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Preface

Fiber sensing technologies have enabled both fundamental studies and a wide
spectrum of applications in every aspect of life. This book highlights the recent
advancements in fiber sensing technologies based on newly developed sensing
mechanisms, advanced fiber structures, and functional materials. The book is
organized into fifteen chapters. A brief description of each of the chapters is as
follows:

Chapter “Plasmonic Photonic Crystal Fibers” provides a comprehensive review
of the recent progress of plasmonic photonic crystal fiber structures in terms of
design and applications including refractive index sensing, biosensing, tem-
perature sensing, and polarization and birefringent devices.

Chapter “Hybrid Fiber-Optic Sensors” reviews the recent fiber-optic plasmonic
sensors coupled with the new advances in functional nanomaterials such as 2D
materials and gold nanoparticles capped with macrocyclic supramolecular as
well as new fiber structure designs and fabrication.

Chapter “Microstructured Fibers for Sensing” presents the newly developed
microstructured optical fibers with different lightwave guiding mechanisms and
their applications in sensing, including fiber gratings, interferometers, and
surface-enhanced Raman scatterings.

Chapter “Optical Microfiber Sensors” reviews the recent progress in optical
microfiber-based sensors, including the fundamental optical properties, the
fabrication techniques, the well-established microfiber-based sensing schemes,
and the new effects and strategies for sensing enhancement.

Chapter “Fiber-Based Infrasound Sensing” discusses a composite diaphragm-
type fiber-based external Fabry—Perot interferometer infrasound sensor, aiming
at low-frequency or infrasound detection for special applications.

Chapter “Specialty Fiber Grating-Based Acoustic Sensing” presents a thin core
ultra-long period fiber grating sensor with high sensitivities of curvature, high
acoustic pressure sensitivity, easy fabrication, simple structure, and low cost.
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Preface

Chapter “Electrospinning Nanofibers” covers aspects related to electrospinning
nanofibers, including the nanofiber materials, processing mechanism and
parameters of electrospinning techniques, special electrospinning techniques,
and their applications.

Chapter “Nanofibers for Gas Sensing” reports a comprehensive review of the
nanofiber gas sensors for fast and minimal monitoring of the target gas con-
centration for public safety, food processing, and environmental monitoring.
Chapter “Sapphire-Derived Fibers and Optical Fiber Sensing” discusses the
recent development of sapphire-derived fibers to achieve new breakthroughs in
high-temperature sensing with good mechanical properties.

Chapter “Thermoelectric Fibers” summarizes a new type of flexible thermo-
electric fibers made by a wide range of thermoelectric materials and their
applications for fiber-based thermal sensing and energy harvesting.

Chapter “In-Fiber Breakup” presents the technology of using fluidic instabilities
induced in-fiber breakup phenomena to modify the traditional axially invariant
in-fiber structure and to achieve in-fiber material engineering for sensing
applications.

Chapter “Nano- and Micro-structuring of Materials Using Polymer Cold
Drawing Process” discusses the use of cold drawing in structuring functional
materials including crystals, glasses, and polymers with the structured fiber- and
film-based geometries.

Chapter “Fiber-Based Triboelectric Nanogenerators” presents the recent devel-
opment of fiber-based triboelectric nanogenerators as convenient energy har-
vesters to power wearable electronics and as self-powered real-time wearable
sensors to monitor personal health care and bio-motions.

Chapter “Fiber-Shaped Energy-Storage Devices” reviews the design principles
and device performance of fiber-shaped energy storage devices including
supercapacitors, non-aqueous, and aqueous batteries.

Chapter “Brillouin Fiber Laser Sensors” presents single longitudinal mode
Brillouin fiber laser-enabled sensors with the enhanced sensitivity achieved in
typical Brillouin distributed sensing systems.

I would like to thank all the chapter authors for their excellent contributions.

Also, T would like to thank Nanyang Technological University for the constant
support. Finally, I would like to express my sincere gratitude to my family and
friends for their understanding, encouragement, and support.

Singapore Lei Wei
March 2020
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Plasmonic Photonic Crystal Fibers )

Check for
updates

Dora Juan Juan Hu and Aaron Ho-Pui Ho

Abstract Surface plasmon waves are coupled electron—photon modes at the metal—
dielectric interface. They can significantly enhance light-matter interactions that are
favorable in many applications including nanophotonics, data storage, microscopy,
solar cells, and sensing. Compared with the prism-based coupling configuration,
optical fiber-based plasmonic devices offer more compact and robust configuration
for exciting the plasmon modes. Photonic crystal fibers (PCFs) are a special class of
optical fibers in which the presence of holey structures or periodic microstructures
of refractive index modulations can provide a wide scope of flexibility in the control
and engineering of the optical properties, thus opening up the potential for many
new applications and scientific explorations. Notably, PCFs are a desirable platform
to incorporate plasmonic structures for the excitation of surface plasmon resonance
(SPR) and localized surface plasmon resonance (LSPR). Three main types of plas-
monic PCF structures have been developed and reported in the literature, including
metal nano-/microwire-filled plasmonic PCF, metal-coated plasmonic PCF, and
nanoparticle-deposited/filled plasmonic PCF. This chapter provides a comprehen-
sive review on the recent progress of these reported plasmonic PCF structures in
terms of design and applications. Firstly, the operating principles based on surface
plasmon polaritons and localized surface plasmon polaritons are presented. Secondly,
the experimental studies of plasmonic PCF structures for various application areas
are reviewed, including refractive index sensing, biosensing, temperature sensing,
polarization, and birefringent devices. Lastly, design considerations and challenges
are discussed.
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1 Introduction

Plasmonics is an exciting bridging technology for electronics and photonics. The
development of plasmonic technologies has led to remarkable capabilities in a wide
range of areas such as nanophotonics, magneto-optic data storage, microscopy, solar
cells, and sensing applications such as biological and chemical detection (Homola
2008; Barnes et al. 2003). Surface plasmon (SP) waves are coupled electron—photon
modes at the boundaries between a metal and a dielectric. Generally, plasmonic
sensing devices are categorized into two types: propagating surface plasmon reso-
nance (SPR) sensors and localized surface plasmon resonance (LSPR) sensors.
Because of the momentum mismatch between SPs and photons propagating in
vacuum, special configurations are needed to excite the plasmon modes.
Plasmonics in optical fibers uses optical field to excite the SP waves, offering
better compactness and robustness in comparison with traditional plasmonic devices
based on prism coupling configurations. Optical fiber-based plasmonic devices have
received wide interest for development and deployment for remote and in situ moni-
toring applications. The invention of PCF was an important milestone in the history
of the optical fiber technology. Compared with conventional fibers, PCFs have the
great flexibility to control in the waveguiding properties by modifying the microstruc-
tured geometry. For example, the air filling fraction can be engineered to control
the refractive index contrast between the core and the cladding to obtain endless
single-mode operation. Hollow core guidance can be realized by new light-guiding
mechanisms of photonic bandgap effect in the microstructured cladding. PCFs can
be characterized by various guiding mechanisms, including index-guiding mech-
anism, photonic bandgap (PBG)-guiding mechanism, inhibited coupling-guiding
mechanism, antiresonance-guiding mechanism, and twist-induced guiding mech-
anism (Markos et al. 2017). PCFs with hybrid guiding mechanisms of index guiding
and PBG guiding and their unique features as well as applications have been reviewed
(Hu et al. 2019). The peculiar properties of PCFs have attracted enormous research
interest to unlock their great potential in various applications. PCFs have undergone
tremendous development in the past two decades for sensing, communication, and
medical applications (Knight 2003; Russell 2003). In particular, PCF-based sensor
devices have demonstrated superior performance in terms of sensitivity, versatility,
sensing range, etc (Pinto and Lopez-Amo 2012; Villatoro and Zubia 2016; Hu et al.
2018). For example, the photonic bandgap effect in PCFs has enabled hollow core
light guidance for gas sensing application (Debord et al. 2019). Moreover, the air hole
channels in PCFs allow efficient integration of other functional materials to greatly
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enhance the tunability of optical properties and significantly expand the function-
ality of the fibers, such as sensing applications using PCFs as an optofluidic plat-
form (Ertman et al. 2017). PCFs have brought new developments to fiber lasers and
nonlinear optics (Knight 2007; Knight and Skryabin 2007; Travers et al. 2011).
Integrating plasmonic structures in PCF platforms has created many opportunities
by leveraging on the flexibilities of the PCF platform to achieve better performance
or to develop new devices for sensing applications. The works on plasmonic PCFs
and their applications were reviewed in Yang et al. (2011), Zhao et al. (2014), Hu
and Ho (2017). The reported plasmonic PCF structures can be broadly categorized
in three types, i.e., metal nano-/microwire-filled plasmonic PCF structures, metal-
coated plasmonic PCF structures, and nanoparticle-deposited/filled plasmonic PCF
structures. In this chapter, we start with a discussion of the operating principles of
the plasmonic PCF structures, mainly based on surface plasmon polaritons (SPPs)
and localized surface plasmon polaritons (LSPPs). The excitation of the SPPs/LSPPs
in the three types of plasmonic PCF structures is discussed. Subsequently, a review
of applications based on plasmonic PCF structures is presented. The review in this
chapter is focused on the experimental investigations. The fabrication techniques of
plasmonic PCF structures and simulation studies of plasmonic PCF structures for
various applications are referred to an earlier review article (Hu and Ho 2017).

2 Overview of PCFs

PCF technology is a revolutionary breakthrough in optical fiber technology. It has
opened up new possibilities of light guidance mechanism and brought tremendous
potential in a broad range of applications with performance enhancements. Based on
different light-guiding mechanisms, the PCFs can be broadly categorized into two
main groups. The first group of PCFs guide light by modified total internal reflec-
tion (TIR) or index-guiding mechanism. The effective refractive index of the core
region is higher than that of the cladding region. The index contrast can be flex-
ibly controlled by altering the air filling fraction of the holey cladding, resulting in
enhanced tunabilities in optical properties or enhanced optical performance. Index-
guiding PCFs are finding applications in highly nonlinear optical devices, high power
delivery, polarization-maintaining fibers, dispersion-tailored fibers, etc. The second
group of PCFs guide light by photonic bandgap (PBG) effect. The effective refractive
index of the core region is lower than that of the cladding region; thus, TIR or index
guiding is impossible for light confinement in such fiber structures. The light confine-
ment in lower refractive index core region is realized by photonic crystal effect in the
microstructured cladding, prohibiting light transmission in the cladding. PBG-guided
PCFs such as hollow core PCFs and Bragg fibers are finding applications in high
power delivery, gas-based nonlinear devices, guidance in broadened spectral regions,
etc. PCFs operating with other guiding mechanisms such as inhibited coupling and
antiresonance and twist-induced guidance (Markos et al. 2017) and hybrid PCFs
with coexistence of both index-guiding and PBG-guiding mechanisms (Hu et al.
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2019) have been reported previously. Notably, the presence of holey structure in
PCF offers a desirable platform for incorporating functional materials to achieve
new or enhanced functionalities. Examples include liquid crystals, liquids, magnetic
fluids, gases, chalcogenide glasses, and metals. Metal-filled or metal-deposited PCF
structures are two main types of plasmonic PCF structures that use PCFs as substrates
for incorporating plasmonic structures and manipulating plasmonic properties.

3 Operating Principles of Plasmonic PCF Structures

The electromagnetic waves that propagate along the interface between a metal and
a dielectric are surface plasmon polaritons (SPPs). They can be optically excited by
photons when the parallel optical wave vector matches the propagation constant of the
corresponding SPP modes. This wave vector matching requirement is very sensitive
to the ambient parameters, which is the fundamental principle of the surface plasmon
resonance (SPR) sensors. Figure 1 shows the Kretschmann configuration and the
optical fiber-based configuration of the SPR sensors. The Kretschmann configuration
has been widely adopted for SPR sensor. The matching of wave vectors takes place
at the metal-glass interface in an inverted metal-coated prism. Optical fiber-based
SPR sensors enable efficient coupling between the evanescent optical field and the

Incident light Reflected light

Surface plasmon wave

Surface
plasmon

=

Cladding
removed

Guided light

Fig. 1 Plasmonic PCF based on the SPP
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SPP modes by exposing the core using side-polishing (Chiu et al. 2007) or selective
etching in hydrofluoric acid (Coelho et al. 2015). The optical excitation of SPP
modes in metal thin-film-coated PCF and metal nanowire-filled PCF structures can
be understood from Fig. 1, relying on the coupling between the fiber modes and the
SPP modes.

Localized surface plasmon polaritons (LSPPs) is another operating principle of
plasmonic PCF structures that have plasmonic nanoparticles (NPs) or plasmonic
nanostructures. Plasmonic nanoparticles (NPs) such as gold or silver nanoparticles
have spectral properties in the UV-to-near-IR range. The LSPR is a highly localized
electromagnetic field around NPs or the nanostructures, and it can be directly excited
as the illumination frequency matches the eigenfrequency of the LSPR (Sauvan et al.
2013). The LSPR-based plasmonic PCF structures can be realized by depositing
plasmonic NPs on the inner wall throughout the PCF length (Csaki et al. 2010;
Schroder et al. 2012).

4 Review of Applications

e Refractive index sensing and biosensing

Refractive index sensing and biosensing is one of the most exploited applications
by plasmonic PCFs. The SPR and LSPR configuration in the PCF structures can be
realized at the external/outer surface of fiber, or at the inner walls of the fiber.

Deposition of high-quality metal thin films outside the PCFs could be achieved
by the electroless plating method or sputtering technique, using exposed core PCF
(Klantsataya et al. 2015), side-hole PCF (Wang et al. 2009), side-polished PCF (Wu
et al. 2017), or PCF with collapsed cladding (Wong et al. 2013). These PCF struc-
tures provide greater evanescent field compared unperturbed PCF structures, thus
enabling more efficient excitation of SPR which occurs at the boundary of the silica—
metal thin film. For example, Wu et al. reported a gold-coated side-polished PCF
SPR sensor for refractive index sensing (Wu et al. 2017). The sensor was immersed
in liquid with varying refractive index. The transmission spectra and the resonance
wavelengths were monitored as shown in Fig. 2. The experimental data of the reso-
nance wavelength shift as a function of the refractive index agreed reasonably well
with the simulation results, despite the nonlinearity observed in the measurement
toward higher refractive index values.

In fact, the process of depositing a metal thin layer in the internal surfaces of
PCFs itself is a challenging task. High-pressure microfluidic chemical deposition
of semiconductor and metal within the internal surfaces of PCFs was reported by
Sazio et al. The work has provided a significant step further toward the development
of optoelectronic fiber devices (Sazio et al. 2006). Boehm et al. reported a silver-
deposited PCF using an optimized chemical coating method. The method was based
on the Tollens reaction, which was optimized to coat 60-nm-thick silver layer over a 1-
m-long suspended core fiber with three large holes around the solid core. Slides with
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Fig. 2 a Experimental normalized transmission spectra of the D-shaped PCF-SPR sensor testing
in different RI. b Experimental and theoretical values for the wavelength sensitivity. Reprinted with
permission from (Wu et al. 2017) © The Optical Society

chemically deposited silver using the optimum recipe as well as sputtering technique
were tested for SPR signal measurements. The sensitivity was 160°/RIU. Although
the silver-coated PCF was not tested for SPR measurement, the reported technique
provided a viable approach to produce plasmonic PCF based on SPR signals (Boehm
etal. 2011).

The combination of plasmonic NPs in the PCF platform provides promising poten-
tial for LSPR-based sensing applications. Using the self-assembly monolayer tech-
nique, the inner walls of the PCF structures could be chemically modified for the
deposition of metal NPs. Csaki et al. and Schroder et al. reported the gold/silver NP-
deposited PCFs for refractive index sensing with sensitivities up to 78 and 80 nm/RIU,
respectively (Csaki et al. 2010; Schroder et al. 2012).

Through the excitation of LSPR for local enhancement of electric field in various
PCF structures, the Raman scattering response has been significantly enhanced to
sufficient levels for revealing molecular features (Yang et al. 2010). A side-channel
PCF structure with strong evanescent field was used as the platform for highly sensi-
tive surface-enhanced Raman scattering (SERS) sensing (Zhang et al. 2016). The
fiber design was optimized to ensure light propagation with fundamental mode at
632.8 nm. When the side channel and the air holes in the cladding were filled with
liquids, the power of the evanescent field in the side channel increased linearly with
the increasing refractive index of the liquid. To test the SERS sensing capability, the
gold NPs were mixed in the rhodamine (R6G) solutions, which were filled into the
side channel via capillary effect. The SERS spectra of different concentrations of
R6G solution were measured, and the results are shown in Fig. 3. A low detection
limit of 50 fM R6G solution was achieved.

Hollow core PCFs with the inner wall coated with NPs were used as a SERS
sensing platform for biosensing applications, which include detection of EGFR
extracted from human epithelial carcinoma cells (Dinish et al. 2012), serological
liver cancer biomarkers (Dinish et al. 2014), and leukemia cells (Khetani et al. 2015).

Another technique for depositing metal NPs into the inner walls of PCF was
reported by Amezcua-Correa et al., using an organic solvent under high pressure to
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fitted with the Langmuir isotherm. (Inset) SERS spectra of various concentrations of R6G solutions
(Zhang et al. 2016). Reproduced with permission. All Rights Reserved

deliver a silver precursor complex into the fiber holes, followed by a simple thermal
reduction of the precursor to form an annular deposition of silver nanoparticles inside
the holes (Amezcua-Correa et al. 2007; Peacock et al. 2008). The NP-deposited PCFs
demonstrated enhanced SERS sensing performance due to several factors including
high numerical aperture for efficient collection and detection of Raman response,
and low-loss core-guided modes with large optical component propagating in the
voids for large excitation area and long interaction length.

e Temperature sensing

The plasmonic resonance is highly tunable with temperature, which enables devel-
opments of functional plasmonic PCF devices for temperature sensing (Yang et al.
2016). In this work, silver nanowire solutions in ethanol and chloroform were filled
into the air holes of PCF structure for several centimeters by capillary effect. As
shown in the experiment, the silver nanowire colloid was a stable translucent colloidal
suspension of silver nanowires in ethanol carrier. The liquid was regarded as a phys-
ical mixture of ethanol and chloroform. The diameter of the nanowires was about
90 nm, and the average length was about 30 wm. The mixing volume ratio of the
silver nanowire solution and the chloroform was changed to tune the plasmonic
resonance and the transmission loss. As shown in Fig. 4, the sensor with a mixing
ratio of 1:2 yielded narrower and deeper loss curves at all temperatures compared to
that with a mixing ratio of 1:1. The loss curves shifted to shorter wavelengths with
increasing temperature from 25 to 60 °C. The temperature sensitivities were —1.8
and —2.08 nm/°C for mixing ratios 1:1 and 1:2, respectively. The temperature sensi-
tivities were lower compared with the results of PCF sensor (—5.5 nm/°C) selectively
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Fig.4 Transmission spectra of the designed sensor when temperature varies from 25 to 60 °C with
a step of 5 °C, filled with different volume ratios of ethanol and chloroform. a 1:1. b 1:2 (Yang et al.
2016). Reproduced with permission. All Rights Reserved

filled with gold nanoparticles (Peng et al. 2013), and PCF sensor selectively filled
with liquid crystal based on coupler configuration (—3.9 nm/°C) (Hu et al. 2012) or
hybrid guiding mechanism (4.91 nm/°C) (Xu et al. 2018).

e Polarization and birefringent devices

Plasmonic nanowires or microwires can be embedded in fiber structure in periodic
arrangement to form metamaterial. The fabrication is challenging in volume. A
feasible drawing technique to fabricate the metallic microwires in a PCF was intro-
duced by Tuniz et al., demonstrating codrawing of polymethyl methacrylate and
indium and producing several meters of metamaterial. The wire diameter was down
to ~10 wm, and the lattice constant was ~100 pwm. The metamaterial fiber trans-
mittance was measured via THz time domain spectroscopy. Experimental results
demonstrated that the metamaterial fiber acted as THz high-pass filter and polar-
izer. Notably, the technique can be used to further reduce the wire diameters down
to nanoscales, which means much better prospect for practical plasmonic devices
(Tuniz et al. 2010).

Lee et al. reported strong polarization-dependent spectral splitting in the double-
nanowire PCF. The attenuation spectra of the fiber were measured and are shown in
Fig. 5. The double-peak feature of the attenuation was due to optical mode coupling
to SPP modes at phase-matching wavelengths. The polarization dependence in the
fiber can be used for polarization-dependent polarizers (Lee et al. 2012). Polarization-
dependent attenuation was also observed in selectively metal-coated PCF structure,
showing promise for in-fiber absorptive polarizers (Zhang et al. 2007).
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e New developments and opportunities

The combination of graphene and plasmonic structures has led to new opportunities
as significant enhancement of the evanescent field is observed associated with the
presence of the graphene. Graphene-based plasmonic sensors have been explored
for sensing applications. Zeng et al. reported significant sensitivity enhancements
of graphene—gold metasurface architectures (Zeng et al. 2015). The graphene—gold
architecture was fabricated in a PCF-based SPR sensor, showing sensitivity improve-
ment by 390 nm/RIU after the introduction of graphene (Li et al. 2019). The fiber
sensor structure is shown in Fig. 6. The exposed core fiber was coated by gold
film and graphene at the notch, and the measured liquid was covering the graphene.

B st
Adr
Liquid
Graphens
Gold
PML

Fig. 6 Structure of the sensor (Li et al. 2019). Reproduced with permission. All Rights Reserved
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The average sensitivity performance by the gold film-coated PCF SPR sensor was
measured to be 1900 nm/RIU. Subsequently, the graphene was coated on the gold
film and the average sensitivity performance of the PCF SPR sensor was measured
to be 2290 nm/RIU.

The fabrication challenge of depositing graphene in the inner wall of the PCF
structure was addressed by Chen et al. in a recent report. Up to half-meter-long PCF
deposited with graphene was demonstrated using the chemical vapor deposition
method (Chen et al. 2019). Such capability could enable realization of the graphene—
gold architecture in the inner wall of the PCF for developments of new sensors with
performance enhancements.

5 Conclusion

The integration of plasmonics in the PCF platform is a promising field of research.
By leveraging on the flexibilities offered by PCF, SPP modes and LSPR can be
efficiently excited for enhanced sensor performance. The operating principles are
based on coupling between fiber modes and SPP modes in metal thin-film-coated
PCF and metal nanowire-filled PCF structures, and direct excitation of the LSPR in
nanoparticle-deposited/filled plasmonic PCF structures. The plasmonic PCF devices
are particularly useful for sensing applications through the detection of refractive
index, temperature, and biological events, and as conventional photonic components
such as filters and polarizers. New developments in terms of fabrication techniques,
which will expand the scope of coupling between the plasmonic effects and the
unique photon confinement characteristics of PCFs, should further open up more
exciting more opportunities, which were previously not possible, for plasmonic PCF
devices.
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Abstract With the increasing demand of achieving comprehensive perception in
every aspect of life, optical fibers have shown great potential in various applications
due to their highly sensitive, highly integrated, flexible and real-time sensing capa-
bilities. Among various sensing mechanisms, plasmonics-based fiber-optic sensors
provide remarkable sensitivity benefited from their outstanding plasmon—matter
interaction. Therefore, surface plasmon resonance (SPR) and localized SPR (LSPR)-
based fiber-optic sensors have captured intensive research efforts. Conventionally,
SPR or LSPR-based fiber-optic sensors rely on the resonant electron oscillations of
thin metallic films or metallic nanoparticles functionalized on fiber surface. Coupled
with the new advances in functional nanomaterials as well as fiber structure design
and fabrication in recent years, new solutions continue to emerge to further improve
the fiber-optic plasmonic sensors performance in terms of sensitivity, specificity and
biocompatibility. For instances, 2D materials like graphene can enhance the surface
plasmon intensity at metallic film surface so as the plasmon—matter interaction. 2D
morphology of transition metal oxides can be doped with abundant free electrons
to facilitate intrinsic plasmonics in visible or near-infrared frequencies, realizing
exceptional field confinement and highly sensitivity detection of analyte molecules.
Gold nanoparticles capped with macrocyclic supramolecules show excellent selec-
tivity to target biomolecules and ultralow limit of detection. Moreover, specially
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designed microstructured optical fibers are able to achieve high birefringence that
can suppress the output inaccuracy induced by polarization crosstalk meanwhile
deliver promising sensitivity. This chapter aims to reveal and explore the frontiers of
such hybrid plasmonic fiber-optic platforms in various sensing applications.

Keywords Optical fibers - Surface plasmon resonance - Localized surface
plasmon resonance * Microstructured optical fibers - 2D materials - Graphene -
Transition metal oxides - Macrocyclic supramolecules - MoO3 - Cyclodextrin

1 Introduction

Plasmonic fiber-optic sensors have captured intensive research attention in recent
years due to their high degree of integration, high sensitivity, flexibility and remote
sensing capability. Fiber-optic plasmonic sensors can be generally classified into two
categories, surface plasmon resonance (SPR)-based sensors and localized surface
plasmon resonance (LSPR)-based sensors. Conventionally, SPR and LSPR-based
fiber-optic sensors are realized by depositing thin metal films and metallic nanopar-
ticles on various fiber structures (e.g., fiber gratings, side-polished fiber, microfiber),
respectively, to contribute strong plasmon—matter interaction. To further improve
the measurement accuracy, sensitivity and selectivity to analyte molecules, specially
designed fiber structures or functional materials are normally applied to strengthen
the intensity of surface plasmon or the adsorption to target molecules. Specialty
optical fibers like microstructured optical fibers (MOFs) can achieve high-level inte-
gration that the very small dimension waveguide and the microfluidic channels
are able to be integrated within a single fiber with only micrometer-scale diam-
eter, leading to effective plasmon—matter interaction. The recent breakthroughs in
2D materials such as graphene, transition metal dichalcogenides (MX,), transition
metal oxides (TMOs) reveal new opportunities in plasmon—matter enhancement by
constructing 2D material/metal hybrid plasmonic structures or heavily doping free
carriers in 2D TMOs to realize intrinsic strong plasmonics in frequently used visible
or near-infrared (NIR) optical window. In addition, macrocyclic supramolecules
have been recently proven to be excellent surface functionalization candidates
for metallic nanoparticles, contributing to simple functionalization process, selec-
tive target molecules recognition and improved biocompatibility. In this chapter,
the background and the state-of-the-art of SPR/LSPR fiber-optic sensors will be
reviewed. More importantly, the abovementioned emerging hybrid fiber-optic plas-
monic sensing solutions will be illustrated in details. For instances, the exploration
of how the highly birefringent MOF-based SPR sensor can suppress polarization
crosstalk and improve sensitivity in the meantime, how to integrate graphene-on-gold
hybrid structure on fiber-optic platform to strengthen the surface plasmon inten-
sity and to effectively adsorb biomolecules, how to dope abundant free electrons
in 2D MoOj3 and achieve highly integrated microfiber-based plasmonic sensing in
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NIR optical frequencies, how to synthesize cyclodextrin capped gold nanoparti-
cles in a one-step process and realize microfiber-based highly selective detection of
cholesterol in human serum, etc. will be demonstrated.

2 Main Body Text

e Fiber-Optic Surface Plasmon Resonance Sensors

Surface plasmon polariton, in short SPP, is an electromagnetic wave that parallelly
propagates at the interface between metal film and dielectric medium. The SPP is TM-
polarized. As illustrated in Fig. 1a, the polarization direction of SPP is perpendicular
to the metal-dielectric interface (Jana et al. 2016). The SPP has the evanescent
nature, which is strongest at the surface of metal film and exponentially decays into
the dielectric material. Conventionally, SPR is realized on a Kretschmann—Raether
silica prism of which the base is coated with a nanometer-scale thin metal film
(Fig. 1b). The ambient medium of thin metal film is dielectric and considered as
semi-infinite. SPR can be excited by the TM-polarized total reflected light at silica—
metal interface when the phase matching condition is satisfied, that the propagation
constant of reflected light equals to the propagation constant of SPP:

w w Emetal Edielectric
— &/ Eprism Sin(Ores) = 1/ (1
c Emetal T Edielectric

Along with the increasing demand of compact, highly integrated, flexible and
even in situ sensing devices, optical fiber-based SPR sensors receive more and more
attention. Various fiber-optic SPR configurations have been investigated to achieve
highly sensitive SPR sensors. The key point in the design of fiber-optic SPR sensor is
to realize the phase matching between the guided mode in fiber and the SPP at metal—
dielectric interface. Hence, it is essential to coat the thin metal film at the surface of
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Fig.1 a The propagating SPP at the metal-dielectric interface (Adapted with permission from Jana
etal. 2016). b The schematic illustration of conventional Kretschmann—Raether prism configuration
(Adapted with permission from Zhao et al. 2014)
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Fig. 2 Fiber-optic SPR sensor based on a LPG (Adapted with permission from Schuster et al.
2011). b TFBG (Adapted with permission from Shevchenko et al. 2011). ¢ Tapered fiber (Adapted
with permission from Roh et al. 2011). d Side-polished fiber (Adapted with permission from Roh
etal. 2011)

fiber structure where strong evanescent field of guide mode can be exposed, leading
to the strong SPP at metal surface for effective light—matter interaction. Fiber gratings
like long-period fiber grating (LPG) and tilted fiber Bragg grating (TFBG), tapered
fiber, side-polished fiber have been demonstrated to be feasible for SPR sensing
(Fig. 2).

In recent years, MOFs are favored due to higher degree of integration, longer
interaction distance and improved robustness, that the cladding air holes can function
as microfluidic channels for liquid or gas analyte infiltration (Yu et al. 2009). With
the special design of core dimension and cladding air holes arrangement, the thin
metal films coated on the inner surface of air holes can effectively interact with the
evanescent field of core mode, which grants access of infiltrated analyte to the strong
SPP. Numerous MOF structures have been proposed, including hexagonal MOFs,
semicircular-channel MOFs, exposed-core MOFs (Fig. 3). In most MOF-based SPR

{a} . Fused Silica Analyte (C)
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® ' e, o'e
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Fig.3 MOFbased SPR sensors with specially designed structures of a hexagonal air holes (Adapted
with permission from Peng et al. 2012). b Semicircular air channels (Adapted with permission from
Hassani and Skorobogatiy 2007). ¢ Exposed core (Adapted with permission from Yang et al. 2015)
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designs, the prime consideration is to facilitate easy analyte infiltration and large
interaction area. Hence birefringence commonly exists in MOF-based SPRs. Based
on Eq. (1), birefringence leads to the offset between SPR wavelengths corresponding
to two orthogonal polarizations of core mode. When external perturbations such as
fiber bending, twisting and pressure are applied on fiber, the coupling from the desired
mode polarization to undesired mode polarization will occur. Therefore, the overall
SPR peak which is the superposition of SPR of two orthogonal polarizations will be
unstable, leading to inaccurate sensing results.

To address the issue of birefringence induced measurement unstability,
polarization-maintaining MOF-based SPR sensor with high birefringence could be a
promising solution. A large birefringence can be realized in a near-panda MOF with
the two central air holes of the photonic-crystal arranged cladding holes enlarged
(Fig. 4). The enlarged two central holes can facilitate easier thin noble metal film
deposition and analyte infiltration. Strong surface plasmons can be excited by the x-
polarized fundamental core mode with the thin gold film deposited on the inner walls
of central holes. As discussed earlier, SPP can only excited by the TM-polarized inci-
dent light (i.e., the polarization perpendicular to the metal film surface), y-polarized
core mode corresponds to a much weaker SPP compared with that of x-polarized
mode (Fig. 4b, c). This indicates the SPR sensing output is predominated by the plas-
monic behaviors of x-polarized code mode. For a low-birefringent MOF, of which the
diameter of central holes (d2) is comparable to that of other cladding holes (d1) (e.g.,
d1/d2 = 0.95), both x- and y-polarized mode can excite relatively strong SPP. As a
result, the existence of unwanted polarization could induce an offset of overall reso-
nant wavelength as high as 0.67 nm from that of desired polarization, which means
the SPR sensing accuracy is considerably compromised (Fig. 5a). On the contrary,

(a) (b) x-polarized
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— |
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= = (48 | polarized
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Fig. 4 a The configuration of proposed highly birefringent MOF. b x-polarized core mode. ¢ y-
polarized core mode (Adapted with permission from Zhang et al. 2016)
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Fig. 5 Attenuation spectra of highly birefringent MOF when a d1/d2 = 0.95 and b d1/d2 = 0.4
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even though a highly birefringent MOF consists of two modal polarizations corre-
sponding to even larger resonant wavelength difference, the immensely suppressed
SPP of unwanted polarization has bare influence on the overall resonant wavelength
so as the sensing accuracy. For instance, the wavelength offset of the proposed highly
birefringent near-panda MOF with d1/d2 = 0.4 is as small as 0.06 nm (Fig. 5b).
Based on the FEM simulation of photonic-crystal arranged MOFs with different
d1/d?2 ratios, the relation between phase birefringence and sensing inaccuracy can be
deduced. As shown in Fig. 6a, the resonant wavelength offset could increase to be as
large as 18.89 nm when the phase birefringence increases from ~4 x 1075 to ~1 x
10~*. When the phase birefringence exceeds beyond a threshold (~1 x 107), the
wavelength offset effectively reduces and even tends toward 0 after 4 x 10~* phase
birefringence. The investigation indicates that small birefringence that commonly
exists in MOF-based SPR sensors could induce nonnegligible undesired resonant
wavelength offset, which affects sensing accuracy. The proposed highly birefringent
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Fig. 6 a The variation of wavelength offset along with phase birefringence. b The SPR sensitivities
when d1/d2 = 1.0, 0.6, 0.5 and 0.4 respectively (Adapted with permission from Zhang et al. 2016)
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MOF with intentionally introduced large phase birefringence ~4.2 x 10~ can effec-
tively suppress such impact of polarization crosstalk to be extremely small. In addi-
tion, more expanded central holes enhance the plasmon—matter interaction thereby
provide a higher sensitivity. Figure 6b compares the sensitivities when d1/d2 = 0.4,
0.5, 0.6 and 1.0. It is clear that the sensitivity is improved when the central holes
expand. At high analyte refractive index range of 1.37-1.38, the proposed highly
birefringent MOF SPR sensor can achieve a sensitivity as high as 3000 nm/RIU.

Besides optimizing the design of fiber structure, integrating functional nanoma-
terials with fiber-optic platform can also effectively promote the light—matter inter-
action. In the past decade, 2D materials have drawn extensive attention in various
research field including the highly integrated sensors. The extremely large surface-
to-volume ratio, in situ plasmonic properties tunability and near-field confinement
are the great advantages of 2D materials in sensing applications (Luo et al. 2013;
Rodrigo et al. 2015). The plasmonics of most common 2D materials such as graphene
and MX, fall in MIR or terahertz regions, which are not compatible with the
well-developed optical communication window even though they can achieve supe-
rior plasmonic sensing performance (Ju et al. 2011; Koppens et al. 2011). There-
fore, numerous research efforts focus on enhancing the plasmon—matter interaction
by applying 2D material/metal film hybrid structures to SPR configurations. For
instances, the thin gold film in conventional Kretschmann configuration has been
upgraded to graphene/gold, graphene oxide/gold, graphene-MoS,/gold, etc. hybrid
film-like architectures (Fig. 7). It is proven that the intensity of SPP on gold film
surface can be effectively strengthened by the seamlessly integrated graphene layer.
When graphene and gold are in contact, the work function difference between the
two materials (4.5 eV for graphene and 5.54 eV for gold) causes electrons flow from
graphene to gold to equilibrate the Fermi levels (Giovannetti et al. 2008; Khomyakov
et al. 2009). As a result, the electron density at gold film surface increases as the
graphene becomes p-type doped. Therefore, a stronger SPP so as a higher sensitivity
can be achieved.

Even though the 2D material/metal film hybrid structure had been widely proposed
on the prism-based SPR configuration, systematical analysis and experimental
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Fig. 7 The prism-based SPR configurations with hybrid plasmonic structures of a single-layer
graphene/gold (Adapted with permission from Salihoglu et al. 2012); b multilayer graphene/Py/gold
(Adapted with permission from Stebunov et al. 2015); ¢ graphene-MoS2/gold (Adapted with
permission from Zeng et al. 2015)
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M

Fig. 8 The schematic illustration of proposed hybrid graphene-on-gold SPR sensor. The nucle-
obases of target sSSDNA molecules can form stable m—stacking interaction with the honeycomb
arrange carbon atoms of graphene (Adapted with permission from Zhang et al. 2017)

demonstration of integrating such hybrid plasmonic structure with flexible waveg-
uides such as optical fibers were rare. As a proof of concept, a graphene-on-gold
hybrid structure is proposed to be seamlessly integrated with a side-polished optical
fiber, purposing to demonstrate that the 2D material/metal hybrid structures could
achieve enhanced plasmonic biosensing performance on flexible waveguide plat-
forms. As illustrated in Fig. 8, the exposed evanescent field of guided core mode
interacts with the graphene-on-gold structure deposited at the surface of polished
facet of optical fiber, leading to strong SPP-biomolecules interaction. Meanwhile,
the single graphene layer functions as excellent surface functionalization of the thin
gold film. Since the SPP at gold film surface exponentially decays with the penetra-
tion depth, the thickness of surface functionalization is a crucial factor that affects
sensitivity. The graphene layer as thin as 0.34 nm could hardly compromise the SPR
sensitivity (Kim et al. 2013). Moreover, the carbon atoms of graphene arranged in
honeycomb format can easily form m—stacking interaction with the aromatic rings
commonly existed in biomolecules (Song et al. 2010). Hence, it facilitates effective
adsorption of target biomolecules such as ssDNA, providing high sensitivity and low
LOD.

