be
directly excited and received through the Scotch Transparent Tape.”””*
Scotch®™ Magic™ Tape is frosty on the roll, but invisible on the adhered
item. Unlike glossy-finish Scotch® cellophane tape, it can be written
with a pen, pencil, or marker on the matte-finish cellulose acetate back-
ing.”” Scotch® Double coated tape, as the name indicated, is coated with
acrylic adhesive on both sides.”’ This double-sided adhesive behavior

plays a significant role in the assembly of multilayered structures of
sophisticated flexible electronics.”’ Due to the merits of low cost, sticki-
ness, and flexibility, Scotch® tape series are broadly used in daily life and
scientific research areas.””*” One fundamental function of Scotch tape
in flexible electronics is the Scotch tape test (peeling test), where the
adhesion force of the electronics to the substrate is measured with a spe-
cific angle to evaluate the bonding effect between the target and sub-
strate.”"*” Additionally, the term “Scotch tape method” has been given
to the mechanical exfoliation of 2D vdWs materials, due to the impres-
sive contribution of Scotch tape (will be discussed in Sec. [V A 2).
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B. Kapton® tape series

DuPont™ Kapton® tape series, also called polyimide (PI) tape, is
another important type of adhesive tape. Kapton® tape series usually
consist of brown, transparent PI films and silicone adhesive.
Compared to other adhesive tapes, excellent temperature tolerance is
the distinct property of Kapton® tape series due to the presence of PI
backing [typically containing multi-plane rigid aromatic rings, Fig.
3(b)] and heatproof PSA. Kapton®™ tape series can work at a wide tem-
perature ranging from —269 (—452°F) to 260 °C (500 °F)."**” Some
other desirable performances, such as radiation resistance, electrical
insulation, chemical, and mechanical stability can also be found in
Kapt0n® tape series. These superior features make Kapton® tape series
extremely favorable as a stable supporting substrate,”* or as a protec-
tive encapsulation/packing layer of electronic elements for flexible
electronics.'”*””” Hassan et al. proposed a flexible Kapton tape-based
UV and hydrogen sensor.”® Briefly, a ZnO seed layer was first depos-
ited on the Kapton tape substrate, and then ZnO nanorods (NRs)
gradually grew based on the ZnO seed layer. The favorable thermal
resistance of Kapton tape is necessary for ensuring stable sensing per-
formance of UV and hydrogen at 150 °C and even 200 °C. It is obvi-
ous that most regular adhesive tapes cannot work at such a high
temperature.

C. Conductive tape

Conductive tape [Fig. 3(c)] is constructed by combining the con-
ductive matrix and PSA and supplied on a paper liner for easy han-
dling and cutting. As the name indicates, electrical conductivity is a
distinct difference in contrast to routine adhesive tapes. Conductive
metallic tape and conductive carbon tape are the two main types of
conductive tape. The conductive metallic tape consists of conductive
metallic foil (e.g., copper, nickel, or a combination of them) as well as
conductive acrylic (its exact composition is an industrial trade
secret).”"””” Traditionally, the conductive metallic tape is employed for
shielding electromagnetic interference and static charge draining.””
The carbon adhesive tape (CAT) is made by filling polyester adhesive
with carbon black, which is initially used to fix samples for scanning
electron microscopy or energy-disperse spectroscopy analysis.

When used in flexible electronics field, these conductive adhesive
tapes usually act as various conductive elements, involving electrodes,
conductive pathways, etc.”"”” For example, copper conductive tapes
possess a very low rate of electrical resistance, which can provide reli-
able point-to-point electrical contact for wearable sensors.”””* CAT
can be regarded as a flexible carbon-derivative electrode material.””*’
An interesting work has proved that the carbon-derived CAT can
selectively adsorb NO, gas molecules and generate electrical conduc-
tance responsiveness.”’ The NO, gas over the CAT-based electrode
surface caused augmented electrical conductance along with the
increased NO, gas molecules. Such a CAT-based gas sensor could dis-
tinguish NO, as low as 5 ppm.

D. Medical tape

Adhesive tapes have a long history of biomedical applications. In
1845, surgeons started to apply natural rubber adhesives onto a strip
of cloth as surgical tape, which is usually regarded as the embryonic
format of medical tape. Thereafter, Johnson & Johnson company
invented the first commercial medical bandage in 1920 by integrating

REVIEW scitation.org/journal/are

gauze with PSA.*” Nowadays, commercial medical tape, such as the
well-known Band-Aid®, is nowadays a necessity in households and
hospitals. The most distinct feature of medical tapes is their biocom-
patibility, which can reduce potential irritations of flexible electronics
to the human body. The biocompatibility is benefitting from a bio-
compatible adhesive layer, which is made by medical nontoxic acrylic
coating, pure natural maleic glue, medical nontoxic solvent glue, or
medical nontoxic water emulsion, etc., on polymer or gauze backings.
The polymer or gauze backings of medical tapes are usually porous
[Fig. 3(d)]. Thus, the physiological comfort of medical tape, especially
breathability, is greatly improved.*’

The medical tape has been widely used as a biocompatible substrate
in wearable healthcare electronics, such as wound management,xs’s" drug
delivery.””*" Wound biomarkers, inducing temperature, humidity, pH,
oxygenation, uric acid, etc,, have been monitored using medical tape-
based bioelectronics.”*”*”* Importantly, the air permeability of medical
tapes reduces the potential threat of anaerobic respiration, which is very
important for wound-related bioelectronics during long-term wearing.
Promoting wound healing with physical or chemical techniques based
on adhesive tapes is an important issue of wound management. An inter-
digitated Au/Ti electrode array was fabricated onto a piece of medical
tape (“band-aid”).”* Applying low-voltage electrical stimulation was able
to accelerate fibrin formation without excessive heat effect. Ogawa et al.
presented a drug patch based on chemical iontophoresis.”” The breath-
ability of medical tape allowed O, permeability, which was conducive to
the enzyme-catalytic reaction involving the oxidation of fructose, yielding
a transdermal iontophoretic current jonic, guiding the small molecules
(ascorbyl glucoside and rhodamine B) to penetrate the dermal barrier.

E. Tattoo

Commercially available tattoo is mainly composed of transfer
paper, color ink, glue, and adhesive lamination layer.% Tattoos provide
an epidermal temporary-transfer platform, where the color ink on the
adhesive lamination layer can be transferred to the skin through press-
ing and peeling of the transfer paper [Fig. 3(e)]. The electronic
elements with various designed patterns can be concealed in the tattoo
artwork, with a protective layer made from a transparent film. After
removing the transparent film, the electrode arrays are exposed and
transferred onto the skin.* The distinct advantages of tattoos are ultra-
thinness, imperceptibility. Therefore, tattoos are widely adopted in epi-
dermal electronics in a rather “inconspicuous” manner without any
disruptions to end-users’ routines. Benefitting from the ultra-thinness,
the ultra-thinness, tattoos can be easily to be conformably contacted
with the curved surface of the skin. For example, when a tattoo-based
wearable sweat sensor underwent bending, twisting, and stretching to
check its resistance to these strains and for the presence of potential
cracks or breaks in the electrode interface. Throughout the test, no
apparent cracks were found and that the tattoo remained in good con-
tact with the skin.'"” Wang’s group presented many tattoo-like electro-
chemical sweat sensors, capable of adhering and conforming to the
epidermis for biosensing of different biomarkers in sweat.'””* %" In
this system, conformal wireless readout circuits were fabricated on a
body-compliant temporary tattoo by a screen-printing technique (will
be discussed in Sec. I'V A 8). The same group also introduced a tattoo-
based epidermal alkaline rechargeable Ag-Zn battery to power body-
worn electronic devices.'®
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F. Elastic tape

The stretchability of routine adhesive tapes is relatively weak. The
elastic tape has a stretchable backing [Fig. 3(f)], which is made from
elastic textiles, rubber, foam, or other materials with a large elongation
at break, and the PSA is mainly made of acrylics. Scotch® Stretchable
Tape series have special polypropylene film backing with elongation at
breakup to ~700%."* 3M™ VHB™ is another commercial elastic
tape series, which can provide high strength, high elasticity, and long-
term durability.*” Elastic tape is a common substrate for stretchable
electronics, and it is widely used to fabricate functionalized electronic
elements by stretch-release operation (Sec. IV A6). In this way,
stretching induces stress in the materials, and crumple structures are
created after releasing the stress. The synergetic effect of high stretch-
ability and adhesive behavior ensures tight attachment between the
electronic components and elastic tape during the whole stretch-
release process. These crumple structures are stretchable with a high
specific surface area.'”” Xu et al. fabricated a solid-state electrochemi-
cal capacitor with large areal-specific capacitance using elastic tape.”
A layer of graphene oxide (GO) was first prepared by blade-coating
GO dispersion on a prestretched elastic tape (VHB™ acrylic 4910,
3M™, Inc.) after thermal annealing. The GO film was then compelled
into a wavy microstructure after releasing the stretched elastic tape
and reduced by hydroiodic acid, yielding a stretchable reduced GO
(rGO) film on the elastic tape for flexible energy devices and
electronics.

G. Stimuli-responsive tape

The stimuli-responsive of tapes in this paper mainly involve solu-
ble tapes and thermal release tapes (TRTSs). Soluble tapes can be dis-
solved by corresponding solvents, such as water’ and acetone.'””
Taking water-soluble tape as an example, it has water-soluble backing
(e.g., polyvinyl alcohol) and water-soluble PSA [Fig. 3(g)].'"*'"”

TRTs consist of thermal-responsive PSA and polyester backing.
The thermal responsive PSA has a characteristic transition tempera-
ture (Tr), thus the adhesive behavior of TRT can be controlled by
adjusting external temperatures. Here, a parameter of energy release
rates (G) is introduced to better describe this process. The parameter
G represents the energy of interfacial bond breaking and adhesive dis-
sipation around the crack tip according to Griffith criterion,'** which
can be given according to the following equation:'"’

—e T<T,
GM T > Th

r(T—Tr)Hn(Gg—Gv)’
GTRT/abject(T)

where e indicates the Euler’s constant, T denotes the current tempera-
ture, and Gy and G, are the initial critical energy release rate and the
critical energy release rate when the adhesive behavior on TRT is deac-
tivated, respectively. y is a parameter related to the compositions of
materials. The curves are roughly plotted in Fig. 3(h). The adhesion
strength of TRT is strong at low temperature (<Tr) settings, however,
it significantly weakens when the temperature is above Tr, making
TRT readily removable from the bonded surface.'”” Overall, these two
stimuli-responsive tapes can serve as an intermediary sacrificial mate-
rial for the temporary transfer and bonding of targeted electronic ele-
ments, and selectively removing them away from the whole system is
allowed by applying external stimulus.'**

scitation.org/journal/are

IV. ADHESIVE TAPE-ASSISTED MATERIALS
AND DEVICES

The prerequisite of flexible smart electronics is the rational design
and configuration of electronic elements. In this review, adhesive tapes
dominate these design and configuration processes, which can be cate-
gorized into physical and chemical modifications, depending on the
specific operating mechanisms. With these adhesive tape-enabled
physical and chemical techniques, a variety of up-to-date electrodes,
circuits, and connecting competent, device skeletons can be achieved
for diverse flexible electronics (T'able I). In this section, we will describe
each physical or chemical modification technique and the flexible
device counterpart in detail, with a focus on how the properties (e.g.,
stickiness, flexibility, conductivity) of various adhesive tapes set the
stage for the related techniques and devices.

A. Physically-dominated techniques
1. Triboelectrification

Peeling off adhesive tapes seems a simple operation in daily life;
however, it is actually a complex process at the microscale level involv-
ing polymer chain rearrangement, orientation, as well as slippage.'”
Pulling off PSAs from the backings at routine speeds (cm/s) associates
homolytic and heterolytic cleavage along the separation/displacement
direction,'”*'* which can result in surface radicals and charged species
[Fig. 4(a), left]. Some characterization techniques have been developed
to visualize these surface radicals and charged species. Surface radicals
can be observed by magnetic force microscopy [MEM, Fig. 4(a), mid-
dle]. These surface radicals can induce chemical reactions, which will be
emphasized in Sec. IV B 1. The charged species possess a net/macro-
scopic charge on the order of few nC/cm? which can be characterized
by a homemade Faraday cage linked to an electrometer.”” Kelvin force
microscopy (KFM) mapping further indicates that the “mosaics”-like
surface potentials are nonuniformly distributed [Fig. 4(a), right]. In this
section, we focus on these charge species, which can produce triboelec-
trification at the adhesive-substrate interface. The relevant phenome-
non, mechanism, devices, and applications will be discussed in detail.

Numerous researchers have found that peeling off adhesive tapes
from the intrinsic backings leads to an electric field and yields electro-
magnetic radiation at radiowave,'** terahertz,'” visible,**'*” and x-
ray level.”*""** Sometimes, these electromagnetic radiations with pho-
ton generation are also called triboluminescence.”” In this process,
PSA and backing are positively and negatively charged, respectively. X
ray is extremely amazing because the energy required for x-ray pho-
tons is usually about 4-5 orders of magnitude higher than that pro-
vided by the vdWs interaction between adhesive and backing.'**'**
The explanation can be sought in the energy density focusing mecha-
nism.'”” Peeling off the adhesive tape in a moderate vacuum enables
simultaneous emission of visible and x-ray."* As shown in Fig. 4(b),
the blue light and red patch near the peel point arose from the scintil-
lator responsive to x-ray energies and the neon-improved visible light
in a vacuum environment. X-ray imaging of a human finger was also
available using this facile strategy. The generated x-ray pulse was cor-
related with radio frequency pulses and slips in the force during peel-
ing off the adhesive tapes. Other parameters, such as the gas pressure,
peel speed, type of adhesive tape, and detector angle, also have a signif-
icant impact on x-ray radiation during peeling off adhesive
tapes.'””"*"""** To some extent, the peeling point can be simplified as a
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TABLE I. Emerging flexible electronics enabled by adhesive tapes. Note: PEDOT:PSS: poly(3,4-ethylenedioxythiophene)/polystyrenesulfonate, PEN: polyethylene naphthalene,

CNT: carbon nanotube, FEP: fluorinated ethylene propylene, ITO: indium tin oxide.

Roles of tape Tape types Electronic components Applications Refs.
Tape-peeling charging Lyreco, polypropylene substrate FEP electret film Triboelectrification devices 110
with acrylic adhesive
Mechanical exfoliation Scotch tape Monolayer MoS, Gas sensors 31
Mechanical exfoliation Scotch tape Multilayer black phosphorus Gas sensors 111
Mechanical exfoliation Scotch tape MnO, nano-grass electrode Supercapacitor 112
and supporting substrate
Transfer printing Water-soluble tape TiO, nanomembrane /Au Drug delivery 8
Nanoparticles
Electrode Conductive copper tape PEDOT:PSS Gas sensors 113
Swab sampling Unknown transparent tape Au nanoparticles SERS sensors 114
Swab sampling Unknown transparent tape Al,O3-coated Ag nanorods SERS sensors 57
Stretch-release Elastic tape Scale-like graphene Wearable strain sensors 6
Stretch-release and sup- Elastic Tapes Wavy GO films Supercapacitor 34
porting substrate
Selective removal Kapton tape Silver NWs Wearable strain sensors 115
Conformal substrate Medical tape Au/PEN electrode with hair Wearable pressure sensors 116
structure
Encapsulation and epider- Medical tape Au and Ag/AgCl electrode Sweat sensors 117
mal adhesive layer
Supporting substrate Tattoo Ag and Zn electrode Battery 16
Lamination and encapsu- Cu conductive tape Perovskite Battery 118
lation layer
Supporting substrate and Medical tape MnO,/graphite Supercapacitor 36
epidermal adhesive layer
Bonding layer Kapton tape ITO Triboelectrification devices 13
Supporting substrate and Kapton tape and medical tape Carbon electrode Wound management 92
epidermal adhesive layer
Supporting substrate and Medical tape Au electrode Wound management 94
epidermal adhesive layer
Encapsulation of drug Kapton tape Ag electrode Drug delivery 119
Encapsulation of drug and Medical tape Enzyme-modified carbon fabrics, Drug delivery 95
epidermal adhesive layer ascorbyl glucoside (drug)
Supporting substrate Scotch tape Ag nanoparticles on SiO, NWs SERS sensors 120
Template Medical tape Ag@CNT Wearable pressure sensors 121
Microfluidic layer Medical tape Carbon and Ag/AgCl electrodes Sweat sensors 61
Conductive pathway Ni-coated textile tape Carbonized silk electrode Sweat sensors 122
Electrode CAT PDMS negative tribo-layer, Ni Triboelectrification devices 80
foil as the electrode for the PA6
positive tribo-layer.
Electrode CAT Intrinsic carbon on CAT Gas sensors 74

parallel plate capacitor [Fig. 4(c)]. Thus, the electrostatic force Fy can
be evaluated from

where 7, and 7, are the polar part of the surface energy and the total
surface energy, respectively. F, is the apparent adhesive force of adhe-
sive tape. Thus, the output voltage U can be given'”'

Fud?
U— yp A 7
Vior€o&rA

where the parameters include dielectric constant ¢,, the sample per-
mittivity ¢,, plate distance d, and plate facing area A. Although regard-
ing the peeling point as a plate capacitor is a crude assumption that
needs to be further deliberated, the equation releases approximate
guidance about how to maximize electron acceleration voltage, such as
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FIG. 4. Triboelectrification. (a) Mechanoradicals and charged species generated during pulling off adhesive tapes. Magnetic force microscopy (MFM) map of mechanoradicals
(white spots), and Kelvin force microscopy (KFM) map of the charge mosaics with both positive and negative regions. MFM and KFM are reproduced with permission from
Baytekin et al., J. Am. Chem. Soc. 137, 1726 (2015). Copyright 2015 American Chemical Society.”” (b) Simultaneous emission of visible and x-ray photons during peeling off
the tape (left) and the corresponding x-ray imaging of a human finger (right). Reproduced with permission from Camara et al., Nature 455, 1089 (2008). Copyright 2008 Nature
Publishing Group." (c) Schematic of electromagnetic radiation during peeling off adhesive tapes and the simplified plate capacitor model at the peeling point. Reproduced with
permission from Stocker et al., J. Electrostat. 71, 905 (2013). Copyright 2013 Elsevier.' (d) A triboelectric nanogenerator (TENG) by peellng a fluorinated ethylene propylene
(FEP) film away from adhesive tape. Reproduced with permission from Zhang et al., Nano Energy 48, 256 (2018). Copyright 2018 Elsevier.'

choosing adhesive tapes with relatively high adhesive force F4 and cre-
ating a high ratio of /7.