Simulation can verify the SPP enhancement capability of the additional graphene
sheet on conventional gold film coated side-polished fiber. The inset of Fig. 9a plots
the whole electrical field distribution of guided core mode in the fiber as well as the
SPP on the side-polished facet. The magnified field distribution of the SPP at the
gold/graphene surface is shown in Fig. 9a. As expected, introducing single or multiple
graphene layers can effectively enhance the SPP intensity on the thin gold film
surface, which is benefited from the electrons transfer as explained above. Another
interesting finding in the simulation is that bilayer or multilayer graphene slightly
compromise the SPP intensity compared with the single-layer graphene. This is due
to the electrons’ energy loss induced by the increase of graphene layers (Kim et al.
2013). Therefore, with the SPP intensity boosted by ~30.2%, single graphene layer
most enhances the plasmonic sensing behavior. The experimental results further
verify the graphene-on-gold hybrid structure can effectively improve the plasmonic
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Fig.9 a The comparison of electric field intensities when the SPP is excited by bare thin gold film,
single-layer graphene/gold, 2-layer graphene/gold and 3-layer graphene/gold. (Inset) The electric
field distribution over the entire fiber-optic graphene/gold hybrid structure. b The comparison of
fiber transmission spectra with and without single graphene layer. (Inset) The microscopic view of
the single graphene layer transferred on the side-polished fiber. ¢ The comparison of sensitivities
with and without graphene transfer for wavelength interrogation. d The comparison of sensitivities
with and without graphene transfer for intensity interrogation (Adapted with permission from Zhang
et al. 2017)

sensing behavior. Figure 9b compares the resonant peaks of the conventional thin gold
film coated side-polished fiber and the graphene-on-gold hybrid structure integrated
side-polished fiber when both sensing configurations are immersed in DI water. The
inset of Fig. 9b shows the microscopic view of the boundary of transferred graphene
on the thin gold film coated side-polished fiber facet. The graphene-on-gold hybrid
structure corresponds to a deeper resonant peak, indicating a stronger SPP intensity,
which matches well with the simulation. As a result, the hybrid graphene-on-gold
structure provides enhanced plasmonic sensing performance in both wavelength and
intensity interrogations (Fig. 9c, d).

The biosensing capability of the proposed plasmonic hybrid SPR configuration
can be validated by detecting ssDNA concentration. ssDNA quantization provides
biomedical significance in gene expression, DNA sequencing and polymerase chain
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Fig. 10 a The transmission spectra variation of proposed hybrid plasmonic sensor along with the
increase of ssDNA concentration. b The transmission minimum and resonant wavelength vari-
ations along with log-scale ssDNA concentration increase. ¢ The transmission spectra variation
along with the increase of ssDNA concentration if there is no graphene transferred on gold film.
d The comparison of sensitivities to ssDNA concentration of fiber-optic plasmonic sensors with
and without graphene layer (Adapted with permission from Zhang et al. (2017)

reaction (PCR) (Bhat et al. 2010). Figure 10a shows the magnified SPR peaks of
the biosensing platform with the incrementing ssDNA concentration. This can be
explained by Eq. (1) that the surrounding refractive index of the plasmonic archi-
tecture is increased due to the efficient adsorption of ssDNA molecules on graphene
surface via m—stacking interaction. Also, the SPP evanescent field is scattered by
the bonding of ssDNA molecules, which further induces transmission loss thereby a
deeper SPR peak. The LOD of the biosensor to ssDNA molecules is as small as 1 pM
based on the distinguishable enhancement of SPR peak (the red curve of Fig. 10a).
The sensitivity of biosensor can be determined by the linear response of transmis-
sion minimum against the log-scale pM ssDNA concentration from 1 pM to 10 puM
as plotted in Fig. 10b. To experimentally verify that the biosensing performance is
improved by the additional graphene layer, a conventional thin gold film-based side-
polished fiber-optic SPR sensor is prepared and applied to measure the same ssDNA
solutions. As shown in Fig. 10c, the LOD increases to 1 nM which is less sensitive
than the hybrid plasmonic structure. The comparison of sensitivities corresponding
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Fig. 11 The doping of free electrons by inducing oxygen vacancies in TMO lattice. a The pristine
TMO lattice. b Electrons doped TMO lattice. Red spheres: oxygen anions. Yellow spheres: metal
cations (Adapted with permission from Lounis et al. 2014)

to the two structures in Fig. 10d can obviously indicate that the graphene-on-gold
hybrid structure can effectively improves the sensitivity almost twice higher.

Although the 2D material/metal hybrid structures facilitate remarkable light—
matter interaction in plasmonic sensing, the intrinsic SPP of most common 2D mate-
rials (e.g., graphene and MX,) located at MIR range is hardly accessible for practical
applications. Therefore, an alternative class of 2D plasmonic material, heavily doped
ultrathin TMOs, have captured research attention in recent years aiming for manipu-
lating the intrinsic plasmonics of 2D materials with exceptional field confinement and
in situ plasmonic tunability in the frequently used visible and NIR optical window
(Alsaif et al. 2014; Cheng et al. 2014, 2016; Liu et al. 2017a). To realize SPP in
visible or NIR frequencies, sufficient free carrier concentration must be achieved
in 2D materials. The unique character of outer—d valence electrons enables TMOs
to achieve sufficient free carriers doping via ionic intercalation. Taking the most
representative TMOs molybdenum trioxide (MoO3) and tungsten oxide (WO3) as
examples, free electrons can be abundantly doped by introducing oxygen vacancies
in the TMO lattice. As shown in Fig. 11, an oxygen atom acts as a dianion when it
is removed from lattice so that two free electrons are contributed to the conduction
band (Manthiram and Alivisatos 2012; Lounis et al. 2014). Therefore, the plasmonic
behavior of 2D TMOs can be easily tuned by manipulating the oxygen vacancies.
So far, the tuneable plasmonics of heavily doped MoOj3 nanoflakes in visible or NIR
region has been most widely studied, yet the exploration on integrating such emerging
2D materials with optical devices especially the highly integrated waveguide-based
sensing devices is very limited.

Driven by the purpose of investigating the potential of 2D TMOs on highly inte-
grated plasmonic devices, a biosensor based on a microfiber functionalized with
«-MoOj3 nanoflakes is developed and validated by BSA molecules detection. As
shown in Fig. 12, few-layer «-MoOj3 nanoflakes are synthesized by the liquid phase
exfoliation method (Balendhran et al. 2013) and then heavily doped with free elec-
trons via an H* intercalation process. After doping, sub-stoichiometric «-MoO;_,
nanoflakes solution with strong SPP at NIR region is formed. Immobilized on the
surface of the 2-pm-diameter tapered portion of microfiber, the MoO;_, nanoflakes
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Fig. 12 The schematic illustration of heavily doped MoO3_, nanoflakes-based hybrid fiber-optic
plasmonic biosensor. (Inset 1) The crystal structure of -MoO3 lattice. (Inset 2) Molecular structure
of BSA (Adapted with permission from Zhang et al. 2018)

not only induce sensitive resonance dip on the microfiber transmission spectrum
but also provide excellent affinity to negatively charged biomolecules such as BSA,
contributing to promising LOD and sensitivity.

The 2D morphology of the synthesized «-MoOj3 nanoflakes can be verified by
TEM and AFM. The TEM shown in Fig. 13a clearly shows the flake-like shape of
as-prepared «-MoOj3 samples. As the thickness of double-layer -MoOj is 1.4 nm
(the inset of Fig. 13), the synthesized nanoflakes consist of two such double-layer
planner units based on the AFM assessment as shown in Fig. 13b. The H* inter-
calation (i.e., the doping of free electrons) can be realized by adding NaBH, into
the MoO3 nanoflakes solution. During the intercalation process, the solution color
gradually evolves from colorless to Prussian blue indicating the pristine MoOs is
gradually reduced to sub-stoichiometric MoOs_, (Fig. 13c). As a result, the absorp-
tion spectrum of MoOj; nanoflakes solution is also tailored during the electrons
doping. Pristine MoOj3 only introduces absorption at UV wavelengths, which is due
to the large bandgap of 3.2 eV (the black curve in Fig. 13d) (Cheng et al. 2015). After
electrons are increasingly doped, a distinct absorption peak appears and enhances
at 700-800 nm range, in the meantime, undergoes a blueshift. This phenomenon
can be explained by Drude model that the plasma frequency is inversely correlated
to electron density (Liu et al. 2017c). A more intuitive way to prove the forma-
tion of sub-stoichiometric MoOs_, is to characterize via X-ray photoelectron spec-
troscopy (XPS). In XPS measurements, pristine MoO3 only possesses two binding
energy peaks at 233.1 eV and 236.2 eV, corresponding to Mo%*3ds;, and Mo®*3dss,
respectively (Fig. 13e). After doping, two additional peaks corresponding to Mo>*
at 231.9 eV and 235.1 eV appear and coexist with the original two Mo®" peaks
(Fig. 13f) (Prabhakaran et al. 2016), which originate from the leftover electrons due
to the removal of oxygen atoms from MoOj3 lattice.
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The MoOs_, nanoflakes can be stably immobilized on the microfiber surface
via electrostatic interaction. Since MoOs_, is positively charged (Balendhran et al.
2013), the microfiber surface functionalized with evenly distributed negative charges
(e.g., self-assembled poly(allylamine) (PAA)/poly(styrene sulfonate) (PSS) bilayer)
applies strong attraction to the nanoflakes. Similarly, the immobilized positively
charged MoOj3_, nanoflakes on microfiber surface can effectively attract negatively
charged target molecules, such as BSA (Balendhran et al. 2013). Dye labeled BSA
molecules are adopted to verify the effectiveness of electrostatic interaction-based
target molecule adsorption as well as fiber surface functionalization. Figure 14a
shows the fluorescent microscope views of four MoOs;_, nanoflakes deposited
microfibers after immersing in different concentrations of dye labeled BSA solu-
tions. It is obvious that fiber brightens as the BSA concentration increases. Also, the
even brightness on fiber surface implies the uniformity of adsorbed BSA molecules
so as the MoOs_, nanoflakes.
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Fig. 14 a The fluorescent microscopic view of MoOs_, nanoflakes functionalized microfibers
coated with different concentrations of dye labeled BSA molecules. b The absorption spectra
of MoOs3_, nanoflakes solutions mixed with different BSA concentrations. ¢ Transmission spec-
trum variation of proposed hybrid plasmonic biosensor along with increasing BSA concentration.
d The linear increase of transmission minimum against log-scale BSA concentration (Adapted with
permission from Zhang et al. 2018)
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The binding of negatively charged BSA molecules on MoO;_, nanoflakes surface
impacts the plasmonic behavior. When MoOs_, nanoflakes suspensions mix with
different concentrations of BSA solution, the absorption peak of MoO;_, weakens
as the BSA concentration increases (Fig. 14b). This is due to the free electrons at
MoOs;_, surface are repelled by the negatively charged BSA molecules, resulting
in the reduced free electron density involved in the plasmonic resonance (Alsaif
et al. 2014, 2016; Liu et al. 2017b). Therefore, fiber-optic sensor based on MoO;_,
nanoflakes shows a unique characteristic that the resonance peak on fiber transmis-
sion spectrum gradually shallows along with the increasing concentration of target
BSA (Fig. 14c), while other plasmonic sensors are on the contrary. Profited from
the full utilization of high aspect ratio of 2D MoO;_,, a LOD of BSA as low as
1 pg/mL is achieved. Moreover, the transmission minimum of plasmonic resonance
peak provides linear response to the log-scale BSA concentration (Fig. 14d).

e Fiber-Optic Localized Surface Plasmon Resonance Sensors

Different from the propagating SPP at thin metal film surface, the resonant electron
oscillation induced by light interacting with a metallic nanoparticle is nonpropagating
due to the particle size restriction. Therefore, it is called localized SPR (LSPR). LSPR
can be excited when the oscillation frequency of nanoparticle electron cloud matches
with the frequency of incident light (Fig. 15) (Mayer and Hafner 2011; Peiris et al.
2016). A proper model to understand how incident light is scattered and absorbed by
ananoparticle with diameter much smaller than the wavelength is the Mie theory. The
Mie theory constructs a model to deduce the extinction cross-section of nanoparticle
based on the assumption that the nanoparticle is a homogeneous conducting sphere:
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where V is the volume of nanopatrticle, and ¢; ., and & ., are the real and the
imaginary parts of metal dielectric function respectively in the Drude model (Parkins
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Fig. 15 The schematic diagram of localized surface plasmon resonance (Adapted with permission
from Peiris et al. 2016)
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where y is the damping of electron oscillation and wy, is the bulk plasma frequency.
More detailed definitions of y and w, can be found in (Luther et al. 2011). Since
LSPR operation frequencies are generally within the visible and NIR optical windows
where y < w), Eq. (3) can be simplified as:
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Based on Eq. (2), the resonance is satisfied (i.e., the extinction cross-section is
maximum) when &/ .., = —2é&dielectric- The LSPR resonant frequency is thereby
expressed as:
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WLSPR —= —————
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Furthermore, for dielectric medium, &gielectric = M3ejecyic- Therefore, the refrac-
tive index of ambient dielectric medium of nanoparticle impacts the LSPR resonant

wavelength:
ALspr = )»pm )

Similar with SPR-based fiber-optic sensing platforms, LSPR-based fiber-optic
devices have also captured intensive research attention. Various fiber structures such
as microfiber, cascaded unclad fiber, fiber endface have been integrated with silver or
gold nanoparticles and shown promising plasmonic sensing performance (Fig. 16).
To achieve efficient selectivity to analyte molecules, it is necessary to apply surface
functionalization on metallic nanoparticles. Taking the most widely employed gold
nanoparticle (AuNP) as an example, many effective functionalization strategies have
been proven such as biomolecule coating, ligand substitution, polymer deposition
(Bolduc and Masson 2011; Mieszawska et al. 2013; Tadepalli et al. 2015; Oliverio
et al. 2017). However, when sensitivity is the crucial factor of plasmonic sensors,
it is critical to keep the surface functionalization as thin as possible. Due to the
evanescent nature of surface plasmon, thick surface functionalization considerably
compromises the plasmon—matter interaction. For instance, a study has compared
the LODs and sensitivities of two functionalization strategies with thicknesses of
4.24 nm and 0.96 nm, respectively, and shown that surface functionalization thinner

(6)
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(Adapted with permission from Lin et al. 2012); b microfiber (Adapted with permission from Li
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than 1 nm significantly improves the sensing performance (Tadepalli et al. 2015). In
such cases, macrocyclic supramolecules has shown potential to meet the challenges
of achieving both sub-nanometer functionalization thickness and target molecules
recognition.

Benefited from their macrocyclic cavities, macrocyclic supramolecules like
cyclodextrins (CDs), cucurbiturils, pillararenes, calixarenes show excellent molec-
ular recognition capability by the host—guest interaction. The host—guest interac-
tion is noncovalent interaction like van der Vaals attraction, electrostatic force,
hydrophobic association. between macrocyclic supramolecules and certain guest
molecules to form inclusion complexations (Qu et al. 2015). Encouragingly, it is
proven that host—guest interaction is a more effective target molecule recognition and
adsorption mechanism compared with the conventional biomolecule-ligand binding
(Yang et al. 2014). Another advantage of macrocyclic supramolecules being surface
functionalization of metallic nanoparticles is the heights of their macrocyclic cavi-
ties are normally less than 1 nm (Lagona et al. 2005; Yu et al. 2015; Xie et al.
2016), which facilitates sensitive molecular detection as discussed above. In addi-
tion, the macrocyclic supramolecules also eliminate the cytotoxicity of nanoparti-
cles that is often favored in biomedical sensing applications. In recent years, studies
have been carried out to achieve functionalizing metallic nanoparticles with macro-
cyclic supramolecules during the synthesis of nanoparticles instead of through post-
processing surface modification. Hence, the nanoparticle formation and the surface
functionalization could be realized in a more efficient one-step process. In most of
these attempts (Fig. 17), however, harsh reducing reagents such as thiols, NaBHy,
NaOH have to be introduced which violates the purpose of achieving biocompati-
bility in many LSPR biosensing applications (Li et al. 2013; Sanchez et al. 2013; Bhoi
etal. 2016). Therefore, inspired by the method proposed by Zhao et al. (2016), where
CDs act as both reducing and capping agent for AuNP synthesis, a microfiber-based
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¢ CD capped silver nanoparticles, AuNPs and Agcore-AUshell/AUcore-Agshell bimetallic nanoparticles
(Adapted with permission from Bhoi et al. 2016)

LSPR biosensor is developed to comprehensively investigate the plasmonic sensing
potential of one-step synthesized macrocyclic supramolecules decorated metallic
nanoparticles.

Figure 18 illustrates the configuration of LSPR biosensor based on a microfiber
integrated with one-step synthesized B-CD-capped AuNPs. Functioning as both
the reducing and capping agent, 8-CD facilitates the AuNP formation and forms
biocompatible functionalization layer via the conjunction of carboxyl groups and
gold surface. More detailed synthesis procedure of B-CD-capped AuNPs can be
found in (Zhang et al. 2019). The evanescent field of guide mode in microfiber leaks
out at the tapered portion and interacts with immobilized AuNPs at fiber surface,
leading to strong LSPR peak on the transmission spectrum. Cholesterol, the guest
molecule of 8-CD, is employed to validate the biosensing performance of proposed
LSPR device. The sterol groups of cholesterol molecules can tightly fit into the S-
CD macrocyclic cavity, meanwhile forming stable host—guest interaction through
the hydrophobic associations (Yu et al. 2006; Christoforides et al. 2018).

The as-synthesized -CD-capped AuNPs show good uniformity in particle size.
As seen from the TEM image in Fig. 19a, the AuNPs possess spherical structures
with diameters range from ~18 to ~21 nm. The dynamic light scattering (DLS)
characterization of the AuNPs further verifies the observation (Zhang et al. 2019).
The absorption peak of B-CD-capped AuNP solution is shown in Fig. 19b. The
resonance band with linewidth as narrow as 47 nm also indicates the monodispersity
of the particles, which is comparable with that of conventionally synthesized AuNPs.
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Fig. 18 The schematic illustration of the 8-CD-capped AuNP-based fiber-optic biosensor. (Inset1):
The conjunction between S-CD molecule and AuNP surface. (Inset2): The molecular structure of
cholesterol (Adapted with permission from Zhang et al. 2019)

Based on the proton nuclear magnetic resonance ('H NMR) spectrum (Fig. 19¢), it
can be concluded that the macrocyclic structures of 8-CDs are preserved on the
AuNPs (Schneider et al. 1998). Figure 19d shows the FTIR spectra comparison of
B-CDs before and after the formation of AuNPs. The FTIR profiles are similar except
that the hydroxyl group becomes much narrower, indicating the hydroxyl groups in
B-CDs mainly contribute to reducing Au>* ions to Au® atoms.

The as-synthesized AuNPs are negatively charged; hence, it can be stably immo-
bilized on positively charged microfiber surface (e.g., functionalize the fiber surface
with homogeneous PAA layer) via electrostatic attraction. As shown in Fig. 20a, b,
the prepared microfiber is 4 pm in diameter and decorated with evenly distributed
AuNPs. The attached AuNPs induce a deep resonance band centered at 530.7 nm
on the microfiber transmission spectrum. When the fiber-optic sensing device is
sequentially immersed in cholesterol solutions with concentrations range from 5 aM
to 0.5 puM, the LSPR resonance band gradually deepens along with the increasing
cholesterol concentration meanwhile the resonant wavelength shifts from 530.7 to
531.4 nm (Fig. 20c). Such ultralow LOD of 5 aM is profited from the highly efficient
host—guest interaction between B-CD and cholesterol. The transmission minimum
of the resonance band can be taken as the sensing parameter and provides linear
response to the log-scale cholesterol concentration (Fig. 20d).

The selectivity of the proposed biosensor to cholesterol is validated by an interfer-
ence study, where common interfering substances in human serum such as glutamic
acid, cysteine, ascorbic acid, dopamine and human serum albumin (HSA) are intro-
duced. Figure 20e shows the real-time average transmission intensity within 530-
535 nm of microfiber when the interfering substances are introduced during the
detection of cholesterol. It is clear that the -CD-capped AuNP-based fiber-optic
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Fig. 19 a The TEM images of as-synthesized B-CD-capped AuNPs. b The absorption peak of -
CD-capped AuNP solution. ¢ 'H NMR spectrum of synthesized 8-CD-capped AuNPs. d The FTIR
spectra comparison between pristine -CD and B-CD-capped AuNPs (Adapted with permission
from Zhang et al. 2019)

sensor only responses to cholesterol molecules but not interfered by other substances.
To further validate the cholesterol recognition capability of the proposed sensor,
recovery experiments are also carried out to evaluate the accuracy of detecting real
human serum samples diluted by a factor of 10'* and spiked with different cholesterol
concentrations. As summarized in Table 1, the measurement of cholesterol concen-
tration in unspiked human serum sample is 4.23 mM. The measurement of the same
sample using commercial blood cholesterol monitor is 4.35 mM, which indicates the
proposed fiber-optic biosensor is reliable. In addition, the recoveries of the spiked
samples are 105.2-112.2%, which is also within a satisfactory range, further veri-
fies the accuracy of proposed sensor. Therefore, it indicates the great plasmonic
sensing potential of highly integrated fiber-optic sensors based on the macrocyclic
supramolecules modified metallic nanoparticles.
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Table 1 Recovery results of g 11 Added (aM) | Found® (aM) | Recovery (%)
detecting cholesterol in
human serum samples Human serum 0.0 423 +£2.8 —
(male) 50.0 949+67 1052
100.0 1545 £ 165 | 1122

2The values are mean of 4 independent experiments + standard
deviation
Reprinted with permission from Zhang et al. (2019)

3 Conclusion

Coupled with the advances of specialty fibers and functional nanomaterials, fiber-
optic hybrid plasmonic sensors can deliver more promising sensing capability. As
covered in this chapter, proper design of MOFs with high birefringence provides
wide possibilities in highly integrated microfluidic sensing devices with improved
measurement accuracy and stability. Profited from 2D material-based hybrid plas-
monic structures, fiber-optic plasmonic sensors can deliver more promising sensing
capability. The exceptional surface-to-volume ratio, near-field confinement and
in situ plasmonic properties tunability of 2D materials facilitate further enhance-
ment of plasmon—matter interaction so as the sensitivity and LOD. In addition, the
development of supramolecular chemistry brings new solutions in LSPR nanopar-
ticles surface functionalization, leading to excellent target molecule selectivity via
host—guest interaction. Given the numerous possibilities in optical design and hybrid
plasmonic architectures construction, fiber-optic hybrid plasmonic sensors possess
vast potential in various sensing scenarios with distinct advantages of high sensitivity,
flexibility, miniaturization and high degree of integration.
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Abstract Microstructured optical fibers (MOFs), which have a holey structure in
the cladding/core region, exhibit enhanced sensing sensitivity and performance
for liquid/gas samples. In MOFs, the presence of sensing samples in the holey
cladding/core region increases mode-field overlap and effective interaction length
between the samples and the optical signals, resulting in a deep modulation on
the optical signal. Moreover, in places of a bulky chamber for hosting liquid/gas
samples in conventional fiber-based sensing configurations, the tiny voids in MOFs
save the volume of sensing samples and avoid contaminations, making the sensing
scheme more compact for in-line sensing applications. In this chapter, we first intro-
duce the structures of MOFs and lightwave guiding mechanisms in MOFs, including
index-guiding mechanism, photonic bandgap guiding mechanism, and antiresonance
guiding mechanism. Then, we present MOF fabrication methods for different fiber
structures and materials. Last but not least, several kinds of MOF-incorporated
sensing configurations, including fiber gratings, Fabry—Pérot interferometers, Mach—
Zehnder interferometers, and Sagnac interferometers, and surface-enhanced Raman
scatterings, are discussed with theoretical analysis and cutting-edge achievements in
a few application scenarios.
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Keywords Photonic crystal fibers + PCF fabrication methods + Long period fiber
grating + Fiber interferometer * Fiber surface-enhanced Raman scattering sensing

1 Introduction

Optical fiber sensing networks have distinct features of high robustness, immunity
to electromagnetic interference, small size, good repeatability, and enabling remote
sensing configurations (Consales et al. 2012). In particular, optical fibers are made
of silica. It is a dielectric material and has high melt temperature (~1700 °C), making
optical fibers immune to the ambient electromagnetic signals and harsh environment.
By possessing a small cross section of hundred micrometers and a low transmission
loss, optical fibers show great flexibility and benefits in constructing networks for
remote sensing applications. Moreover, the advanced fiber fabrication technology
leads to good consistency in the fiber geometry over long length and helps to save
cost for mass production. Owing to these distinguished features, fiber-based sensing
platforms have attracted intensive research and exploration, and rapidly being applied
widely from environment monitoring to biological detections.

Conventional single-mode fibers (SMFs) and multimode fibers (MMFs) have a
germanium-doped silica fiber core surrounded by a pure-silica cladding. The refrac-
tive index (RI) of fiber core is larger than that of fiber cladding, and light guidance
in the fiber core relies on total internal reflection (TIR). Though SMFs and MMFs
have been successfully applied to temperature (Peng et al. 2016), strain (Zhu et al.
2012), curvature (Mao et al. 2014), and RI (Rong et al. 2012) analysis, the extremely
weak light-matter interaction property hampers their spectral response’s sensitivity
to ambient variations, hence, making the sensing scheme exhibits either low sensing
sensitivity or redundant in fiber length. A few techniques have been applied to conven-
tional fibers to enhance light—matter interaction, such as fiber gratings, microbubbles,
microfibers, and side-polished fibers. These microstructures on fibers have low fabri-
cation reproducibility and are fragile, causing difficulties in integration and instability
of sensing networks. Besides, all-solid fiber geometry requires external chambers for
liquid flow, which compromises compactness of the systems.

To address these challenges and enhance light-matter interaction, MOFs are
proposed and have been investigated for sensing applications in the past two decades.
MOFs, mainly refer to photonic crystal fibers (PCFs), enable light trapping in the
solid/hollow fiber core through modified TIR, photonic bandgap (PBG) or antireso-
nance etc. by the periodic microstructures in the fiber cladding region. The scanning
electron microscope (SEM) images of a typical pure-silica solid-core PCF and a PBG
fiber are shown in Fig. la, b, respectively. Because the main motivation when the
idea of PCFs was first proposed was to fabricate a hollow-core fiber that confines
light through PBG effect enabled by a cross-sectionally periodic photonic crystal
structure, the term PCF was introduced and remains in use for the whole class of
microstructured fibers, either with or without any kind of “crystal” structure.
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Fig. 1 SEM photograph of a the first solid-core index-guiding PCF (Adapted with permission
from Knight et al. 1996); and b a typical hollow photonic bandgap PCF (Adapted with permission
from Lynch-Klarup et al. 2013)

The holey structure of PCFs provides inherent advantages in improving the
compactness and performance of fiber-based sensors. In particular, firstly, the air
channels can host the liquid/gas media. And, as the air channels generally have
a diameter of a few micrometers or tens of micrometers, relatively small sample
volume is needed for completing the sensing/detection. Secondly, the large hollow
core or the air channels tightly surrounding the solid fiber core enable a large overlap
between the sample in the channels and the electrical field of the light beam, thus
to dramatically enhance the modulation capability to the light signal, resulting in a
better sensing resolution. Thirdly, the unprecedented long effective interaction length
enabled by the air channels running along the entire fiber length can contribute to
improve the limit of detection in absorption-based sensing configurations. Besides,
PCF-based sensors are especially suitable for in-line real-time sensing applications
in which the liquid/gas samples continuously flow through the sensing region via
inlet and outlet, and the spectrum is recorded and analyzed in real time.

Over the past few decades, the main research interests of PCFs-based sensors has
been focused on increasing sensing sensitivity, constructing in-line sensing configu-
rations, and expanding the application scenarios by exploring new PCF structures and
integrating other sensing techniques like fiber gratings and interferometers. In terms
of exploring new fiber structure, great efforts have been put on enlarging evanescent
field in the air channels and easy accessibility of liquid/gas samples to the internal air
channels. For example, suspended-core fiber, with 3 larger air channels surrounding
a small solid-core region (as shown in Fig. 3a), has been intensively explored for
high-sensitivity molecular detection because of its extremely large evanescent power
ratio in the air channels. The simple wheel-like structure makes the lateral access of
liquid easy as well. The integration with other techniques enables higher sensitivity
sensing, and wider application scenarios like RI sensing, or extracting structural
fingerprinting information of biological molecules.

In this chapter, we first give a brief introduction to the fundamentals of PCFs,
including lightwave guiding mechanisms, the key geometric parameters that affects
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its optical properties, and advanced fiber fabrication methods. Then, we will summa-
rize a few most compact and highly sensitive liquid/gas sensing configurations that
adopt PCFs, including fiber gratings, fiber interferometers, and surface-enhanced
Raman scattering, and their cutting-edge achievements in versatile sensing scenarios.

2 Guiding Mechanisms of PCF's

Lightwave guidance mechanisms in the core region of PCFs are mainly classified as
index guiding, PBG guiding, and antiresonance guiding.

e Index guiding

In index-guiding PCFs, light is confined in the core area through modified TIR. TIR
is a phenomenon that the total amount of the incident light energy is reflected back at
the boundary between two different media. It only occurs when the lightwave travels
in a high RI medium approaches the other medium with a lower RI at an angle of
incidence larger than the critical angle. Normally, index-guiding PCFs are made of
pure silica. The RI difference between the core region and the cladding region is
obtained by creating periodic holey structures in the cladding region to reduce the
averaged RI of the cladding region. A typical structure of an index-guiding PCF
is illustrated in Fig. 2. The presence of air holes decreases the overall RI value of
the cladding region, because air has a low RI value (1.0) than that of silica (e.g.,
1.444 at the wavelength of 1550 nm). The pitch of the air channels (distance between
two adjacent air channels) is represented by symbol A, and the diameter of air hole

Fig. 2 A schematic
illustration of an
index-guiding PCFs made of
pure silica. The green color
represents the silica material,
and the white regions are air
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is indicated by d. Simulation results suggest that a smaller pitch and a larger air
hole diameter can help to increase the evanescent power fraction in the air channels
located in the innermost ring. And, increasing the number of rings helps to reduce
the fiber transmission loss.

The mode number analysis of index-guiding PCFs can refer to that of step-index
fibers. The number of transverse modes (M) that are supported in the step-index
conventional fiber core can be theoretically predicted by the following equations:

— 2, (2 2
V= A a,/Neore ncladding (1)

M=V )

where a is the radius of the fiber core, A is the wavelength of the light wave, and 7¢re
and njaqding Tefer to the Rls of the fiber core and cladding regions, respectively. V
number is the normalized frequency parameter. When V < 2.405, step-index fibers
only support single-mode propagation, which is the fundamental mode. For a typical
PCEF structure which has periodic air holes in the cladding, the RI of the cladding can
be estimated through an effective index model (Knight et al. 1998). In the effective
index model, the RI of the cladding is defined according to the propagation constant
of the fundamental space-filling mode of the infinite cladding, and d/A play an
important role in determining the number of modes. An effective V value (V) for
a PCF can be defined as (Birks et al. 1997; Vengsarkar et al. 1996):

Veir = Zay/(nZ,, — n2)F 3)

where, n, is the RI of air (n, = 1), and F = d/A is the air filling ratio.
e PBG guiding

There is another kind of PCFs in which the fiber core exhibits a smaller RI than that
of the cladding region. Obviously, TIR does not work in this situation. In this kind
of PCF, light of a certain band of wavelength is confined in the low index core by
the PBG effect of the photonic crystal structure in the cladding region. Therefore, it
is categorized as PBG fibers. Usually, PBG effect only guarantees relatively narrow
transmission bandwidth. The first hollow-core photonic bandgap structure fiber was
fabricated in 1998. However, the guided mode in this fiber was observed to be evanes-
cent in the central air channel. To support stable light propagation in the central air
core, numerical calculations reveal that a large air filling ratio and a small pitch in
the surrounding photonic crystal cladding structure are necessary (Cregan 1999).
Later, in 1999, R. F. Cregan in the University of Bath successfully fabricated the first
photonic bandgap guiding fiber that supported single-mode propagation in the air
core (Cregan 1999). In this fiber, the large hollow core was obtained by removing 7
capillaries in the center, and the air filling ratio and pitch in the cladding are ~39%
and 4.9 pm, respectively. However, the researchers only receive 35% of an input laser
energy after propagating through a 4 cm long fiber sample due to low input coupling
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efficiency and the scattering loss resulted from surface roughness of the inner ring
of cladding. In 2005, an ultimate low-loss photonic bandgap fiber (1.2 dB/km) was
obtained by reducing surface roughness (Roberts et al. 2005).

In addition, Bragg fibers and all-solid photonic bandgap fibers are also proposed
and investigated for exploring new optical properties. Bragg fibers are usually made
of polymer and soft glasses instead of silica. Light is confined in the large hollow
core by the surrounding multilayer reflector consist of alternating high index (soft
glasses) thin films and low index films (polymers). A Bragg fiber that is used for
CO; laser beam delivery (Temelkuran et al. 2002) is shown in Fig. 3b.

All-solid photonic bandgap fiber structure is realized by replacing the air holes
of index-guiding PCFs with high index material (larger than core), as shown in
Fig. 3c. Compared with holey structured PBG fiber, all-solid PBG fibers are easier
to fabricate, and it shows better coupling performance especially when splicing with
standard SMFs or MMFs.

(a)

Fig. 3 SEM photograph of a a suspended core fiber (Adapted with permission from Monro et al.
2010); b a Bragg fiber (Adapted with permission from Temelkuran et al. 2002); ¢ all-solid PCF
(Adapted with permission from Wang et al. 2015); and d Kagome-like hollow-core PCF (Adapted
with permission from Subramanian et al. 2017)
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e Antiresonance

The first hollow-core PCF capable of transmitting light over a broad range of optical
frequencies was demonstrated in 2002 (Benabid et al. 2002). The cladding structure
of this fiber consists of thin (nanometer scale) silica webs arranged in a Kagome lattice
instead of conventional triangular hollow-core PCF structures reported previously.
But numerical simulation reveals that the cladding structure does not support any
PBGs. Further research progress on broadband-guiding hollow-core PCF indicates
that: 1. The geometry of the cladding is not the crucial factor in exhibiting broadband
guidance in the Kagome-like hollow-core PCFs; 2. in contrast to hollow-core PBG
fibers, the transmission loss of this kind of fiber is independent of the number of
cladding layers; and 3. the geometry of the first silica layer surrounding the hollow
core is essential for determining the performance of the broadband-guiding hollow-
core PCFs (Markos et al. 2017). There are a few other types of hollow-core PCF
structures that support broadband spectrum guidance, such as negative-curvature
hollow-core PCFs or single-ring hollow-core PCFs. According to current research,
broadband-guiding hollow-core PCFs does not show a unique cladding design and
neither has an accepted guidance mechanism. It may be composed of a Kagome-like
(Fig. 3d), a honey-comb lattice or a reduced or even single layer of annular tubes
(Pryamikov et al. 2011). The guidance mechanisms in broadband-guiding hollow-
core PCFs are also still a subject of study or debate, commonly perceived as inhibited-
coupling or antiresonance guiding.

3 PCF Fabrication Technology

The fabrication of PCFs is proved far from easy. It took a long journey to succeed
until the year of 1996 when Prof. J. C. Knight and his colleagues reported that
they successfully fabricated the first silica-air PCF in the University of Southampton
by means of capillaries stacking (Knight et al. 1996). This PCF has a solid core
surrounded by periodic air arrays in the cladding region, and it confines light through
TIR (index guiding) the same as the conventional SMFs and MMFs. Soon after, with
the successful experience of fabricating index-guiding PCFs, the first PBG PCF was
achieved in 1998.

The fabrication process of a fiber normally involves two basic steps: preform
preparation and drawing process with a fiber drawing tower. The preform has the
same structure and RI profile as the final fiber sample, but larger in size. The diameter
of the cross section of a fiber preform is around a few centimeters.

Depending on different fiber structures and materials, a few techniques have been
practiced to prepare the large fiber preform, such as stacking (Russell 2003), extrusion
(Kumar et al. 2002), and rolling (Temelkuran et al. 2002).

e Stack-and-draw method
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Fig.4 A brief schematic diagram of stack-and-draw method for the fabrication of PCFs. a Assem-
bling silica capillaries and rods into macroscopic preform stack. b The large preform stack is drawn
into canes with a diameter of a few millimeters. ¢ The final thermal draw step to achieve PCFs with
a diameter of a few hundred micrometers (Adapted with permission from Ma et al. 2017)

In terms of fabricating silica PCFs preform, the most commonly used method is
capillary/rod stacking. Capillaries are small silica tubes that have the same air filling
ratio with that of the PCF cladding region. They are generally 1 m long with an outer
diameter of a few millimeters and obtained from drawing large silica tube/rods. For
preparing a preform with stacking method, first, capillaries and rods are stacked
following the designed photonic crystal pattern. Then, the stack is inserted into a
larger silica tube to provide an outer protecting silica layer. Next, the preform will
be mounted in the preform holder on the top of a fiber drawing tower and drawn to
be thinner cans/fibers when fed into a high-temperature furnace (operating at above
1700 °C). Figure 4 shows the procedure of a fiber drawing process.