The triboelectric nanogenerator (TENG) is well known as a mini-
aturized, facile, low-cost energy harvesting device that converts ambi-
ent energies (e.g., body motion, acoustic waves, heat, winds, and water
flow) into electricity. The mechanism of TENG is the coupling effects
between triboelectrification and electrostatic induction through con-
tact separation (contact electrification) or relative sliding between two
materials with opposite tribopolarity.*® Electrification phenomenon
induced by the peeling PSAs of adhesive tapes from the bonded sur-
face (including the intrinsic backing and other substrates) is quite like
the TENG based on the contact-separation mechanism."*”"** To ver-
ify this perspective, a viscoelastic polymer adhesive was bonded with
two substrates of high and low surface energy, then debonded away
from the low surface energy substrate and maintained on the high sur-
face energy.”’ This process caused the breaking of polymer chains at
an atomistic level, producing macroscopic surface electrification.
Based on this strategy, such a device (0.5 x 0.5 cm?) achieved an aver-
age output power density of 216.7 uW cm ™2, which was about 1.5

times that without a viscoelastic polymer adhesive layer. Similarly,
Zhang et al. designed a TENG device based on a facile tape-peeling
charging method.'"” A piece of adhesive tape was attached to a fluori-
nated ethylene propylene (FEP) electret film followed by peeling off.
As a result, the sticky acrylic adhesive on the tape was positively
charged, and the FEP film was negatively charged, respectively, gener-
ating an electric field between the two polymer films [Fig. 4(d)]. The
resulting electric field was attributed to the wide gap between acrylic
and FEP in the triboelectric series.

2. Mechanical exfoliation

Mechanical exfoliation also called the “Scotch tape method,” is a
famous technique for the fabrication of 2D vdWs layered materials
with a long history back to the 1970s.”” The Scotch tape method
makes mechanical exfoliation extremely easy even at home: a piece of
Scotch tape is applied to the bulk 2DMs surface and then just peeled
off. This process is repeated until thin few/single-layer 2DM are
obtained [Fig. 5(a), left and middle]. During this process, the vdWs
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FIG. 5. Mechanical exfoliation. (a) Mechanical exfoliation of single-layer 2DMs from bulk graphite based on the famous Scotch tape method, during which the vdWs attraction
among adjacent 2DMs flakes is overcome by the micromechanical cleavage (left and middle). An atomic force microscopic (AFM) image of single layer graphene (right),
Reproduced with permission from Novoselov et al., Science 306, 666 (2004). Copyright 2004 American Association for the Advancement of Science.” (b) Schematic of mono-
layer 2DMs fabricated by the Scotch tape method for transistor research. (c) Mechanically exfoliated phosphorene nanosheet (PNS) for detection of NO,. Reproduced with per-
mission from Cui et al., Nat. Commun. 6, 8632 (2015). Copyright 2015 Authors, licensed under a Creative Commons Attribution (CC BY) license.'*” (d) Ultrasensitive
photodetectors enabled by monolayer MoS, using the Scotch tape method. Reproduced with permission from Lopez-Sanchez et al., Nat. Nanotechnol. 8, 497 (2013).

Copyright 2013 Nature Publishing Group.

attraction among adjacent 2DMs flakes is overcome by the microme-
chanical cleavage upon peeling adhesive tapes away from the target
2DMs surface."*”"*" The most famous case is that two physicists exfo-
liated a single layer of graphene [most distributed in the central
brown-red area in Fig. 5(a), right] from the bulk graphite using the
Scotch tape in 2004,”>'** and they won the Nobel Prize in Physics in
2010. Following this revolutionary discovery, a wide variety of single/
few-layer 2DMs have been intensively investigated, including MoS,,
WSe,, black phosphorus, and topological insulators (e.g., Bi,Tes,
Bi,Ses, Sb,Te;)." > '+ Up to now, mechanical exfoliation is a domi-
nant technique for the fabrication of various layers of 2DMs in a labo-
ratory without any other auxiliary materials, regents, or tools.
However, the traditional Scotch tape method is limited by low yields
and small lateral sizes, which is incompatible with industrial-scale
manufacturing. Recent work has achieved a monolayer of 2D vdWs
crystals with macroscopic dimensions (from millimeters to centi-
meters) in a high-throughput manner based on a modified mechanical

exfoliation method.'** Briefly, a gold film was deposited on a highly
polished (atomically flat) silicon wafer, followed by spin-coated a poly-
vinylpyrrolidone (PVP) interfacial layer. The gold and PVP layer were
then transferred to a TRT, and the resulting TRT was applied on the
bulk vdW crystal. The ultraflat gold layer on TRT allowed uniform
and intimate contact with 2D vdW crystal. Then, the scientists can
exfoliate a single-crystal monolayer with macroscopic dimensions after
removing TRT, PVP, and gold.

These single/few-layer 2DMs using the Scotch tape have many
outstanding properties such as ultimate size scaling and ultrahigh sur-
face area-to-volume ratio compared to their bulk counterparts. In par-
ticular, the 2D semiconductor materials enabled by the Scotch tape
method have contributed to a surge in field-effect transistors (FETSs)
study,*® where the exfoliated 2DMs are usually deposited on thermal
Si0,/Si wafers and connected with two metallic electrodes (e.g., Au)
pad [Fig. 5(b)]."""*" One important application of these FETs is gas
sensors. These 2DMs include graphene, semiconducting transition
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metal dichalcogenides (MoS,, WS, MoSe,, etc.), and layered metal
oxides (MoOs, SnO,, phosphorene, h-BN, etc.).ISO Jonker’s group has
successfully detected various gases including trimethylamine [a nerve
gas by-product, Fig. 5(c)], acetone, and trimethylamine with high sen-
sitivity and selectivity.”"'”" Further studies indicate that the thickness
of 2DMs has a significant influence on analytical sensitivity. For a
phosphorene nanosheet (PNS)-based FET gas sensor, the relationship
between sensitivity and PNS thickness can be roughly expressed as'*’

AQ E, — 2|Er — Ep
1) o — - S b 2
S(t) o< ; exp< KT ,

where AQ, t, and |Ep — Ep|, K and T denote the total charge transfer
from the PNS to the gas molecules, the PNS thickness, the energy
spacing between the Fermi level and the intrinsic Fermi level, and the
Boltzmann constant temperature, respectively. E, indicates the energy
gap, which is dependent on the PNS thickness. The Scotch tape
method provides a facile method to flexibly change the thickness by
increasing or decreasing the times of mechanical exfoliation, and the
theoretical (dots) and experimental (line) results are shown in Fig. 5(c)
(right) with good agreement.

Another important application of these 2DMs-based FETs is
photodetectors. Kis’s group has demonstrated an ultrasensitive mono-
layer MoS, phototransistor using the Scotch tape method as shown in
Fig. 5(d)."”” Impressively, the phototransistor can be turned off, as
monolayer MoS, is a direct-bandgap semiconductor with a bandgap

REVIEW scitation.org/journal/are

of 1.8 eV due to quantum-mechanical confinement. This contributed
to low dark currents and noise equivalent power lower (1.8 x 10> W
Hz 2 for Vipain_source) than in commercial silicon avalanche photodi-
odes (3 x 10~ W Hz '?)."*° The device also illustrated a maximum
external photoresponsivity of 880 AW 2 (1 = 561 nm) and a broad
spectral range of 400-680 nm range. Similar photodetectors based on
single or few-layer 2DMs have been widely investigated using the
Scotch tape method.”* '™

3. Transfer printing

Transfer printing is an indirect material fabrication process,
where pre-prepared materials are peeled off from a donor substrate
and transferred onto a receiver substrate using adhesive materials, >’
such as adhesive tapes [Fig. 6(a)]."”" "' The adhesive force (or surface
energy) differences between various interfaces are the prerequisite for
successful transfer printing: the adhesive force between target materials
and adhesive tapes should be stronger than that between target materi-
als and donor substrates, while weaker than that between target mate-
rials and receive substrate. According to the transfer times, transfer
printing can be categorized into three types: single transfer printing
(STP), double transfer printing (DTP), and multiple transfer printing
(MTP).ZG As the name indicated, STP describes a single transfer print-
ing step.'**'** DTP and MTP refer to two-time and multiplex transfer
printing processes, which utilize the remaining adhesive force on the
adhesive tape after STP.”

4 d
Adhesive tape ;
— Target material scotchtape -8
Donor substrate Receiver substrate
Conformal contact Transfer Printing
b 4 ¢ 15t Tape transfer 2"d Tape transfer
Pick-up by
i 30 -
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FIG. 6. Transfer printing. (a) Schematic process of transfer printing using adhesive tapes, where the target materials can be successively picked up from a donor substrate
and transferred to a receiver substrate. (b) Adhesive tape-assisted single transfer printing (STP) of patterned butterfly-like plasmonic metafilm for flexible surface-enhanced
Raman scattering (SERS) sensors. Reproduced with permission from Liu et al., Adv. Funct. Mater. 26, 5515 (2016). Copyright 2016 Wiley-VCH.'®® (c) Fabrication of a tape-
based CdS NW photodetector using double transfer printing (DTP) technique. Reproduced with permission from Wang et al., ACS Appl. Mater. Interfaces 10, 16596 (2018).
Copyright 2018 American Chemical Society.” (d) Transfer printing of laser-scribed graphene (LSG) onto Scotch tape as sweat-sensing electrode arrays. Reproduced with per-
mission from Prabhakaran and Nayak, ACS Appl. Nano Mater. 3, 391 (2020). Copyright 2020 American Chemical Society.'”®
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Based on adhesive tape-assisted STP, DTP, and MTP, a wide
range of nanomaterials have been developed, such as nanowires, '
films,'*” micro-nanoarrays. °>'®” Transfer printing is widely used to
fabricate adhesive tape-based flexible (opto)electronics, where adhesive
tapes serve as the supporting substrate.*>'*” Liu et al. constructed a
flexible patterned plasmonic metasurface using the STP technique
[Fig. 6(b)].""” Briefly, monolayer polystyrene (PS) beads were closely
packed on a glass or silica wafer (donor substrate) and then engraved
into a butterfly pattern. Next, the resulting PS patterns were trans-
ferred onto Scotch tape (receiver substrate). Flexible plasmonic tape
for SERS analysis was finally obtained by further sputtering silver film
onto the PS template. Wang et al. proposed a tape-based photodetec-
tor using the DTP technique.”” The AgNWs interdigitated electrode
was patterned and transferred onto a piece of adhesive tape. CdS NWs
film was fabricated on an anode aluminum oxide (AAO) membrane
and transferred onto PDMS film. Then, the CdS NWs could be further
transferred from PDMS to the AgNWs-attached adhesive tape as
shown in Fig. 6(c). Figure 6(d) demonstrates a miniaturized tape-
based sweat biosensor for enzyme-free analysis of sweat glucose,
wherein the Scotch tape allowed the complete transfer of laser-scribed
graphene electrode patterns without losing electrochemical perfor-
mance.”’ Zang et al. designed a composite film electrode consisting of
vertically aligned CNTs coated with pseudocapacitive TiS, and trans-
ferred it onto Kapton tape. The resulting pseudocapacitors achieved a
fine energy density of 195 F g~ ! in a Li-rich electrolyte.'”’

Sometimes, adhesive tapes are used as a temporary tool for trans-
fer printing.”” In this case, eliminating the adhesive behavior of the
adhesive tape to release the target materials is a critical issue.
Fortunately, the soluble tapes“”’mS and TRTs "7 mentioned in
Sec. III G allow the on-demand release of the target electronics via con-
trolling the temperature or applying corresponding solvents. These
stimuli-responsive adhesive tapes are extremely favorable for transfer
printing and releasing ultrathin target materials (e.g., monolayer gra-
phene'”” and MoS,'”*) by applying the corresponding stimuli. By
comparison, releasing the ultrathin target materials from routine adhe-
sive tapes is difficult and will probably damage the ultrathin target
materials. In an early work, a layer of graphene films was first grown
on metal (Ni or Cu)/SiO, layers. A TRT (Nitto Denko Co.) was
adhered to the graphene and then soaked in water.'”” After that, the
tape/graphene/metal could be separated from the SiO, layer. Then
FeCl; solution was used to further remove the metal layers, and finally,
the obtained graphene on the TRT can be on-demand and completely
transferred onto arbitrary substrates. The resulting graphene films can
be used to fabricate FET and stretchable strain sensors. Scientists can
flexibly choose the types of adhesive tapes and times of transfer print-
ing depending on the actual requirements.

4. Selective removal

Selective removal by adhesive tape is used to create surface
electronics arrays as demonstrated in Fig. 7(a). Briefly, the target
materials are first applied onto a substrate, and then the non-
wanted part is selectively removed using adhesive tape.’® The
process of selective removal is somewhat like transfer printing. The
difference is that the target materials are retained on the initial sub-
strate in the selective removal process. However, in the transfer
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printing process, they are transferred away from the initial substrate
and applied to other interfaces.

A master template is conducive to improving the efficiency of
selective removal and the resulting microarray resolution.'”” Briefly,
target materials are first applied to a positive or negative mold. Then,
an adhesive tape is applied to generate a tight connection with the
material surface. The unwanted portions of target materials on positive
sites are selectively removed; conversely, target portions on negative
sites are reserved. Based on template-assisted selective removal techni-
ques, Au electrodes with sub-nanometer resolution can be achieved.'”®
Careful attention should be taken to avoid the occurrence of damage
to the target materials during the selective removal operation (e.g., due
to excessive peeling force). Figure 7(b) demonstrates the fabrication of
vertically oriented gaps in opaque metal films with nanoscale gap
widths using an adhesive tape-assisted selective removal technique.'””
The Si substrate was first patterned with a metallic layer based on stan-
dard patterning techniques (e.g., optical lithography, e-beam lithogra-
phy) and then deposited with a thin layer of insulator Al,O; via
atomic layer deposition (ALD) technique. Then the resulting hybrid
layer was subsequently filled with metal by directional evaporation.
The excessive second metal layer that sat on the top of the first layer
was selectively removed by a piece of Scotch tape so that vertically ori-
ented gaps in opaque metal films were created with gap widths as nar-
row as 9.9 A. The resulting nanogap created by tape-assisted selective
removal could uniformly extend along a millimeter-scale loop, which
can be used to exploit strong THz resonances. Cui et al. proposed a
similar strategy for the mass production of nanogap electrode arrays
by integrating ALD, adhesive tape-assisted selective removal, and
chemical etching, which can be used in nonvolatile resistive switches
[Fig. 7(0)).

Selective removal can be combined with other tape-assisted tech-
niques to construct flexible electronic arrays. Oren et al. first fabricated
a thick graphene film by applying graphene suspensions onto the
PDMS mold with positive and negative channels.” Then, a piece of
Scotch tape was attached onto the positive surface of PDMS. Peeling
off the adhesive tape resulted in a well-defined graphene pattern in the
concave channel of PDMS, and the invented graphene partition on the
top surface was selectively removed. Deeper research suggested that
when the graphene film was thinner than 1.5 um, the Scotch tape
could perfectly remove the graphene film outside the channel without
destroying the graphene film on the negative channels, as long as the
tape was not in direct touch with it. Finally, the graphene patterns
inside of the negative channel at the PDMS surface were transferred
onto another Scotch tape using the transfer printing technique, achiev-
ing high-resolution graphene microarrays (20 um in channel width)
for pressure/strain sensors. Selective removal using adhesive tape can
also on-demand design of the electrode materials with various shapes
and sizes. For example, to fabricate the sensing material of the strain
sensor, fragmented graphene foam/isopropyl alcohol solution was
drop-cast onto a glass slide [Fig. 7(d)]."”® The dried sample was then
patterned into a regular, controlled, and rectangular shape with PI
tape by the selective removal of the nonpatterned part. The patterned
graphene foam was transferred onto PDMS, capable of detection of
bio-signals such as a pulse of the radial artery and elbow/finger bend-
ing. Control electrode shape using this selective removal strategy is so
facile that can be performed without the need for skilled operators,
particularly economic for resource-limited areas.""”
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FIG. 7. Selective removal. (a) Schematic of high-resolution arrays based on selective removal technique using adhesive tapes, where target materials are first applied into a
template possessing positive and negative features. Then, the unwanted portion of target materials on positive sites are selectively removed by adhesive tapes and target por-
tions on negative sites are reserved. (b) Fabrication of vertically oriented gaps in opaque metal films with nanoscale gap widths using the adhesive tape-assisted selective
removal technique. Reproduced with permission from Chen et al., Nat. Commun. 4, 2361 (2013). Copyright 2013 Authors, licensed under a Creative Commons Attribution (CC
BY) license.”” (c) Fabrication of nanogap electrode arrays for resistive random access memory, where the excessive Au layer can be selectively removed using adhesive
tapes. Reproduced with permission from Cui et al., Adv. Mater. 28, 8227 (2016). Copyright 2016 Wiley-VCH.'”® (d) Modulation of the shape and size of graphene foam using
Kapton tapes for high-sensitive strain sensors. Reproduced with permission from Jeong et al., Adv. Funct. Mater. 25, 4228 (2015). Copyright 2015 Wiley-VCH.'"®

5. Swab sampling

Effective and rapid collection of target molecules (e.g., low-den-
sity-distribution powder, dust, and residues) from curved and complex
surfaces is highly desirable for POCT applications. Adhesive tape-
based sampling strategies are widely adopted in environmental, food
microbiology, and healthcare, which can be traced back to the early
1950s.'*”"*" Compared to traditional rigid (e.g., glass, slide, and silicon
wafers) and non-sticky flexible substrates (e.g., paper, cotton, and
polymer film), adhesive tape enables rapid and convenient swab

sampling of specimens thanks to its distinct sticky feature [Fig. 8(a)].
These swab sampling techniques enabled by adhesive tapes can greatly
accelerate the analytical efficiency and provide early-warning feedback.
Generally, there are two common adhesive tape-assisted sam-
pling strategies. The first strategy is using bare adhesive tape just for
collecting samples, and the sensing elements are independently con-
structed on other substrates [Fig. 8(b)]. In this strategy, adhesive tapes
can be repeatedly used in a “paste, peel off, and paste again” manner
until enough samples are collected.”” The collected samples on the
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FIG. 8. Swab Sampling. (a) Schematic of swab sampling of targeted analytes using adhesive tape, where rapid and convenient sample collection on the adhesive tapes is
allowed thanks to the distinct sticky feature. (b) Adhesive tape-assisted “pasting and peeling off” for collecting residues and transferring the collected residues onto the SERS
substrate for SERS analysis. In this strategy, bare adhesive tape is used just for collecting sample, and SERS materials are independentl¥ constructed on other substrates.
Reproduced with permission from Chen ef al., ACS Appl. Mater. Interfaces 10, 9129 (2018). Copyright 2016 American Chemical Society.'* (c) Direct construction of SERS
substrate on adhesive tapes for extraction of analytes and in situ SERS detection. In this strategy, the flexible adhesive tape-based SERS sensors can provide an affinity site
for simultaneous sample collection and SERS analysis. Reproduced with permission from Jiang et al., Anal. Chem. 88, 2149 (2016). Copyright 2018 American Chemical