Because the thermal expansion coefficients of silica and air are quite different
and the draw-down ratio from the preform to fiber is large, to prevent the breaking
of preform or damage of the fiber structure, the complete drawing process normally
involves two steps:

1. Feed the preform into the high-temperature furnace and achieve a smaller-sized
cane which has an outer diameter of a few millimeters.

2. Feed the cane into the furnace again and draw to obtain regular fibers following
adding an extra silica jacket to achieve thicker outer cladding region.

To obtain a perfect fiber structure, the drawing process is very challenging. The
feeding speed (speed of the preform/cane, Vi.q) and drawing speed (speed of the
fiber, Viper) of the preform together determine the draw-down ratio of the drawing
process by the following relationship:
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Vseed Rszeed = Viiber sziber (4)

where Rgeeq and Rgper are the radii of the seed preform/cane and the produced
cane/fiber, respectively. Moreover, to perfectly maintain the fiber structure, the
furnace temperature, the pressure in the air channels, and vacuum environment in
some circumstances need to be precisely managed. In particular, for holey structured
PCFs, when the temperature goes too high, the air in the channels expand rapidly
and may destroy the thin silica webs in the microstructure. Inversely, the fiber is easy
to break in a low temperature applied. The temperature applied to the preform/cane
is crucial. It relies on both of the temperature of furnace and the feeding speed of
the preform as fast feeding speed reduce heat accumulation in the fiber. The pressure
applied in the air channel helps to maintain the fiber structure, and the vacuum applied
to the preform tube in some circumstances is intended to suppress the interstitial holes
in the joints of silica web.

Therefore, to obtain a fine fiber structure, those parameters including furnace
temperature, the pressure applied, feeding speed of preform, and drawing speed need
to be precisely adjusted. And this requires a few rounds of trials and improvements.
Besides, the large surface area of capillaries and rods in the preform stack could
introduce contamination easily. But this method of making preform allows large
flexibility in fiber structure design.

e Extrusion

Extrusion method can be applied to realize silica-air preforms that are not readily
achievable by stacking capillaries and rods. In the preform fabrication process, a
molten glass is penetrated through by a die having the desired patterns of holes.
Therefore, it is especially suitable for fabricating fiber preform made of low melting
temperature materials, for example, chalcogenide glass, polymers, or those mate-
rials which are not readily available in tube form. Then, the bulky glass preform is
drawn using a thermal-drawing tower which is the same to the one shown in Fig. 4b.
This kind of fabrication method allows the fabrications of any regular or irregular
structured fibers. The first non-silica glass PCF using extrusion method is made of
glass SF57 (Kiang et al. 2002). It exhibits a “wheel”-like structure with 3 large air
channels surrounding a small solid core, and observed to be single mode over a broad
wavelength range.

Extrusion provides a controlled and reproducible method for fabricating holey
preform with complex structure and good surface quality. By broadening the appli-
cable range of materials and structure designs, extruded holey fibers offer a wider
range of optical properties compared with the stacking method. Moreover, as fewer
interfaces are involved, extrusion shows the potential to minimize the ultimate
transmission loss by avoiding contamination.

e Rolling method

Rolling is perfectly suitable for the fabrication of fiber with periodic annular layers
structure, like Bragg fibers or omnidirectional fibers. In this method, multilayers
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of polymer-based mirrors are rolled up to present a preform with a hollow core
and alternate high refractive index and low index in the cladding region. The index
variation in the radial direction provides the light guidance capability in the hollow
fore region through photonic bandgap mechanism.

This method is widely used in fabricating preform that combines polymer and
glass materials (Temelkuran et al. 2002). And the wavelength scalability (the control
over transmission band through the fiber’s geometrical parameters) is available by
changing the thickness of the thin layers. A. M. Stolyarov et al. demonstrated an omni-
directional PBG fiber that confines the visible wavelength for trace vapor sensing
(Stolyarov et al. 2012). This fiber was thermally drawn from a preform comprised of
15 bilayers of chalcogenide glass (As;S3) and polyetherimide (PEI) and a cladding
made of PEI.

4 Processing for in-Line Access

The in-line accessibility to the PCF channels is important for prompting the use of
PCF for sensing applications. Because it speeds up getting sensing results, ensures
the reusability of fiber samples, and also eliminates the measurement error introduce
when realign a new fiber sample. A considerable part of PCF-based in-line sensing
configuration is constructed in this form that: The light beam is coupled into the fiber
core through precise position alignment (free space coupling), while both of the PCF
fiber ends are housed by microfluidic reservoirs, as illustrated in Fig. 5a. The liquid
flow through the PCFs is forced to continue by the pressure difference between the
two reservoirs. In this way, simultaneous liquid flow in all the air channels of PCF and
light coupling to the fiber core are realized. This configuration can also be applied
to selective liquid filling into the air channels in PCFs, with a pretreatment to block
the rest of the air channels. However, the precise free space light coupling requires
high mechanical robustness and might be subject to the pressure perturbation in the
microfluidic reservoir. There is another attempt to insert and splice a 20-pm-width
C-shaped fiber between the PCF and SMFs to create liquid inlet and outlet, as shown
in Fig. 5b. The splicing connection is much more robust, but this method requires
precise manipulation on very tiny C-shaped fiber, which is difficult. Besides, laser
micromachining or coupled with hydrogen fluoride (HF) etching can drill a hole from
the side of the PCF to enable the liquid flow into the air channels. This method makes
it possible to choose any drilling positions, but it may destroy the fiber structure,
introduce contamination, and most importantly only the outer rings of air channels
are accessible.

In addition to the post-processing methods, researchers also have proposed novel
fiber structures to enable convenient liquid access to the air channels in PCFs. In
2011, H. W. Lee et al. in Prof. P. Russell’s group proposed a step-index fiber with a
parallel hollow micro-channel (Lee et al. 2011) to provide convenient liquid insertion
and avoid complex selective channel introduction process. Also, a side-channel PCF
(SC-PCF) is proposed to provide easy access to the lateral large side channel and
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Fig. 5 A schematic diagram showing the methods to enable simultaneous light coupling and in-
line liquid access to PCFs: a free space coupling (Adapted with permission from Unterkofler et al.
2012); b inserting a C-shaped fiber between SMF and PCF (Adapted with permission from Wu et al.
2013); and ¢ splicing the SC-PCF to side-polished SMF (Adapted with permission from Zhang et al.
20164, b)

large evanescent power in the side channel for improving sensing performance. The
structure of SC-PCF is elaborately designed to have a larger channel in one side of the
PCF, so that the simultaneous light coupling and liquid access can be enabled through
splicing it with a side-polished SMF (as shown in Fig. 5¢). The side-polished SMF
is manufactured by polishing a glass cuboid with a bare SMF buried in its groove
with wax, and its produced geometric parameters are well designed to expose the
side channel to the external environment only.

5 Sensing Applications

PCF-based fiber sensing configurations have been applied to physical sensing, chem-
ical sensing, and biomedical sensing, owing to its diversity in optical waveguide
properties. Among these, aqueous sensing is particularly attractive as the voids in
PCF are natural liquid carrier. The analysis of aqueous/gaseous samples can be
done through tracing a few parameters: absorption loss of light beam it introduced,
RI, photoluminescence phenomenon, Raman spectrum, etc. Measuring the RI of
aqueous sample is a very important method to analyze the presence of analytes in
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the aqueous solutions and its concentrations. It is a label-free detection method and
is easy to implement and commonly realized through monitoring the resonant wave-
length shift of a long period grating (LPG) or interferometry since the RI of liquid in
the sensing region has an impact on the effective refractive index (ERI) of the trans-
verse modes and the distribution of the modal energy. With the increasing demands
of specific detection of chemical and biological molecules, some researchers have
explored specific detection on DNA or RNAs by adding preparations on fiber/core
surface in RI sensors. Another technique, surface enhance Raman scattering (SERS),
also has attracted large interests, for its capability of revealing fingerprinting informa-
tion of the molecule with high sensitivity by directly analyzing the Raman spectrum
collected from the fiber ends.

In this section, we will focus on LPG fiber sensors and interferometric fiber
sensors, as well as SERS fiber sensors which particularly interest the current research
and also make up a large proportion of PCF based sensors.

e Long period gratings fiber sensors

LPG s astructure of periodic RI variation along the fiber axial direction. The structure
has a period in the sub-millimeter scale and is able to realize mode energy coupling
between two co-propagating transverse modes at a certain resonant wavelength (Aes)
when satisfy the phase matching condition:

1 — )\' S
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where, ny and n’; are the ERIs of the coupling transverse modes. § is the pitch of the
grating structure. Therefore, if a gating pitch has been chosen to realize the energy
coupling from fundamental mode to higher-order core mode or cladding modes,
there will be a series of low power bands in the transmission spectrum as high-order
modes experience larger transmission loss.

According to Eq. (5), we can clearly see that with a certain pitch, the resonant
dips are dependent on the difference between the ERIs of the two coupling modes
which can be affected by the RI of liquid filling in the channels of PCFs. In this way,
the variation in the RI of the liquid sample can be monitored through tracing the shift
of LPG dip wavelength.

Fiber LPGs can be fabricated through several methods, for example, point-by-
point laser writing method (Wang et al. 2006), mechanical pressure (Hu et al. 2012a,
b), and electric arc technique (Humbert et al. 2003). Among of these, CO, laser
point-by-point imprinting method is the most commonly used one. The CO, laser
irradiation imposes thermal effect on fiber surface and can affect the RI of the PCF
via three mechanisms:

1. Release stress introduced during the fiber fabrication process
2. Cause slight deformation on the fiber surface
3. Introduce stretch force when heating up the silica fiber.

With the combination of a computer-controlled precise moving stage, CO, laser
point-by-point imprinting method enables great flexibility in fabricating LPGs with
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different pitch, grating numbers, and writing position to control over the modula-
tion depth and resonant wavelength of the LPGs. The grating obtained with laser
inscription is permanent, so it can be established for long time and stable sensing
applications.

PCF LPGs sensing configurations provide reliable RI measurements with high
sensitivity. Attempts have been made to inscribe LPG on various kinds of PCFs. It
is reported that fiber gratings on the large-mode-area PCF are able to deliver a high
RI sensitivity of 1500 nm/RIU near a RI value close to water (1.33), which is nearly
2 order of magnitude higher than that can be obtained with SMF LPG (Rindorf and
Bang 2008). In this work, the authors fabricate an LPG on a large-mode-area PCF
which has a solid core and an air channel lattice cladding with the pitch and the ratio
of air hole diameter to pitch being 7.12 pwm and 0.478, respectively. The resonance
occurs at the wavelength of 1050 nm with a grating period of 580 wm and period
number of 60. The RI sensitivity is characterized by tracing the blue shift amount of
the resonant wavelength when tuning the RI of the methanol solution infiltrated in
the channels through temperature.

In-line access of liquid into the air channels of PCF LPGs enables direct measure-
ments of RI sensitivity through dynamic liquid infiltration. An LPG inscribe on
a side-channel PCF (SC-PCF) designed to enable direct and highly sensitive RI
measurement (Zhang et al. 2016a, b). The SC-PCF enables a large side channel adja-
cent to the solid core for fast liquid infiltration of the test sample and large evanescent
power. The LPG on SC-PCF has a grating period of 153 wm and a period number of
50, resulting in the modal energy coupling between LPy; and LP;; mode. The reso-
nance dip in the transmission spectrum is centered at 1520 nm with a full bandwidth
at half maximum (FWHM) of ~21 nm and an extinction ratio of ~7 dB. The RI sensi-
tivity is characterized to be 1145 nm/RIU over the RIrange of 1.3330-1.3961 through
the infiltration of RI solutions (sodium chloride solutions with different concentra-
tions) into the large side channel adjacent to the solid core. This continuous-flow
configuration makes this sensing platform very promising for real-time monitoring.

In addition to non-specific RI sensing, PCF-based LPG sensors are also reported
for specific biological sensing application. In 2006, L. Rindorf et al. demonstrated
the use of a PCF LPG to detect the thickness of poly-L-lysine and double-stranded
DNA immobilized on the inner wall of the air channels through electrostatic (Rindorf
et al. 2006). Because the test molecules are deposited on the side of the holes where
they interact with intense evanescent wave, the sensor is regarded more robust to
environmental temperature variation and the influence of the liquid in the air holes.
In 2011, Z. He et al. reported an endless single-mode PCF LPG sensor that realized
specific goat anti-mouse IgG (H + L) antibodies. It, for the first time, realized a
PCF LPG that carry out multilayer biomolecular binding events in the air channel
of PCF cladding (He et al. 2011) and each step of binding event on the wall of
channels cam be monitored through the shift of LPG resonant wavelength. Though
the sensing/detection of biomolecules with fiber LPGs is essentially attributed to the
modulation of sample RI to the resonant wavelength, immobilization of multilayer
biomolecular binding method eliminates the perturbation from other molecules.
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PCFLPG sensors are compact in configuration and offer relatively high sensitivity.
Taking advantages of the liquid voids in PCF, it is very promising in serving as
a platform for real-time and online measurements, as well as for biological and
chemical sensing which may require multilayer treatment on the silica surface for
specific identification.

e Interferometer sensors

In optical fibers, interference between two propagation modes can be realized in a
single fiber or in two separate fibers as long as the two modes travel over different
optical paths. Assume the two interference beams are split from a single beam, which
means that there is no phase difference at the very beginning. After passing through
different optical paths, the recombined output intensity / can be predicted by the
following equation:

I =1+ 0L +2VLI;cos(Ay) (6)

AY = Z(nyly — naly) (7)

where I; and I, are the intensities of the two interference beams at the position of
recombination, respectively. n, [ and n,, [, are ERIs of the two modes and the fiber
lengths they pass through. A represents the optical phase difference (OPD) between
the two beams, and A is the wavelength. From the equation, we can identify that the
output intensity shows periodic resonant dips/peaks in the transmission spectrum.
Because OPD is relevant to ERIs of the propagation modes, the resonance dips will
shift in response to the RI variation in the sensing region.

PCF-based interferometric RI sensing configurations includes Fabry—Pérot inter-
ferometers (FPI), Mach—Zehnder interferometers (MZI), and Sagnac interferom-
eter (SI). In particular, a concave-core PCF constructed FPI sensor is reported to
exhibit an RI sensitivity of 1635.62 nm/RIU (Tian et al. 2016). The FP sensor is built
by splicing a segment of concave-core PCF with a SMF, and the shallow concave-
core of the fiber form the FP cavity directly. J. J. Hu et al. demonstrate a highly
sensitive PCF MZI by splicing both ends of a PCF with SMFs using fusion arc
splicing technique. The air channels of the PCF are completely collapsed in both
splicing region, serving as beam splitter and beam combiner to excite mode coupling
to/from high-order cladding modes (Hu et al. 2012a, b). Since the evanescent field of
the high-order cladding mode extends to the external medium, the RI of the external
medium affects the ERI of the cladding mode, whereas not that of the core modes.
The RI variation will induce OPD change and lead to variation in the transmission
spectrum. The RI sensitivity was demonstrated to be 320 nm/RIU over the biosensing
RIrange (1.33-1.34) by immersing the PCF in different RI solutions. In 2013, T. Han
et al. reported a selective-filling PCF-based Sagnac interferometer (Han et al. 2013).
The two channels in the innermost ring of the fiber cladding are selectively filled
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with liquids that has a higher RI index than silica to guide light by a combination
of index-guiding and bandgap guiding. It is characterized to enable an RI sensitivity
of 63,882 nm/RIU by heating the fiber with a temperature chamber. C. Wu reports
an in-line optofluidic polarization maintaining PCF-based SI sensor. It allows simul-
taneous light injection into the fiber core and liquids flow in and out by inserting
C-shaped fibers between PCF and SMFs (Wu et al. 2014). The schematic diagram is
shown in Fig. 5b. By changing the RI solutions (sodium chloride solutions) that flows
through the fiber from the opening, its RI sensitivity is measured to be 8699 nm/RIU.

In 2018, N. Zhang et al. presented a side-channel PCF SI for ultra-sensitive chem-
ical and biological analysis (Zhang et al. 2018). The geometry of the side-channel
PCF is shown in Fig. 6a. To increase the fraction of evanescent power in the large
side channel and maintain a relatively small insertion loss when spliced with SMFs,
the pitch and the ratio of air hole diameter to the pitch are fabricated to be 6 pm
and 0.6, respectively. To enable lateral liquid access to the large side channel for
the convenience of liquid flow in and out, the side-channel PCF is spliced with a
side-polished SMF to create an opening. The sensing scheme is constructed in this
way to support specific chemical and biological analysis that require multilayer treat-
ments on the silica surface. Figure 6¢ shows the resonance in the transmission spectra
when the side channel is empty and filled with water. RI sensitivity is measured to be
2849 nm/RIU. Specific sensing performance with side-channel PCF Sagnac inter-
ferometer is characterized using human cardiac troponin T (cTnT) protein detection.
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Fig. 6 a Schematic diagram of the sensing configuration; b resonance dips recorded along with
the multilayer deposition; ¢ transmission spectrum of the side-channel PCF interferometer; d reso-
nant wavelength shift corresponding to different antibody concentration, and e their correlation
relationship (Zhang et al. 2018). Reproduced by permission of The Royal Society of Chemistry
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Specific cTnT detection needs a series immobilization of OH™ group, a monolayer
of poly(allylamine), active cTnT antibody, and cTnT antibody in sequence. Before
each immobilization step, distilled water or phosphate-buffered saline (PBS) is used
to rinse the residuals from the previous step. And resonance wavelength variations
are recorded in real time after each binding step of the layers, as recorded in Fig. 6b.
Eventually, cTnT solutions are infiltrated in an ascending order of concentration from
1 pg/mL, and the shift of resonance dips is plotted in Fig. 6d, e, revealing a limit of
detection of 1 ng/mL.

Overall, PCF-based interferometers exhibit characteristics of easy fabrication,
simple structures, high integration level, and high sensitivity. Similar to PCF-based
LPG sensors, they deliver a highly efficient solution to chemical and biological
analysis for environmental monitoring or biological/medical diagnosis.

e Surface-enhanced Raman scattering sensing

Raman spectrum reveals the information of a molecule in vibrational mode level
which relies on the molecule’s constituent atoms, chemical bind strengths, and their
structural arrangements. As each kind of molecules has its unique structures, the
Raman spectrum is specific to one kind of molecules. Surface-enhanced Raman
scattering (SERS) is a technique that amplifies Raman signal of the molecules thus
to dramatically improve the limit of detection of test molecules. This amplification
is realized by an intense electromagnetic field on a roughed noble metal surface
that stems from the excitation of certain special coupling of surface plasmon. The
intensity of SERS signal (PSERS (ug)) obeys the following equation:

PSERS (ug) = N' - o - [A(L) P - [A(ws)” - 1 (u1) ®)
where A(ur) and A(vs) are the enhancement factors of excitation laser electro-
magnetic field and scattered Raman electromagnetic field, respectively. oR_ is the
effective Raman cross section. N is the total number of the molecule that contribute
to the Raman signal. 7 (vy) is the intensity of excitation laser. SERS is a label-free
method that can identify the test molecules with its fingerprinting information; thus,
it has attracted large interest in sensing applications with both index-guiding PCFs
and bandgap guiding PCFs.

The performance of PCF-based SERS sensors is largely affected by the fiber
structure and morphology of the noble metals. In particular, fiber structure affects
mode-field overlap in the air channels and minimum confinement loss of the guided
modes, and the morphology of the noble metal determines the enhancement factor of
both excitation laser electromagnetic field and the scattered Raman electromagnetic
field. Compared with solid-core index-guiding PCFs, hollow-core PCFs can obtain
Raman signals with low silica background, because the laser beam directly inter-
acts with analyte in the hollow core where both excitation laser and Raman signal
are guided. But the narrow transmission window coming along with the bandgap
confinement hinders their use in broad Raman scattering spectra.
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Fig.7 a Schematic diagram of backscattered SERS sensing scheme. b The Raman signal intensity
corresponding to the R6G concentration (Zhang et al. 2016a, b)

K. Khaing Oo et al. compared a few PCF structures for SERS applications,
including nonlinearity PCFs, steering-wheel PCFs, and suspended-core PCF. The
experimental results suggest that the PCF microstructure has a significant effect on
the evanescent wave-based sensing and detection (Khaing Oo et al. 2010). And a best
limit of detection of 107! M Rhodamine 6G is achieved with the suspended-core
fiber which exhibits the largest fraction of evanescent power in the sensing region.
In the experiments, the gold nanoparticles are immobilized on the silica surface of
the cladding air channels to provide electromagnetic field amplification. In 2016, the
geometry of a side-channel PCF was well defined for SERS sensing applications.
The fiber geometry enables large evanescent power in the air channels adjacent to
the solid fiber core and a low transmission loss at the SERS excitation wavelength of
632.8 nm with a pitch of 3 um and an air holes diameter of 2.8 pwm in the cladding
region. For the SERS measurements, the schematic diagram is shown in Fig. 7a. The
excitation laser source at 632.8 nm is coupled into the fiber core from one end of the
fiber, and the backscattered enhanced Raman signal is collected and analyzed from
the same fiber end. Both the performance under full-filling and selective-filling of the
air channels conditions are characterized with a mixture solution of gold nanopar-
ticles and Rhodamine 6G molecule infiltrated. The full-filing configuration reveals
a better limit of detection of 50 fM Rhodamine 6G solution. The intensity of the
SERS signal under full-filling configuration is plotted in Fig. 7b. In addition, the
accumulative phenomenon of Raman signal along the SERS-active fiber length is
also investigated, suggesting that properly increasing fiber length is an effective way
to further enhance the SERS intensity and thus further reduce the limit of detection.

Compared with conventional fiber-based and substrate-based counterparts, of
which the performance is limited by small SERS-active region and weak excita-
tion electromagnetic field in the sensing region, PCF-based SERS sensing platform
shows great potentials in constructing high-performance SERS sensing system. By
synergistically enabling flexible design of optical waveguide properties and liquid
transmission cell in a single fiber, PCFs can contribute to reaching ultra-low limit of
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detection and more opportunities for diverse and high-performance sensing appli-
cations, such as single molecular detection on cells and clinical diagnosis in liquid
samples like urine and blood.

6 Conclusion

In this chapter, we focus on microstructured fibers for sensing applications. By
manipulating the materials and fiber structures, light propagation in the PCF fiber
core can be realized through index-guiding mechanism, PBG guiding mechanism,
and antiresonance guiding mechanism. Coupled with advanced fiber fabrication
technology, it allows great flexibility in the design of optical waveguide proper-
ties for versatile sensing applications. Hollow-core photonic bandgap fibers offer
extremely large mode-field-overlap, but the light transmission loss induced by scat-
tering by liquid is relatively high and the transmission window is relatively narrow.
Though, in solid-core index-guiding fibers, the proportion of the evanescent field
that extends to the sensing channels is relatively small, it exhibits stable light trans-
mission window and low transmission loss which benefit a stable, robust platform
for wide range applications. LPGs, interferometers, and SERS sensing platforms
that take advantages of PCF properties show great potentials in in-line and real-time
liquid RI sensing, specific chemical and biological molecule identification.
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Kaiwei Li, Jiajia Wang, and Tuan Guo

Abstract Optical microfiber is a class of specialty fibers, which is featured with
wavelength scale diameters. With such small dimensions, the optical microfiber offers
large fractions of evanescent fields and high surface field intensities, making it highly
sensitive to disturbances in the surrounding medium. Thus, the optical microfiber
is an ideal building block for high-performance photonics sensing devices. In this
chapter, recent progress in optical microfiber-based sensors is reviewed. It starts with
a brief introduction of the fundamental optical properties of optical microfibers and
the well-developed fabrication techniques. Then, a brief summarization of the well-
established microfiber-based refractive index sensing schemes is given, including
working principles and sensing performances. Following this section, the latest
progress on new effects and strategies for sensing enhancement is reviewed. In the
last, the conclusions and an outlook are presented.

Keywords Optical microfiber - Optical fiber sensor - Modal interferometer *
Biochemical sensor

1 Introduction

Optical microfibers have been gaining tremendous attention in a wide range of
research fields ever since its first discovery (Tong et al. 2003). With diameters close
to the wavelength of light, these tiny optical fibers cannot confine the guided light
tightly inside the fiber, like their telecommunication counterparts. Instead, the optical
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microfibers show a strong evanescent field, which means that a substantial amount
of the guiding light can enter and interact with the surrounding medium. Besides, the
optical microfibers also offers several unique properties, including small footprint,
low optical loss, high nonlinearity, and high mechanical flexibility. All these supe-
rior properties make the optical microfiber a promising platform for high efficient
light-matter interactions. Applications in fields ranging from optical sensing (Chen
etal. 2019) to ultrafast laser (Luo et al. 2015b), nonlinear optics (Vienne et al. 2008),
and optomechanics (Zhang et al. 2020) have been explored.

In particular, the small geometry size and the strong evanescent filed make the
optical microfibers an ideal platform to perform sensing on the nanoscale (Tong
et al. 2004). Any environmental parameter variations, external forces, object move-
ments, as well as the chemical reaction that can alter the optical guiding property
of the microfiber, can be easily detected. As such a perspective filed, the optical
microfiber sensors have witnessed prosperity during the last decades, along with the
improvement of the fabrication techniques. Multifarious novel microfiber sensors
with unique advantages of ultra-small footprint, high sensitivity, and fast response
have been explored. These sensing devices include microfiber modal interferom-
eters (Yadav et al. 2014), Mach—Zehnder interferometers (MZI) (Hu et al. 2012),
microfiber couplers (Tazawa et al. 2007), microfiber resonators (Sumetsky et al.
2006), microfiber gratings (Ran et al. 2011; Wang et al. 2017), and nanomaterial
decorated microfibers (Yu et al. 2017; Zhou et al. 2019). These versatile sensors have
found applications in temperature sensing, pressure sensing, strain sensing, flow rate
sensing, refractive index (RI) sensing, as well as biochemical sensing. In this chapter,
the recent progress in microfiber sensors is reviewed, with an emphasis on the basic
sensing principles of the well-developed microfiber-based sensing devices and the
newly developed strategies for sensing enhancement.

2 Basics of Optical Microfibers

The typical construction of an optical microfiber is depicted in Fig. 1, where the
uniform microfiber lies in the middle region connects with two standard optical
fibers through two conical tapers. When the standard optical fibers are tapered into
microwires with diameters around the operation wavelength, the original core reduces

Optical fiber | Transition region? Microfiber Transition region: Optical fiber
L i I-:d L

Fig. 1 Schematic diagram of the optical microfiber
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to below 100 nm and becomes negligible. Thus, the whole microfiber works as the
core, and the environmental medium (air/liquid) whose RI usually is lower than the
fiber works as the new cladding.

2.1 Optical Properties

2.1.1 Few-Mode/Single-Mode Operation

As the diameter of the microfiber is on the scale of the wavelength, only a limited
number of guided optical modes can be supported. The number of the guided modes
are determined by the V number, which is defined as (Tong et al. 2003):

V=""\/n2 —n? (1)

where D, A, ne,, and n are the fiber diameter, the wavelength in vacuum, core RI,
and cladding RI, respectively. The critical condition for single-mode operation is V <
2.405 when all the high-order modes are cut off (Tong et al. 2003). The propagation
constant, effective RI (ERI), and the spatial field distribution of the modes can be
obtained by solving the Helmholtz equations (Tong et al. 2003). The modal dispersion
curve showing the ERI of the supported modes in optical microfibers in water is
depicted in Fig. 2. It is evident that when the diameter of the fiber is smaller than
2 pm, the single-mode operation can be achieved.

1.425
Wavelegnth: 1550nm
In water

1.400 |

s 1375 HE,,
=
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1.325 :

Fiber diameter (um)

Fig. 2 Modal dispersion of an optical microfiber with a water cladding
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2.1.2 Strong Evanescent Filed

The unique and attractive optical property of the optical microfiber is the strong
evanescent field. It means that a substantial portion of the guided optical power
can enter the surrounding medium and propagate along the fiber. The modal field
distributions of the HE; mode for optical microfibers with a diameter of 2 wm and
0.8 wm are shown in Fig. 3. Itis evident that the 2-pm-thick microfiber only possesses
a small portion of the evanescent field, whereas for the 0.8-pwm-thick nanofiber,
more than half of the optical power is guided outside the fiber. The evanescent
power ratio of the HE|; mode for microfibers with different diameters is displayed
in Fig. 4a. With the enhanced evanescent field, the penetration depth also increases
significantly. For nanofibers thinner than 0.5 pm, the penetration depth can reach
several microns, which is far more significant than the small value of half-wavelength,
for the conventional evanescent field in a prism configuration. The strong evanescent

Intensity (a.u.) Intensity (a.u.)

Yam) T > T Xm)

Fig. 3 Modal field distribution of the fundamental HE;; mode for optical microfibers (in water)
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Fig. 4 a Evanescent power ratio of the fundamental HE{; mode. b The penetration depth of the
evanescent field of the optical microfiber
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field provides a perfect platform for light-matter interactions and further serves as
essential building blocks for super sensitive sensing devices.

2.1.3 Low Optical Loss

The insertion loss is also an essential parameter for the microfiber. A low optical loss
facilitates the application of the optical microfiber in the field of lasers, nonlinear
optics, and sensing. The optical loss mainly comes from the surface roughness-
induced scattering. Utilizing the heating and pulling method, microfibers with surface
roughness as low as sub-nanometer can be achieved, and the insertion loss can be as
low as 0.06 dB (Hoffman et al. 2014), which can be almost ignored.

2.2 Fabrication Techniques

In order to manufacture optical microfibers with well-defined geometries and optical
characteristics in a scalable manner, several methods have been developed. The most
common fabrication techniques are the so-called heating and pulling method (Felipe
et al. 2012) and the chemical etching method (Li et al. 2018d). As the dimension of
these tiny microfibers is generally below 5 pm, less than 4% of the original diameter
of the 125-pum-thick standard telecommunication optical fibers, the precise control
of the diameter can be challenging. Therefore, in-line monitoring methods have been
developed to monitor the diameter or the optical spectra of the fabricated microfibers
during the fabrication process. With such thin diameters, the microfibers usually have
low mechanical strength and are quite fragile. Thus, proper packaging is essential to
keep the microfiber safe and stable.

2.2.1 Heating and Pulling Method

The typical fabrication process of the heating and pulling technique is displayed in
Fig. 5a. Firstly, a section of standard optical fiber with the polymer coating removed
in the central part is mounted on two translation stages and fixed using fiber holders.
Secondly, a heating source is applied to the silica fiber to keep it above the glass
transition temperature. Then, the fiber is pulled by the two translation stages, and the
dimension of the melting central region reduces gradually as the two translation stages
move apart. Figure 5b shows a micrograph of a typical optical microfiber fabricated
by this method. The fabrication process usually takes about several minutes. The
diameter of the microfiber can be controlled by adjusting the pulling velocity and the
pulling duration. The width of the heating source determines the length of the uniform
waist region. Various heating elements have been adopted, including oxyhydrogen
flame (Felipe et al. 2012), ceramic heater (Ma et al. 2016), and the CO; laser beam
(Xuan et al. 2009). Typically, the oxyhydrogen flame and the ceramic heater that
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Fig. 5 a Schematic diagram of the heating and pulling fabrication method. b A micrograph of an
optical microfiber fabricated by the heating and pulling method. Adapted with permission Zhang
et al. (2018a)

provide millimeter-long heating regions are favorable for fabricating adiabatic optical
microfibers. The CO, laser beam provides a heating width of as small as several
hundreds of microns and is suitable for producing short and abrupt tapers. So as
to obtain optical microfibers with the desired length, a scanning heating source is
usually used, which can extend the effective width of the heating source. The most
significant merit of the heating and pulling method is the sub-nanometer-scale surface
roughness, which renders the microfiber with ultra-low optical loss.

2.2.2 Chemical Etching Method

The chemical etching technique is illustrated in Fig. 6a. Typically, a section of stan-
dard single-mode optical fiber with the desired length is stripped off the protective
polymer coating and cleaned with acetone. Then, the bare silica fiber is placed inside
the fluidic channel of a specially designed silicon chip and fixed by glue. Afterward,
the hydrofluoric acid etching solution was added into the fluid cell, and the etching
process begins. The diameter of the fabricated microfiber can be tuned by adjusting
the etching duration. In order to achieve a proper diameter, a two-step etching strategy
is adopted. In the first step, the course etching using high-concentration hydrofluoric
acid is applied to the fiber. It takes about 50 min to decrease the 125 pm diameter
to about 5 wm. In the second step, low-concentration hydrofluoric acid is added into
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Fig. 6 a Schematic diagram of the chemical etching method. b An SEM image of an optical
microfiber fabricated using the chemical etching method. Adapted with permission Li et al. (2018d)

the fluid cell to fine-etch the 5-pum-thick microfiber to the target dimension (Li et al.
2014). A typical image of a resultant sub-wavelength optical microfiber is depicted
in Fig. 6b. The whole manufacture procedure takes about several hours, which is
much longer than the heating and pulling method. However, the productivity can be
easily improved by a parallel fabrication strategy (Li et al. 2018d). The transmission
loss of the fabricated fibers is usually more significant than those fabricated by the
heating and pulling method. However, one distinct advantage of the etching method
is that the microfluidic channel for the fabrication can readily serve as channels for
the infiltration of bio-samples. Thus, a further packaging procedure is eliminated.

2.2.3 In-Line Monitoring Technologies

The in-line monitoring systems can facilitate the fabrication process to enhance
the capability in controlling the dimension and optical properties of the fabricated
microfiber in a real-time manner. The widely adopted approach is connecting the
two ends of the optical fiber to a light source and a detector, respectively. Thus, the
optical loss and the output spectra can be measured in real-time, and the fabrica-
tion process can be terminated once the desired parameter is reached. This in-line
monitoring system has been applied to both the heating and pulling method and the
chemical etching method (Li et al. 2014). In order to control the diameter and the
optical properties more precisely, advanced in-line measuring techniques have been
developed. The cutoff of a high-order mode occurs at a determined diameter. Thus,
by monitoring the cutoff effect of high-order modes and the time interval between
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two drops, the diameter of the nanofiber can be precisely determined in real-time
during the pulling process (deviation <5 nm) (Xu et al. 2017a). An in-line monitoring
technique utilizing the harmonic generation was also developed to measure the diam-
eter of the nanofiber during the tapering process. The manufacturing deviation can
be lower than 2% (Wiedemann et al. 2010).

2.2.4 Packaging of the Optical Microfibers

The convenient and safe handling of the fabricated microfibers is an essential prereq-
uisite to the practical applications. In order to protect the fiber from mechanical
disturbs and airborne dust, different approaches have been developed by groups
around the world that are specialized in optical microfibers. For example, the fabri-
cated microfiber can be embedded inside low-refractive-index substrates such as
PDMS (Polynkin et al. 2005), Teflon (Xu et al. 2007), and silica aerogels (Xiao et al.
2011) to maintain the low optical loss and enhance the portability and long-term
stability. For biosensing and gas sensing applications, the microfiber can be fixed
inside a microfluidic channel (Li et al. 2014) or sealed inside silica tubes (Mao et al.
2018) that provide input and output ports to make the sensor accessible to the samples
under test.

3 Optical Microfiber-Based Sensing Devices

Owing to the unique advantages of strong evanescent field and mechanically flexi-
bility that are not available in standard telecommunication optical fibers, the optical
microfiber sensors have witnessed a flourishing development ever since its inven-
tion. Various microfiber-based sensing devices employing diverse mechanisms have
been explored, which show considerable promise in fields ranging from fundamental
physical parameter measurement to practical biochemical analysis. The number of
published research works in this field keeps increasing substantially, and a number of
reviews are available. In this section, a brief summarization of the well-established
sensing devices with a focus on their schemes and sensing mechanisms is provided
to give the readers a general concept of how these sensors work. Then, the latest
progress in new effects and strategies for sensing enhancement is reviewed.

3.1 Basic Sensing Devices

The optical interferometric sensors probably account for the largest group of the
microfiber-based RI sensors. For a specific guided mode in the microfiber with a deter-
mined optical path, a small variation in the RI of the surrounding medium can induce
a phase change. Thus, by introducing multi-modes into a single microfiber device
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or incorporating an additional reference arm, interferometers can be constructed.
Based on the structural characteristics, these interferometers can be classified into
the following categories: the modal interferometers (Zhang et al. 2018a) and the
Sagnac interferometers (Sun et al. 2014). Apart from the interferometers, optical
microfiber based resonators and gratings also have been widely explored.