Society.”’

tape are then transferred to the corresponding sensors to perform the
subsequent assay.'*” Tan et al. used adhesive tape modified with color-
imetric indicators to quantify powder, by directly applying the adhe-
sive tape to the analytes. Sampling cells (especially skin cells) using
adhesive tapes is an appealing strategy for biomedical applications.
Darvishi et al. used adhesive tapes to harvest the outermost cellular
layers from a suspicious skin area and transferred the cells into a scan-
ning electrochemical microscope.'® This facile cell collection enabled
by adhesive tapes was conducive to noninvasive melanoma
detection.'™*

The second strategy is the direct construction of sensing elements
on adhesive tape and in situ analysis of the collected analytes. This
method is widely used to fabricate flexible and sticky SERS sensors,
where the adhesive tape provides an affinity site for plasmonic nano-
materials (“hot spots”) by dip-coating'®” or transfer-printing strate-
gies."*" '** These SERS tapes are still sticky after being modified with
plasmonic materials that can further perform swab sampling tasks.
Therefore, the functionalized SERS adhesive tapes provide direct
extraction of analytes from the target objects without the assistance of
organic solvent to wet the objective surfaces and maintain high SERS

159,

activity.””'®> Chen et al. proposed a SERS tape that was fabricated by
carefully and repeatedly dropping Au NPs solutions onto the sticky
side of the adhesive tape until uniform SERS active substrate
yielded.""" As a result, the SERS tapes enabled adhesively extracting
pesticides (parathion-methyl) from diverse fruit and vegetable peels,
including green vegetables, cucumbers, oranges, and apples [Fig. 8c],
with high collection efficiency and convenience.'*’

6. Stretch-release

Stretch-release is a unique manufacturing strategy that can only
be done with stretchable and elastic material including elastic tape. In
this process, target materials are first directly or indirectly (e.g., by
transfer printing technique) constructed on a stretchable, elastic adhe-
sive tape. When applying a certain stretching force to the elastic adhe-
sive tape, deformation is formed in the target materials both parallel
and perpendicular to the stretching direction caused by the Poisson
effect.” The target film is then compelled into an out-of-plane wavy
microstructure after releasing stretched tape [Fig. 9(a)]. Both the
stretchability and adhesion force of the elastic adhesive tapes play a
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FIG. 9. Stretch-release. (a) Schematic of multiple wrinkle structures with mechanical stretchability and high specific surface area by stretch-release using elastic tapes. In this
process, active material is first fabricated on a stretchable, elastic adhesive tape directly or indirectly. When applying a certain stretching force to the elastic adhesive tape,
deformation is formed in the active layer and the active film is then compelled into a wavy microstructure after releasing stretched tape. (b) Fabrication of stretchable organic
photovoltaics based on stretch-release technique using a 3M™ elastic tapes, and the device could maintain high power conversion efficiency (PCE) regardless of various
mechanical measurement. Reproduced with permission from Chen et al., Sol. Energy Mater. Sol. Cells 165, 111 (2017). Copyright 2017 Elsevier."” (c) Construction of fish-
scale-like graphene strain sensors based on a double stretching-release method using an elastic tape, where the presence of abundant wavy structures contribute to high sen-
sitivity of the strain sensor. Reproduced with permission from Liu et al., ACS Nano 10, 7901 (2016). Copyright 2016 American Chemical Society.”

crucial role in the stretch-release operation. Stretchability is the prereq-
uisite of the stretch-release technique, and adhesive force ensures tight
contact between the target material layer and elastic tape without
detachment.

There are two significant functions enabled by the stretch-release
technique. First, it can be used to fabricate stretchable electronics capa-
ble of accommodating external force.” A stretchable organic photovol-
taic device based on 3M™ tape is demonstrated in Fig. 9(b)." In this
work, a viscoelastic 3M ™ VHB tape was pre-stretched and fixed onto
a glass plate, and then sequentially spin-coated with PEDOT:PSS and
organic heterojunction blend layer. The produced film was peeled off
from the glass substrate and formed a buckle structure through the
deposition of eutectic gallium-indium (EGaln). This flexible and
stretchable elastic tape-based photovoltaic battery achieved enhanced

power conversion efficiency (PCE, 30% greater than that of the corre-
sponding PDMS-derived device), due to the improved uniformity of
PEDOT:PSS film on tape. The device also showed stretchability that
could maintain 80% of its original PCE regardless of 50 cycles of
stretching at 20% strain. Second, the stretch-release can be used to fab-
ricate buckled structures with high specific surface areas. The fabrica-
tion of these structures can be realized by other strategies, such as
compression, molding, solvent swelling, thermal expansion, and 3D
printing."”’ However, these strategies are complicated and time-
consuming. By compassion, stretch-release is relatively facile and can
be repeated until enough wrinkles and fractures are created.
Additionally, removing the elastic tape is also operable. Thus, the tar-
get material layer can be obtained in a freestanding manner.”* Liu
et al. applied an rGO film on a commercial elastic tape (VHB4910,
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3M™, Inc.), and the elastic tape was stretched to 50% so that cracks
and fractures in the rGO layer were created. Then, another rGO film
was attached to the first rGO layer and the elastic tape was further
stretched to 100%. After released, a fish-scale-like rGO bilayer film was
obtained [Fig. 9(c)].° Due to the presence of abundant wavy structures,
such a strain sensor realized high sensitivity (a gauge factor of 16.2-150)
and low limit of detection (<0.1% strain), capable of tracking various
human motions. Electrode and friction layers with high ratio surface
areas are conducive to rich triboelectric charges for high-performance
TENGsS. Chen et al. proposed a crumpled graphene-based electrode of
the TENG device."”' Here, the adhesive tape was biaxially pre-stretched
and then relaxed along with the two pre-stretched directions. The
TENG consisted of two layers: the bottom layer was crumpled/silicone
film, where the crumpled graphene film acted as simultaneously elec-
trode and friction layer; the top layer included silicone/planar graphene
film, where the silicone and graphene served as a friction layer and the
other electrode, respectively. Benefitting from the crumpled graphene
with a successively wavy interface, this TENG could work in compres-
sive, stretching, and hybridized modes, respectively, and its output volt-
age was higher than that of the TENG with planar graphene by one
magnitude (compressive mode).

7. Bonding

Bonding is one of the most fundamental functions of adhesive
tapes in daily life, such as fastening two pieces of paper together
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(bonding between internal elements) and bonding a piece of paper on
the wall (bonding with external elements). Similarly, for flexible elec-
tronics applications, adhesive tape-assisted bonding techniques can be
divided into two types: one is bonding between internal items
[Fig. 10(a), sometimes, this bonding process is also called encapsula-
tion, sealing, or packaging]. Sophisticated flexible electronics usually
contain multivariate subsystems. Thus, rational assembly of these sub-
structures into an entire system using adhesive tapes is of great signifi-
cance to ensure complete and reliable functionalities.”'*>'*” For
example, it is necessary to keep these electronic elements away from
the wet surface by encapsulating them in an independent room, other-
wise, short circuit or inaccurate signal transmission will occur.'” Li
and co-workers utilized commercial Kapton tape as an adhesive
encapsulation layer of perovskite solar cells.'”” The encapsulated cells
maintained 96.3% of their initial PCE even underwater for 1620 s with
continuous illumination, significantly improving the water resistance
of perovskite solar cells for commercial applications. Conductive cop-
per tapes have been simultaneously adopted as the encapsulation and
electrode layer of perovskite solar cells.''” The conductive copper tape
was heated to 70 °C so that the acrylic adhesive was softened and in
close contact with the photoactive layer [Fig. 10(b)]. The PCE (mea-
sured within 240 h in a N, glovebox) of resulting perovskite solar cells
was more stable than that with traditional thermally-evaporated Al
electrodes. In another work, a facile TENG device was achieved using
Kapton tape-based bonding technique, where the top and bottom elec-
trodes were flexible ITO (coated on polyethylene terephthalate, PET)

e Bonding with external items

Adhesive tape

Electrode

I
Skin ‘

Remote

. . transmitter
Thin medical tape

\

FIG. 10. Bonding. (a) Bonding between internal items using adhesive tapes for packaging individual layers of flexible electronics into a whole device. (b) Cu conductive tape
as a simultaneous lamination layer and top electrode layer of perovskite solar cells. Reproduced with permission from Shao et al., Nano Energy 16, 47 (2015). Copyright 2015

Elsevier.'"® (

c) A facile TENG assembled by flexible ITO, Kapton tape, and Cu connecting wires. Reproduced with permission from Mallineni et al., Nano Energy 35, 263

(2017). Copyright 2017 Elsevier."” (d) Kapton tape as a seal layer of microfluidic drug pumping patch. Reproduced with permission from Honda et al., Adv. Funct. Mater. 29,
15 (2019). Copyright 2014 Wiley-VCH."" (e) Bonding adhesive tape-based electronics to external items such as human epidermis. (f) A waterproof tattoo-based sweat elec-
tronic patch capable of tight bonding on skin. Reproduced with permission from Lee et al., Sci. Adv. 3, 1601314 (2017). Copyright 2017 Authors, licensed under a Creative
Commons Attribution (CC BY) license.'” (g) A skin-conformal medical tape-based microhairy pressure sensor for pulse signal monitoring. Reproduced with permission from

Pang et al., Adv. Mater. 27, 634 (2015). Copyright 2015 Wiley-VCH.'®
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and Kapton tape-bonded flexible ITO [Fig. 10(c)], respectively."”
Kapton tape was selected here due to its relatively low rank in the tri-
boelectric series (charge affinity: —70 nC ], easily charged nega-
tively) with relatively low compression modulus (2.5 GPa), and high
compressive yield (150 MPa, eliminating plastic deformations at
higher loads). The materials used in this TENG were so cheap
($0.06 cm ™), which possessed a huge potential for industrial produc-
tion. Bonding different layers in microfluidic electronics using adhe-
sive tapes are crucial to ensure reliable capillary wicking of fluids and
eliminate the leakage and cross-contamination between microchan-
nels.'”*"”” Figure 10(d) illustrates a Kapton tape-encapsulated micro-
fluidic drug delivery system.''” PDMS microfluidic chip was
fabricated by soft lithography and strongly bonded onto a piece of
Kapton tape. Touch/temperature sensors and wireless coils were con-
figured on the Kapton tape, and dyed liquid mimicking a drug was
loaded inside the PDMS microchamber. After imposing finger pres-
sure, the drug could be on-demand ejected out from the microcham-
ber to the target area.

Another adhesive tape-assisted bonding technique is bonding
flexible devices to external items, especially human skin is a common
external item. Bonding flexible electronics with the human epidermis
has aroused plenty of wearable tape-on-skin devices [Fig. 10(e)]. These
wearable devices are usually designed as a patch,"” tattoo,” or bandage
style.'””” Tight bonding with human skin is a prerequisite for epider-
mal electronics. In particular, for wearable sweat biosensors, given the
damp skin microenvironment during sweating, reliable epidermal
adhesion and mechanical stability are extremely essential.””' *"
Adhesive tapes can serve as an epidermal adhesive layer, providing
strong bonding between the sweat patch and sweaty epider-
mis.”*"***° Porous medical adhesive tapes were widely adopted in a
sweat microfluidic platform.'' The biocompatible adhesives acrylic
adhesive possessed good attachment and moisture vapor transmission
rate (MVTR) (2.08 mg/cm” h) without any chemical or physical irrita-
tion to the skin. Lee et al. proposed a tape-based microneedles hybrid
electronics as a simultaneous sweat sensor and transdermal drug (met-
formin) delivery patch [Fig. 10(f)]."” Such a device included multiplex
sensors (a graphene-based glucose sensor), a heater, and hyaluronic
acid hydrogel microneedles coated with phase change materials. Once
excessive sweat glucose was detected, the microneedle arrays were
heated over critical temperature (41-42 °C) by the heater. As a result,
the drug (metformin) loaded with phase change nanoparticles was
thermos-responsively released into the bloodstream.””” Conformal
skin adhesion plays a vital role in designing wearable pressure/strain
sensors with low background noise for diverse applications including
artificial e-skins, human-machine interface, and personalized diagno-
sis.”””"" A bioinspired microhairy pressure sensor based on medical
tapes has been developed [Fig. 1()(g)].”° The core sensing element
consists of an Au—polyethylene naphthalene electrode with microhairy
capacitive structure (to maximize the contact area between the sensors
and the curved surface of the skin) on a medical tape. Here the medical
tape greatly improved skin adaptability and biomedical compliance,
ensuring the mechanical stability of the epidermal pressure sensor
regardless of bending and deforming. In addition to human skin,
adhesive tape-based devices can also be bonded with other external
items. For instance, some researchers attached the as-prepared adhe-
sive tape-based sensor on a disposable diaper,””” or a glove’'” for in
situ biochemical analysis.

REVIEW scitation.org/journal/are

There has been a technique that directly applies the commercially
available PSA (that is, no backing) on the top of flexible substrates for
bringing the adhesive properties to flexible electronics.”'*'* Such a
bare PSA facilitates bonding between internal items of flexible elec-
tronics, as well as bonding the resulting adhesive flexible electronics on
external items. Laminates integrated with a soft and low-modulus PSA
have recently been introduced in foldable electronics to improve their
mechanical reliability.”'* Rojer’s group designed a skin-safe PSA-based
sweat sensor, wherein the waterproof adhesives not only connected
various device components (including microfluidic patch, color refer-
ence, NFC coil), but also provided strong bonding between the inte-
grated sweat microfluidic electronics and volunteer’s epidermis even
underwater.””

8. Additive techniques

When adhesive tape emerges as a bare substrate, it is of poor
functionalities and cannot satisfy the demand for state-of-art elec-
tronic devices. Fortunately, adhesive tapes are amenable to be further
modified due to their distinct sticky feature, which provides favorable
affinity interaction toward the added functional elements. Recently,
tremendous efforts have shifted to adding functional elements includ-
ing conductors (e.g., metal, carbon, conductive polymers, and their
derivatives), and semiconductors (e.g., metallic oxide). These func-
tional elements serve as conductive paths, electrodes, or other compo-
nents. We call these additive techniques in this paper. Here, we give
several typical examples of these additive techniques, and the corre-
sponding technical features, tape types, updated performances, and
applications of the adhesive tape-based flexible electronics will be dis-
cussed in detail.

Screen printing is a common technique for fabricating electrodes
or conductive tracks on adhesive tape substrates, where a blade or
squeegee is moved across the screen to fill the open mesh apertures
with printing ink. Carbon and metal inks (e.g., Au, Ag/AgCl) have
been widely used in the construction of three/two-electrodes systems
for electrochemical sensors [Fig. 11(2)],>**" and chemical batterie'®
on adhesive tapes by screen-printing. Wang’s group designed a smart
bandage with modified screen-printed electrodes (where polyaniline
and solid Ag/AgCl served as the working electrode and reference elec-
trode, respectively) for continuously monitoring wound pH based on
the potentiometric transition.”* Ink printing is another significant
printing technique, where functional components can be deposited on
adhesive tape in a quick, precise, reproducible, and mask-free manner.
High-resolution inkjet printing on adhesive tape is a common strategy
for flexible displays, electromechanical systems, and other microelec-
tronic devices.”'” A graphene micro-supercapacitors was proposed
based on a full inkjet printing technique, where both electrolytes
[poly(4-styrenesulfonic acid)] and interdigitated electrodes (graphene
inks) are printable. The inkjet printing is compatible with various sub-
strates including Kapton tape in a scalable and massive manner [Fig.
11(b)].*" Three-dimensional (3D) printing enables on-demand and
direct printing of specific entities on adhesive tapes by layer-to-layer
accumulation.”’ Huang’s group reported 3D optoelectronic and sens-
ing fibers, which were fabricated onto copper adhesive tape-based elec-
trodes based on the 3D printing technique [Fig. 11(c)].""” First, the tip
of the core-shell nozzle containing core solution (Ag or PEDOT:PSS)
was placed above heated copper tape electrodes, allowing the pendant
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FIG. 11. Additive physical techniques related to adhesive tapes. (a) Screen printing of tyrosinase sensing electrode arrays on a medical tape. Reproduced with permission
from Ciui et al., Adv. Healthcare Mater. 7, 1701264 (2018). Copyright 2018 Wiley-VCH.”"* (b) Scalable fabrication of graphene microsupercapacitors on a Kapton tape by ink
printing. Reproduced with permission from Li ef al., ACS Nano 11, 8249 (2017). Copyright 2017 American Chemical Society.”'® (c) Three-dimensional (3D) printed inflight fiber
on copper adhesive tape toward optoelectronic and sensing architectures. Reproduced with permission from Wang et al., Sci. Adv. 6, eaba0931 (2020). Copyright 2020
Authors, licensed under a Creative Commons Attribution (CC BY) license.'™ (d) Spin coating SiO, NWs on a Scotch tape as a precursor substrate for deposition of Ag NPs.
Reproduced with permission from Liu et al., Nanoscale 9, 15901 (2017). Copyright 2017 Royal Society of Chemistry.'*" (e) CAT with magnetron-sputtered gold as an electro-
chemical sensing electrode for detection of heavy metals. Reproduced with permission from Sens. Actuators, B 236, 218 (2016). Copyright 2016 EIsewer (f) Pencil drawing
of flexible micro-supercapacitors on a medical tape. Reproduced with permission from Zhu et al., Small 15, 1804037 (2019). Copyright 2019 Wiley-VCH.*®
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drop from the nozzle to be attached to the copper tape. The authors
then repeated stage translations, during which the solution eventually
solidified into parallel conducting fibers, bridging the suspension gap
between two copper tapes. The 3D printed inflight fiber on copper
tape electrode could act as a moisture flow sensor and noncontact
respiratory sensor. The spin coating technique can be used to produce
a relatively uniform film on adhesive tapes [Fig. 11(d)].*"* Liu ef al.
fabricated SiO, NWs on Scotch tape via spin coating strategy,'”’ where
the SiO, NWs solution was added to the center of tape substrate with