3.1.1 Modal Interferometers

The simplest form of the modal interferometer is the biconical tapered microfiber
(Fig. 7a). It consists of a uniform waist region that can support multimode propagation
and two abrupt tapered regions, which can couple a portion of the fundamental core
mode into high-order modes in the microfiber region. The fundamental HE;; mode
and the high-order mode possess different propagation constants and ERIs so that
a phase difference can be formed between the two modes. The high-order mode
can be HE; mode or other high-order modes. The transmission of a microfiber
interferometer can be calculated through

2n LA
I=L+0L+2VIh cos(%) )

where 1| and I, represent the optical power of two interference modes. L, A, and
Aneg denote the lengths of the optical microfiber, the operating wavelength, and
the difference between the refractive index of the two modes, respectively. With this
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Fig. 7 a Schematic diagram of a biconical tapered microfiber-based modal interferometer.
b Schematic diagram of an optical microfiber coupler
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compact sensing device, physical or chemical changes that can alter the length or the
mode property of the microfiber can be easily detected.

The optical microfiber coupler (OMC) is a traditional fiber-optic device, which
has been extensively employed in fiber-optic networks, fiber lasers, and fiber-optic
imaging. The tapered fiber coupler also serves as a promising candidate for sensing.
The OMC is consists of two input ports, two output ports, two transition regions,
and a uniform waist region where two microfibers are placed in parallel, as shown in
Fig. 7b. The underlying operating mechanism is the interference between the even
supermode and the odd supermode. When light is injected from port 1, the output
power at port 3 and 4 can be obtained as (Yang et al. 1998).

27 L(nS" — nodd

Py =P cos2< ( = e“)) 3)
27 L(neven — nodd

P =P sin2< ( = °ff)) )

where nS" and n%3¢ are the ERIs of the even supermode and odd supermode,

respectively. L and A denote the coupling length and the working wavelength.

Due to the periodical coupling between the even and odd supermodes, sine wave-
like transmission spectra can be obtained from the two output ports. When it is used
as a sensor, the variation of the environmental parameter can affect the coupling
and eventually can be analyzed through the transmission spectra. The microfiber
coupler sensor regularly exhibits equivalent sensing performances to the microfiber
interferometric sensors (Tazawa et al. 2007).

3.1.2 Sagnac Interferometers

The microfiber-based Sagnac interferometer usually employs the highly birefringent
optical microfibers with none circular cross-sections (Fig. 8a). In this sense, the
two orthogonally polarization states of the fundamental mode experience different
propagation constants and effective Rls. The birefringent optical microfibers are
conventionally incorporated into a Sagnac loop to form the Sagnac interference
between the two orthogonally polarized optical beams, which are also named the
fast beam and the slow beam (Fig. 8b). To date, microfiber Sagnac interference
with ellipse cross-sections (Sun et al. 2014), rectangular cross-sections (Li et al.
2011), H-shaped cross-sections (Xuan et al. 2010), and D-shaped cross-sections
have been demonstrated (Fig. 8c) (Luo et al. 2016). The transmission of the Sagnac
interferometer is obtained as (Li et al. 2011)

BL
T =P sin2<”T> (5)
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Fig. 8 a Schematic diagram of a highly birefringent optical microfiber. b Schematic diagram
of the Sagnac interferometer. ¢ Cross-sections of typical highly birefringent optical microfibers
(rectangular shape, oval shape, H shape, and D shape)

T

PC controller

Coupler

where B = nl; — nly denotes the birefringence of a guided mode, with n’; and nly
represent the ERIs of the x-polarized mode and y-polarized mode, respectively.

3.1.3 Optical Microfiber Resonators

The optical microfiber resonators can be formed by microfiber loops (Fig. 9a) (Guo
and Tong 2008) or microfiber knot resonators (Xiao and Birks 2011), and microfiber
coil resonator (Fig. 9b) (Xu et al. 2007) that are wrapped around a rod. Theses
resonators can confine the light in a marginal volume and significantly enhance the
evanescent field, which can significantly promote the sensing capability. The quality
factor of microfiber resonators can reach as high as 10° (Xiao and Birks 2011).
Although the sensitivity of these sensors is relatively low compared to microfiber
interferometers and microfiber couplers, the detection limit can be several orders
of magnitude lower, considering the high-quality factor. Numerous progress has
been made both in exploring new resonator schemes and improving the quality
factor. Despite the RI sensing performance, these sensors are seldomly employed
for biochemical sensing. The relatively low mechanical robustness may limit this.
Advanced packaging techniques are expected to promote practice applications.
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(a)

(b)

Fig.9 Schematic diagram of a optical microfiber ring resonator. b optical microfiber coil resonator

Fig. 10 Schematic diagram of the optical microfiber grating

3.1.4 Optical Microfiber Gratings

Fiber-optic gratings are the most classic fiber sensors for strain and temperature
measurements, which have found wide applications in the fields of railway moni-
toring, structure health monitoring, and oil pipeline inspections. Thanks to the
pronounced evanescent field, microfiber gratings (Fig. 10) can extend their applica-
tion to RI sensing and biochemical detection. These gratings are routinely inscribed
in the microfiber using the ArF excimer laser (Ran et al. 2011) or the femtosecond
laser (Fang et al. 2010). Microstructure-patterned microfiber gratings fabricated by
the focused ion beam (FIB) milling (Ding et al. 2011) and the Rayleigh-Plateau insta-
bility (Li et al. 2017) have also been reported. Based on the period of the grating,
microfiber grating can be divided into two classes: the microfiber Bragg grating (Kou
et al. 2012) and the long-period microfiber grating (Li et al. 2017). The merits of the
microfiber gratings are the possibility of automatic production with high uniformity.
However, the relatively low sensitivity remains a critical problem which needs to be
overcome.

3.2 New Effects and Strategies for Sensing Enhancement

3.2.1 Dispersion Turning Point

Searching for new strategies to enhance the performance of existing sensors is
a permanent theme. For microfiber RI sensors, the highest sensitivity is always
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achieved when the RI of the surrounding medium approaches that of the fiber itself.
This can be explained by the fact that the evanescent field becomes pronounced when
the external RI comes close to that of the fiber, which can enhance light-matter inter-
action. However, in practical applications, most of the samples are with low RI. For
example, in biosensing, biomolecules are always given in the form of water solutions
whose Rl is quite close to that of water (around 1.33-1.36). Also, for gas sensing and
gas-phase biomarker detections, the working medium usually shows an extremely
low RI of ~1. Therefore, it is of great practical importance to develop RI sensors that
can achieve high sensitivity in the low RI region.

By carefully designing the parameters of an OMC, it can work around the modal
dispersion turning point, which can significantly improve the sensitivity in a given
RIrange (Li et al. 2016, 2018b, ¢). As shown in Fig. 11a, the OMC mainly relies on
the interference of the even supermode and the odd supermode. The RI sensitivity
can be calculated through (Li et al. 2018c):

I )VN d(neven — nodd
SRI oAN _ ( eff eff ) (6)

on neven — ngdd on

where Ay represents the wavelength of Nth dip on the interference spectrum. ng™"
and ngdd denotes the ERI of the even and odd supermodes, and can be obtalned by

Ny = Nefr— Ay (Mefr) /Ay nSE" and nY are the ERIs of the two modes, respectively.

It is evident from Eq. (6) that when the group index difference g = ng™" — ngdd
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Fig. 11 a Schematic diagram of an OMC with the interference between the even mode and odd
mode. b The microscopic view of an OMC with a waist width of 1.8 jum. ¢ The calculated sensitivity
of near the dispersion turning point for OMCs with different waist width. d Positions of the dispersion
turning point for OMCs (w = 1.6-2.4 wm) as SRI increases from 1.3329 to 1,4100. e Variation of
the transmission spectrum of the OMC along with increasing SRI from 1.3329 to 1.3929. f spectral
responses of the OMC in the RI range around 1.3329. g The sensitivities of five dips closest to the
dispersion turning point. Adapted with permission Li et al. (2018c)
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approaches zero, the sensitivity can be significantly enhanced. Numerical simulation
results (Fig. 11c) indicate that OMCs with a width ranging from 1.6 to 2.4 pm
exhibit dispersion turning points in the wavelength range of 600-1400 nm, along
with extremely high sensitivities of above 10,000 nm/RIU. When the waist width
of the microfiber coupler is appropriately selected, the dispersion turning points can
be readily obtained in a vast range of SRIs, ranging from as low as 1.0 for the gas
medium (Li et al. 2018b) to liquid samples as high as 1.44 (Li et al. 2018c). Dual-
peaks/dips interference characteristic near the dispersion turning point, which is
different from conventional modal interferometers, was discovered and investigated
experimentally (Fig. 11f). An exceptional sensitivity as high as 59,624 nm/RIU was
achieved (Fig. 11g). In particular, OMCs with sub-micron waist width show clear
dispersion turning points in the gaseous environment, and ultra-sensitive gas RI
detection has been demonstrated (Li et al. 2018b).

Analogous dispersion turning point and ultra-high sensitivities have also been
demonstrated in optical microfiber modal interferometers, which mainly rely on the
interference of the HE; and the HE, modes (Luo et al. 2015a; Zhang et al. 2018a).
By optimizing the waist diameter, dispersion turning points can be achieved in a vast
RIrange from 1.0 to 1.44. However, one problem with the tapered microfiber modal
interferometer is that high-quality interference fringes are challenging to achieve
experimentally. This is because the high-order HE|, mode is excited by the LPy,;
core mode of the standard optical fiber at the down taper. The excitation ratio usually
is relatively low, and other high-order modes are also excited simultaneously. This
newly discovered sensing effect is not limited to microfiber couplers and biconical
tapered optical microfibers. It may be further extended to other microfiber-based
sensing devices.

Leveraging on this well demonstrated OMC sensor, ultra-sensitive detection of the
cardiac troponin I (cTnl) biomarker has realized (Zhou et al. 2018). The measuring
setup is shown in Fig. 12a. The packaging of the OMC is shown in Fig. 12b. The
OMC biosensor is fabricated through the heating and pulling method, followed by
surface modification with site-specific cTnl antibodies via covalent binding. The
results in Fig. 12¢, d demonstrate the remarkable performance of this sensor for cTnl
biomarker detection. A limit of detection (LOD) as low as 2 fg/mL was achieved,
which is much low than previously reported fiber-optic biosensors.

3.2.2 Vernier Effect

The Vernier effect is adapted from the Vernier caliper, which is used for length
measurement with enhanced resolution. This effect can be applied to fiber-optic
sensors with enhanced performance. To realize the Vernier effect, one should obtain
and superpose two paths of resonances or interferences with identical but unequal
free spectral range (FSR). Such structures could be easily constructed using the
optical microfibers. To date, the Vernier effect has been demonstrated within cascaded
microfiber ring resonators and the OMCs.
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Fig. 12 a Schematics of the experimental setup for the OMC biosensor. b Scanning Electron
Microscopy images of the OMC and a photograph of the sensor chip. ¢ Spectral responses of the
OMC (waist width: ~1.0 m) to cardiac troponin I biomarkers in PBS buffers with concentrations
of 2 fg/mL, 4 fg/mL, 6 fg/mL, 8 fg/mL, 10 fg/mL, respectively. d Real-time response of the sensor
to PBS, 2 fg/mL, and 4 fg/mL. Adapted with permission Zhou et al. (2018)

By cascading a 6-shaped microfiber resonator (Fig. 13a) with an additional fiber
Fabry—Perot interferometer, the Vernier effect can be generated when the FSR of
the resonator and the interference are identical. The experimental measuring setup
is shown in Fig. 13b. Benefiting from the Vernier effect, the RI sensitivity of the
combined structure is m times higher than the sensitivity of the singular 6-shaped
microfiber resonator. Moreover, this sensor is highly tunable, as the researchers have
demonstrated in Fig. 13c, d: when the cavity length of the 6-shaped microfiber
resonator is adjusted from 9.4 to 8.7 mm, the RI sensitivity can be widely tuned
from 311.77 to 2460.07 nm/RIU (Xu et al. 2017b).

The OMC is a naturally birefringent waveguide, which can be utilized to compose
the Vernier effect without incorporating an additional structure (Li et al. 2018a). The
basic principle is shown in Fig. 14a. Due to the modal birefringence, two paths
of orthogonally polarized interferences that vary slightly can be achieved using a
single OMC. Figure 14b shows the microscopic images of an OMC with a waist
width of 3.2 pm, together with the transmission spectra in both air and water. The
pronounced envelopes in the spectra result from the Vernier effect. Benefitting from
the Vernier effect, this sensor shows an improvement of one order of magnitude in
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Fig. 13 a Schematic diagram of the 0-shaped ring resonator. b The experimental setup of the 0-
shaped microfiber resonator cascaded with the Fabry—Perot interferometer. ¢ Vernier spectra with
different periods. d The wavelength shifts of three 6-shaped microfiber resonators to SRI. Adapted
with permission Xu et al. (2017b)

RI sensing and the highest sensitivity of 35,823.3 nm/RIU (Fig. 14c, d). Biosensing
application was also performed for cardiac troponin T (¢TnT) biomarker detection,
and a detection limit of 1 ng/mL was achieved (Fig. 14e). Compared with other
Vernier effect enhanced fiber-optic sensors that utilize cascaded schemes, this sensor
is simple and compact in structure and shows high stability. Although the Vernier
effect has only been demonstrated in microfiber ring resonators and OMCs, it is
applicable to other microfiber sensors to achieve improved performance.

3.2.3 Integration with Functional Nanomaterials

The integration of functional nanomaterials with optical microfibers can bring
about novel optical properties and provide a versatile platform for various sensing
applications. Multifarious nanomaterials with diverse optical, optoelectronic, and
photothermal properties can be readily incorporated on the surface of optical
microfibers via electrostatic interactions or covalent binding to compose novel
sensors (Fig. 15). By decorating silica nanoparticles on the surface of a tapered
multimode optical fiber, a Mie scattering enhanced RI sensor can be constructed.
The measured sensitivity in terms of transmitted optical intensity raises two orders
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Fig. 14 Vernier effect in OCMs for enhanced sensing. a Basic sensing scheme and mechanism.
b An OMC with a waist width of 3.2 pwm, and the transmission spectra in both air and water, with
the Vernier effect. ¢ Spectral response of the sensor to SRI. d The dependence of wavelength shift
on SRI. e Spectral response of the sensor for cardiac troponin T biomarker detection. Adapted with
permission Li et al. (2018a)
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Fig. 15 The basic concept of integration of functional nanomaterials with the optical microfibers

of magnitude for a 2.8-pwm-thick microfiber after modified by silica nanospheres
(Liu et al. 2012). Decorating the microfiber surface with plasmonic nanoparticles
can make a compact sensing probe with enhanced light-matter interactions (Zhou
et al. 2019). The strong evanescent field can exit the localized surface plasmon reso-
nance of the plasmonic nanoparticles and confine the light in narrow spaces of about
tens of nanometers over the surface of the nanoparticles. Thus, ultra-high sensitivities
can be achieved.

To this end, understanding the optical interaction between the guided light with
the nanomaterials is the key to unlocking the potential. Researches have built a model
to analyses the strength of the interaction on the single-nanoparticle level (Fig. 16a)
by taking the plasmonic gold nanosphere as an example (Li et al. 2018d). The propor-
tional optical power encountered by a single nanoparticle is a valid indicator of the
strength of light-nanoparticle interaction. The numerical result in Fig. 16b shows that,
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Fig. 16 a Schematic diagram of the model. b Calculated nparticle and dnparticle of a 20 nm-sized
nanoparticle located on the surface of an optical microfiber as a function of fiber diameter (wave-
length: 520 nm). ¢ Absorption spectra of optical microfibers with different diameters as gold
nanoparticle binding reaches saturation. d RI sensing performances of optical microfiber-based
LSPR sensors with different fiber diameters. Adapted with permission Li et al. (2018d)

when the diameter of the microfiber decreases from 10 pm to sub-micron, the propor-
tional optical power nparicle encountered by a 20-nm gold nanosphere dramatically
improves and reaches a peak value at d = 0.36 wum. However, when it falls below
0.36 wm, the proportional optical power near fiber surfaces is relatively reduced.
Thus, generally, thinner optical microfibers are preferable to achieve better sensing
performance as long as d > 0.36 pm. This tendency was proved experimentally using
gold nanosphere decorated optical microfibers with different diameters, as shown in
Fig. 16c, d.

Based on the preliminary analysis, a highly integrated microfiber LSPR sensor
decorated with high quality and monodisperse B-cyclodextrin-capped gold nanopar-
ticles (B-CD-capped AuNPs) has been constructed (Fig. 17a, b). The bi-functional
gold nanoparticles, which were synthesized in a one-step facile and eco-friendly
process, can effectively deliver promising localized surface plasmon resonance prop-
erties. Moreover, the B-CD molecule can also work as the receptor for cholesterol,
which is of great diagnostic significance for various disorders, including coronary
heart disease, atherosclerosis, hypertension, and nephrosis. The proposed biosensor
reaches an ultra-low cholesterol LOD of 5 aM (shown in Fig. 17c), which is the most
sensitive among the state-of-the-art cholesterol detections (Zhang et al. 2019).

Two-dimensional (2D) plasmonic nanomaterials facilitate exceptional light-
matter interaction and enable in situ plasmon resonance tunability. By introducing
heavily doped MoO3-x nanoflakes that provide strong plasmon resonance located
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Fig. 17 a Schematic diagram of the integrated microfiber LSPR biosensor capped with $-CD-
capped AuNPs. b SEM images showing the profile of the optical microfiber and the nanoparticles
on the fiber surface. ¢ Spectral responses of the sensor to cholesterol samples. Adapted with permis-
sion Zhang et al. (2019). d Schematic diagram of the microfiber optic biosensor integrated with
two-dimensional molybdenum trioxides. e Atomic force microscope (AFM) image of the two-
dimensional molybdenum trioxides. f Spectral responses of the sensor to BSA samples. Adapted
with permission Zhang et al. (2018b)

at ~735 nm onto the surface of an optical microfiber, a new sensing platform was
constructed (Fig. 17d). The MoO3-x nanoflakes (Fig. 17¢) show an excellent affinity
to negatively charged biomolecules. A LOD of 1 pg/mL was experimentally demon-
strated for the detection of bovine serum albumin (Fig. 17f). It proved the feasibility
and prospects of employing 2D plasmonic materials in highly integrated devices
compliant with frequently used and a cost-effective optical system (Zhang et al.
2018b).

Aside from working as the sensing element, the nanomaterials can also function
as the signal indicator and amplifier in optical microfiber biosensors (Li et al. 2014).
The primary sensing scheme of a microfiber biosensor is illustrated in Fig. 18a, in
which a sandwiched immunoassay method was adopted. First, a single layer of AFP
specific first antibodies was coated on the surface of the optical microfiber. Then, the
samples were injected, and the first antibodies captured the biomarkers. Finally, the
secondary antibody-coated gold nanoparticles are injected and bind to the surface of
the fiber through the antibody-antigen conjugations. The captured gold nanoparticles
that laid inside the evanescent field of the microfiber can induce significant loss. The
loss is proportional to the quantity of the nanoparticles, and hence the number of
the captured biomarkers. This sensing strategy was experimentally verified using
a 1-pm-thick optical microfiber and 40-nm gold nanoparticles as the label. The
concentration of AFP biomarker was successfully detected with a LOD of 2 ng/mL
in bovine serum (Fig. 18b—e). The advantages of this biosensor are simple detection
scheme, fast response time, the immunity to other irrelevant proteins in complex
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Fig. 18 a Schematic diagram of the microfiber biosensor that utilizes the gold nanoparticles as
the signal indicator and amplifier. b Absorption spectra of gold nanoparticle solution and bio-
functionalized gold nanoparticle solution. The insets show the absorption spectra of the secondary
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image of the fiber decorated with GNPs. ¢, d Real-time responses of the sensor to AFP biomarkers
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samples, which might make this biosensor a promising platform for clinical cancer
diagnosis and prognosis.

4 Conclusion

This chapter reviewed the fundamental optical properties, fabrications techniques,
the well-developed sensing schemes as well as the latest progress on new effects and
strategies for enhanced sensing. The optical microfiber, with the unique property of
strong evanescent field and compact micron-scale size, can serve as building blocks
to construct versatile sensing schemes with unprecedented sensitivities. On the one
hand, new sensing schemes with better performances will be continuously developed;
on the other hand, the integration of functional nanomaterials with the microfiber
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has opened new opportunities and will bring prosperity to this field. The optical
microfiber sensors are also facing some challenges, which have blocked the path to
practical applications. One challenge is the batch production of optical microfibers
with high uniformities. The other is effective packaging, which can protect the
microfiber-based devices from external continents and provide long-term stability.
It is believed that remarkable progress will be made in the near future to address the
challenges mentioned above.
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Fiber-Based Infrasound Sensing m
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Shun Wang, Wenjun Ni, Liang Zhang, Ping Lu, Yaowen Yang, and Lei Wei

Abstract With the maturity of optical fiber sensing technology, its related applica-
tions have penetrated into various fields. Fiber-based acoustic sensors (FAS) are one
of the most important research fields in fiber optic sensors. So far, it has been widely
applied in natural disaster warning, medical diagnosis, geological exploration, and
even battlefields. In recent years, natural disasters such as earthquakes have occurred
frequently, and modern naval warfare technology has developed rapidly. Due to the
special demand on acoustic detection in these fields, FAS have developed in the
direction of high precision, low frequency, low cost, and miniaturization. Aiming at
the low frequency or infrasound detection requirements for special applications and
taking the advantages of fiber interferometric sensing structure, this chapter proposes
a composite diaphragm-type fiber (external Fabry—Perot interferometer) EFPI infra-
sound sensor. The circular composite film is formed by combining a polymer film
and an aluminum foil; then, an EFPI interferometer structure is formed between the
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composite film and the end face of the fiber FC joint. By theoretically simulating
and optimizing the materials, sizes, and structures of the transducer, the relevant
parameters are selected according to the detecting requirements. Then, the fiber
EFPI infrasound sensor is well fabricated and packaged. In the simulated infrasound
field environment, a comparison test was performed with a standard B&K infrasound
sensor. The experimental results show an acoustic sensitivity of up to —138.3 dB re
1 V/puPa (~121 mV/Pa) in the infrasound frequency range of 1-20 Hz, which is
higher than the commercial acoustic sensor used for comparison.

Keywords Optical fiber sensing - Fiber-based infrasound sensor - External
Fabry-Perot interferometer

1 Introduction

Fiber-based acoustic sensors (FAS), also known as fiber optic microphones, are an
important branch of fiber optic sensors (Teixeira et al. 2014; Wild et al. 2008). FAS
technology combines the advantages of acoustic wave detection and analysis tech-
nology with optical fiber sensing. In recent years, it has been widely used in many
fields such as seismic wave detection, fiber optic hydrophone, non-destructive testing,
industrial process control, and structural health monitoring (SHM) (Le Pichon et al.
2006; Barruol et al. 2006; Cusano et al. 2006; Huke et al. 2013; Tsuda et al. 2010).
The detection and monitoring of sound waves in low frequency and even infra-
sound bands is of great significance in some special fields. For example, volcanoes,
avalanches, lightning, and nuclear explosions are accompanied by the generation of
low-frequency sound waves. This low-frequency sound wave has strong penetrating
power, small attenuation, and long propagation distance. If such low frequency or
infrasound can be detected, early warning of such incidents may be achieved, thereby
greatly reducing the economic and property losses caused by such incidents (Matoza
etal. 2011; Green et al. 2011; Sindelarova et al. 2009; Morrissey et al. 2008). There-
fore, inrecent years, fiber-based infrasound sensing technology has gradually become
a research hot spot for researchers and engineers.

According to the detection principle, fiber-based infrasound sensing technology
reported in recent years can be divided into three types: capacitive, piezoelectric,
and optical. The optical fiber-based infrasound sensor (FIS) can be divided into the
following types according to the sensing principle: wavelength type, intensity type,
laser type, phase type, polarization type, etc. FIS has many advantages over the first
two electrical types: high sensitivity, high signal-to-noise ratio (SNR), large dynamic
range, anti-electromagnetic interference, and capable to work in complex environ-
ments such as high temperature and high pressure. FIS will be an inevitable trend
in the future due to its excellent characteristics. Besides, the wavelength-type FIS
is suitable for detecting static sound pressure signals, but not suitable for detecting
dynamic signals, and the size is often large since the wavelength-type device (such



Fiber-Based Infrasound Sensing 83

as FBQG) is large itself; The intensity-type FIS has a simple structure, easy to manu-
facture, convenient in demodulation, but it is susceptible to power source jitter and
environmental interference. The fiber laser-type FIS can achieve ahigh SNR and good
stability, but its structure is complex and the cost is relatively high. The sensitivity
of the phase-type FIS can achieve a very high level with and compact structure size,
but phase noise may be introduced which does harm to sound detection. Overall,
the corresponding type of FIS can be applied according to the actual application
requirements.

Low-frequency infrasound measurement is an important mean to warn of natural
disasters, military applications, etc. (D’spain et al. 1991; Wooler and Crickmore
2007). A series of FIS methods have been proposed in the prior art: wavelength type,
intensity type, and laser type, but it is difficult to break their lowest limit of their
frequency detection 20 Hz. The reason can be mainly attributed to two aspects: First,
the sensitivity that can be achieved by the above non-interference methods is limited,
while the disturbance caused by the infrasound signal is usually very weak, so it is
difficult to meet the requirement. On the other hand, in the free field for infrasound
measurement, extremely large transducer size is required but that is clearly not readily
achievable in the laboratory. Therefore, when the low-frequency infrasound coupling
cavity sound source (pressure field) is used to simulate the infrasound environment,
the sensing head needs to be placed inside the coupling cavity, so that a smaller
sensing device is required to meet the requirements. That is to say, from the actual
situation, it is necessary to design an interference-type sensor with high sensitivity
and small size to realize the infrasound sensing measurement.

Therefore, combined with the actual needs, using experimental conditions such
as laboratory infrasound source, processing unit, and detection environment, we
design and fabricate a fiber optic external Fabry—Perot interferometer (EFPI)-type
FIS based on the composite film. And the infrasound test was performed with good
experimental results. This chapter firstly introduces the basic theory of optical fiber
EFPI infrasound sensor and determines the design standards based on the principle
of infrasound detection and experimental conditions. On this basis, the parameters
in terms of structure, materials, and size of the sensor are optimized and processed.
Infrasound measurement experiments were performed in combination with experi-
mental instruments and test environments to achieve high-sensitivity (~121 mV/Pa)
infrasound sensing application in the infrasound frequency range (1-20 Hz).

2 Main Body Text

2.1 Basic Theory of Acoustics

Acoustics is a branch of physics, an ancient and developing discipline. Along with
the continuous development of science and technology, acoustic research has grad-
ually penetrated into other various natural science fields. Besides, it is promoting



84 S. Wang et al.

the germination and growth of many marginal disciplines, and also organically
combining with other disciplines for common development, for example, surface
acoustic wave devices, medical acoustics, molecular acoustics, cryogenic acous-
tics, photo-acoustics and sonoluminescence, and thermo-acoustics. Modern acous-
tics will become more and more important in various industrial and agricultural
and service industries. Research on acoustics is committed to improving people’s
working environment and productivity.

Sound is a mechanical fluctuation that propagates in gaseous, liquid, and solid
matter. The study on sound is to study about its production, transmission, reception,
action, and reproduction processing. In the spread process of the sound, it also causes
property change in terms of the optical, electromagnetic, mechanical, chemical, and
human psychological and physiological properties, which in turn affect the spread
itself. Therefore, the scope of acoustic research is extremely wide and there are many
branches.

It is well known that the vibration of an object often leads to the generation of
sound. For example, when the guitar string vibrates, it will produce a pleasant music
sound. When the speaker’s acoustic paper vibrates, it can make a sound, and hitting
the glass will make a “beep” sound. Then, how does the vibration of the object
spread into the human ear and we feel the sound? This process actually contains two
aspects: First, how the vibration of the object spreads to the human ear and causes
the tympanic membrane inside the human ear to vibrate; second, how the vibration
of the tympanic membrane makes us feel the sound. The latter question belongs to
the category of physiology and it will not be discussed in this chapter. Here, we only
focus on the first aspect of how the vibration of an object propagates through the
medium.

When an object vibrates caused by some disturbance, a disturbance is also caused
in a certain local area of the elastic medium, so that the medium particle A in the
local area starts to move away from the equilibrium position. The movement of this
particle A will push the adjacent medium particle B; then, the medium where the
particle A locates compresses the adjacent medium where B locates, as shown in
Fig. 1.

Since the medium has a certain elastic effect, when the adjacent medium B is
compressed, a force against compression is generated, and this force also acts on
A, which in turn returns A to the equilibrium position. In addition, since A obtains
momentum and then moves forward due to inertia, it will continue to move forward,
so that it will compress the adjacent medium on the other side, and the medium
will also generate a force against compression. It also tends to balance the posi-
tion movement. It can be seen that the particle A, which was initially disturbed,
vibrates back and forth around the equilibrium position under the action of the elas-
ticity and inertia of the medium. Similarly, the particle B pushed by A and even the
particle C, D...farther away, they will vibrate back and forth around the equilibrium
position. The propagation phenomenon of mechanical vibration like these medium
particles from near to far is called the propagation of acoustic vibration or sound
wave. Therefore, the sound wave is a kind of mechanical wave.
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Fig. 1 Acoustic vibration

diagram A B C D

As can be seen from the above discussion, the propagation of sound waves is
inseparable from the existence of elastic media. When the sound wave propagates in
a fluid medium such as a gas or a liquid, it mostly appears as a longitudinal wave, that
is, the propagation direction is consistent with the vibration direction of the particle,
and when it propagates in a solid or other medium, it often performs as a transverse
wave.

In addition, since the sound wave has a certain reversibility, its generation and
reception process can be regarded as two opposite procedures. The vibration distur-
bance generates an acoustic wave, and the acoustic wave in return causes the vibration
of the receiver to receive the acoustic signal.

2.1.1 Sound Pressure and Sound Pressure Level

The process of sound generation, propagation, and reception is discussed above, but
it is not enough to describe the various properties of sound waves. Therefore, it is
necessary to use a certain physical quantity to accurately describe the process of
sound waves.

Assuming that the pressure in the particle changes from Py to P; after the particle
is disturbed by the acoustic signal, the excess pressure generated by the acoustic
perturbation signal, referred to as overpressure, can be expressed as:

p=P-F (D
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This is the so-called sound pressure. In the process of sound propagation, the
internal sound pressure is different under different mass particles at the same time,
and as the same mass particle at different times, the sound pressure p changes with
time. It can be seen that the sound pressure is generally a function of time and space,
and it can be expressed as p = p(x, y, z, t). Similarly, the amount of density change
caused by this acoustic disturbance will also be a function of time and space, which
can be expressed as p' = p — po = p'(x, y, 2, t).

In addition, according to the previous discussion, the sound wave is the vibration
propagation of the medium particles; then, the particles’ vibrating velocity can also be
used to describe the characteristic of the sound wave. But since the particle vibrating
velocity is not easy to measure compared with the sound pressure, usually people
measure the sound pressure to indirectly find other required physical quantities such
as particle velocity. For the time being, sound pressure is also a physical quantity
commonly used to describe the properties of the sound wave.

The space in which sound pressure presents is generally called as the sound
field. The sound field in the free space of the outside world can be called the free
field, while the sound field in a certain closed space is called the pressure field. The
sound pressure somewhere in the sound field changes with time; then, the sound
pressure value at a certain moment is called the instantaneous sound pressure, and
the maximum instantaneous sound pressure in a certain time interval is called the
peak sound pressure.

If the sound pressure changes with time according to the harmonic law, the peak
sound pressure is the amplitude of the changed sound pressure. The effective sound
pressure during this time can be expressed by the instantaneous sound pressure versus

the root mean square.
1 T
off = 4| = 2dr 2
Dett T /0 p (2)

where T represents this time interval. Generally, the sound pressure value measured
by an electronic instrument such as a sound level meter is often an effective sound
pressure. The sound pressure generally referred to is often the effective sound
pressure indicated here.

The magnitude of sound pressure directly reflects the strength of the sound wave.
The physical definition is the change amount of atmospheric pressure per unit area
in the presence of the sound wave. The unit is generally Pa (Pa):

1Pa=1N/m? 3)
In addition, some other units are sometimes used to indicate sound pressure units,

such as:

bar: 1 bar = 100 kPa = 103 mbar = 106 bar
Atm (a standard atmospheric pressure): 1 Atm ~ 1x105 Pa = 1 bar
Psi: 145 Psi = 1 MPa
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It is well known that the frequency of sounds that can be heard by the human ear
ranges from 20 Hz to 20 kHz (Wang et al. 2013). Then, the human ear has a tolerance
range for the strength of the sound wave. For sounds at 1 kHz, the audible threshold
of the human ear (which happens to be able to feel its presence) is about 20 pPa and
the maximum sound pressure is about 20 Pa.

When measuring parameters such as sound pressure, sound intensity, and sound
power in acoustics, it is often measured by a logarithmic scale. This is mainly based
on the following two reasons: First, the strong sound power and the weaker sound
power are usually different by more than a dozen orders of magnitude. Obviously,
the logarithmic scale is more convenient than the absolute scale. Secondly, when
the human ear receives the sound, especially the sound subjectively produced is
generally not proportional to the absolute value of the intensity, but is approximately
proportional to the logarithm of the intensity. Therefore, the logarithmic measure is
generally accepted.

The logarithmic measure of sound pressure and sound intensity is called the
sound pressure level and sound intensity level, and its unit is usually expressed in
dB (decibel).

1. Sound pressure level (SPL)

p P’
SPL =20log — = 10log = (dB) @)
Po Po

In the above formula, p is the effective value of the sound pressure to be measured,
and py is the reference sound pressure, and the audible threshold sound pressure of
the human ear is generally 20 Pa in the air.

2. Sound intensity level (SIL)

I
SIL = 10log - (dB) (5)
0

Here, I is the sound intensity to be measured, and [ is the reference sound intensity
which is generally 1 pW/m?, i.e., 1 x 107!> W/m? in the air. This is also the sound
intensity corresponding to the sound pressure of 20 . Pa, that is, the audible threshold
sound intensity value of the 1 kHz sound.

The sound intensity indicates how many watts of sound energy pass through per
unit area, and its numerical approximation can be regarded as the square of the
sound pressure. From Egs. (4) and (5), the SPL and the SIL are equal (when the
characteristic impedance is 400 N s/m).

In addition, sound power is sometimes involved, which means the total sound
energy radiated outward per unit time, within units of W or mW.
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2.1.2 Acoustic Measurement Accuracy

In order to characterize the performance of an acoustic sensor, one usually uses a
series of parameters to indicate its measurement accuracy, such as sound pressure
sensitivity, minimum measurement accuracy, and equivalent noise sound pressure.
The physical meaning of the definition of these parameters is described below.

1. Sound pressure sensitivity

Sound pressure sensitivity refers to the ratio of the open-circuit voltage outputted
from the output of the receiving sensor to the sound pressure actually received on
the receiving surface of the sensor, within volts per kPa (V/Pa).

Output voltage

(6)

Sound pressure sensitivity = -
Received sound pressure

Generally, for the convenience of calculation, the magnitude of sound pressure
sensitivity is often expressed in decibels. The reference amount is usually 1 V/uPa.
For example, the sound pressure sensitivity of 1 V/uPa is expressed in decibels as:
—120dB re 1 V/Pa.

2. Minimum measurement accuracy

In the field of sensors, in order to characterize the characteristics of the sensor, the
minimum measurement accuracy is usually used. This parameter generally depends
on two factors: instrument resolution and noise level. Therefore, there should be two
ways to express it.

(1) I“S““me“tsr:l‘j';;?v‘ﬁ'y‘ resolution - A gsuming an optical spectral analyzer (OSA) with a

wavelength resolution of 20 pm and a typical grating temperature sensor with a
sensitivity of 10 pm/°C, so the minimum measurement accuracy is 2 °C.

2) W In addition to instrumental factors, interference from the
external environment can also affect measurement accuracy. If the voltage gener-
ated by the acoustic sensor in the minimum noise environment is 0.001 mV
and the sensitivity of the acoustic sensor is 10 mV/Pa, the sound pressure

measurement accuracy should be 0.1 mPa.

In addition, when two values work simultaneously, the greater of the two should
be used.

3. Equivalent noise sound pressure

In addition, the acoustic sensor is often equivalent to the sound pressure level to
measure the effect of noise on the acoustic sensor. The smaller the equivalent
noise sound pressure level, the better the noise immunity of the acoustic sensor.
Its calculation method is as follows:

Sound pressure value

= (7
SN R(Numerical value) x +/3 dB Bandwidth

Neg
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For example, when the received sound pressure value is 400 mPa, the detected
spectral signal-to-noise ratio (SNR) is 57.5 dB, and the 3 dB bandwidth of the spectral
component is 50 Hz, then the equivalent noise sound pressure level obtained by this
calculation is about 75 wPa/Hz!2.

It should be pointed out that the sensor sensitivity and accuracy are the specific
parameters to measure its index, and the equivalent noise sound pressure is a compre-
hensive performance of the sensor. In addition to the above parameters that charac-
terize the measurement accuracy, the acoustic sensor often introduces parameters
such as frequency range, sound pressure range, resonant frequency, and acoustic
directivity, which are described in subsequent sections.

2.2 Design Guidelines and Fabrication

2.2.1 Design Guidelines of the Sensor Head

Itis mentioned in the introduction section that in combination with the actual require-
ments for sensitivity and sensor element size, it is necessary to design an interference-
type small-sized sensing structure. The FP structure is generally realized in the inter-
ference structure, and the infrasound acoustic coupling cavity (high-pressure micro-
phone calibrator, B&K 4221) requires a 1/2-in. sensor head, while the FP structure
inline is too small, so the external cavity FP structure is selected. The outer end of
the fiber FP structure designed in this section is a reflecting surface, and the other
one is composed of the surface of the thin-film transducer.