low or no spinning, and then rotated at high speed to spread the coat-
ing material through centrifugal force. The thickness of SiO, NWs
could be controlled by repeating the time of spin coating. By further
deposition of AgNPs on the SiO, NWs-coated Scotch tape, a highly
active SERS substrate was obtained. Magnetron sputtering is a high-
rate vacuum coating technique that allows the deposition of many
types of materials on various substrates under a magnetic field. By
magnetron sputtering, metallic films can be coated on the adhesive
side as an electrode [Fig. 11(e)],”'® or transitional layer for further
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physical and chemical modification.'” Surprisingly, the “pencil
drawing” technique can also turn bare tape into advanced electronic
devices. The “pencil” can be a compressed carbon pillar,”* or a com-
mercial pencil.”>*"” When applying these pencils to draw across the
rough/porous structures of the tape surface, graphitic is left and serves
as the conductive component. This pencil drawing is perhaps the sim-
plest and easiest strategy to improve the functionality of adhesive
tapes. A skin-mountable micro-supercapacitor was prepared by pencil
drawing on a medical tape. MnO, nanosheets were further deposited
on the graphite trace after pencil drawing, by in situ redox reaction
[Fig. 11(f)]. This bandage-like supercapacitor based on MnO,/graphite
electrodes could be conformably taped on the epidermis, and maintain
stable capacitive features (over 90%) regardless of various physiological
motions (200 bending cycles). Other additive techniques, such as dip-
casting,””” roll-coating,”' etc., have also been extensively investigated
for adhesive tape-related flexible smart electronics. Materials fabricated
by these single or hybrid physical approaches can remarkably expanding
the functionalities of adhesive tape. It is competitive to develop rapid,
facile, and low-cost physical techniques to enrich the electronic elements
on adhesive tapes, which can greatly accelerate the update of flexible
smart electronics from the laboratory to the commercial market.

9. Subtractive techniques

In contrast to adding components to adhesive tapes, the part of
adhesive tapes (including the backings and PSAs) can be partially
removed from the pristine one. We call this subtractive technique in
this paper. The main aim of subtractive techniques is to create micro-
pores or microchannels on adhesive tape by manual or laser cutting
[Fig. 12(a)]. Manual cutting is quite easy using a knife or puncher.
However, manual cutting is limited by low manufacturing efficiency
and resolution. Instead, laser cutting can overcome these challenges
and create delicate micro-nanostructures in a high-throughput
manner.

The adhesive tapes after manual or laser cutting have three
important roles in the construction of flexible electronics. First, as a
template for the fabrication of patterned electronics. For example, by
transferring a laser-cut adhesive layer on PDMS, high-resolution liquid
alloy arrays were created with fine shape definition boundaries.'””
Mostafalu et al. illustrated a tape-based electrochemical wound oxygen
sensor, where the core Ag and Zn electrodes were patterned on a flexi-
ble parylene-C substrate using laser-engraved tape as a template.”
Song et al. fabricated carbon electrode arrays by vacuum filtration of
CNTs on a poly(vinylidene fluoride) layer using the laser-cut tape as a
template [Fig. 12(b)].”*" As a result, the shape and size of the electrode
arrays could be on-demand designed in a scalable manner. An
addressable 36-site electrochemical sensor was fabricated based on the
tape-based template method. The addressable electrochemical sensor
provided high-throughput screening of antioxidants on different vege-
tables and fruits. Second, as a fluid-wicking layer [Fig. 12(c)]. Adhesive
tapes can also be used for microfluidics like traditional PDMS materi-
als after manual or laser cutting techniques.'*®' The micropores and
microchannels on adhesive tapes can define the opening for fluids
inlet,'' chamber for fluid storage,””” and micro-channel for fluids
flowing on adhesive tapes.”*’ Also, the punched micropores on adhe-
sive tapes are conducive to draining the excessive biofluid, which can
overcome the poor adhesion caused by the biofluid. Fraiwan et al.

scitation.org/journal/are

illustrated a tape-paper hybrid biofuel cell (BFC).”** A piece of adhe-
sive tape with a micropore served as both the acolyte sample input and
device encapsulation layer. Gao’s group presented a self-powered
sweat sensor based on a sweat-based BFC module.” The sensing elec-
trode and BFC were encapsulated by two layers of medical tapes and
one layer of PDMS, forming a stacked sandwich structure (tape/
PDMS/tape). The top medical tape layer and medium PDMS layer
had individual laser-cut containers, where the configuration of BFC
and sensing components could be accommodated, respectively. The
bottom medical tape (skin adhesive layer) with laser-patterned open-
ings reduced the area of occluded sweat glands by a quarter, avoiding
compensatory effects during sweat secretion, which otherwise
increased the local sweat rate due to occlusion of surrounding sweat
glands.” Third, as a conductive pathway. Of course, this mainly refers
to conductive tapes. Zhang’s group employed a nickel-coated conduc-
tive tape to fabricate well-defined conductive routes by laser cutting
[Fig. 12(d)]. The resulting conductive routes were transferred onto a
flexible PET film and served as reference electrodes for wearable sweat
sensing after being modified with Ag/AgCl ink.'”* The same group
also adopted a similar strategy to fabricate interdigital electrodes for an
ultrasensitive wearable airflow sensor.”*” Overall, this is a quite simple
and universal technique to fabricate flexible and well-defined conduc-
tive tracks.””’

B. Chemically-dominated techniques
1. Mechanochemical activation

As we mentioned earlier in Sec. IV A 1, peeling off adhesive tape
from the backing creates charged species and radical species on the
adhesive surface. The charged species contributed to triboelectrifica-
tion, and the radical species play an important role in the fabrication/
modifications of nanomaterials through a mechanochemical activation
effect.””® An interesting research has shown that peeling off Scotch
tape allows the direct fabrication of metallic nanoparticles.”” Briefly,
the PSA (adhesive side) of the Scotch tape was peeled off from the
polyester backing and immersed into metal ion solutions [AgNO;,
HAuCl,, PdCl,, or Cu (acac),] for a few hours to several days. The
resulting adhesive side gradually became a deep color, generating cor-
responding metal nanoparticles that were confirmed by microscopy
and spectrum techniques. The potential mechanism could be attrib-
uted to the mechanoradicals arising from the homolytic cleavage of
chemical bonds, which could in situ reduce metal ions to solid metals
[Fig. 13(2)]."**” Additionally, the peeling speed has an important
impact on the radicals’ amount. Higher peeling speed caused more
radicals as well as more metallic nanoparticles. This simple strategy
shows promising potential for the fabrication of metallic nanomateri-
als in resource-limited settings. Mechanical peeling off adhesive tapes
from other surfaces (beyond the backing) can also result in reactive
radicals on the interface. Lee et al. fabricated amorphous In-Ga-Zn-O
(a-IGZO) thin-film transistors by combining mechanochemical
activation and relatively mild thermal treatment [Fig. 13(b)].”**
Mechanical stamping and pulling off the Scotch cellophane tapes from
an a-IGZO transistor film generated abundant reactive radicals (O*)
on the a-IGZO film surface. Thermal annealing was then performed
to form metal-oxygen bonding and improve the reaction of O* radi-
cals with vacancy sites.””” With this adhesive tape-based mechano-
chemical activation, the number of metal-oxygen bonding could be
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FIG. 12. Subtractive physical techniques related to adhesive tapes. (a) Schematic of micropores and micropatterns on adhesive tape created by manual and laser cutting tech-
niques. (b) Electrochemical sensing arrays bX vacuum filtration of CNTs on laser-cut adhesive tapes. Reproduced with permission from Song et al., ACS Sens. 3, 2518 (2018).
Copyright 2018 American Chemical Society.*" (c) Two pieces of laser-cut medical tapes as sweat inlets and a reservoir of sweat-based BCFs, respectively, for self-powered
sweat microfluidic electronics. Reproduced with permission from Yu et al., Sci. Rob. 5, eaaz7946 (2020). Copyright 2020 American Association for the Advancement of
Science.” (d) Laser-cut conductive adhesive tape as a flexible conductive path for design of sweat sensors. Reproduced with permission from He et al., Sci. Adv. 5, eaax0649
(2019). Copyright 2019 Authors, licensed under a Creative Commons Attribution (CC BY) license.'*

greatly improved and the number of defect sites could be reduced. As
a result, the annealing temperature of the IGZO film significantly
decreased (200 °C) compared to the conventional process (>300°C).
Additionally, the quality (e.g., mobility, on/off current ratio, and
threshold voltage shift) of IGZO transistors film was also enhanced
due to the improved carrier concentration via radical reactions.

2. Chemical deposition

Chemical deposition describes the stepwise growth of nanomate-
rials based on active seeds in a bottom-up manner. A wide variety of
chemical deposition methods, such as chemical vapor deposition
(CVD), chemical bath deposition (CBD), and electrodeposition can be

used to synthesize functional electronic elements with delicate micro/
nanostructures on adhesive tapes as shown in Fig. 14(a).