When the film structure is subjected to a low-frequency infrasound signal, it will
vibrate to modulate the cavity length of the EFPI. When a stable single-wavelength
laser is incident on the EFPI, the output power is synchronously changed due to
the oscillation of FSR or wavelength. As can be seen from Fig. 2, the infrasound
signal will be demodulated in the form of an output voltage signal. In addition, the
wavelength measurement should be within the slope range of half the FSR, which is
1.8 nm in this figure.

It is known from the basic theory of acoustics that for a circular film fixed at
the perimeter, the acoustic sensitivity is determined by the maximum deformation
caused by the sound pressure change per unit amount AP (Ma et al. 2013), i.e.,

g— def _ 3(1 — pudHrt

= —= 8
AP 16ER3 ®

Here, r, h, i, and E are radius, thickness, Poisson’s ratio, and Young’s modulus
of the film, respectively. It can be seen from the above formula that in order to
obtain a large acoustic sensitivity, a material having a large Young’s modulus and a
relatively small Poisson is required. The geometrical structure requires a small film
thickness and a large radius. For this purpose, a polyethylene terephthalate (PET) film
material was used in the experiment (u = 0.39, E = 2.5 GPa). And the geometrical
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dimensions of the film are as follows: 7 = 50 pm, r = 9.6 mm. According to
Formula (8), the sound pressure sensitivity can be calculated up to 4.32 wm/Pa,
which is much larger than that reported in reference (Ma et al. 2013). In order to
ensure a good linear relationship between the output power and the cavity length
change, the cavity length variation should be less than 1/4 of the wavelength (Wang
and Ma 2013), which is 375 nm. This indicates that the SPL of the low-frequency
acoustic signal should be less than 73 dB.

For the circular film fixed at the perimeter, the fundamental resonance frequency

can be expressed as the equation f, = p,5—- = 2‘7‘1—”[1,/5. According to the

formula, the basic resonant frequency of the sensing head is about 300 Hz (density
is 1380 kg/m?). Generally, near the resonant frequency, the deformation sensitivity
of the film is high, a peak appears, and the sensitivity of the film deformation away
from the resonant frequency is generally balanced. Therefore, in order to obtain a
relatively flat frequency response, the maximum operating frequency of the sensor
should be less than 1/3 of the fundamental resonant frequency (Xu 2005). That is,
the maximum measurement frequency should be less than 100 Hz. In this chapter,
the measured infrasound signal can only reach 20 Hz at most, which is obviously in
line with the application conditions.

2.2.2 Manufacturing Process
The schematic diagram of the manufacturing process of the optical fiber EFPI infra-

sound sensor is shown in Fig. 3. Before starting to package the sensing head, it is
necessary to design and fabricate various components such as a threaded cylinder,
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Fig. 3 Manufacturing process of optical fiber EFPI sensor head

a sleeve, and a threaded sleeve. The entire production process can be described as
follows:

First, the pigtail of the FC fiber connector passes through a small round hole with
a diameter of 1 mm at the bottom of the threaded sleeve (slightly larger than the
pigtail diameter of 0.9 mm). Thus, the ceramic ferrule portion of the fiber joint can
be fixed inside the threaded sleeve, but the axial direction is not fixed.

Then, use a small sleeve with a 3-mm-diameter hole at the bottom to allow a part
of the ceramic ferrule (slightly smaller than 3 mm) to pass through the small hole,
so that the ceramic ferrule can be fixed and the axial direction and the bottom of the
threaded sleeve are vertical. In order to ensure sealing and stability, the two small
hole portions are sealed with hot melt adhesive.

Next, a bottomless threaded sleeve with a thread matching the threaded cylinder
is used to interface with the above structure, and they are connected by matching
threads. In this way, the distance from the end face of the ceramic ferrule to the top
plane of the threaded sleeve (prepared for placing the reflective surface of the film)
can be flexibly adjusted by rotating the threaded sleeve.

Finally, in order to obtain a high-sensitivity low-frequency effect, a PET film is
used as a transducing film to be flatly attached to the tip end of the threaded sleeve. In
addition, a small piece of cold-rolled round aluminum foil (Goodfellow AL000320)
is attached to the inner center of the PET film.

Thus, the fiber EFPI structure is completed. It should be mentioned that this small
piece of aluminum foil has two functions: One is to improve the reflectivity of the
film structure. The other is to ensure the smoothness and stability of the vibration
plane. Because the deformation of the PET film at different positions during vibration
is different, the composite film with aluminum foil is bonded, which forms a “bump”
structure. And the “bump” is a relatively stable vibration reflecting surface when
vibrating, which can ensure that the two reflecting surfaces of the ceramic ferrule
end face and the “bump” are parallel when the film vibrates.

Figure 4 is a physical diagram of the completed optical fiber EFPI infrasound
sensing head. The inner and outer diameters of the entire cylindrical structure are
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Fig. 4 Physical map of the
optical fiber EFPI infrasound
sensor head

19.2/23.2 mm, the height is 36 mm, and the structural size is small. In the composite
film structure at the front end of the sensor head, the PET circular film has a thickness
of 50 pwm, a radius of 9.6 mm, an aluminum foil thickness of 3 wm, and a radius
of 3 mm. Compared with PET film, the quality and size of aluminum foil are very
small, so the influence of aluminum foil on the detection sensitivity and resonance
frequency of the sensing structure is almost negligible.

Using a broadband ASE source and an optical spectrum analyzer, the spectrum
of the EFPI infrasound sensor head can be observed as shown in Fig. 5. Compared
with a single PET film, the reflectivity of the composite film structure is significantly
improved (around 0.87), and the resulting stripe contrast is about 15 dB, where the
fringe free spectral range (FSR) can be expressed as

)\2
FSR = — 9

2nL ©)
It can be seen from the figure that the FSR is about 3.6 nm, which indicates that
the cavity length is about 0.33 mm. This cavity length (i.e., the spacing between the
ceramic ferrule end face and the end face of the composite film structure) can be
adjusted by rotating the threaded sleeve as needed. In other words, the FSR can be

flexibly adjusted.

2.3 Experimental Study of Infrasound Sensor

The schematic diagram of the optical fiber EFPI sensing system is shown in Fig. 6.
The optical part of the sensing system consists of a 1570 nm DFB laser source
(long-term stability: < £0.02 dB), a fiber optic circulator, and an EFPI infrasound
sensor head. The output optical signal will be converted into an electrical signal by
the photodetector (PD, New Focus 1623), and then, the electrical signal carrying
the infrasound disturbance information will be collected by the generator module
(B&K LAN-XI 3160). The generator module here is a complete and independent
analytical test system that combines data input and generator output. It is the ideal
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Fig. 6 Schematic diagram of the optical fiber EFPI sensing system
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audio or electroacoustic test system device. It has two inputs and two outputs, and the
other input is connected to a 1/2-in. standard pressure-field microphone (Pressure-
field Microphone, B&K 4193) for calibration and comparison. Both the standard
microphone and the manufactured EFPI infrasound sensor head are inserted into
the high-pressure microphone calibrator (High Pressure Microphone Calibration,
B&K4221; vocal range 0.01-1000 Hz; maximum sound pressure 164 dB). The high-
voltage microphone calibrator is connected to an output of the generator module
and driven by the generator module. The high-voltage microphone calibrator here
is used as an infrasound source whose frequency and sound pressure amplitude are
controllable. The data acquisition and signal output functions of the generator module
are implemented by software operations in the computer.

In order to verify the accuracy of the sensor measurement, the high-voltage micro-
phone calibrator is adjusted by software to maintain the acoustic signal at 71 dB sound
pressure and the frequency is converted from 1 to 20 Hz (calibrated by the pressure-
field microphone). Both the time-domain waveform and the corresponding Fourier
transform spectrum can be recorded and displayed on the computer. Figures 7 and 8
show the time-domain waveforms of the detected 2 Hz and 3 Hz infrasound signals,
respectively, from which one can clearly observe 20 and 30 times of amplitude vibra-
tions within a time range of 10 s, showing time-domain waveform with approximate
sine or cosine variation. That implies single-frequency infrasound disturbance signals
at 2 Hz and 3 Hz, respectively, are demodulated qualitatively. And the sound pres-
sure or sound pressure level (SPL) information can be indicated by the peak-to-peak
values in the time-domain waveform.

In order to quantitatively determine the frequency information of the demodulated
infrasound signals, a fast Fourier transform (FFT) processing is performed. The
resulting frequency spectra are shown in Figs. 9 and 10, respectively. As can be seen
from the figures, the SNR can reach more than 20 dB. This fully indicates that the
fabricated fiber EFPI infrasound sensor can demodulate the infrasound disturbance
signal well.

Fig. 7 2 Hz output 150
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Fig. 8 3 Hz output
time-domain waveform of
the infrasound sensor

Fig. 9 2 Hz output
frequency waveform of the
infrasound sensor

Fig. 10 2 Hz output
frequency waveform of the
infrasound sensor
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It is worth noting that the stability of the light source affects the signal demodula-
tion of the intensity demodulation sensor. However, the 1570 nm DFB laser source
used in this experiment has good stability, short-term 15-min stability: < +0.005 dB;
long-term 8-h stability: < £0.02 dB. Therefore, the fluctuation of the light source
has less influence on the EFPI infrasound sensor in this section.

Figure 11 shows the frequency response curve of the sensor head in the 1-20 Hz
range in the infrasound band. It can be seen that the frequency response is relatively
flat, and the sensitivity is concentrated in the range of —133 to —139 dB with fluc-
tuations of +2.72 dB. The sensitivity at 1 Hz is as high as —138.3 dB re 1 V/p.Pa.
Our original intention of an interference-type fiber infrasound sensor within high
sensitivity and small size is well realized and experimentally demonstrated.

2.4 Discussion

The performance of the EFPI infrasound sensor in this chapter is compared with
the recently reported schemes. The sensitivity value, frequency range, advantages,
and disadvantages are listed in Table 1. It can be seen from the comparison that our
fiber EFPI infrasound sensor has a great improvement in technical indicators and
structural optimization.

3 Conclusion

In this chapter, a fiber optic EFPI infrasound sensor based on the composite film
is developed, and the design and fabrication of the sensor head are performed
by optimizing the parameters of structure, material, and size. And the high-
sensitivity acoustic sensing application is realized in the infrasound frequency band
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Table 1 Performance comparison of infrasound sensors reported in recent years

Sensing type Sensitivity Frequency range | Disadvantages References
Capacitive type 3.5 mV/Pa 100 Hz-10 kHz Susceptible to Je et al. (2013)
@] kHz electromagnetic
interference
High cost
Piezoelectric type | 2.0 mV/Pa 0.05-50 Hz Same as above Shields (2005)
Tubular MZI Unknown 1-10 Hz Huge size Zumberge et al.
(2003)
LD-SMI 0.25 Hz 2-20 Hz Complex Liet al. (2013)
resolution structure
Our scheme 121 mV/Pa 1-20 Hz
@] Hz

through experimental verification. Sensitive infrasound sensing applications. Firstly,
combined with the requirements of infrasound detection and actual experimental
conditions, the basic theory and design guidelines of the sensor are determined.
Then, by selecting the relevant materials, dimensions, and structural design, a fiber
EFPI infrasound sensor head with flexible adjustable cavity length is fabricated.
Then, based on the experimental equipment and condition, the infrasound sensor is
used for infrasound measurement, and the results show that high-sensitivity detec-
tion in the infrasound frequency band can be achieved. Finally, the comparison with
our scheme and other recently reported schemes in terms of the advantages and
disadvantages is analyzed and discussed.
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Specialty Fiber Grating-Based Acoustic m
Sensing L

Wenjun Ni, Perry Ping Shum, Ping Lu, Xin Fu, Yiyang Luo, Ran Xia,
and Lei Wei

Abstract Aiming at the high sensitivity, high precision, small size, and low cost
acoustic detection requirements, a novel fiber sensor for curvature and acoustic wave
measurement based on a thin core ultra-long period fiber grating (TC-ULPFG) has
been proposed in this chapter. By tracking the power variation of different resonant
wavelength caused by TC-ULPFG, high curvature sensitivity of 97.77 dB/m~"' is
achieved, to best of our knowledge, which is highest than other structures at the same
measurement range. Thus, the desired curvature property of the TC-ULPFG is used
for acoustic measurement. The polyethylene terephthalate (PET) film is selected as a
transducer, on which TC-ULPFG is tightly pasted. The acoustic pressure sensitivity
of 1.89 V/Pa is two orders higher than other structures based on the diaphragm
transducer, and the noise-limited minimum detectable pressure is 1.94 mPa/Hz'"? at
200 Hz. In addition, the frequency fluctuations are nearly 0.4 dB from 70 to 200 Hz
and £0.2 dB from 1 to 3 kHz, respectively. Therefore, the proposed optical fiber
acoustic sensor (OFAS) has a flat frequency response in relatively lower frequency.
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The TC-ULPFG shows many advantages including high sensitivities of curvature,
high acoustic pressure sensitivity, easy fabrication, simple structure, and low cost.

Keywords Thin core ultra-long period fiber grating (TC-ULPFG) - Optical fiber
acoustic sensor (OFSA) - Flat frequency response

1 Introduction

In recent years, optical fiber acoustic sensor (OFAS) has been used in some important
engineering applications, such as structural health monitoring (Hu et al. 2016), oil
pipeline leakage detection (Wang and Liu 2013), and biomedical diagnosis (Tazawa
et al. 2007). OFASs are in general immune to electromagnetic interference (EMI),
resistant to corrosion, and highly sensitive. Therefore, OFASs are superior to elec-
tronic and mechanical acoustic sensors in harsh environment. In order to realize
combination of lower cost, compact size, and high sensitivity, more and more optical
fiber interferometric structures and optical fiber devices have been proposed and
experimentally demonstrated. Some typical optical fiber interferometric structures,
including Mach—Zehnder (MZ) (Pawar et al. 2016), Sagnac (Kang et al. 2014),
Michelson (Liu et al. 2016a), and Fabry—Perot (FP) interferometer (Xu et al. 2014),
are reported in the past decades, especially FPI based on thin films (Liu et al. 2016b;
Ma et al. 2015). However, most of the structures mentioned above have relatively
large size, lower conversion efficiency with identical transducers and easily influ-
enced by external environment variation. Consequently, more attention has been paid
to simple optical fiber device.

It has been reported in the last five years that some optical fiber devices, such
as optical fiber taper (Xu et al. 2012; Li et al. 2011), fiber coupler (Li et al. 2015;
Wang et al. 2014a), FP cavity based on pairs of fiber Bragg gratings (FBG-FP) (Lyu
etal. 2016; Wang et al. 2014b), and long period fiber grating (LPFG) (Gaudron et al.
2012), are widely used as sensor heads in OFAS. The transducers of these optical
fiber devices are always based on thin films, thin metal plate, composite materials
and water, etc. FBG-FP is relatively difficult to fabricate; moreover, the repetitive
rate of its fabrication is not high. Optical fiber taper needs to be inserted in other
interferometric structure to introduced modal interference. Optical fiber coupler can
measure the wideband response. However, the frequency response is always not flat.
Compared with the above-mentioned optical fiber devices, ultra-long period fiber
grating (ULPFG) has significant superiority in the field of acoustic measurement,
such as a single optical device without other cascaded interferometric structure and
easy to fabricate. The most important advantage is that ULPFG possesses high curva-
ture sensitivity. Since acoustic measurement based on ULPFG is dynamic curvature
detection in fact, ULPFG is a novel optical device and good candidate for dynamic
parameters sensing. Recently, LPFG has been written in various of special fiber,
including thin core fiber (TCF) (Fu et al. 2015), photonic crystal fiber (PCF) (Tian
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et al. 2013), and few mode fiber (FMF) (Wang et al. 2015). But to best of our
knowledge, no one has used TCF to inscribe ULPFG.

In this chapter, a novel optical device TC-ULPFG with high curvature sensitivity
is proposed and demonstrated. By tracking the power variation of different resonant
wavelength, curvature sensitivity of 97.77 dB/m~! is achieved, corresponding to the
resonant wavelength of 1570 nm. Thus, TC-ULPFG is used for acoustic measure-
ment, which has flat frequency response in two bands, 70-200 Hz and 1-3 kHz,
respectively. Additionally, the minimum detectable pressure level is 1.94 mPa/Hz '/
and the sensitivity of acoustic pressure is 1.89 V/Pa. The input acoustic signal
is recovered in the method of intensity demodulation. The proposed sensor head
shows many advantages including multi-parameters measurement, high sensitivity
of curvature, easy fabrication, simple structure, and low cost.

2 Main Body Text

2.1 Static Properties of the Sensor Head

The TC-ULPFG is inscribed by the focused CO; laser pulse (SYNRAD, 48-series)
on one side of TCF using point-by-point method, and the experiment setup of fabri-
cation process has been published recently (Ni et al. 2016). It is obvious that the
differences between TC-ULPFG and thin core long period fiber grating (TC-LPFG)
are number of periods and grating pitch. TC-ULPFG has an ultra-long grating pitch,
which is twice the published TC-LPFG. The number of periods, grating pitch, and
the diameter of TCF (YOEC, 15-80-U16, 80 wm) are 30, 1 mm, and 80 pm, respec-
tively. The transmission spectrum of TC-ULPFG is shown in Fig. 1, and the inset
is schematic diagram of the sensor head. The proposed structure is composed of
five sections named Input-SMF (ISMF), Input-TCF (ITCF), TC-ULPFG, Output-
TCF (OTCF), and Output-SMF (OSMF), which can be fabricated only by the fusion
splicer (Fujikura, FSM-60S). The ITCF and OTCF are cut off by 15 cm with fiber
cleaver (Fujikura, CT-38) to avoid the influence of modal interference (Fu et al.
2015; Ni et al. 2016). Because the length of TCF is relatively long, nearly all of the
cladding modes excited by the mode field mismatch or TC-ULPFG will undergo
entirely loss in the TCF. The transmission of all the fiber modes will experience with
the following two process. Firstly, cladding modes will be excited in ITCF at the
first splicing point due to the mode field mismatch between ISMF and ITCF, and
will undergo completely loss in ITCF because of the long length of ITCF (Fu et al.
2015). Secondly, cladding modes will be excited again at the grating region due to
the mode coupling between core and cladding modes in TC-ULPFG (Dianov et al.
1996), and will disappear in OTCF for the same reason. Since the coupling between
the core and cladding modes is wavelength dependent, several resonant dips will be
introduced in the transmission spectrum. It can be seen from Fig. 1 that there are four
dominant dips generated by TC-ULPFG which are named as dip1, dip2, dip3, and
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Fig. 1 Schematic diagram of the sensor head and transmission spectrum

dip4 from left to right, respectively. The location of dip3 is close to 1570 nm, and
the extinction ratio is nearly 25 dB. Moreover, the 3 dB bandwidth of dip3 is 3.5 nm,
which is narrower than any reported common LPFG. When the number of scanning
circles is increasing, the 3 dB bandwidth is generally decreasing and the extinction
ratio is generally increasing. The 3 dB measurement can be detected by the OSA
(optical spectrum analyzer) or the software of OriginLab. Taking these advantages of
TC-ULPFG into consideration, the resonant wavelength of TC-ULPFG can be well
used for the intensity demodulation.

Curvature is a static parameter, so the measurement process is relatively simple.
Only an amplified spontaneous emission (ASE) light source, optical spectrum
analyzer (OSA, Yokogawa AQ6370c) and two-dimensional (2D) translation stages
(Zolix) are needed. It is worth noting that the sensor head should keep straight line
without external axial tension. The curvature is increased by reducing the distance
between two translation stages. As shown in Fig. 2a, the intensity of dip1 and dip3 is
increasing with the curvature increasing from 0.4243 to 0.5475 m~!. Furthermore,
another two dips are gradually disappearing. Thus, dipl and dip3 are selected to
detect the curvature variation. The extinction ratio of dipl and dip3 decreases with
the increased curvature due to part of the cladding modes leaking out. As shown in
Fig. 2a, the power of the dip2 and dip4 is generally decreasing. As we all know, there
are sidelobes in TC-ULPFG. Thus, the two different dips corresponding to the two
cladding modes have mode competition. If the power of the main dip is decreasing,
the power of the sidelobes of the TC-ULPFG will increase. The following figure
shows that dip1 and dip3 are the dominant resonant wavelength. Therefore, the trend
of dipl and dip3 is different from that of dip2 and dip4. When curvature increases
from 0.4243 to 0.5475 m~', linear intensity variations of dipl and dip3 with the
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Fig. 2 a Transmission spectrum with curvature increasing from 0.4243 to 0.5475 m~!. b Linear
fit of dipl and dip3 with sensitivities of 69.43 dB/m~! and 97.77 dB/m™~!, respectively

sensitivities of 69.43 and 97.77 dB/m~! are achieved, as shown in Fig. 2b. The blue
line of the circle point is the linear fit of dip1, and the red line of the square point is the
linear fit of dip3. Different sensitivities of dipl and dip3 are caused by the different
order of cladding modes and different diffraction order. From Fig. 2b, it can be seen
that there is nearly no wavelength shift. Only intensity variation of dip1 and dip3 can
be observed. Therefore, high curvature sensitivities based on intensity demodulation
can be obtained by the proposed TC-ULPFG. As is known to all that the acoustic
signal detection can be converted to the dynamic curvature measurement. Given the
above discussion, an OFAS can be realized based on TC-ULPFG because of its high
curvature sensitivities.

2.2 Theoretical Analysis of Acoustic Signal Demodulation

For acoustic sensing, good transducer is a vital device in acoustic signal measurement
processing. Membrane is a very common transducer mentioned by the last report.
The PET film is selected as the following acoustic sensing, as shown in the inset of
Fig. 3. The acoustic conversion setup is based on a circular PET film where a TC-
ULPFG is adhered on the central axis. It should be noticed that the TC-ULPFG has
a tiny pre-bending to avoid frequency doubling phenomenon (Gaudron et al. 2012).
When the acoustic wave is applied on the membrane, the acoustic signal is converted
to the vibration. Consequently, the membrane will deform due to its vibration. The
film deformation equation can be described as (Wang et al. 2016):

AL 301 —p?)rt

=~ 1
AP 16ER3 M

Sdef =

In order to study the characteristics of the frequency response, the PET film can

be regarded as a thin plate. Similarly, the resonant frequency fies of the diaphragm
can be expressed as (Ma et al. 2013):



104 W. Ni et al.

700
—— h=10um
600 —— h=20um
N & —— h=30um
T Z
= 500 — h=40pm
=)
= © h=50pum
('
= 400 : L —— h=60um
& 556 1 o ;E" —— h=70um
- 1 —— h=80um
= B g R
§ 200 = AE: h_90um
2 2 —— h=100pm
100 low frequency

0
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Radius(m)

Fig. 3 Relationship between resonant frequency and radius with different thickness of PET film

10.21h E

272\ 120(1 — p2) @

fres =

In the above equations, r, h, i, p, and E are the radius, thickness, Poisson ratio,
mass density, and Young’s modulus of the PET film, respectively. The parameters
of PET film are as follows: i = 0.39, p = 1.38 x 10°kg/m?, and E = 2.5 GPa.
As shown in Fig. 3, the resonant frequency is in negative correlation with the film
thickness, and the lower resonant frequency is mainly generated with the radius
ranging from 0.06 m to 0.1 m. In Sect. 2, the length of the TC-ULPFG is 3 cm.
The TC-ULPFG must be pasted on the PET film. In our work, the adhesive tape is
applied to fix the TC-ULPFG on the middle of the membrane. Therefore, the diameter
of the membrane should have an enough length to fix the device. If the diameter
of the membrane is too short, the grating region is easy to be broken. Thus, the
diameter of the PET film is about three times longer than the TC-ULPFG. When the
diameter of the membrane is a certain value, the resonant frequency is increasing with
the thickness of the membrane increasing. Therefore, the film thickness is positive
correlation of the resonant frequency. According to Eq. (2), it also can be seen that the
relationship between resonant frequency and the film thickness is positive correlation.
In order to detect lower frequency, radius is better to be selected as the average value
which is 0.08 m. It can be seen from Fig. 3 that the lower resonant frequency bands
are close to a straight line no matter how to change the thickness of PET film. Thus,
the thickness of PET film is also selected as the mid-value which is 50 wm. According
to Eq. (1), the static pressure sensitivity induced by the membrane deformation is
208 cm/Pa. In addition, the resonant frequency of the PET film is calculated to be
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Fig. 4 Principle of the intensity demodulation

5.36 Hz from Eq. (2). The two parameters obtained by the above analysis are very
important in acoustic measurement fields.

The acoustic signal measurement based on TC-ULPFG is dynamic curvature
detection in fact. As shown in Fig. 2(b), there is nearly no wavelength shift of dip1l
and dip3, but only intensity variation while measuring the static curvature (Gong
et al. 2011). The 1570 nm distributed feedback laser (DFB, long-term stability: <
+0.02 dB) laser is used as the laser source since the resonant wavelength of dip3
is 1570 nm. The schematic diagram of the intensity demodulation is exhibited in
Fig. 4. When the input acoustic signal is applied on the PET film, the laser intensity
will vary periodically. Then, the output signal will be a time domain waveform after
photovoltaic conversion. Therefore, the acoustic signal can be real time demodulated
by detecting the intensity of output optical signal.

2.3 Experimental Results and Discussions

The experimental setup of acoustic measurement is shown in Fig. 5, including
1570 nm distributed feedback (DFB) laser, acoustic source, membrane, TC-ULPFG,
photoelectric detector (PD), and oscilloscope. The membrane is closely pasted on
the hollow cylinder, which the bottom is closed and the top is open. The placement
of the membrane is shown in the following schematic diagram. Additionally, the
membrane is parallel to the bottom and the surface of the membrane must keep
flat. TC-ULPFG fixed by adhesive is pasted in the middle of the membrane, and
the acoustic source is placed in the above of the membrane. The distance between
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Fig. 5 Schematic diagram of the experimental setup

acoustic source and membrane is controlled to nearly 10 cm to sustain a consistent
response of the membrane. The acoustic source is controlled by the computer to
regulate acoustic frequency. The light intensity variation is detected by the PD, and
displayed on the oscilloscope.

In view of dynamic parameter sensing, TC-ULPFG has a dominant advantage
of high curvature sensitivity. A single frequency acoustic signal is given by the
computer, and it is recovered by the demodulation method mentioned before. The
inset of Fig. 6 shows the time domain waveform at the frequency of 200 Hz. The
frequency spectrum response of 200 Hz is obtained by taking fast Fourier transform
(FFT), which is shown in Fig. 6. It is observed that there are odd harmonics and
even harmonics in the frequency spectrum simultaneously. The existence of the
harmonics is caused by the indoor reflection of the acoustic wave. The signal-to-
noise ratio (SNR) at 200 Hz is 35 dB. The power frequency of 50 Hz can be nearly
neglected because it is close to the noise level. The 3 dB bandwidth at 200 Hz is
2.12 Hz, and the acoustic pressure applied on the PET film is 78 dB, corresponding

0.15F

o1oh A A A A NN A
0.05
0.00
-0.05+
-0.10
015+ v

y ) | | vl
020" vy '

Voltage(V)

-0.25 y y . .
-0.03 -0.02 -0.01 000 001 002 003
Time{s)

Amplitude(dB)
in
=

70k
-80 +
_IJU " 1 i L i 1 i 1 L i 1 i 1 i " 1 i
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Frequency(Hz)

Fig. 6 Frequency spectrum response and time domain waveform at 200 Hz
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Table 1 Comparison result of different structure for curvature and acoustic measurement

Structure Curvature Acoustic pressure | Minimum Reference

sensitivity sensitivity range detectable

pressure

Inline MZ 70.03 dB/m~! Gong et al.
interferometer (2011)
Diaphragm-based | 13.5 nm/m~! 60.52 mV/Pa 1.42 mPa Gaudron et al.
LPFG (2012)
Diaphragm-based 13.15 mV/Pa 751 Pa/Hz!? Ma et al. (2013)
FP
Our scheme 97.77 dB/m~! | 1.89 V/Pa 1.94 mPa/Hz'?

to a noise-limited minimum detectable pressure level of 1.94 mPa/Hz!%. Besides,
the sensitivity of acoustic pressure is 1.89 V/Pa, which is two orders higher than the
previously reported sensor of diaphragm-based FP cavity, etc. The comparison result
is listed in Table 1.

The proposed TC-ULPFG has a very high acoustic pressure sensitivity which
is mentioned above. Furthermore, in order to investigate the characteristics of the
frequency response, a wide frequency test is carried out in a continuous frequency
spectrum. In the acoustic wave experiment, the frequency from 70 Hz to 3 kHz can be
measured, as shown in Fig. 7a. The experiment result exhibits that the sensor head or
the transducer is sensitive to the relatively lower frequency, which is consistent with
the simulation resultin Fig. 3. The proposed structure can measure infrasound and low
frequency acoustic signal according to the theoretical analysis in Sect. 3. Therefore,
the strong response appears when the frequency is lower than 200 Hz. However, the
response to other frequencies is generally decreasing with the acoustic frequency
increasing since the resonant frequency of the selected PET film is 5.36 Hz. When
the acoustic frequency is higher than 1 kHz, the frequency response approximately
trends to be stable because relatively higher frequency is far away from the resonant
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Fig. 7 a Frequency response ranges from 70 Hz to 3 kHz. b Frequency fluctuation from 70 to
200 Hz and from 1 to 3 kHz
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frequency. In Fig. 7b, the frequency fluctuations are nearly £0.4 dB from 70 to
200 Hz and 0.2 dB from 1 to 3 kHz, respectively. The red line of the square point is
the curve fit of the frequency response from 70 Hz to 3 kHz. As a consequence, the
proposed TC-ULPFG has a flat frequency response when the measurand is relatively
close or far away from the resonant frequency.

3 Conclusion

In summary, we propose a novel fiber sensor based on TC-ULPFG for curvature and
acoustic measurement. TC-ULPFG is fabricated by the focused CO, laser pulse on
one side of TCF by the method of point-by-point. The high curvature sensitivities
of 69.43 and 97.77 dB/m~! are achieved by tracking the power variation of dipl
and dip3, respectively. TC-ULPFG has a better curvature property, which is highest
than other structures at the same measurement range. Additionally, this special optic
device is used for acoustic measurement. The PET film is selected as the transducer,
the thickness and radius of which are 50 pm and 8 cm, respectively. According
to the theoretical analysis, membrane deformation and the resonant frequency are
208 cm/Pa and 5.36 Hz. In acoustic experiment, the acoustic pressure sensitivity
is 1.89 V/Pa which is two orders higher than other structures of diaphragm-based
transducer. The noise-limited minimum detectable pressure level is 1.94 mPa/Hz'"? at
200 Hz. Moreover, the frequency fluctuations are nearly +0.4 dB from 70 to 200 Hz
and £0.2 dB from 1 to 3 kHz, respectively. As a consequence, the proposed OFAS
has a flat frequency response in relatively lower frequency. The TC-ULPFG shows
many advantages including high sensitivities of curvature, high acoustic pressure
sensitivity, easy fabrication, simple structure, and low cost. Therefore, the proposed
sensor may have a great potential in the fields of engineering system.
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Abstract With the rapid development of human technology, we are continuously
facing new problems and challenges. On the one hand are the limited natural
resources, and on the other hand are the increasing demands for convenient lifestyle.
It is not a good idea to sacrifice one aspect to satisfy the other, but we should seek a
balance between sustainable development and the comfortable living concept. Thus,
it becomes a very crucial task to explore the low-cost, large-scale, and environmen-
tally friendly fabrication methods for wide applications. Electrospinning is a top-
down method in which polymeric or melt components are drawn out from a solution
system onto a collector by electrostatic force. In comparison with other methods,
including drawing, template synthesis, chemical vapor deposition, and so on, elec-
trospinning offers some attractive features. One of the most important advantages
is its industrial scalability, which makes it possible to directly transfer the results
from laboratory research to the industry. In general, the unique advantages of elec-
trospun nanostructures, including high spatial interconnectivity, high porosity, and
large surface-to-volume ratio, make it a promising fabrication method in a wide range
of applications. This chapter covers aspects of information relating to electrospinning
nanofibers, including the materials for nanofiber fabrication, processing mechanism
and parameters of electrospinning techniques, special electrospinning techniques,
and potential applications of electrospun nanofibers.
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1 Introduction

Recently, fibers and textiles with multi-materials add-on or built-in multi-functional
units have become a hot research area for researchers. Fiber- and textile-based flexible
electronics have shown great possibilities in numerous applications including flexible
circuits, skin-like pressure sensors, transistors, memory devices, and displays. But
similar like other mainstream issues come across during the human society devel-
opment and need to be addressed, how to guarantee low-cost and production scale
simultaneously is the problem that constrains the application of fibers and textiles.

Electrospinning is an excellent solution to address these problems. Compared to
other material processing methods, electrospinning is more suitable for large-scale
commercial applications to produce long-lasting continuous polymer micro- and
nanofibers (Huang et al. 2003), due to all the merits including easy accessibility,
simple synthesis, well-controlled parameters, and low cost.

First raised in early twentieth century, electrospinning has been utilized to
process materials for over a hundred years, but not until recent decades, has it been
widely applied to various researching fields. With the well-developed techniques
and versatile functionalities, electrospinning method is widely adopted in various
applications, including energy conversion and storage, wearable smart devices,
environment-related applications, and biomedical applications.

2 Main Body Text

Ultrathin one-dimensional structures like micro- and nanofibers, compared to three-
dimensional bulk and two-dimensional film structures, possess numerous advantages,
such as large surface-to-volume ratio, tensile strength, and good flexibility. And
these amazing characteristics make fibers a competitive candidate for large quantity
of applications, including energy harvesting, multi-functional sensing, bio-tissue
growing, and many other fields.

There are many ways to fabricate one-dimensional structures, including fiber
drawing, template growing, vapor growing, self-assembly, and electrospinning.
Compared to other synthesis methods, electrospinning is more suitable for large-
scale commercial applications to produce long-lasting continuous polymer micro-
and nanofibers (Huang et al. 2003), due to all the merits mentioned in previous
section.

The concept of electrospinning could retrospect to very early of the last century,
first patented by Formhals (1943), and was developing slowly during the following
decades. It was not until the mid-1990s that electrospinning started to regain the
attention of an increasing number of researchers as a promising method to fabricate
continuous micro- and nanofibers, and developed rapidly since the entry of this
century as shown by Fig. 1. For the past two decades, this versatile synthesis technique
has been applied to a wide range of researching fields, including energy conversion



Electrospinning Nanofibers 113

25000

10000
0----.."'II|III

FELE LS LT ES L LT F T

Year

:

g

Quantity of publications

Fig. 1 Annual number of publications related to electrospinning

and storage, environment-related applications, and biomedical application and will
be discussed in the following sections.

The apparatus for electrospinning is showed by Fig. 2. There are several necessary
parts for a standard electrospinning setup, including a spinneret (usually a needle
with a syringe), a pump that can maintain the feeding, a high-voltage power source
(usually several tens of kilovolts), and a conductive collector to gather the resultant.

Fig. 2 An electrospinning apparatus with a rotating collector
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There are several features that electrospinning process must fulfill, including (1)
the solvent need to be selected properly to dissolve the polymer material; (2) suit-
able vapor pressure should be designed and maintained for the fiber integrity while
avoiding over-harden; (3) the viscosity and surface tension of the solvent should
be carefully balanced; (4) the power source must offer a voltage large enough to
overcome the surface tension; and (5) the distance between spinneret and collector
also need to be appropriate for full evaporation of the solvent. More specifics will be
discussed in the coming sections.

2.1 Materials of Electrospinning

To understand electrospinning, the mechanism behind the process need to be investi-
gated and learned. Different from the traditional fibers with relevant large diameter,
which is fabricated by drawing method using a die involving an external mechanical
force to form individual strand of fiber, electrospinning process adopt high voltage
to generate a jet from polymer solution droplet. One great advantage of electrospin-
ning is that it can process not only molten polymers but nearly all soluble polymers
and materials that can be made into a suspension. Thus, there are many different
types of polymers and precursors that can be electrospun for the formation of fibers.
According to the application requirements, materials should be selected carefully.
Some polymer and polymer composites nanofibers can be obtained directly while
some ceramics and carbon nanotubes need further processing after electrospinning
operation.

For each electrospinning application, proper materials must be selected and modi-
fied to obtain certain morphologies and properties to match the desired functions of
the expected applications. The electrospinning technology can generate ultrathin
fibers by using a wide variety of materials that contains, polymers such as poly-
acrylonitrile(PAN), polyvinylalcohol (PVA), polyvinylpyrrolidone (PVP), polyethy-
lene glycol (PEG), polyvinylidene fluoride (PVDF), and polystyrene(PS); metal
oxides/ceramics such as Fe,O3, CuO, NiO, and TiO,; mixed metal oxides such as
TiNb,O7, NiFe,;04, and LiMn;0Oq4; composites such as carbon/SnO,, PVA/TiO,,
Nylon-6/gelatin, graphene/TiO,, and collagen/hydroxyapatite; and carbon-based
materials such as carbon nanotubes, graphite, and graphene. Combined with
controlled calcinations treatment, 1D hierarchical nanofibers can be synthesized
easily by electrospinning.

The most commonly used materials for electrospinning are polymers. One great
advantage of commercialization of polymers is that the cost of polymers is generally
cheap because they are easy to synthesize. Polymers consist of repeating units of
monomers bonded to one another, which form long molecular chains. For example,
the polymer named polyethylene is made up of the repeating units of [-CH,CH,—],,.
One important value to describe a polymer is its molecular weight. As polymer chain
consists of many repeating units, the molecular weight of the polymer is the sum of
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all the units. Higher molecular weight will make it harder to dissolve in solvents and
cause a higher viscosity of the solution.

Electrospun polymer fibers are usually used as they are fabricated due to their
processability and flexibility, but ceramic fibers that are hard and brittle must be
electrospun from precursors followed by sintering process. Ceramics are a group of
compounds composed of both metallic and non-metallic elements, usually oxides.
Another common material for electrospun fiber is carbon. Carbon is the most funda-
mental element for organic compounds. Thus, many carbonaceous precursors can be
made into pure carbon. Carbon nanofibers are known to be good conductor for elec-
tricity. And carbon nanotubes have also been applied in many electronics applications
(McEuen 1998).

2.2 Electrospinning Process

After high electric potential difference is applied between the spinneret and the
collector, the droplet at the needle tip will be charged and stretched under the
combined forces of static electric force and liquid surface tension. With the increase
of the electric potential difference, the static electric force will overcome the surface
tension and the solution will form a Taylor cone (shown as Fig. 3), and a stream of

Taylor  ‘Transition Jet

Cone zone

e

1.0 mm

Fig. 3 Photograph of a Taylor cone in the process of electrospinning (Reneker 2008)
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liquid will erupt from the surface. The liquid jet will stay in a single stream status
if molecular cohesion overcomes electrostatic repulsion or break up into multiple
streams otherwise. And with the evaporation of the solution solvent, the jet dries in
flight and is then elongated with small bending due to the electrostatic repulsion, and
finally reaches the collector to form micro- and nanoscale uniform fibers.

During the electrospinning process, there are a number of factors that can deter-
mine the final morphology and property of the resultant fibers, including the polymer
solution parameter such as surface tension and viscosity, processing conditions
including the voltage and distance, and the ambient condition like humidity. In
the following sections, the factors that can affect electrospinning process will be
introduced in detail.

2.2.1 Polymer Solution Parameters

Materials for electrospinning process must be maintained in a liquid form, molten
or more commonly, dissolved in a solution. Thus, the properties of polymer solution
play a crucial role in the electrospinning process and have a significant effect on the
morphology of the products. When electrospinning process starts, the solution will
be charged and drawn from the droplet at the spinneret under the force of electric
field. The electrical property of the polymer solution, together with its viscosity and
surface tension, will determine how the solution will be stretched. Meanwhile, the
solution viscosity is also affected by the evaporation of the solvent and the solubility
of the polymer in the solvent. The key factors of the solution include the surface
tension, the polymer solubility, the viscosity, and the evaporation property and the
conductivity of the solution.

Surface tension is the elastic tendency of a fluid surface, which makes it acquire
the least surface area possible. At liquid—air interfaces, surface tension results from
the greater attraction of liquid molecules to each other (due to cohesion) than to
the molecules in the air (due to adhesion). In electrospinning process, after high
electric potential difference is applied between the spinneret and the collector, the
droplet at the needle tip will be charged and stretched under the combined forces
of static electric force and liquid surface tension. With the increase of the electric
potential difference, the static electric force will overcome the surface tension and
the solution will form a Taylor cone (shown in Fig. 3), and a stream of liquid will
erupt from the surface. The liquid jet will stay in a single stream status if molecular
cohesion overcomes electrostatic repulsion or break up otherwise. If the resultant is
collected as droplets, then the process should be called electrospraying instead of
electrospinning where the liquid jet breaks up into multiple streams. And with the
evaporation of the solution solvent, the jet dries in flight and is then elongated with
small bending due to the electrostatic repulsion, and finally reaches the collector
to form micro- and nanoscale uniform fibers (Li and Xia 2004a). For a pure liquid
system, the surface tension of the solution is negatively correlated with temperature.
But for an organic—aqueous mixture, the surface tension is more complicated as the
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small amount of organic molecules will significantly affect the surface tension due
to hydrophobic behavior.

Another factor is the polymer solubility, since although electrospinning could
use molten polymers, but for most cases, researches choose polymer solutions. As
different solvent possesses different level of electro-spinnability (Jarusuwannapoom
etal 2005), selecting the proper solvent is of great significance to dissolve the polymer
and conduct the electrospinning process. Thus, the polymer solubility in a particular
solvent is expected to have influence on the morphology of obtained electrospun
fiber (Wannatong et al. 2004). As the molecular weight of polymer is far larger than
low-molecular weight compounds, the size difference between polymer and solvent
molecules is remarkable, which makes the solubility more complicated considering
the viscosity and structure effects together. When the polymer is infiltrated in solvent,
the solvent molecules will diffuse into polymer bulk slowly and generate a swollen
gel. After the inter-bonds within the polymer molecules are broken, there will be a
homogeneous polymer solution.

Another factor that has profound effect on electrospinning process and resul-
tant morphology is solution’s viscosity, which is usually related to the extent of
molecule chains entanglement within the polymer solution. Too low viscosity will
lead to electrospraying, and polymer particles will be obtained on the collector rather
than fibers. Relatively lower viscosity caused by lower polymer chain entanglements
can generate fibers probably accompanied by beads. Only solution with appropriate
viscosity can produce desired smooth fibers. Therefore, the factors affecting solu-
tion’s viscosity will have influence on electrospinning process and the resulting fibers,
too. The intrinsic viscosity relates to the average molecular weight of polymers.
The choosing of solvent is also important as in proper solvent, and the long-chain
molecules of polymer are enclosure by solvent molecules, which can help reduce
intercontact between polymer molecules, resulting in favoring uncurled configura-
tions and decreasing the solution viscosity. Besides, the increasing of temperature
also causes decrease in solution viscosity due to higher polymer chain mobility.

The effect of evaporation property on electrospinning resultant is obvious. The
solvent of the jet will keep evaporating during the flight toward the collector. If the
solvent is evaporated completely, the resultant should be well-formed fibers while
incomplete evaporation will cause solvent residue and a thin film is likely to be
obtained. Furthermore, solution conductivity is also important as the stretching of
the polymer solution is caused by electrostatic repulsion. So, by adjusting the solution
conductivity with extra ions, the carried charge could be increased, which can help
in the stretching of polymer chains and avoiding beaded fibers.

2.2.2 Processing Conditions

During the electrospinning process, various of external parameters exerting on solu-
tion jet, including applied voltage, feed rate, distance between the spinneret and
collector, and the type of collector, together determine how the morphology of the
resultant fiber is.



118 S.Maand T. Ye

First crucial element in electrospinning process is the high voltage applied between
the spinneret and the collector. When the polymer solution is connected with a high
voltage, charges will be induced. When the electrostatic force grows enough to over-
come the surface tension, together with the electric field generated by the potential
difference between the spinneret and the collector, electrospinning process starts to
work. The voltage should be selected to match with the feed rate in order to form
a stable Taylor Cone. Because higher voltage may induce more charges, acceler-
ating the jet and draw larger amount of solution from the spinneret, which will cause
smaller and unstable Taylor Cone.

Feed rate is the volume of solution being processed per unit time during electro-
spinning. For a certain voltage, there is a corresponding feed rate that can guarantee
a stable Taylor Cone. With the increasing of feed rate, the diameter or beads size
also increases since there is a greater volume drawn away from the spinneret. But
there is a limitation of the upper feed rate, because increased volume brought by
larger feed rate needs more charges for the stretching of solution, and more charges
will accelerate the solution and decrease the flight time. However, greater volume
requires more time for the evaporation of solvent, which contradicts the previous
situation. Thus, a lower feed rate is more desirable for the electrospinning process
as there will be long time for the completed evaporation of solvent.

The effect of temperature is simple and obvious. Higher temperature will increase
the evaporation rate while reducing the viscosity of the solution. Meanwhile, the
polymer solubility is also enhanced. Thus, the produced electrospun fibers tend to
possess a smaller but more uniform diameter (Mit-uppatham et al. 2004).

To establish the electrospinning process, there must be an electrical field between
the spinneret and the collector. So, the most commonly used collectors are chosen as
conductive material like aluminum foil properly electrically grounded or connected
to negative voltage. On a conductive collector, the distributed electrospun fibers
are likely to be denser than that on an insulating collector, where the charges will
accumulate and repulsion forces tend to drive fibers to form a loose structure. But
this mechanism can be utilized to fabricate 3D fiber structures.

The final factor needed to be mentioned is the distance between the spinneret
and the collector, as by changing the distance can vary the electrical field and flight
time directly. If the distance is too small, the flight time will be possibly not enough
for the completed solvent evaporation, especially when shorter distance will lead
to larger electrical field, which will accelerate the jet meanwhile. In this case, extra
residual solvent will exist when the resultant reaches the collector and the fibers may
merge to form polymer nets or thin films instead of individually fibers. Decreasing
the distance can be regarded as increasing the voltage supply.

2.2.3 Ambient Parameters
The effect of environmental on electrospinning process is a very complicated issue.

The interaction between the surroundings and the polymer solution may be reflected
on the morphology of the electrospun fibers. For example, high humidity level will
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possibly lead to the formation of pores on fiber surface. Because at normal atmo-
sphere, water tends to condense on the fiber surface when humidity is high. This
happens especially when the solvent is volatile. This has been verified by experiments
using Polysulfone (PS) dissolved in Tetrahydrofuran (THF). When the humidity is
over 50%, there will appear circular pores with the size and depth increasing with
humidity until saturation (Casper et al. 2004). The environmental humidity also
affects the evaporation rate of the solvent in the solution. When the humidity is very
low, a volatile solvent is able to dry very soon, even faster than the solution removal
from the spinneret. In this case, there may be only several minutes before the elec-
trospinning process is terminated because the spinneret tip is clogged (Baumgarten
1971).

Besides the humidity, the atmosphere composition of the electrospinning envi-
ronment also has effect on the processing. Under high electrostatic field, different
behavior comes from different gases. Take helium as an example, under high elec-
trostatic field, helium will break down that makes electrospinning not going to
happen.

When the electrospinning process is carried within an enclosed environment, the
pressure may become another factor that has influence. Generally speaking, reducing
the atmosphere pressure does not good to electrospinning process. When the pressure
is low, the polymer solution tends to flow out the spinneret automatically. Thus, the
jet initiation becomes unstable. If the pressure keeps dropping, bubbles will occur
at the tip of spinneret. At some extreme cases, electrospinning process is not able to
establish due to the direst discharge of the electrical charges.

2.3 Special Electrospinning Techniques

Besides the conventional electrospinning method introduced above, there are many
special electrospinning techniques, which can serve to fabricate specialty fibers.
This greatly enriches the production of electrospun fibers and promotes the range of
electrospun fiber application.

2.3.1 Highly Aligned Electrospun Fibers and Single Electrospun Fibers

First is the continuous electrospinning of aligned nanofibers. The approaches to
gain highly aligned electrospun nanofibers are mainly by customizing collectors as
Fig. 4 shows. One most commonly adopted way is to use high speed rotating drum
as the collector, and the rotating speed range is from 2000 to 4000 rpm (Baniasad
et al. 2015). Another approach is to replace the highly rotating drum with a rotating
disk with an extremely sharp edge. Furthermore, the interdigital electrode is also
an ideal substitute as the collector. By varying the configurations of the interdigital
electrode, researchers can get parallel electrospun nanofibers with different length
(Ke et al. 2017). Besides the frequently used methods above, the collector can also
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Fig. 4 Different approaches to acquire aligned electrospun nanofibers by a highly speed rotating

drum (Prabhakaran et al. 2013), b sharp-edged rotating disk (Xu et al. 2004), and ¢, d parallel
distributed electrodes (Ke et al. 2017; Katta et al. 2004)

be replaced by evenly distributed metal wire, parallel auxiliary electrodes, or U-
shape collector. Similar methods of modifying collector are also used to get single
electrospun fibers, including using cardboard frame, a substrate with micro-channels,
and parallel electrodes.

2.3.2 Wet-Electrospinning

Sometimes, the electrospun fibers are preferable with 3-dimensional structure, so the
wet-electrospinning system is established. If the collector of electrospinning process
is immersed into solvent, or replaced by solvent container directly as Fig. 5 shows,
this process is called wet-electrospinning.

In a previous study, pullulan nanofiber was fabricated by wet-electrospinning to
explore how the solvent concentration can affect the fiber diameter. In this study,
ethanol coagulation bath was used to collect the electrospun pullulan nanofibers
(Kong and Ziegier 2014).
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Fig. 5 Schematic drawing of the wet-electrospinning setup (Kong and Ziegier 2014)

2.3.3 Core-Shell Electrospinning

Except customizing the collector, the spinneret is another component that can be
remolded to expand the morphology and functions of electrospinning products.
For example, by using a special spinneret, as Fig. 6 shows, core—shell electrospun
nanofiber is obtainable (Li and Xia 2004b). The special spinneret is made of two
coaxial capillaries, through which two different, usually incompatible liquids are
ejected to form a continuous coaxial jet simultaneously.

This core—shell electrospinning method is often used to process precursors of inor-
ganic material. By calcining the electrospun core—shell nanofiber under high temper-
ature condition, the as-spun nanofiber will convert into desired inorganic components
(Zhang et al. 2012). And by adding functional particles into core liquid, which will
be removed later, hollow nanofibers with decorated surfaces are obtained as Fig. 7
illustrates.

2.3.4 Melt Electrospinning

In some special cases like biomedical applications, the residual solvent is unwanted
due to the potential toxicity to cells and tissues, or the residual repulsive charge may
compromise the consistent density and thickness of electrospun fabrics. Then, melt
electrospinning is a way to address these problems. The melt electrospinning setup
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Fig. 6 Schematic illustration of the setup for core—shell electrospinning (Li and Xia 2004b)

Fig.7 TEM images of coaxial nanofibers when a as-spun and b calcined at 450° andc corresponding
SEM image (Zhang et al. 2012)

is illustrated in Fig. 8 in which the key part is a heating module that can melt the
polymer material.

Nowadays, melt electrospinning has been widely used in industry for many appli-
cations including filtration, reverse osmosis membranes, fuel cell catalyst technolo-
gies textiles, separator, and biomedical uses. Melt electrospinning can be further
combined with core—shell electrospinning technology to explore its joint application.
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Fig. 8 Schematic of melt electrospinning onto a static collector (Brown et al. 2016)

2.3.5 Electrospray Technique

Electrospray, sharing the same mechanism and apparatus with electrospinning, also
works on the principle of applied electric fields. Compared to electrospinning, the
solution for electrospray is with less viscosity or smaller molecular weight, so that
when applied with a high-voltage difference, the electrostatic repulsion overcomes
the molecular cohesion and continuous liquid jet will break up into highly charged
liquid droplets and radially disperses. By regulating the feed rate and applied voltage,
the size of the electrosprayed droplets can be controlled precisely, from micro- to
nanolevel (Fig. 9).

Due to its versatility and feasibility, electrospray has been involved in many
nanoscience and nanotechnology area, especially in micro/nanoparticles fabrication
for biomedical applications such as bone tissue engineering and drug delivery.

2.4 Application Examples of Electrospinning Nanofibers

As discussed in above sections, the electrospun nanofibers have been widely inves-
tigated in terms of the material science and engineering viewpoint. With the unique
material properties and facile control of the fiber morphology/structure, various
application fields of the electrospun nanofibers have been proposed by now, such as
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Fig. 9 Electrosprayed particles from a 5% w/v HMw PLGA and b 6% w/v LMw PLGA in pure
DCM (5% w/v of BSA served as the core at a shell:core flow rate of 1.0:0.1 ml/h) (Zamani et al.
2014)

energy and electronics, bioengineering and biotechnology, defense and security, envi-
ronmental engineering. Among these fields, the needing of electrospun nanofibers
with enhanced mechanical, electrical, chemical, and physical properties have been
inspired and they are believed to make the new era of the material research.

2.4.1 Energy Applications

Nowadays, the search for clean and sustainable energy sources is attracting increasing
attention due to severe environmental issues raised from the massive usage of the
traditional energy resources, such as coal, fossil fuels, and natural gas. Thus, human
society have invested much time and effort to develop new energy techniques, such
as batteries, catalysts, supercapacitors, fuel cells, and solar cells. Electrospun porous
nanofiber mats made of functional material showed excellent energy storage and
transfer behaviors in these research fields. The electrospun nanofibers have shown
great potential in enhancing the performance of various batteries, increasing energy
density of capacitors and fuel cells, and power conversion efficiency (PCE) of solar
cells.

Batteries

According to a large amount of recent reports, the electrospun nanofiber mats can
be used within various batteries to enhance their performance by introducing higher
specific surface area, internal surface area, large pore volume, higher conductivity,
and better 1D charge carrier transport. First, battery membranes made from electro-
spun fiber mats with tunable porosities have shown much enlarged specific areas to
enhance the separation performance. For example, the electrospun sulfonated styrene
nanofiber membranes expressed excellent affinity to liquid electrolytes and high ionic
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conductivity when acted as separators. Second, various morphologies (particles or
nanoparticles) of transition metal oxide coated on the surface of carbon nanofibers
(CNF) generate more access channels for Li* transport into the inner active sites of
anodes and remarkably increase the electron transport rate. Furthermore, the coaxial
nanofiber composite (LiCoO, core with MgO shell) electrodes fabricated by electro-
spinning, which exhibits excellent reversibility, small impedance growth, and better
cyclability since the LiCoO, cannot directly contact electrolyte (Gu et al. 2007).

Catalysts

As far as we known, the catalysts’ performance is determined by the number of
active sites exposed to the precursors. The electrospinning method exbibits the facile
production of the porous nanofiber mats with high specific area, which has shown
great potential in novel catalysts fabrication. Electrospun TiO, nanofiber mats modi-
fied with Pt, Pd, and Ru nanoparticles have been successfully fabricated, their perfor-
mance toward Suzuki coupling reactions has been tested, and the results showed the
novel metal coated TiO, catalysts can shorten the reaction duration (Formo et al.
2009). The performance enhancement is attributed to the quasi-one-dimensional
transport of the electron within the nanofibers as well as the dramatically reduction
of the grain boundaries between the catalytic nanoparticles.

Supercapacitors

Supercapacitors are intensively investigated as an energy storage device due to their
rapid charging/discharging capacity, long cycle lifetime, and high power density.
They are widely used in large-range applications, from handheld devices to electric
vehicles even to power station. For a supercapacitor, higher operating voltage and
capacitance value are key points to increase the overall energy density of superca-
pacitors. Increase the surface contact area of the electrodes can be a simple method to
obtain higher capacitance performance, and the electrospun nanofiber mats possess
this advantage. High temperature activated electrospun CNFs have shown great
potential to make high performance supercapacitor electrodes due to the porous surfi-
cial structures and 1D morphology. The commonly used precursors for the CNFs
synthesis are some polymers (Kim et al. 2004), such as polyacrylonitrile (PAN),
isotropic pitch precursor (IPP), poly(imide) (PI), (Kim 2005). polyamic acid (PAA),
and polybenzimidazol (PBI). These polymer solutions are first loaded into a typical
electrospinning setup to obtain the nanofibers and then carbonized under high temper-
ature in inert atmospheres (N, or Ar) to obtain the CNFs. Ruthenium nanoparticles
doped CNFs have been synthesized by electrospinning the PAN/Ruthenium acety-
lacetonate solution and the specific capacitance of the nanofiber-based device jumped
from just 140 to 391 F/g. (Ju et al. 2007).
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Fuel Cells

Platinum is extensively used in fuel cells for oxidation of fuels (such as hydrogen and
methanol) due to its high activity and chemical stability, but the Pt in earth is very
rare so the price of Pt-based materials is very high. To reduce the usage amount of
Pt in fuel cells, the Pt nanoparticles can be coated on the surfaces of the electrospun
carbon nanofibers to form a composite electrocatalyst, which can be used for the
oxidation of methanol (Li et al. 2008). With enhanced specific surface area and
porosity, the electrospun Pt and PtRh nanowires show better catalytic performance
than the traditional Pt nanoparticle catalysts (Kim et al. 2009).

Thin Film Solar Cells

Thin film solar cells are fabricated by depositing several function layers, such as
transparent metal oxides electrodes (fluorine-doped tin oxide and indium-doped tin
oxide), light absorbers (perovskite and dyes), charge carrier transport layers, and
metal electrodes, which can be used for converting sunlight into electricity. In order
to fabricate high efficiency device, the efficiently transport/extraction of the photo-
generated charge carriers (especially for electrons) should be achieved. Thus, high
surface area, reduced crystal defects, and 1D pathway are urgent needed for the charge
carriers transport layer synthesis. TiO, nanofiber mats are proposed for the high effi-
ciency solar cell fabrication, and they are obtained by electrospinning polymers
[PVP and polyvinyl acetate (PVAc)] and TiO, precursors (titanium isopropoxide)
mixture in DMF. After high temperature annealing, the anatase TiO, nanofibers are
grinded and fabricated into thin film electrodes to transport photogenerated elec-
trons, the enlarged surface area, reduced crystal defects, and 1D electron pathway
along the nanofiber will lead to the enhancement of light absorbers loading and
sunlight harvesting efficiency (Chuangchote et al. 2008). Hollow rice grain-shaped
TiO; nanostructures with abundant nanopores, reduced grain boundaries, direct elec-
tron transportation, and large surface area were prepared by simple electrospinning
of PVAc (Mw = 500,000) and titanium isopropoxide mixture followed with high
temperature calcination. Then, they were used as electron transport material in a
perovskite solar cell and the champion PCE of 14.2% is achieved for 1 cm? device,
which was 47.9% higher than its planar counterpart (with an efficiency of just 9.6%,
Fig. 10) (Ma et al. 2019).

2.4.2 Electronic Applications

Nanofibers made of sensing materials have shown the high sensing behavior with
fast response sensitivity. It is widely accepted that the electrospun nanofibers with
good mechanical durability, high surface area, and aligned charge carrier transport
can supply better structure reinforcement and achieve high sensing performance.
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Fig. 10 a The TEM image of the fabricated rice grain-shaped TiO, nanostructures. b The photocur-
rent—voltage curve of the champion device with an active area of 1 cm?. ¢ The proposed mechanism
for the enhanced performance of the rice grain-shaped TiO, nanostructure-based PSCs (Ma et al.
2019)

Motion Sensors

Piezoelectric materials, which can convert mechanical deformation into electric
signals, are widely used to fabricate motion sensors,which are demanded for the
wearable devices for power generation and body movement sensing. The electro-
spun fibers exhibit high mechanical endurance and enhanced piezoelectric property
because of their unique morphologies. By applying the stretching-induced alignment
method upon just-prepared poly[(vinylidenefluorid-co-trifluoroethylene)] P(VDF-
TrFE) fibers, the highly oriented P(VDF-TrFE) fiber mat can be obtained. The 80%
aligned electrospun P(VDF-TrFE) fibers show high output voltage of 84.96 mV
(Fig. 11). The aligned electrospun P(VDF-TrFE) fiber bundle was integrated in daily
cloth to monitor real-time body gestures (Ma et al. 2018).
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Fig. 11 a Twisted electrospun P(VDF-TrFE) fiber bundle integrated into cloth. b Monitoring
different body movements (45°,90°, and 135°). ¢ Corresponding voltage outputs and d their average
values for different body movements (Ma et al. 2018)

Voltage Output (mV)
13
=

Chemical Sensors

When chemicals (usually liquid or gas) contacts with some nanostructured semi-
conductors, the charge transfer between the chemicals and the semiconductors will
lead to resistance change of the semiconductors. One can get the information about
the chemicals by fabricating chemical sensors based on these semiconductors by
tracking the electric resistance change. It is commonly known that the size of the
nanomaterials will affect the internal free charge carriers transport, so the chemical
sensors fabricated with electrospun nanomaterials may exhibit faster and more sensi-
tive response when compared to the conventional powder samples. For example, the
electrospun SnO, and MoOj3 nanowires have been observed with higher sensitivity
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and faster response time in detecting H,S and NHj3 than their thin film counterparts,
respectively (Sawicka et al. 2005). Also, the detection threshold of the chemical
sensors based on the electrospun nanomaterials is very low, such as electrospun ZnO
nanowires can detect ethanol vapor with a concentration of just 10 ppm (Wu et al.
2009).

Actuators

Contrary to motion sensors, the actuators are a kind of devices designed to convert
electrical energy into various mechanical motions. The electrospun flexible nanofiber
mats can be used to enhance the mechanical properties of the device by increasing
the strain since the electrolyte can better penetrate into the porous structure of the
electrospun nanofiber membranes. The response rate of the electrospun nanofiber
mat-based actuator can be increased since high ion mobility can be guaranteed.
Some thermal sensitive nanofiber mats have been fabricated for the construction of
unique thermal response actuators.

Optoelectronics

With regard to the optoelectronics, the 1D electrospun nanofibers with high conduc-
tivity can efficiently transport the photogenerated charge carriers. When compared to
the traditional thin film, an electrospun Al doped ZnO nanowire shows higher sensi-
tive photoresponse under below bandgap light illumination. Intrinsic p-type quasi-1D
CuO nanofibers fabricated with rotating electrospinning method have been used to
construct low-cost and photo-sensitive field-effect transistors (Wu et al. 2006).

2.4.3 Bioengineering and Biotechnology

The nanofibers made of biocompatible materials are widely investigated for
implanting into patient’s body for the purpose of repairing the diseased tissues
(Fig. 12, Yang et al. 2012). The well-designed bio-friendly nanofiber mats have
shown the capacity to separate the bio-interfaces by using different chemical ligands
to functionalize the nanofiber surfaces. The separation efficiency can be remarkably
enhanced due to the high surface area of the electrospun nanofibers. The electro-
spun nanofibers are also regarded as drug carrier with controllable release function.
That is, the electrospun nanofiber mats loaded with specific drug can be used for
surgery wound recovery and controllable deliver the required amount of drug through
patient’s digestive system by encapsulating into capsules.
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Fig. 12 Diabetic skin wound using a rat model for comparison of control and those subjected to
delivery of pbFGF polyplexes from electrospun poly(ethylene imine)/PEG (2 kDa) core/shell fibers
(Fa2: blank fibers and Fb2: fibers with pbFGF polyplexes in the core) (Yang et al. 2012)

2.4.4 Defense and Security

The electrospun nanofiber mats can be used as protective clothing for the soldiers’
safety. By incorporating the nanofiber mats, the protective cloth can kill/degrade the
biological warfare agents and harmful chemicals. Work together with the chemical
sensors, the protective clothing can perception the danger in advance to avoid body
injure from chemical weapons.

2.4.5 Environmental Engineering

In the aspect of environmental engineering, the electrospun nanofiber mats can be
used to filter dusts and hazardous substances. Polluted air or solutions can be purified
by these nanoscale porous membranes. Also, the bacteria or organic groups within
the air or solutions can be killed or degraded by the functionalized nanofibers by
surficial decorated with some functional chemical groups, and this technique has
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Fig. 13 a, b Photographs of a place in Beijing during sunny and hazy day with high PM2.5 level.
c—e Schematics of different air filters that capture PM particles (Liu et al. 2015)

shown great potential to protect people outside/inside a room (Fig. 13, Liu et al.
2015).

3 Conclusion

In this chapter, information about electrospinning nanofibers is comprehensively
introduced, including the materials for nanofiber fabrication, processing mechanism
and parameters of electrospinning techniques, special electrospinning techniques,
and potential applications of electrospun nanofibers.

The electrospinning technology can generate ultrathin fibers by using a wide
variety of materials that contain the most commonly used polymers, metal
oxides/ceramics, and composites. There are several necessary parts for a standard
electrospinning setup, including a spinneret (usually a needle with a syringe), a pump
that can maintain the feeding, a high-voltage power source (usually several tens of
kilovolts), and a conductive collector to gather the resultant. During the electrospin-
ning process, there are a number of factors that can determine the final morphology
and property of the resultant fibers, including the polymer solution parameter such
as surface tension and viscosity, processing conditions including the voltage and
distance, and the ambient condition like humidity. Besides the conventional polymer
fibers, nanofibers with special morphology and property can be customized with
special electrospinning techniques such as wet- electrospinning, melt electrospin-
ning, core—shell electrospinning, and electrospray technique. The resulted electro-
spun nanofibers can be applied in various situations like energy harvesting and
storage, all kinds of sensing applications, biomedical applications, and environmental
protection.
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Electrospinning is an old technique that has existed for nearly one century, but it
still has so many possibilities in potential innovation and can facilitate the large-scale
fabrication of nanofibers. Electrospun nanofibers have attracted extensive interest as
their diverse applications. And with the problems being continuously addressed and
new modules being developed, this technique is expected to be applied on a broader
platform and contributed to the improvement of daily life in the foreseeable future.
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Wei Liu and Ling Zhu

Abstract This chapter reports a comprehensive review of the nanofiber gas sensor
for enabling fast, relatively inexpensive, and minimal monitoring of the target gas
concentration. The front part provides detail information on the sensing mechanism,
evaluation criteria and application fields of the nanofibers-based gas sensor. The
sensing mechanism mainly divided into the ionosorption model and oxygen-vacancy
model, which can determine the fundamental factor for the evaluation of sensing
performance. The main application fields focus on public safety, food processing,
environmental monitoring, and disease diagnosis so far. The rear section then
discusses the effect of the composition and morphology of nanofibers for the sensing
performance in detail. Construction of multiple heterojunction components and
various dopants, including the noble metal and the rare-earth, can effectively improve
the sensing performance of the nanofiber-based gas sensor, which can provide more
oxygen-vacancy and active sites. Meanwhile, the control of morphology provides a
larger specific surface area and more gas diffusion channel. This chapter might bring
further development and evolution of sensors based on nanofibers for the detection
of various analytes.

Keywords Nanofibers - Metal oxide - Gas sensor * Sensing materials + Sensing
performance

W. Liu ()

College of Electronics Science and Technology,

Shenzhen University, 518060 Shenzhen, People’s Republic of China
e-mail: weil@szu.edu.cn

L. Zhu

Key Laboratory of Optoelectronic Device and Systems of Ministry of Education and Guangdong
Province, College of Optoelectronic Engineering, Shenzhen University, 518060 Shenzhen,
People’s Republic of China

e-mail: zhuling@szu.edu.cn

© Springer Nature Singapore Pte Ltd. 2020 133
L. Wei (ed.), Advanced Fiber Sensing Technologies,

Progress in Optical Science and Photonics 9,

https://doi.org/10.1007/978-981-15-5507-7_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-5507-7_8&domain=pdf
mailto:weil@szu.edu.cn
mailto:zhuling@szu.edu.cn
https://doi.org/10.1007/978-981-15-5507-7_8

134 W. Liu and L. Zhu

1 Introduction

With the development of the Internet of Things, big sensor data will leverage capa-
bilities such as cloud infrastructures for data storage, processing, and visualization.
Access to this data will become pervasive, especially through mobile devices (Kim
etal. 2015). Gas sensors are expected to be one of the largest generators of data in our
everyday life, which can be converted into visual signals through the sensor output.
It brings a huge hope for the rapid in situ detection of a series of volatile organic
compounds (VOCs) and toxic gases derived from industrial sources, automobile
engines, and biomarkers in human exhalation (Lu et al. 2016). It is well-known that
gas sensor performance features such as sensitivity, selectivity, response and recovery
times, stability, durability, reproducibility, and reversibility are largely influenced by
the properties of the sensing materials. Many various sensing-active materials, such
as inorganic materials, conducting polymers, carbon materials, as well as multiple
composites, have been used as sensing materials to detect the targeted gases based
on various sensing techniques and principles (Ramgir et al. 2010). There are two
important functions in gas sensing processes, receptor and transducer functions. The
receptor function explains the importance of the surface reactions dominated by the
chemisorbed oxygen species on the surface of the sensing materials. On the other
hand, the transducer function is related to the transduction of the sensing signal
induced by the chemical reactions into an output signal such as resistance (Kim
etal. 2017a, b). Besides, it is worth noting that the performance of gas sensors is also
strongly affected by the specific surface area and the number of active sites of sensing
materials from the fundamental understanding of basic gas sensing mechanisms and
structural design principles. For this reason, many efforts have been focused on
different morphology and composite materials for high-performance sensors with
enhanced gas sensing properties.

Among different morphology and composite nanomaterials, nanofibers benefiting
from the advantages of large surface-area-to-volume ratio, tailored pore structures,
large stacking density, and ease of surface modification which can achieve high
sensitivity, selectivity, fast response and recovery, and good reversibility (Zhou et al.
2019a, b). Generally, the nanofibers are deposited on a fixed collector in a three-
dimensional nonwoven membrane structure with a wide range of nanofiber diameter
distribution, which can further provide interconnected porous structure and more
gas diffusion channels (Liu et al. 2019a, b, c, d). For this reason, nanofibers are
expected to be an ideal candidate as the structure of sensing materials. However,
single-component nanofibers have been difficult to meet all the demand for ideal
sensors. To solve this problem, many previous studies have shown that the gas
sensing performance of sensors can be remarkably improved through the integra-
tion of multiple composites and dopants, including the noble metals and the rare
earth elements. The multiple composites can construct the heterogeneous structure,
and the intimate electrical contact on the surface of different nanofiber materials
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leads to charge transfer and the formation of an electron depletion layer, which can
improve gas sensing performance. The doped elements can enter the nanofiber lattice,
changing the crystal structure or electronic structure of the host material, and change
the morphology of the material during synthesizing processes (Wang et al. 2010).

This chapter focuses on nanofiber-based gas sensors with high surface area,
tenable morphology, and chemically nanostructure effect as well as the relevant basic
theories and concepts. Various factors that have an influence on the sensing perfor-
mances of nanofiber-based gas sensors, such as multiple compositions, dopants,
morphology, and surface-modified properties of nanofiber materials, along with the
in-depth elucidation on the gas sensing mechanism, are thoroughly discussed and
analyzed. And also, this chapter can serve as valuable guidance for new researchers in
the gas sensing area, including the basics, the sensing mechanism, and the advanced
application of nanofiber-based gas sensors.

2 Main Body Text

2.1 Nanofiber Gas Sensors: Sensing Mechanism, Evaluation
Criteria, and Application Fields

2.1.1 Sensing Mechanism

Extensive research efforts are directed towards the development of highly sensitive
gas sensors using nanofiber materials, which is a typical resistive gas-sensor. Under-
standing the sensing mechanism is necessary to evaluate the merit and demerit of
nanofiber materials with different nano-sized crystals and grains. In terms of the
material properties, the gas-sensor based on the nanofiber materials is subject to the
semiconductor gas sensor, which can be distinguished as n-type and p-type semicon-
ductors. The resistance of n-type semiconductors is decreased upon contact with a
reducing analyte and increased with an oxidizing one. In contrast, p-type semicon-
ductors have the opposite trend. In detail, two main sensing mechanism is currently
approbatory as Gurlo and Riedel mention, the “Ionosorption” and “Oxygen-Vacancy”
models (Gurlo and Riedel 2007), since they have been repeatedly discussed in mech-
anism studies. It must also be kept in mind that the mechanism may be influenced
significantly by the materials and other testing conditions.

2.1.2 Ionosorption Model

In the ionosorption model, the detection of gases can be subdivided between recep-
tion and transduction function. The receptor function concerns the ability of the oxide
surface to interact with the target gas. As shown in Fig. 1a, the adsorbed oxygen acts
as a receptor, which can react with the target gas to produce H,O and CO,. More
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Fig. 1 a Receptor and transducer functions of the semiconductor gas sensor. b Simplified model
illustrating band bending after the ionosorption of oxygen on the surface sites of semiconductor
(Ec, Ev, and EFf represent the energy of the conduction band, valence band, and the Fermi level,
respectively, while A, and eV represent the thickness of the electron depletion layer and the poten-
tial barrier height, respectively. The e and + represent conducting electrons and the donor sites,
respectively). ¢ The oxygen species at different temperatures on the surface of the semiconductor.
Reproduced from ref. (Franke et al. 2006). Copyright 2006, Wiley-VCH

specifically, oxygen is adsorbed on the grains as the negative charge ions when the
semiconductor oxide exposure to the air, and inducing the formation of the electron
depletion layer. Upon exposure to the target gas, the adsorbed oxygen is consumed
and decreased down to a steady-state level, resulting in the change of electronic on
the oxide surface. After the reception of the target gas by a change in ionosorbed
oxygen concentration, the conductivity of oxide is quantitatively varied in compli-
ance with its transduction function. This function has been explained by assuming
a formation of double Schottky barriers for the transport of electrons through grain
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boundaries. The ionosorbed oxygen scatters electrons within the Debye length () of
oxide reducing its electron mobility. The resistance and gas sensitivity of the device
hardly depend on the grain size (diameter, D). For large grains (D > §) the sensing
mechanism is controlled by the grain boundaries. For ultra-fine nanoparticles, there
are two possible mechanisms as a function of the grain size. If the grain size is bigger
than twice the Debye length of oxide, a conduction channel (L) with bulk mobility
exists within a diameter (L = D-2§) from the grain center. In contrast, if the grain
size is smaller or equal to twice § and the whole grain is depleted, the ionosorbed
oxygen may induce more conduction channel through the oxide. At last, the element
refers to effective transduction of the target gas concentration information into a
macroscopically accessible signal, that is, the change of the electrical resistance.
When the oxygen is ionosorbed on the metal oxide surface, which can act as
electron acceptors due to their relative energetic position concerning the Fermi level
(Fig. 1b). The required electrons for this process originating from donor sites, which
are extracted from the conduction band and are trapped at the surface, leading to an
electron depleted surface region, the so-called electron depletion layer. The nega-
tive surface charge leads to band bending and generates a potential barrier height.
The height and depth of the band bending depend on the surface charge, which is
determined by the amount and type of adsorbed oxygen. At the same time, the elec-
tron depletion layer depends on the Debye length, which is a characteristic of the
semiconductor material and can fulfill the following equation (Yamazoe et al. 2003):

eoekgT
€2Nd

where kg is Boltzmann’s constant, ¢ is the dielectric constant, & is the permittivity
of free space, T is the operating temperature, e is the electron charge, and N is the
carrier concentration, which corresponds to the donor concentration assuming full
ionization.