CVD is usually performed under a gas atmosphere. Peeling adhe-
sive tapes away from a specific substrate will leave adhesive residues
on the substrate, more or less. Incredibly, it is these adhesive residues
that can act as active seeds for CVD. Wang et al. showed that these
adhesive seeds can participate in the nucleation or interruption during
the growth of MoS, crystals [Fig. 14(b)] by inducing twinning as an
impurity.” Briefly, a piece of adhesive tape was applied onto a SiO,/Si
substrate and then peeled off. Monolayer MoS, dendrites could step-
wise grow on the peeled SiO,/Si substrate via atmospheric pressure
CVD under specific atmospheric pressure (8 sccm) and temperature
(600°C). The types of adhesive tape had a significant impact on the
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and thermal annealing for fabrication of a-IGZO transistors film. Mechanochemical-activation-treated a-IGZO film with numerous radical species to reduce the required thermal
annealing temperature. Compared to non-treated samples the radical species originating from peeling off adhesive tapes significantly increase the metal- oxy%en bonding
under thermal annealing. Reproduced with permission from Lee et al., ACS Appl. Mater. Interfaces 12, 19123 (2020). Copyright 2020 American Chemical Society.”

MoS, morphology: when the substrate was treated with “Scotch®
Transparent tape,” most MoS, showed irregular dendrites; however,
when the substrate was modified with “Scotch® Magic™ tape,” most
MoS, exhibited dendrites with trigonal backbones. The reason could
be that different adhesive compositions (impurity type) could induce
different defects at both the initial nucleation stage and growth stage.
Interestingly, heat treatment of conductive copper tape can generate
graphene film [Fig. 14(c)].”" In this process, the conductive copper
tape was preheated at 750 °C, during which the PSA contracted, vola-
tile components evaporated and then remaining carbonaceous resi-
dues formed agglomerates on the copper foil, which served as a
carbon source for the growth of graphene. When applying the mixed
Ar/H, gas flow and increasing the temperature up to 1000 °C, volatile
hydrocarbons could be created due to the interaction of H, and carbo-
naceous residues, providing a secondary carbon source for the growth
of graphene in a CVD-like process. CBD is another common method
for the deposition of metal chalcogenide/oxide thin films. Sometimes,
CBD is also called solution growth, controlled precipitation, or simply
chemical deposition. Hassan et al. fabricated plenty of well-aligned
vertical ZnO NRs on Kapton tape by CBD, on which Pd NPs were
introduced using the magnetron sputtering technique for fast UV
detection and hydrogen sensing.”® Deng et al. proposed a wearable
self-powered piezoelectric pressure sensor by hydrothermal deposition
of ordered ZnO NRs on Kapton tape.””

Electrodeposition is a rapid deposition method for the prepara-
tion of metal nanomaterials on an electrode interface and is usually
carried out in an electrolyte solution.””’ However, considering the
weak conductivity of most bare adhesive tapes, pretreatment techni-
ques such as spin coating'z“ magnetron sputtering”"; * transfer print-
ing''* of electronic components on these bare adhesive tapes are
essential before electrodeposition. Zhang’s group fabricated Au NDs

by integrating magnetron sputtering and electrodeposition.'” The
CAT was first sputtered with a layer of well-defined planar Au film via
a customized photomask. Next, the gold-coated CAT, Ag/AgCl wire,
and Pt wire served as the working electrode, reference electrode, and
counter electrode, respectively, for the electrodeposition of the Au
NDs on the planar Au sites. The Au NDs possess rich “hot-spots” and
strong capillary force for capturing microdroplets, capable of on-site
sensing of aqueous food contaminants. Based on this strategy, the
same group also fabricated Au NDs on adhesive tape as sweat-sensing
electrode arrays [Fig. 14(d)]."” Upon conformably taped on the sweaty
skin, the hierarchical microstructure in Au NDs electrodes remarkably
improved the electrochemical response signal compared to bare Au
film, enabling highly sensitive and multiple sweat electrochemical
sensing (glucose, lactate, Na', and K). Soni ef al. proposed a Scotch
tape-based supercapacitor by combining transfer printing and electro-
deposition.""” Briefly, an ultrathin Grafoil sheet (74 um in thickness)
was transferred onto a Scotch tape, followed by electrodeposition of
grass-like MnO, thin films. The porous and grass-like structure of
the MnO, facilitated electrolyte penetration, exhibiting low equivalent
series resistance (7 ), high specific capacitance (776 Fg ' at 0.5Ag '
current density), and volumetric capacitance (2.0 F cm ™).

V. OUTLOOK AND CONCLUSION

The past few decades have witnessed growing research interest in
adhesive tape-enabled flexible electronics from a single material to
integrated systems. In this review, we highlighted the significant pro-
gress of flexible electronics enabled by adhesive tapes. The unique
sticky feature of adhesive tapes has brought new possibilities for flexi-
ble electronics to be passively used as supporting substrates of flexible
electronics and to actively construct functional components of flexible
electronics, both of which have contributed to diverse applications.
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tion. (b) Deposition of MoS, dendrites on the adhesive tape-peeled SiO,/Si substrate based on the CVD technique. Reproduced with permission from Wang et al., ACS Nano

12, 635 (2018). Copyright 2018 American Chemical Society.””

(c) Schematic of the growth mechanism of graphene on copper adhesive tape under heat treatment.
Reproduced with permission from J. Mater. Sci. 52, 4356 (2017). Copyright 2017 Springer.”’

(d) Electrodeposition of Au NDs on a CAT as sweat sensing electrode arrays.

Reproduced with permission from He et al., ACS Sens. 5, 1548 (2020). Copyright 2020 American Chemical Society.'”

Despite these signs of progress, in general, the correlative exploration
of tape-enabled flexible electronics is in the early stage, and several
major challenges in terms of material library, device stability, scaling
commercialization, etc., remain in the following aspects:

(1) Mechanisms: Generally, the current understanding of the
mechanism involving the adhesion model, free radicals/charged
species during peeling off the tape, is immature. For example,
there are many crude assumptions in the proposed model of
adhesive mechanism (Sec. 1IB) and parallel plate capacitor
(Sec. IV A 1). Therefore, these equations are capable of provid-
ing qualitative analysis instead of quantitative calculations of
peel force and output voltage, respectively. More experiments
using different types of adhesive tapes are also necessary to fur-
ther validate the universality of these proposed models. Deep
mechanism research may help us reveal the nanostructure-
property-performance relationship of adhesive tapes and
related flexible devices.

(2) Fabrication techniques: most existing manufacturing techni-
ques, including mechanical exfoliation, transfer printing, pencil
drawing techniques, etc., are essentially trial-and-error pro-
cesses lacking commercialized scalability. Given the final com-
mercialization of flexible electronics, these methods should be

@3

~

large-scale and high-throughput and only by this way, these
adhesive tape electronics can be transformed from the labora-
tory to the commercial market. Taking the Scotch tape method
as an example, although it is a facile, convenient, low-cost, and
easy-to-operate strategy to fabricate single/few-layer 2D materi-
als in a laboratory, the low yield and time consumption limit
are its industrial output. Therefore, more efforts should be paid
to developing large-scale and standardized fabrication techni-
ques, bridging the gap between fundamental research and
commercialization.

Physiological comfort and biocompatibility: Generally, the
physiological comfort and biocompatibility of most adhesive
tapes are weak, especially for on-body or in vivo applications.
Unlike other flexible substrates with porous structures (e.g.,
fiber), the breathability of most adhesive tapes is a questionable
issue. A medical tape is an ideal candidate; however, the adhe-
sion of the regular medical tape is relatively weak, which may
become invalid and delaminated from the body during long-
term application. Additionally, functionalized devices based on
adhesive tapes with good biocompatibility and biodegradability
is urgently needed and will greatly accelerate the development
of implantable electronics.””* Natural protein-type adhesive
tapes lay a solid foundation for the further development of
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flexible implantable electronics. Some protein-derived adhesives
have been proposed for flexible implantable electronics;””” **
however, these self-design adhesive materials have not been
commercialized yet. Commercially available fibrin glue may be
applicable for implantable electronics; unfortunately, their func-
tionality is currently limited to fundamental medical adhesion
(such as hemostasis, wound healing, and tissue adhesion).”’ In
other words, there is still a huge room to integrate commercial
and biocompatible adhesive tapes for flexible implantable elec-
tronics (e.g., organ patches, neural electrodes, and brain-ma-
chine interfaces).

(4) Integrated multifunctionalities: Integrated flexible electronic
systems with multifunctionalities are of great value, such as
multimodal sensing units, feedback therapy, and self-powered
biosensing platforms.” For example, adhesive tape-based thera-
peutic electronics simultaneously configured with sensors,
actuators, and algorithms modules will improve our under-
standing of the relationship between disease and abnormal
physiological signals. The development of multifunctional flexi-
ble devices based on adhesive tapes is relatively rare, since it is
challenging to arrange multiple electronic elements together on
a single piece of adhesive tape. The integrated system should be
carefully designed to minimize the interfacial mismatch
between each component. Additionally, rational data processing
and logic algorithms (e.g., machine learning) are also essential
to extract the data characteristics from different electronic
modules.

It is anticipated that the new age of adhesive tape-enabled flexible
electronics will advent upon all the upgrades and progress has finished.
We hope that this review will facilitate researchers and engineers with
more interest in the study of flexible electronics enabled by adhesive
tapes and make more contributions to modern society.
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