For the polycrystalline sensing materials, electronic conductivity occurs along
percolation paths via grain-to-grain contacts and therefore depends on the value of
eV of the adjacent grains. In here, eV represent the Schottky barrier. The conduc-
tance G of the sensing material, in this case, can be written as (Madou and Morrison

2012):
G ~ ex —eVs
P\TsT

In addition, atmospheric oxygen can dissociate into different forms at different
temperatures, which can be classified as O,~, O™, and 0%, respectively. As shown
in Fig. Ic, the more probable mechanisms of oxygen interaction with the sensing
layer are the physisorption or chemisorption of O, in the molecular form in the lower
operating temperature range (7 < 420 K). In this temperature range (420 K < T<
670 K), the atmospheric oxygen molecular and the adsorbed oxygen can dissociate
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into O™, which can cause a fast change of resistance. In the higher temperature range
(T = 670 K), the sensing mechanism becomes bulk controlled. When the adsorbed
oxygen can dissociate into O—, the O— also can dissociate into O>~, and oxygen
desorption becomes predominant (Neri et al. 2007).

2.1.3 Oxygen-Vacancy Model

This model concerns the oxygen vacancies at the surface, which are the critical
factor for the chemiresistance gas sensor. For the oxygen-deficient sensing material,
oxygen vacancies act as electron donors. Once the reducing target gas contacts with
the sensing material, the partial reduction further induce more oxygen vacancies
and thereby injection of free electrons in its conduction band, that is, increased
conductivity. More specifically, the target gas removes oxygen from the surface of
the lattice and thereby producing an oxygen vacancy. Meanwhile, the ionized vacancy
introduces electrons into the conduction band and increasing the conductivity. When
the reducing target gas is removed, the surface is reoxidized filling the

vacancy, one or more electrons are taken from the conduction band, which results
in the decrease in conductivity (Tricoli et al. 2010). The role of oxygen-vacancy
for oxidizing target gas is strongly material and temperature-dependent and requires
further understanding. Furthermore, the slow kinetics of oxygen exchange at the
surface and the immobilized ionization of oxygen vacancies at the operating temper-
atures are often not considered or avoided by the nonrealistic experimental condi-
tions. To summarize, oxygen vacancies are elusive, almost invisible, but crucial
entities on the surface of oxides. While the vast majority of the regular surface sites
may not be involved in chemical reactions at room temperature, the defect sites,
and the oxygen vacancies are among the most reactive sites of the whole surface
(Pacchioni 2003). Thus, new perspectives should be proposed for the understanding
of the oxygen-vacancy model, such as the characterization of spherical aberration
coefficient-corrected transmission microscopy in the aspect of atoms.

2.1.4 Evaluation Criteria

The use of nanofiber-based gas sensor has potential advantages compared to conven-
tional thin-film devices due to the large surface-area-to-volume ratio, tailored pore
structures, large stacking density, and ease of surface modification of nanofi-
brous membranes, which can achieve high sensitivity, selectivity, fast response
and recovery times, and good reversibility. The performance of gas sensors can be
evaluated by different parameters like sensitivity, selectivity, stability, response and
recovery time, reversibility. Here, we will introduce the definition and understanding
of several most important evaluation criteria for nanofiber-based gas sensors.
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2.1.5 Sensitivity

Sensitivity is one of the most essential indicators which describes the activity of
a sensing material to target gas. Sensitivity can be defined as R,/R, for reducing
gases and R,/R, for oxidizing gases, where R, is the resistance of the gas sensor
in the clean carrier (usually air) and R, stands for the resistance of the sensor in
the target gas (Wetchakun et al. 2011). Sometimes the concepts of sensitivity and
response are ambiguous since both describe the variation degree of the resistance
change. Therefore, other expression forms of sensitivity are also expressed by [(R,
— Ry)/R,]*100% (Patil et al. 2015).

2.1.6 Selectivity

Selectivity is the ability of the gas sensors to detect a specific gas in a mixture of
gases. Itis well-known that gas sensors are normally sensitive to more than one target
gas and usually show cross-sensitivities. Thus, selectivity is a measurand, which can
be estimated by comparing the effects of different gases on a sensor. A major short-
coming of some semiconductor oxide as sensing material is its low selectivity, due to
the presence of a wide range of adsorption sites on its surface that cannot distinguish
the contribution of each type of gaseous molecules to the total electrical signal. The
surface modification of a highly dispersed oxide matrix with clusters of transition
metals or their oxides may affect the electrophysical and chemical properties of the
surface, which can improve the selectivity. In addition, some materials can show
different selectivity profiles at different operating temperatures due to the dispropor-
tionate sensitivity change toward various gases during the change in temperature.
Take CO gas as an example, the typical behavior of the sensor response to a target
gas as a function of the operating temperature as shown in Fig. 2. The unsatisfac-
tory sensitivity at low temperature can be attributed to the insufficient dissociative
adsorption of oxygen and less CO molecules adsorb in the surface and conversion to
CO; molecules. When the sensor is working at high temperature, the poor sensitivity
can be attributed to the insufficient desorption of CO and chemisorbed oxygen. This
means that gases possessing a specific combination of adsorption/desorption param-
eters and reaction rates might have different temperature profiles of sensor response
and therefore these gases could be selectively recognized (Morrison 1987).

2.1.7 Stability

The stability presents the performance of the gas sensor to maintain its output signal
over a long period and to target systematically varying concentrations of a target
gas. The baseline resistance shift as well as decreasing the sensitivity of a sensor.
The growth of grain at the high operating temperature and the crystallization are the
major reasons, which can cause the sensing performance gradually degenerate in the
process of long-term measurement. Studies show that each size of crystallite has its
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Sensor response (arb.un.)

Operating temperature (arb.un.)

Fig. 2 Adsorption/desorption parameters controlling temperature dependence of oxides gas
response to CO: aco and aq are the adsorption coefficients of CO and O2; Bco and Bco, are
the desorption coefficients of CO and CO;; 3 and B4 are the coefficients of charging and neutral-
ization of CO»; Eg and Ec are the adsorption activation energies of O, and CO, ¢gco and gco, are
the desorption activation energies of CO and CO,. Reproduced from ref. (Korotcenkov and Cho
2013). Copyright 2013, Elsevier

threshold temperature, above which a tendency of grain size growing occurs. The
studies present the related rule of the size of grains and threshold temperature, which
can be described by the expression (Korotcenkov et al. 2005):

Ty = 420(1g D)¥*(°C)

where T is threshold temperature, D is grain size. Therefore, the stability is
controlled by some of the energy of grains (energy of vacancy formation) char-
acterizing the thermodynamic stability of crystallite. In addition, the factors which
might be responsible for instability are structural transformation, phase transforma-
tion, poisoning, degradation of contacts and heaters, bulk diffusion, error in design,
change in humidity in the surrounding atmosphere and interference effect (Korot-
cenkov and Cho 2017). But there is no uniform approach to increase the stability of
the metal oxide sensors up to now.

2.1.8 Response and Recovery Time

Regarding the response and recovery times of the sensor, the response times is defined
as the time at which the response value reaches 90% of its maximum one after
the injection of target gas, while the recovery time is defined as the time at which
the response value is decreased to its 10% of its maximum one after target gas
was replaced by air (Liu et al. 2019a, b, c, d). The response kinetics is mostly
determined by gas diffusion processes and chemical reactions between the solid
surface and gaseous molecules. Generally, higher porosity sensing materials provide
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more channels for gas diffusion and ensure faster response and recovery than bulk
materials. Increasing the operating temperature can also speed up the response and
recovery behaviors, which can improve the reaction rate (Liu et al. 2018a, b, c, d;
Zhou et al. 2019a, b).

2.1.9 Reversibility

Reversibility is described as whether a sensor signal returns to its original state when
gas concentration returns to a normal state. More particularly, target gas and sensing
materials interaction are considered reversible if removal of the target gas from the
ambient air results in its complete desorption from the sensing materials, with no
permanent physical or chemical change has occurred. On the other hand, the slow
reversible process at room temperature should be distinguished with the process
of truly irreversible (Wu et al. 2018). Note that the sensor signal is fundamentally
different for the process of reversible and irreversible. For a reversible sensor, the
frequency or amplitude change is proportional to target gas concentration. In this case,
sensitivity is determined by the equilibrium value of the signal, relative to its baseline;
upon removal of the target gas, the sensor signal returns to its original baseline value.
For an irreversible sensor, however, exposure to the target gas produces a change
in signal from which the sensor does not recover; repeated exposures produce a
corresponding permanent shift in the baseline value. Thus, excellent reversibility
is essential when considering scaling up to large-scale production of commercial
devices in the actual application.

2.1.10 Application Fields

Nanofiber-based gas sensors have been applied in many fields including envi-
ronmental monitoring, public safety, process control, and medical diagnostics.
Nanofibers can be very useful components for the highly sensitive gas sensors due
to their ultra-small size, high surface to volume ratio, surface reactivity, and low
power consumption. Figure 3 shows a schematic summary of some rapidly emerging
sensing concepts for public and workplace safety personalized medicine. Kim et al.
designed bimetallic Pt-based nanoparticles supported mesoporous WOj3 nanofibers
that demonstrate unprecedented sensing performance for detecting different target
biomarkers in highly humid exhaled breath, which can clearly distinguish between the
breath of simulated biomarker and healthy controls by assembling sensor arrays (Kim
et al. 2017a, b). Lichtenstein et al. proposed chemically modified nanofibers-based
devices arrays enable the supersensitive discriminative detection of explosive species,
which allow for the rapid detection of explosives down to the parts-per-quadrillion
concentration range from air collected samples, and these detection results represent
the first generation of analytical platform for the ultra-trace detection and identifi-
cation of a broad range of explosives species (Lichtenstein et al. 2014). Liu et al.
reported the Pt@In, O3 core-shell nanofiber-based sensor, which can function as an
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Fig.3 Schematic summary of nanofiber gas sensors for practical application. For example, a Diag-
nosis of multi-diseases sensor array (Kim et al. 2017a, b), Copyright 2017, Wiley-VCH. b Detection
traces of explosives (Lichtenstein et al. 2014), Copyright 2014, Springer Nature Publishing. ¢ Diag-
nosis of diabetes (Liu et al. 2018a, b, ¢, d), Copyright 2018, Springer Nature Publishing. d Electronic
nose (Moon et al. 2016), Copyright 2016, American Chemical Society. e Single-aligned CO sensors
(Nikfarjam et al. 2017), Copyright 2017, American Chemical Society. f Carbon nanotubes sensors
(Lu et al. 2015), Copyright 2015, Elsevier. g Eye-readable H, sensors (Han et al. 2017), Copyright
2017, Wiley-VCH. h Transparent devices (Wan et al. 2015). Copyright 2015, Wiley-VCH

ultrasensitive sensing platform for the real-time detection of diabetes biomarkers
in exhaled breath by portable sensing device (Liu et al. Liu et al. 2018a, b, c, d).
Moon et al. displayed different nanofibers based on three metal oxide materials to
obtain electrical responses to targeted gases, the sensing properties were carefully
measured in a chemiresistive electronic nose condition to exhaled breath, such as
H,S, NH3, and NO, known as biomarkers for human diseases (Moon et al. 2016).
Nikfarjam et al. fabricated a single-aligned TiO, nanofiber using a novel electrospin-
ning procedure equipped with secondary electrostatic fields on highly sharp trian-
gular and rectangular electrodes provided for gas sensing applications. The results
exhibited that the rational design highly impact sensitivity improvement of the CO
sensor in the range of ppt, and it can be employed for different related applications.
Lu et al. investigated single-walled carbon nanotube-coated sensor arrays for the
detection of volatile organic compounds on both chemiresistors and quartz crystal
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microbalance, which provided insight into the inter-tube interlocks and conductivity
modulation of acidified single-walled carbon nanotube via a hydrogen bond (Lu
et al. 2015). Han et al. presented a geometry-switchable and highly H,-reactive
Janus nanofiber array inspired by the structural features of the arthropod sensilla,
which allowed simple structural change with the naked eye without requiring addi-
tional electrical apparatus. It can potentially be employed in wetting-controllable,
H,-reactive nanoactuators and in hazard warning devices that use an Hj-sensitive
fastener (Han et al. 2017). Wan et al. showed carbon nanotube networks coated with
hierarchically nanostructured polyaniline nanorods assembled a flexible, transparent,
chemical gas sensor. The device demonstrated excellent sensitivity at room temper-
ature towards ammonia gas without any obvious decrease in performance after 500
bending and extending cycles. It is anticipated that the research can be extended to
other conducting polymer-containing nanocomposites, which can create opportuni-
ties for developing a low-cost, sensitive, reliable handheld, wearable, and transparent
gas sensor electronic devices (Wan et al. 2015).

2.2 Nanofiber Gas Sensors: Composition and Morphology
and Sensing Performance

2.2.1 Composition and Morphology

Nanofibers are featured with ultra-small size, high surface to volume ratio, large
surface area, and small pore size. Various materials such as inorganic material,
organic material, and carbon material can be used to fabricate uniform nanofibers with
well-controlled sizes, compositions, and morphologies. Different nanofiber compo-
sitions and morphologies can be obtained via control of the processing conditions,
which can improve the sensor performance with binary oxides heterojunctions, noble
metal modification, and specific elements doping. To date, a variety of specific fiber
structures originating from the complex self-assembly processes have been fabri-
cated by carefully controlling the preparing conditions, such as ribbon nanofiber,
helix nanofiber, porous nanofiber, necklace-like nanofiber, core-shell nanofiber,
and hollow nanofiber. The following section will highlight the key microstructure
categories that control gas sensing properties.

2.2.2 Inorganic Nanofibers

A great variety of inorganic nanofibers such as ZnO, SnO,, TiO,, In,03, and
WOs3 have proven to be excellent gas sensing materials for the detection of both
reducing and oxidizing gases, including Hj, ethanol, NO,, acetone, and toluene.
Different compositions and morphologies states of inorganic nanofibers have been
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studied to be used in nanofiber gas sensors. It is reported that polycrystalline self-
supporting ZnO nanofibers with an average diameter of 50 nm exhibit excellent
sensing properties towards NO, at an operating temperature of 100 °C, including a
lower detection limit (about 25 ppb), and high sensitivity (Aziz et al. 2018). Facile
synthesis of bimodal pores-loaded tubular SnO, nanostructure functionalized by
protein-templated Pt catalysts via advanced electrospinning. Plenty of mesopores
and macropores are formed on the thin-wall of SnO, nanotubes as shown in Fig. 4a,
which can facilitate gas diffusion into sensing layers. The combined synergistic effect
of porous nanotubular morphology and uniform distribution of Pt nanoparticles on
SnO; nanotubes enabled high sensitivity, superior selectivity against other inter-
fering gases, and very low limit of detection (10 ppb) to simulated diabetic acetone
molecules (Jang et al. 2016). By the coaxial electrospinning method, the TiO,-SnO,
core-shell nanofibers were successfully synthesized. Compared to pure TiO, and
SnO;, the TiO,-SnO, core-shell nanofibers illustrated that the excellent response
to acetone, selectivity to acetone and response/recovery processes, which can be
attributed to hierarchical heterostructure provide more adsorbed oxygen species and
electron depletion layer on the surface of the core-shell nanofibers (Li et al. 2017).
Besides binary composites for TiO», ternary composites of Pt@ZnO-TiO, nanotubes
can be designed as a high sensitivity toluene gas sensor. Figure 4b presents the small-
sized and well-dispersed Pt NPs that by assembling into the ZnO nanoparticles fixed
on the surface of TiO; nanotubes. The result exhibited that the ternary composites
exhibit higher response, lower operating temperature and faster response/recover
speed during the dynamic measurement towards toluene gas (Liu et al. Liu et al.
2018a, b, ¢, d). For In,O3 nanofibers, the studies show that the doping of noble
metal and rare earth can change the morphology structure and effectively increase
the specific surface area. As shown in Fig. 4c, the porous and ultra-length Pt-doped
In, O3 nanofibers were obtained through the electrospinning and soaking method and
the process of annealing, which can provide more gas diffusion paths and active sites
for the gas sensor. It demonstrated superior performance in selectivity, reversibility,
time stability with a period longer than 50 days and anti-humidity properties towards
acetone gas (Liu et al. 2019a, b, ¢, d). Xu et al. prepared highly porous In,O3
nanotubes with doping rare earth, which is all with a controllable diameter of 80 nm
and a wall thickness of 15 nm. The rare-earth doping has great influences on the
structure and room-temperature gas-sensing properties of In,O3; nanotube sensors
toward H,S. It is important to observe that the lattice constants of the cubic In,O3
nanotube gradually decreased with the varied rare-earth dopant, which exhibited the
excellent room-temperature response sensitivity to 20 ppm H,S and response value
reached as high as 1241 (Xu et al. 2010).

Despite many efforts for the improvement of the gas sensing property, the pure
inorganic nanofibers still exist many limitations, such as the excellent selectivity.
In order to overcome the drawbacks of inorganic nanofiber-based sensors, the func-
tional group modified nanofiber-based sensing devices have been developed to an
excellent candidate towards the selectivity sensing performance. Scattered researches
have investigated the performances of sensors based on functional group modified
nanofibers. As shown in Fig. 4d, the report presented a sub-ppm level NO, gas sensor
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Fig.4 aSEM and TEM images of the porous thin-wall of SnO; nanotubes and the dynamic response
curve towards acetone gas. Reproduced from ref. (Jang et al. 2016). Copyright 2016, Wiley-VCH.
b SEM and TEM images of Pt@ZnO-TiO; nanotubes and the dynamic response curve towards
toluene gas. Reproduced from ref. (Liu et al. 2018a, b, c, d). Copyright 2018, Elsevier. ¢ SEM and
TEM images of Pt functionalized porous Iny O3 nanofibers and the dynamic response curve towards
acetone gas. Reproduced from ref. (Liu et al. 2019a, b, c, d). Copyright 2019, Elsevier. d SEM and
TEM images of the APTES functionalized porous WO3 nanotubes and the dynamic response curve
towards NO; gas sensor Reproduced from ref. (Liu et al. 2018a, b, ¢, d). Copyright 2018, Royal
Society of Chemistry

based on porous WOj3 nanotubes, which were chemically surface-modified with 3-
aminopropyltriethoxysilane (APTES). The concept is to incorporate two substan-
tial requirements of practical gas sensors, sensitivity, and selectivity, the rational
design porous thin-walled WO3 nanotubes as a scaffold providing larger surface
area, more gas diffusion channel towards the improvement of sensitivity, and the
surface-functionalized APTES with amino groups that selectively react with NO,.
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The amino groups modified WO; nanofibers sensor demonstrated a low detection
limit of 10 ppb, quick response and recovery times of 11 s and 12 s with a response
value of 184 (10 ppm NO,), and long-term stability even at high humidity. This
structure and method can be extended to design other types of highly selectivity
gas sensors and will also provide an economical yet powerful tool for developing
portable and flexible sensors, especially for environmental air quality monitoring
(Liu et al. Liu et al. 2018a, b, c, d).

2.2.3 Organic Nanofibers

During the last decade, organic nanofibers have also been investigated for the detec-
tion of the gas sensor as alternatives to inorganic nanofibers, that is, conducting
polymer nanofibers. The most commonly conducting polymers applied to the gas
sensor has been reported for polyaniline (PANI), polypirrole (PPy), and polythio-
phene (PTh) and their derivatives. The advantages of using conductive polymers in
gas sensors regard the high sensitivity and the possibility to perform detection at room
temperature. The principle of the sensitivity of conducting polymer-based sensors is
based on the chemical reactions occurring between the conducting polymer and the
analyte, or by changes in the physical properties of the system. The conducting
polymer sensing layer can interact chemically or physically with the analyte of
interest and then generate a signal which may be qualitative or quantitative.

As shown in Fig. 5a, the study successfully fabricated PANI/polyacrylonitrile
uniaxially aligned coaxial nanofiber yarns with a novel electrospinning method and
followed by in situ solution polymerization. The core-shell nanofiber-constructed
single yarn combined high mechanical performances of polyacrylonitrile with high
conductivity of PANI, and it was long and robust enough to handle, which are capable
of being manufactured into different textile architectures. The yarn sensor exhibited
a high and fast sensing response towards NH3 in the range of 10-2000 ppm at room
temperature. These results demonstrate that the yarn sensor consisting of coaxial
PANI/polyacrylonitrile nanofibers can be used as an alternative sensing element for
wearable gas sensors (Wu et al. 2017). For PTh nanofibers, Fig. 5b showed the PTh
sensing thin films with an interconnected nanofiber network and exhibited different
morphology and by chemical bath deposition method on a glass substrate. This study
highlighted the crucial role of monomer concentration to optimize highly porous
interconnected PTh nanofibers network with precise control of pore size. Moreover,
the present PTh sensing thin films successfully demonstrated for the gas sensing
properties, which can display a high response and selectivity, towards NO, gas at
room temperature (Kamble et al. 2017). Zhang et al. reported that a novel sensor
based on the PPy nanofiber arrays by electropolymerization in the anodic aluminum
oxide as shown in Fig. 5c, which presented a significantly high surface-to-volume
ratio, high density, and small diameter (about 50 nm). The PPy nanofiber sensor was
sensitive to ammonia at room temperature and showed a relatively high response in
low concentration and comparatively short response and recovery time (Zhang et al.
2009).
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Fig.5 a SEM images of PANI/polyacrylonitrile uniaxially aligned coaxial nanofiber yarns and the
resistance transients towards ammonia at room temperature. Reproduced from ref. (Wu et al. 2017).
Copyright 2017, Elsevier. b SEM images of PTh nanofiber and the dynamic response of NO, gas
sensor at room temperature. Reproduced from ref. (Kamble et al. 2017). Copyright 2017, Elsevier.
¢ SEM images of PPy nanowires and the time-dependent change of the resistance towards ammonia
at room temperature. Reproduced from ref. (Zhang et al. 2009). Copyright 2009, Elsevier

2.2.4 Carbon Nanofibers

Carbon nanofibers are one of the advanced functional materials and possess many
desirable mechanical and chemical properties towards gas detection, which super-
sede many of the advanced materials of today. Generally, the sensing function of
the carbon nanofiber composites is realized by testing the variation of electrical
properties that have resulted from the change of the external conditions. The elec-
trical conductivity of the carbon nanofiber composites can be reversibly changed by
several orders of magnitude with the reversible change of the external conditions.
However, commercialization of these potential applications remains elusive mainly
due to the lack of control in the synthesis of specific morphology, diameter, and
length of carbon nanofiber, which influences the device performance. The hybrid
nanofiber-based sensing devices have been developed to combine the advantages of
metal oxides nanoparticle and noble metal modified carbon nanofiber-based sensors.

For the metal oxides nanoparticle modified carbon nanofiber-based sensors,
Seekaew et al. presents a highly sensitive room-temperature gas sensor based on
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titanium dioxide/graphene-carbon nanotube fabricated by chemical vapor deposi-
tion and sparking methods as shown in Fig. 6a. The results indicated that the optimal
sparking time of 60 s led to an optimal sensor response of 42%-500 ppm at room
temperature and exhibited substantially higher toluene response, sensitivity, and
selectivity towards toluene gas (Seekaew et al. 2019). Lee et al. fabricated ultra-
fine ZnO and SnO,-decorated hybrid carbon nanofibers by a single-nozzle co-
electrospinning process using a phase-separated mixed polymer composite solution
and heat treatment. The decoration morphology of the metal oxide nanoparticles
could be well-controlled and these ultrafine hybrid carbon nanofibers were applied
to a dimethyl methyl phosphonate gas sensor at room temperature with excellent
sensitivity and minimum detectable level (0-1 ppb) (Lee et al. 2011). For the noble
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Fig. 6 a SEM and TEM images of titanium dioxide/graphene-carbon nanotube and the response
curve towards toluene at room temperature. Reproduced from ref. (Seekaew et al. 2019). Copy-
right 2019, Elsevier. b SEM and TEM images of ultrafine ZnO and SnO,-decorated hybrid carbon
nanofibers and the resistance transients towards dimethyl methyl phosphonate gas at room temper-
ature. Reproduced from ref. (Lee et al. 2011). Copyright 2011, American Chemical Society. ¢ SEM
and TEM images of multiwalled carbon nanofibers modified with Au nanoparticles and the mean
sensitivity towards NO,, NH3, and H,S at a sensor temperature of 150 °C. Reproduced from ref.
(Dilonardo et al. 2016). Copyright 2016, Elsevier
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metal modified carbon nanofiber-based sensors, Dilonardo et al. presented multi-
walled carbon nanotube-based gas sensors that were decorated by electrophoretic
deposition of electrochemically preformed Au nanoparticles with controlled size and
loading. The measurement result revealed that the highest NO, response up to the
sub-ppm level by using multiwalled carbon nanotubes functionalized by the lowest
Au content instead, and the highest Au loading exhibited the worse NO, response.
Thus, fine- tuning of the surface concentration of deposited Au nanoparticles permits
to control the gas sensor properties.

2.2.5 Sensing Performance

Up to now, many efforts have been made to improve the sensor performance of
nanofiber-based gas sensors including the enhancement of sensor sensitivity, low
detection limit, sensor life, response—recovery time, selectivity as well as lowering
the working temperature (Zhang et al. 2016). A typical method used for these
purposes is the surface modification of the semiconductor metal oxide with various
dopants, mostly noble metals such as Au, Ag, Pt, and Pd or different metal oxides.
Despite the synthesis of noble metal sensitized nanofiber gas sensors as well as
their advanced applications being widely reported, the sensing mechanism is always
ambiguous. In order to understanding the effect of noble metals more systemati-
cally, Liu et al. reported that a sensing array composed of different noble metal
nanoparticles (Au, Ag, and Pt) modified In,O3; nanofiber-based gas sensor sensitive
layers, which can simultaneous detection of multiple exhaled breath biomarkers.
It is exciting to observe that the introduction of noble metal nanoparticles can not
only enhance the sensing performance, but also effectively adjust the selectivity. The
Au—, Ag— and Pt-modified In, O3 nanofiber sensors exhibit excellent selectivity to
hydrogen sulfide, formaldehyde, and acetone biomarkers, respectively. In addition,
the density functional theory (DFT) results indicated that the enhancement of sensi-
tivity and selectivity can be attributed to the strong adsorption energies between the
noble metal nanoparticles and the stable molecular configuration towards certain
target gases at the operating temperature of 300 °C. Furthermore, the sensor array
was further used to the real-time detection of disease biomarkers in simulated exhaled
breath. This work provides give a deeper understanding of the noble metal modifying
effect and a promising technique for noninvasive diagnosis of different diseases (Liu
etal. 2019a, b, c, d) (Fig. 7).

On the other hand, environmental humidity affects the sensing performance of
nanofiber-based gas sensors. Physisorbed and chemisorbed water molecules product
more OH™ ions at high temperature, which may react with surface oxygen vacancy
thereby decreasing the baseline resistance and hence gas response. Adsorption of
water molecules also prevents the chemisorption of oxygen on the surface of the
sensor, which is the prime requirement for the sensor response. Thus, the maxi-
mized improvement of sensing performance need solves the effect of environmental
humidity. Many attempts at eliminating the humidity effect have been made in some
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Fig. 7 a Schematic diagram of the sensor array. b TEM images of Au-, Ag- and Pt-modified
Iny O3 nanofiber. ¢ Dynamic response curves, and d Adsorption energy towards hydrogen sulfide,
formaldehyde, and acetone of Au—, Ag—and Pt-modified InpO3 nanofiber sensors. Reproduced
from ref. (Liu et al. 2019a, b, c, d). Copyright 2019, Royal Society of Chemistry

works. For example, Konvalina et al. introduced humidity compensation and cross-
reactive array methods, which can yield more accurate target gas values at various
humidity levels (up to approximately 80% relative humidity) (Konvalina and Haick
2012). Both Nishibori and Mondal et al. added some extra dehydrating components
to decrease the influence of the humidity. However, these methods also have many
side-effects, resulting in sensing devices that are much larger and more complicated
(Nishibori et al. 2009; Mondal et al. 2011). Liu et al. proposed a type of acetone
sensor with ultra-high sensitivity with Pt@1In, O3 core-shell nanofibers as a sensing
layer and moisture resistance with SBA-15 molecular sieve as a dehumidifying layer.
The In, O3 nanowires with a controllable Pt were designed and prepared by the elec-
trospinning method. The sensor exhibits a high sensitivity, fast dynamic process,
selectivity, and long-term stability towards acetone gas. The detection limit can be
as low as 10 ppb, which is much lower than the concentration level of 1-8 ppm in the
exhaled breath of diabetic patients. The influence of the humidity is greatly weakened
by using the SBA-15 molecular sieve as a moisture filter layer, and improved response
difference between breath samples obtained from healthy people and people with
diabetes. The Pt@In,O5 core-shell nanofibers acetone sensor with the moisture filter
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Fig. 8 a Schematic diagram of Pt@Iny O3 core-shell nanofibers gas sensor device. b TEM images
of Pt@1In, O3 core-shell nanofibers and SBA-15 molecular sieve. ¢ The acetone sensing performance
of Pt@In; O3 core-shell nanofibers and the dehumidifying effect of SBA-15 molecular sieve. d The
measurement of the handheld device towards the diabetic patient and healthy person. Reproduced
from ref. (Liu et al. 2018a, b, ¢, d). Copyright 2018, Springer Nature Publishing

layer has been applied into a simple portable sensing device, which can distinguish
healthy people and diabetic patient and provide a real-time measurement perform
(Liu et al. 2018a, b, ¢, d) (Fig. 8).

3 Conclusion

In summary, nanofiber-based gas sensors are becoming more and more important in
the future, which can apply in numerous modern industrial and medical applications,
including early diagnosis and disease, public safety and environment monitoring. The
continuous advances in nanoscience and nanotechnology, of course, also will boost
the development of the nanofiber-based gas sensor. Nanofiber with well-defined
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material composition and morphology provides a better chance for us to construct
stable and reproducible gas sensors. Various gas sensors comprising nanofibers of
inorganic metal oxide, conducting polymer, and carbon composites were successfully
fabricated with ultrahigh sensitivity, selectivity, very short response and recovery
time, and good reversibility based on various sensing techniques and principles. In
addition, gas sensing mechanisms have been reviewed for better understanding of
their working principles. Then, the influence factors have been described in detail,
such as composites, porous nanostructure, and doping on the nanoscale levels. By
considering those influencing factors on nanoscale, novel nanofibers will be devel-
oped and then nanofiber-based gas sensing properties will be further improved. Thus,
there are still many subjects of research that are worth challenging in order to progress
the innovation of nanofiber-based gas sensors.
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Sapphire-Derived Fibers and Optical m
Fiber Sensing L

Fufei Pang, Zhifeng Wang, Huanhuan Liu, Sujuan Huang,
and Tingyun Wang

Abstract The optical fiber being optical sensors exhibit several advantages
including the immunity to the electromagnetic interference, simple structure, easy
to carry, and large dynamic range. Especially, the possibility of working under harsh
environment marks the fiber sensors that are superior to the electrical sensor coun-
terparts. To achieve new breakthroughs in high-temperature sensing technology,
exploring high-temperature-resistant optical fibers with good mechanical properties
is necessary. The sapphire-derived fiber (SDF), a high-concentration alumina-doped
silica fiber based on a single-crystal sapphire rod, has good mechanical strength,
high-temperature resistance, etc. Such SDF shows great potential in high-temperature
sensing and distributed strain sensing. This chapter mainly introduces the SDF for
high-temperature sensing application. Firstly, the fabrication and the characterization
of SDF have been introduced. Secondly, the SDF-based optical devices have been
discussed including Fabry—Perot interferometer, Bragg grating, Mach—Zehnder inter-
ferometer, long-period fiber grating. Then, the advantages of SDF fiber in the field
of high temperature are proved by introducing the performance of various sensors
based on SDF.
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1 Introduction

Optical fiber sensors have superiorities of simple structure, easy to carry, large
dynamic range, stable operation in harsh environment, etc. (McCague et al. 2014;
Leung et al. 2015; Lee 2003). It has broad application prospects in aerospace,
biochemistry, etc., and becomes the current research hotspots in the sensor field
(Li et al. 2014; Zheng et al. 2013; Liao et al. 2013). Traditional fiber-optic sensors
for monitoring high-temperature and high-pressure environments are made of stan-
dard silica fibers (Tu et al. 2017; Zhang et al. 2018; Huang et al. 2010). Nevertheless,
limited by the low-concentration doped core, the stability of the sensor device and
the mechanical strength of the sensing fiber at high temperatures will deteriorate. As
a result, it is difficult to apply the silica fiber sensor at higher temperatures. There-
fore, exploring a high-temperature-resistant fiber with good mechanical properties is
of great significance to break through the traditional high-temperature fiber sensing
technology.

The sapphire-derived fiber (SDF) is a high-concentration alumina-doped specialty
fiber, which can survive at temperatures above 1000°C (Liu et al. 2019; Wang et al.
2019; Zhang et al. 2018, 2019). The SDF was drawn successfully for the first time by
the rod-in-tube method in 2012 (Dragic et al. 2012). It is a special optical fiber made
of single-crystal sapphire (SCS) as core rod and a pure silica tube as sleeve under high
temperature, and the melting point is about 2045°C (Merberg and Harrington 1993).
Once the drawing temperature is above the melting point of the SCS, the silica tube
is in a molten state and SCS melts. Therefore, two elements of alumina and silica
undergo thermal diffusion (Ballato et al. 2009), thereby forming a high-concentration
alumina-silica co-doped glass core. SDF has a very low Brillouin gain coefficient
and becomes smaller as the alumina content in the fiber increases (Dragic et al.
2012). This characteristic provides a strong support for the realization of a single
parameter Brillouin strain distribution measurement sensor system (Ballato et al.
2009; Dragic et al. 2013). In 2014, a Bragg grating capable of withstanding 950°C
was written on the SDF using femtosecond (fs) laser technology, which proved the
high-temperature resistance of SDFs (Elsmann et al. 2014). In addition, due to high-
concentration alumina-doped core, mullite crystals with high refractive index (RI)
will be precipitated in the core of SDFs during re-heating and cooling treatment.
Based on crystallization effect of SDF, a Fabry—Perot interferometer (FPI), long-
period grating (LPG), and Mach—Zehnder interferometer (MZI) can be fabricated for
high-temperature sensing (Liu et al. 2019; Hong et al. 2017; Xu et al. 2017; Zhang
et al. 2018). Previous studies have shown that SDF optical devices can withstand up
to 1600°C (Liu et al. 2019).
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This chapter mainly introduces the basic characteristics of the SDF, and various
optical devices based on the SDF, such as Fabry—Perot interferometer (FPI), fiber
Bragg grating (FBG), Mach—Zehnder interferometer (MZI), and long-period grating
(LPG). Moreover, the SDF-based optical devices for temperature sensing have been
demonstrated.

2 Fabrication of SDF

The high-concentration alumina-doped SDF is drawn by using the rod-in-tube tech-
nique (Dragic et al. 2012). A single-crystal sapphire (SCS) rod is sheathed into a
pure silica tube and sent together into a drawing tower as shown in Fig. 1. In view
of the melting point of SCS (2045°C) that is higher than the melting state of silica
tube (1750°C), the temperature of drawing tower should be higher than 2050°C to
make them fully heated. The drawing of alumina-doped fiber is an unsteady-state
diffusion process, and the concentration of alumina in the preform will change with
time at a certain temperature (Kobelke et al. 2017). Due to the thermal diffusion
effect, alumina in the optical fiber will change the core composition through diffu-
sion, thereby affecting the refractive index (RI) distribution of the fiber. The RI
distribution has a direct impact on the transmission performance of the fiber the
transmission performance of optical fiber. Therefore, it is necessary to control the
diffusion of alumina in the fiber. During the drawing process of SDF, the diffusion
of alumina is closely related to concentration and viscosity of alumina, temperature
of drawing tower, drawing speed, and feed rate (Kobelke et al. 2017; Ma et al. 2019).
Table 1 shows the drawing parameters of the SDF with a cladding diameter of 125—
170 pm. Taking into account the drawing effect of the cladding and the core, the set
drawing temperature is much higher than the melting temperature of the silica tube,
resulting in the decrease of drawing tension of cladding.

—» Single crystal
sapphire rod

Feed rate

Drawing rate Thermal diffusion SDF

Drawing model

Fig.1 Schematic drawing of a SDF by rod-in-tube method



158 F. Pang et al.

Table 1 DRV DT
Diameter of single-crystal sapphire rod 2.8 mm
Dimensions of silica tube (inner/outer) 3 mm/30 mm
Drawing temperature 2100°C
Drawing rate 20 m/min

3 Performance Characterization of SDF

3.1 Optical Performance

The RI profile, geometrical dimensions, and numerical aperture of optical fibers are
the main specifications that affect the sensing characteristics of optical fibers. There-
fore, the accurate measurements of RI and geometrical dimensions are of great signif-
icance for optical fiber manufacturing and application. The geometrical dimensions
and core composition of SDF can be measured by an OXFORD scanning electron
microscope (SEM). As an example, Fig. 2a shows the SEM results of SDF with core
and cladding diameters of 16 pm and 125 pm, respectively. The aluminum element
is only concentrated in the core, while the silicon element is mainly distributed in
the cladding and a small amount is distributed in the core.

The RI profile of an alumina-doped 35 mol% SDF tested with a commercial
SHR-1602 RI profiler is shown in Fig. 2b. The test result proves that the high-
concentration alumina-doped core can introduce a high refractive index difference
(RID) between the core and the cladding. Figure 2c is a simulation result of the
effective RI obtained by using the finite element method analysis software COMSOL
based on the parameters in Table 2. Due to the high RID and large core diameter,
SDF supports many modes.

The optical fiber transmission loss is also an important parameter reflecting
the performance of optical fiber, which is generally obtained by cut-back method.
Figure 2d shows the transmission loss of the SDF with the length of 1.4 m at room
temperature, which is about 2.06 dB/m. At present, the lowest loss of SDF at 1550 nm
is about 0.2 dB/m (Dragic et al. 2012). The transmission loss of SDF could be further
improved by the drawing process, the purity of the sapphire rod and preform, etc.

3.2 Crystallization Performance

The core of a SDF is a highly doped alumina glass material. According to the liquid-
phase immiscibility in the binary system, SDFs undergo phase separation during
re-heating and cooling treatment, thereby precipitating crystals in the core of SDFs.
When a SDF is spliced with single-mode fiber (SMF) by arc discharge as shown in
Fig. 3a, the current density distribution of the arc discharge is Gaussian along the
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Fig. 2 Composition and optical properties of SDF. a Element test results and b the RI profile of
SDF. ¢ The simulation of effective RI of various modes in SDF. d Transmission power variation of
SDF with the different length at room temperature

Table 2 Simulation

parameters of COMSOL Parameters Values
Diameter of SDFs core 16 wm
Diameters of SDFs cladding 125 pm
RI of SDFs core 1.53
RI of SDFs cladding 1.46

fiber axis. Since the current density distribution is proportional to the temperature
distribution in the arc area, the temperature of the heat treatment can be controlled by
adjusting the discharge parameters (Llewellyn-Jones and Hinrichs 1967). As shown
in Fig. 3b, because the temperature in the central area of the arc is higher than the
upper temperature limit of the metastable phase, no crystallization will occur in the
core area near the fusion point. Meanwhile, due to the high temperature, the aluminum
element will diffuse into the cladding, which will expand the core diameter. As the
distance from the fusion point increases, the temperature on the optical fiber gradually
decreases until it enters the metastable phase separation, and the crystallization effect
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Fig. 3 Crystallization effect introduced by arc discharge on SDF. a Schematic diagram and
b microscopy image of the crystallized SDF by using arc discharge. ¢ Composition analysis results
and d electron diffraction analysis results of crystallized SDF at Location 3. e RI profile of the
crystallized SDF at typical positions with Location 1 (purple), 2 (blue), and 3 (red)

occurs in the core area. As the temperature further decreases, the temperature of the
metastable phase separation is not reached. Since the SiO; and Al, O3 in the core have
relatively high viscosities, phase separation cannot occur, that is, no crystallization
effect is generated.

Figure 3c shows the composition analysis results of the crystallization area (Loca-
tion 3) of the SDF by a transmission electron microscope (TEM). In the test area,
the pixels represent the content of the element. The more pixels distributed, the
higher the element content. Al element is mainly concentrated in the microcrystalline
particle position, which is obviously higher than that in the substrate. The content
of Si element in the substrate is higher than that in the microcrystalline particle.
According to the diffraction pattern of the microcrystalline particles in Fig. 3d, it
can be determined that the microcrystalline particles are mullite crystal. Since the
mullite crystal has high-temperature resistance, high-temperature fiber sensors can
be developed by using the crystallization effect of SDFs.

The core of the SDF is in a glassy state, and its molecular arrangement is disor-
dered. During the crystallization process, the molecules are rearranged and trans-
formed into an ordered structure. Therefore, the RI of the crystallization area of the
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SDF also changes. Figure 3e shows the RI profile of the crystalline area of the SDF.
The crystallization area can be formed by a FSM-80S Fujikura fusion splicer, and
the “MM-MM” mode is selected as the discharge parameter. Three typical positions
in Fig. 3b are selected to manifest the effect of crystallization on the RI, marked as
Location 1, Location 2, and Location 3. Attributed to the diffusion effect, the higher
the temperature near the fusion point, the faster the diffusion rate (Unger et al.
2011). Since the aluminum element near the fusion point (Location 1) diffuses to the
cladding, the diameter of core expands. Therefore, the RID between expanded core
and the cladding is lower than that of SDF without crystallization. As the distance
from the fusion point deviates significantly, the effect of the thermal effect becomes
weak, and the diffusion rate of alumina is reduced. Thus, the RI at Location 2 is higher
than that at Location 1. Location 3 is the crystallized area, which has a higher RID
between crystallized core and the cladding than that of SDF without crystallization.

At present, the reported the RID between the crystallized core and core without
crystallization is about 0.03. Thus, crystallization-induced RI modulation can reach
about 0.015. The crystallization of a SDF by arc discharge is a new method of RI
modulation. The use of crystallization-induced optical fiber RI modulation not only
has a simple processing method, but also has high Rl modulation. High R modulation
can be used to make all-fiber devices more efficiently. Meanwhile, such a device
has more stable performance under high temperature and high RI environments.
Therefore, this technology will provide important support for the development of
high-temperature optic devices.

4 High-Temperature Transmission Performance

The SDF has good light transmission from 600 to 2400 nm as shown in Fig. 4a.
Because SDF supports many modes, the transmission spectrum of SDF has inter-
mode interference. High temperature will not only change the viscosity and RI of
fiber materials, but also release the fiber stress. It can be seen from Fig. 4b that SDF’
transmission loss increases with the increase of temperature. At higher tempera-
ture, the light transmission performance of the fiber is affected by Rayleigh scat-
tering. When the temperature reaches 1000 °C, the loss increases up to 10 dB. In the
cooling process, the viscosity and RI of SDF will return to the original value with
the decrease of temperature. Therefore, the light loss will be reduced as shown in
Fig. 4c. Compared with the spectra of heating to 400 °C and cooling to 400 °C, as
shown in Fig. 4d, the two spectra are only slightly different, which may be caused
by thermal stress release.
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5 SDF-Based Optical Devices

In order to achieve SDF-based optical devices, various structures have been written in
the SDF, such as FPI, FBG, MZI, and LPG. Figure 5 shows the schematic diagrams of
the SDF-based devices. The preparation of these devices will be discussed following.

6 SDF-FPI

The formation of FPI needs two highly reflective surfaces. Figure 5a is the struc-
ture of SDF-FPI with an air cavity (Chen et al. 2015). Since the core material of
the high-concentration alumina-doped SDF is not compatible with that of the low-
concentration germanium-doped SMF, when these two types of optical fibers are
fused by a commercial fiber fusion splicer, there may be fusion defects. The viscosity
of the core of SDF is greater than that of the cladding, so the degree of deformation
of the core is less than that of the cladding. Therefore, an air cavity will be generated
between SDF and SMF.
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Based on this principle, a FPI with an air cavity can be developed. Firstly, a SMF
and SDF can be spliced by arc discharge. Then, the SDF is cut to a micron length.
Because the RI of SMF and SDF are both higher than that of air, the two ends
of the air cavity and the end surface of the SDF are three reflective surfaces, thus
forming a composite FP cavity. When the end surface of the SDF directly contacts
the external environment, it is susceptible to infection, so a structure shown in Fig. 5b
can be designed to solve it (Ma et al. 2018). In addition, the air cavity can also be
obtained by chemically etching (Zhang et al. 2019). Because the fiber’ core is doped
with germanium, the chemical corrosion rate of the core is faster (Klini et al.1998).
Therefore, a concave cavity can be formed at the end of the SMF. Then, a SMF with
a concave cavity is spliced with SDF by arc discharge as shown in Fig. 5c.

Due to the high RI of the crystallization area in SDF, when light in a SMF is
coupled into the crystallization area, a part of the light will be reflected, and a part of
the light is coupled into the higher-order mode at the crystallization area to continue
transmitting forward. Therefore, the crystallization area of the SDF can be used as
both a reflective surface and a mode converter.
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Figure 5d is a FPI with single crystallized reflection surface. When a SDF is
spliced with the standard SMF by the fiber fusion splicer, the arc discharge method
produces the crystallization effect at a distance of several hundred microns from the
fusion point. The interface between SDF and SMF, and the two interfaces of the
crystallization area constitute three reflective surfaces, thereby forming a FPI. The
crystallization area contains many crystal particles. If the interface of the crystalliza-
tion area directly contacts the external environment, the structure of the crystallized
area may be easily damaged. Therefore, a double-crystallized structure shown in
Fig. Se can be designed to form the FP cavity.

7 SDF-FBG

A FBG is a periodic or aperiodic reflective structure (Mihailov et al. 2010).
Through the grating region, the forward-transmitting core mode and the backward-
transmitting core mode will be coupled, so that the energy of the forward-transmitting
core mode is transmitted to the backward-transmitting core mode, forming reflection
of the incident wave.

FBG is usually produced by exposing the fiber to a strong optical interference
pattern, as shown in Fig. 5f. The RI of SDF is related to the alumina concentration.
The higher the alumina concentration, the higher the RI. Laser or mechanical gratings
are used to change the morphology of the fiber core and affect the distribution of
alumina, thereby inducing the RI distribution. In addition, due to the good light
transmission of SDF at high temperature, the ordinary grating inscribed on SDF will
have high-temperature resistance.

8 SDF-MZI

Because the crystallization region can be used as a mode converter and mode coupler,
an MZI can be prepared. The two crystalline areas in Fig. 5e can also function as
mode splitting and combined, respectively. At the first crystalline area, part of the
guided mode in the core continues to propagate forward, and part of it stimulates
higher-order modes. When passing through the second crystallization area, the guided
mode interferes with the higher order. Therefore, a MZI can be fabricated based on
the crystallization characteristics of SDF. However, the extinction ratio (ER) of the
interference spectrum formed by the two crystallization areas is relatively small. In
order to improve the ER of the MZI spectrum, a cascaded MZI can be fabricated as
shown in Fig. 5g. With the new crystallization area, the higher-order mode can be
excited to transmit in the fiber again, and the high-order mode and the guided mode
of the core are coupled at the last crystallization. Thus, a cascaded MZI with ', L-L
and L cavity length is formed.
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9 SDF-LPG

LPG is a periodic grating commonly used in communications, fiber filters, and other
applications. It has the characteristics of low back reflection, high sensitivity, wide
bandwidth, and polarization independence. Fiber grating is a kind of fiber device
which is made of periodic index modulation (Davis et al. 1999; Albert et al. 2013).
Based on crystallization-induced RI modulation, it can be used to fabricate a LPG.
Because the crystallization of SDF is related to the temperature and duration of heat
treatment, it is necessary to adjust the discharge current and time by arc discharge.
Figure 5h is a schematic diagram of a LPG fabricated by arc discharge. A short
segment of SDF is spliced between two standard SMFs by a commercial fiber fusion
splicer. When the discharge current is large, there will be a pair of separate crystal-
lizing cones in SDF, and the core between them is still transparent. According to the
Al,03-Si0; binary system, crystallization occurs when the temperature is lower than
the liquidus temperature. When the temperature is higher than that of the metastable
phase, and the temperature drops rapidly, there will be no phase separation or crystals
will not precipitate.

Figure 6a is a micrograph of a LPG obtained through a fiber fusion splicer with
a discharge current of 13.5 mA and a discharge time of 400 ms (Hong et al. 2017).
A short segment of SDF is spliced with two standard SMFs by a fiber fusion splicer.
There will be a pair of separate crystallizing cones in SDF when the setting discharge
current is large, and the core between them is still transparent. According to the
Al,03-Si0; binary system, crystallization occurs when the temperature is lower than
the liquidus temperature. When the temperature is higher than that of the metastable
phase, and the temperature drops rapidly, there will be no phase separation or crystals
will not precipitate.

Figure 6¢ shows the spectrum response of a SDF-LPG as the number of discharge
points increases. When the number of discharges gradually increases, the spectrum
shows ared shift. After four times of discharge, the spectrum achieves strong coupling
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Fig. 6 LPG with a period of 500 pm based on SDF. a Microscopic images of SDF-LPG, b the
experimental setup, and ¢ spectrum response of LPG
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with the ER of about 16 dB. When the SDF-LPG sensor is placed in different RI
liquid, the transmission spectrum has no shift. It indicates that such a SDF-LPG has
very good stability in different RI liquid.

Traditional LPG can excite cladding mode, which is sensitive to external environ-
ment. However, the coupling mode of the SDF-LPG is the coupling between the core
modes. Since these modes are transmitted in the core, the SDF-LPG is not sensi-
tive to externally changing refractive indices. In addition, the working principle of
LPG is similar to that of MZI, which is based on inter-mode interference for sensing.
Therefore, such a SDF-LPG has potential for high temperature and high-temperature
strain applications.

10 SDF-Based Optical Devices for Sensing Applications

10.1 SDF-FPI for Temperature Sensing

FPI is a commonly used interference sensor with the advantages of small cavity
length, high sensitivity, good stability, diverse preparation methods, etc. When
a FPI experiences temperature variation, due to thermal expansion and thermo-
optic effects, its cavity length and RI will change, which will cause the operating
wavelength of the sensor to shift.

The FPI experiment system in Fig. 7 is used to heat up the FPI sensor and record
the reflection spectrum at different temperatures. The FPI structure in Fig. 5a can
be obtained through a fiber fusion splicer with a discharge current of 100 bits and a
discharge time of 500 ms (Chen et al. 2015). According to the temperature measure-
ment results of such a FPI sensor, it can be found that the spectrum shifts to longer
wavelengths with the increase of temperature. Meanwhile, the reflected spectrum
still maintains a good spectrum after experiencing a high temperature of 1000 °C.
In order to avoid the direct contact between the fiber end face and the external envi-
ronment, an interference structure in Fig. 8a can be designed. Such a new FPI with
an air cavity can have the ER of 18 dB and keep good optical signal at 1100 °C as
shown in Fig. 8b, c (Ma et al. 2018). Due to the different composition of the media at
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Fig. 7 High-temperature experimental setup of a SDF-FPI
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Fig. 8 Microscopic images of SDF-FPIs and the corresponding temperature response. a FPI with
an air cavity; b FPI with a single crystallized reflection surface; and ¢ two crystallized reflection
surfaces. The corresponding interference spectra and temperature response are shown in the right
figures

both ends of the air cavity and the cavity, the deformation and RI changes caused by
heating are different. Thus, when the temperature is below 500 °C, the spectrum has
almost no shift. While the temperature is higher than 500 °C, the spectrum begins
to shift directionally. When the temperature reaches 1000 °C, the spectrum shifts
significantly toward longer wavelength due to thermal expansion effect of optical
fiber.

Figure 8d shows a SDF-FPI with a single crystallized reflection surface, which
has a high ER shown in Fig. 8e, about 20 dB. Benefiting from the high-temperature
stability of mullite crystals, such a crystallized SDF-FPI sensor can work stably at
1000 °C as shown in Fig. 8f. When the end face of the fiber is directly exposed to
the air, the end face will inevitably be damaged or polluted, which will affect the
transmission of optical signals. Figure 8f is the optimized structure of the crystallized
FPI (Liu et al. 2019). The reflection spectrum of the crystallized SDF-FPI with two
crystallized reflection surfaces in Fig. 8h shows the free spectral range (FSR) of
2.474 nm and the ER of about 15 dB. The FSR of the FPI can be expressed as:

M
2'HF~LF’

Alpp1 = (1)
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where A is the resonant wavelength, AAgpr is the FSR, referring to the wavelength
difference between adjacent interference dips. n r is the effective RI of the FP cavity,
about 1.53. Thus, the cavity length,L r, is calculated to be about 317 wm by Eq. (1),
which is approximately equal to the measured length by the microscope.

The reflection spectrum of the crystallized SDF-FPI with two crystallized reflec-
tion surfaces is measured from 13 to 1600 °C with a step of 100 °C, as shown in Fig. 8i.
The optical signal of such a FPI at 1000 °C shows almost no degradation. Mean-
while, the reflected spectrum is red-shifted as the temperature increases. At present,
1000 °C is the limit temperature of most fiber sensors (Hua et al. 2015; Liu et al.
2018). The traditional temperature optical fiber sensor is made of a commercial SMF.
In order to study the high-temperature properties of the FPI based on a SDF and SMF
at temperatures higher than 1000 °C, a SMF sensor with high-temperature resistant
needs to be prepared. It has been reported that a SMF-FPI sensor fabricated by the fs
laser can work up to 1100 °C (Wang et al. 2010; Wei et al. 2008). The high-energy
irradiation of the fs pulse can induce the RI modulation of the fiber, thereby creating
a reflective surface in the fiber. When the SMF-FPI fabricated by the fs laser was
heated to 1000 °C, only a slight decrease in the ER. However, when the SMF-FPI is
heated to 1200 °C, the spectrum of the SMF sensor is completely distorted. Different
from SMF-FPI sensor, the SDF-FPI with two crystallized reflection surfaces can still
maintain a good spectral when heated to 1600 °C.

In addition, the stability of the sensor at high temperature can also be reflected by
the change of the ER of the spectrum. The ER of FPI based on SMF decreases sharply
when the temperature is higher than 800 °C, while the ER of crystallized SDF-FPI
with two crystallized reflection surfaces only started to decrease at 1600 °C. The
SDF-FPI sensor has unmatched optical performance of SMF at high temperature,
which is attributed to the stable material properties of the reflected mirror made of
the mullite crystal. According to the Al,O3;—Si0, binary system, the silica-mullite
eutectic temperature is about 1600 °C (Aramaki and Roy 1959). Mullite crystals will
dissolve at a temperature of 1600 °C or higher, thereby reducing the reflectivity of
the crystallization area and reducing the ER of the reflected spectrum. Thus, such a
SDF-FPI with two crystallized reflection surfaces provides more options for some
harsh environments.

10.2 SDF-FBG for Temperature Sensing

With the development of laser devices and laser technology, FBG sensors have
become more and more widely used in the field of high-temperature sensing (Canning
2008; Mihailov et al. 2006; Bennion et al. 1996). Fs lasers are widely used in the
preparation of FBGs due to short pulse width and high peak power, which can induce
larger RI modulation s in optical fibers. Fiber material and the RI modulation induced
by the writing method both affect the high-temperature stability of fiber gratings.
According to the high-temperature stability performance, there are two types of fiber
gratings written by fs laser, one is Type I and the other is Type II (Liao et al. 2010).
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Table 3 Performance comparison of FBG-SDF

Alumina Diameter of SDF | Working Temperature | Reference

concentration in (core/cladding) temperature (°C) sensitivity

SDF(mol%) (nm)

494 21/125 950 12.4 pm/K Elsmann et al.
(2014)

4 8/125 900 13.0 pm/°C Grobnic et al.

30 30/150 700 147 pmpec | 2019

The RI modulation mechanism of Type I FBG is similar to that of a SMF induced by
UV laser, so it is easy to be erased at a lower temperature. The RI modulation of Type
II FBG is based on the permanent damage of fiber, which has high RI modulation
and high-temperature stability.

Type II Bragg sensors can be fabricated by a two-beam phase mask interference
system, as shown in Fig. 5f (Elsmann et al. 2013). Firstly, an ultrafast laser is divided
into two coherent beams. Then, the two coherent beams are combined into a holo-
graphic interference pattern by using two rotating mirrors. When a SDF is placed in
the interference area, the holographic interference light will introduce periodic RI
distribution into a SDF. Due to the difference of RI between core and cladding and
the larger diameter of core, the reflection spectrum of a Type II FBGs written on
a SDF will exhibit significant multi-mode characteristics. Thus, Type I FBGs can
achieve a highly multi-mode grating response similar to that in pure sapphire rods.

Table 3 lists the temperature resistance of FBGs that have been prepared based on
different SDFs. The FBG based on SDF has a linear relationship between operating
wavelength and temperature. When the same type FBG is written on SDFs doped
with different concentrations of alumina, the temperature sensitivities of the FBG
sensors are slightly different. It indicates that the temperature resistance of the FBG
temperature sensor is related to the doping concentration of alumina in a SDF. Since
the RI profile of SDF is related to its core diameter and the alumina concentration
of the doped core, the performance of FBG may be related to the core diameter of
SDF.

The Bragg grating can also be written by point-by-point (Yang et al. 2017) or line-
by-line scanning (Huang and Shu 2016). For different grating writing methods, the
RI modulation induced on the fiber is different. Therefore, the performance of FBGs
based on SDF may be further improved based on other grating writing methods.

10.3 SDF-MZI for Temperature Sensing

MZI is a structure of dual-beam interferometer. Due to simple preparation, small
size, high sensitivity, large dynamic range, etc., it attracts wide attention in many
industrial fields (Xu et al. 2012; Wen et al. 2014). A MZI with two crystallization
areas can be obtained by splicing a centimeter-long SDF between two SMFs. When
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the connected SDF is discharged again at a distance L’ from one of the fusion points,
acascaded SDF-MZI with four crystallization areas can be obtained. Figure 9a shows
the spectra of a SDF-MZI with two crystallization areas and a cascaded SDF-MZI
with four crystallization areas. It can be seen that the cascaded interference structure
can not only increase the ER of interference fringes, but also increase the fringe pitch.

The fast Fourier transform of the interference spectra of the two types of SDF-MZI
is used to achieve the frequency domain spectrum as shown in Fig. 9b. There is only
one main peak ( f}) in the frequency domain of a SDF-MZI with two crystallization
areas. It shows that the power is mainly concentrated in a dominant mode, and the
interference spectrum is mainly obtained by coupling the fundamental mode and
the specific mode. The cascaded SDF-MZI with four crystallization areas has three
main peaks, f1, f> and f3. f> and f3 are corresponding interference cavity with cavity
length of L/, — L, respectively. When L/ = L/2,f, = f3. The spatial frequency
of the MZI, fymz1, can be expressed as (Choi et al. 2007; Chen et al. 2017),
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where L, is the interference cavity length of SDF-MZI.A), is the resonant wave-
length, An,sy is the effective RID between core guide mode and excited higher-order
mode. The effective RID is calculated to be about 2.02 x 1073 by Eq. (2), which
corresponds to the RID between LPy; (guided mode) and LP;; (excited higher-order
mode) in the SDF.

The experimental setup for observing and recording the spectrum of the MZI is
shown in Fig. 9c. During the first heating process shown in Fig. 9d, when the temper-
ature is raised to 800 °C, the monitored resonance peak fluctuates only slightly, until
the temperature is higher than 800 °C, the resonance peak shifts toward the shorter
wavelength. This can be caused by the introduction of residual stress during the
drawing (Mohanna et al. 1990). Therefore, before calibration and use of the sensor,
an annealing process should be performed to release the residual stress of the optical
fiber. It can be found from Fig. 9f that the temperature sensing performance of the
cascaded SDF-MZI with four crystallization areas is basically stable after the first
900 °C heat treatment, and the transmission spectrum has good repeatability during
the second heating and cooling process. The experiment results demonstrate that such
a cascaded SDF-MZI with four crystallization areas has the temperature sensitivity
of about 3.7 pm/°C, and it can perform high-temperature sensing at 900 °C. The
cascaded SDF-MZI with four crystallization areas shows good temperature insen-
sitivity in high-temperature environment. In addition, since the interference modes
LPy; and LPy; have similar thermal expansion coefficients (Li et al. 2005), temper-
ature variation has little effect on the interference modes’ effective RID. Therefore,
the temperature sensitivity of cascaded SDF-MZI with four crystallization areas is
small.

Based on these characteristics, SDF-MZI can solve the problem of temperature
cross-sensitivity in optical fiber sensor and reduce the cross talk between various
parameters. It shows advantages in fields requiring high-temperature resistance and
low-temperature cross-sensitivity.

Table 4 lists the types and temperature resistance of interference sensors that have
been prepared based on SDF. Both SDF-FPI with air cavity and with crystallization
area can work at 1000 °C and above. When the end face of the sensing fiber is
directly exposed to the air, its end face may be damaged or polluted. When both
ends of the sensing fiber are spliced with a SMF by a fiber fusion splicer, the thermal
stability performance of SDF-FPI will be improved. Especially for the SDF-FPI
with crystallization area, the maximum working temperature can reach 1600 °C. At
present, the high-temperature performance of SDF-FBGs written on SDFs by a two-
beam phase mask interference system is weaker than that of SDF-FPI. In order to
further improve the high-temperature performance of FBG, there are two schemes.
One is to use other femtosecond laser writing techniques to prepare better FBGs in
SDF, such as the point-by-point method or line-by-line scanning method, and the
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Table 4 Performance comparison of various sensors prepared based on SDF
Structure Working temperature Sensing type Reference

°O)

FPI with air cavity Up to 1000 Temperature Chen et al. (2015)
(Fig. 5a)

FPI with air cavity 500-1100 Temperature Ma et al. (2018)
(Fig. 5b)

FPI with air cavity Up to 1000 Temperature and Zhang et al. (2019)
(Fig. 5¢) strain

FPI with a single Up to 1000 Temperature and RI | Zhang et al. (2018)
crystallized reflection

surface

FPI with two Up to 1600 Temperature and Liu et al. (2019)

crystallized reflection
surfaces

Up to 1000 (stain)

strain

Wang et al. (2019)
(strain)

FBG
MZ1

Up to 950
Up to 900

Elsmann et al. (2014)

Xu et al. (Xu et al.
2017)

Temperature

Temperature

other is to prepare a crystallized FBG. The principle of SDF-MZI is based on inter-
mode interference. Although SDF can support multi-mode transmission, the high-
order mode loss at high temperature affects the interference spectrum. Therefore,
high-temperature stability of a SDF-MZI is weaker than the former two sensors.

11 Conclusion

Sapphire-derived fiber (SDF) is a glass fiber with an alumina-doped core drawn
by a rod-in-tube technology, which has a high refractive index core. Due to high-
concentration alumina-doped core, when a SDF is treated by arc discharge, the
temperature variation introduced by arc discharge will cause devitrification of Al,Os-
Si0, co-doped cores. As a result, mullite crystals will be precipitated in the core of
SDF. The high refractive index of mullite crystals can be used to prepare highly
reflective surfaces, periodic gratings, and mode beam splitters and mode couplers.
Meanwhile, the high-temperature resistance of mullite crystals can make crystallized
devices based on SDFs to have good stability at high temperature. However, aero-
nautical engines, blades, and other equipment will introduce large vibrations during
work. This requires that the optical fiber sensors embedded in high-temperature
equipment have high mechanical properties at high temperature, which will be a
development direction of SDF in the future. At present, optical devices such as FBG,
FPI, LPG, and MZI can be fabricated based on SDF. Due to good optical proper-
ties and good thermal properties, it has broad application prospects in aerospace, oil
extraction, metallurgy, and other fields.
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Ting Zhang, Haisheng Chen, and Xinghua Zheng

Abstract Flexible thermoelectrics enables a direct and green conversion between
heat and electricity to power or refrigerate flexible and wearable electronics. Organic
polymer-based flexible thermoelectric materials are particularly fascinating because
of their intrinsic flexibility, affordability, and low toxicity, but low thermoelectric
performance limits their development. The other promising alternatives of inorganic-
based flexible thermoelectric materials that have high energy-conversion efficiency,
large power output, and stability at relatively high temperature, yet it is impeded by
inferior flexibility. Hence, researchers propose a paradigm shift in material research
as flexible thermoelectrics requires the material of which the device is made to simul-
taneously have inorganic semiconductor-like high thermoelectric performance and
organic material-like mechanical flexibility. In this chapter, this dilemma is tackled,
on both material level and device level, by introducing a new kind of flexible thermo-
electric fibers, which overcomes the problems that thin film-based thermoelectrics
can only be bent in one direction and lack essential wearable properties such as
air permeability. Herein, the state-of-the-art in the development of flexible thermo-
electric fibers and devices is summarized, including organic conducting polymer
thermoelectric fibers, fully inorganic flexible thermoelectric fibers, and inorganic
TE materials hybridized with organic polymer fibers. Finally, the remaining chal-
lenges in flexible thermoelectric fibers are discussed in conclusion, and suggestions
and a framework to guide future development are provided, which may pave the way
for a bright future of fiber-based flexible thermoelectric devices in the energy market.
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value - PEDOT: PSS fiber - Thermal drawing - Wet-spinning - Electrospun *
Mechanical flexibility - Conductive polymers + Power output

1 Introduction

In fossil fuel combustion, typically only ~ 34% of the resulting energy is used effi-
ciently, while the remainder is lost to the environment as waste heat (Fitriani et al.
2016). Broad societal needs have focused attention on technologies that can reduce
ozone depletion, greenhouse gas emissions, and fossil fuel usage. Thermoelectric
(TE) devices, which are semiconductor systems that can directly convert between
thermal and electrical energy, are increasingly being seen as having the potential
to make important contributions to reducing CO, and greenhouse gas emissions
and providing cleaner forms of energy. TE devices exhibit many advantages, such
as having no moving parts, no moving fluids, no noise, easy (or no) maintenance,
and high reliability, which has been commercially used for a variety of applica-
tions, including thermal cycles for DNA synthesizers, car seat cooler/heaters, laser
diode coolers, certain low-wattage power generators, and radioisotope thermoelectric
generators, etc. (Du et al. 2018).

TE materials offer a way to convert low-grade waste heat energy into electrical
power, based on the Seebeck effect (Fig. 1a) (Du et al. 2018). This effect was discov-
ered in 1821 by German scientist Thomas Johann Seebeck and can be used in a
wide range of energy-conversion applications. The TE energy-harvesting mecha-
nism of a material is that when a temperature gradient (AT) is applied, the charge
carriers (electrons for n-type materials or holes for p-type materials) from the hot
side diffuse to the cold side. As a result, an electrostatic potential (AV) is induced
(Lietal. 2010). The electrostatic potential generated by a single n- or p-type TE legs
is very low (from several BV to mV depending on context). Therefore, to achieve

Fig.1 Schematic illustrations of a TE module for a power generation (Seebeck effect) and b active
refrigeration (Peltier effect). Reproduced with permission. (Du et al. 2018) Copyright 2018, Elsevier
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high output voltage and power, TE generators are typically made of dozens, or even
hundreds, of TE couples. TE materials can also convert electrical power into thermal
energy (i.e., cooling or heating) based on the Peltier effect (Fig. 1b) (Du et al. 2018),
discovered in 1834 by French scientist Jean Charles Athanase Peltier. The Peltier
effect is essentially the inverse of the Seebeck effect. The efficiency of TE devices
is strongly associated with the dimensionless figure of merit (ZT) of TE materials,
defined as ZT = (S%0/k) T, where S, o, k and T are the Seebeck coefficient, electrical
conductivity, thermal conductivity, and absolute temperature (Du et al. 2018). High
electrical conductivity (corresponding to low Joule heating), a large Seebeck coef-
ficient (corresponding to large potential difference) and low thermal conductivity
(corresponding to a large temperature difference) are therefore necessary in order
to realize high-performance TE materials. The ZT value is also a very convenient
indictor for evaluating the potential efficiency of TE devices. In general, good TE
materials have a ZT value of close to unity. However, ZT values of up to three are
considered to be essential for TE energy converters that can compete on efficiency
with mechanical power generation and active refrigeration (Li et al. 2010).

High-performance TE materials have been pursued since Bi,Tes-based alloys
were discovered in the 1960s. Until the end of last century, moderate progress had
been made in the development of TE materials. The benchmark of ZT ~ 1 was
broken in the mid-1990s by two different research approaches: one by exploring
new materials with complex crystalline structures, and the other by reducing the
dimensions of the materials (Li et al. 2010). In the recently discovered TE compounds,
such as skutterudites, clathrates, and Zintl compounds, the thermal conductivity
can be reduced greatly while maintaining the electrical conductivity at a high level
(Lan et al. 2010). In research on low-dimensional material systems, Dresselhaus
et al. suggested that the power factor (P = S%0) can be enhanced through the use
of quantum confinement effects. Dresselhaus’s pioneering work has shed light on
various low-dimensional systems, including superlattices, nanowires, and quantum
dots (Dresselhaus et al. 2007). Venkatasubramanian et al. reported Bi, Te3/Sb, Tes
superlattices with a high-ZT value of up to 2.4 (Venkatasubramanian et al. 2001).
Subsequently, Harman et al. reported PbTe/PbTeSe quantum dot superlattices with a
Z.T value of greater than 3.0 at 600 K (Harman et al. 2002). However, these high-ZT
low-dimensional materials are difficult to be applied on general applications, and
it is still desired to develop potential routes for improvement in the major TE bulk
material systems, including Bi-Te alloys, skutterudites, Ag—Pb—Sb-Te or ‘LAST”,
half-Heusler alloys and some high-ZT oxides (Snyder and Toberer 2008). In 2014, an
unprecedented ZT value of 2.6 for bulk materials is realized in SnSe single crystals
at 923 K (Zhao et al. 2014), and the hole doped SnSe single crystals exhibit ZT >
1.5 at 600-773 K while the highest value of 2.8 at 773 K for electron-doped SnSe
single crystals (Chang et al. 2018). These attributes are generally associated with low
thermal conductivity. Compared to other high-performance thermoelectrics, SnSe
single crystals demonstrate that a high ZT also can be realized in simple layered,
anisotropic and anharmonic systems, without nanostructuring.

Nowadays, TE materials chipped into devices are mostly prepared in the form of
cube or cuboid blocks from a TE ingot by means of a top-down dicing process. A
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Fig.2 a A conventional planar-structured TE device. b Scheme of power generation of the conven-
tional TE generator on a curved heat source. ¢ Schematic diagram of a typical module for flexible
TE devices. a, b Reproduced with permission. (Park et al. 2016) Copyright 2016, Springer Nature.
¢ Reproduced with permission. (Wang et al. 2019) Copyright 2019, Wiley-VCH

potential problem of this conventional procedure is a relatively high production cost
due to the energy intensive processing for ingots such as zone-melting or hot-pressing
as well as the post-processing due to shape control. The latter, in fact, suffers from
another problem that attempts to realize any complicated shape other than a cube are
technically impossible within the context of mass production. On the other hand, in
the real-world applications, the minimization of heat loss due to incomplete contact
between the surface of the heat source and the TE module is no less important than
the figure-of-merit of materials. It is noted that the majority of heat sources for TE
generators has irregular shapes, where the conventional planar-structured TE devices
composed of cubic blocks should fail in achieving a desirable contact (Fig. 2a, b)
(Park et al. 2016). One readily available solution to settling down the aforementioned
issues is the development of flexible TE materials and devices.

Flexible TE materials, in this situation, are promising because their conforma-
bility enables effective contact with curved heat sources in order to maximize heat
harvesting. These flexible TE materials can also be fabricated at much lower temper-
atures. Compared with other rigid devices, flexible TE devices are lightweight and
can be conformably attached onto human skin, enabling the direct harvesting of elec-
tricity from body heat without recharging, but also preventing or minimizing heat
losses during energy transfer. Such advantages make flexible TE devices promising
power sources for wearable electronics. Figure 1c illustrates a typical flexible TE
device, composed of a substrate, TE legs, connecting electrodes, and bonding inter-
faces (Wang et al. 2019). In such an flexible TE device, the substrates are flexible
and insulating in order to provide the devices with flexibility, which guarantees
interference-free carrier transport within the TE legs; the TE legs are in the form of
thin films, which can be adapted for device flexibility; the electrodes are applied to
connect n- and p-type TE legs in series; and the bonding interfaces stabilize the TE
legs and electrodes (Chen et al. 2015). Moreover, the Seebeck effect is the primary
enabling physical phenomenon that facilities the function of flexible TE devices
as potential body temperature monitors by transferring body temperature changes
into an output voltage signal (Yang et al. 2018). By the Peltier effect, flexible TE
devices can also be applied in flexible temperature-control systems, which can be used
in microclimate systems that maintain the body temperature in extreme conditions
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(Zhang et al. 2018), medical devices such as cooling blankets (Delkumburewatte and
Dias 2012), and emerging portable electronic devices that require cooling (He et al.
2015). Although their applications as power implantable devices are still controver-
sial, with concerns about their toxicity, there is clearly a bright future of flexible
TEs.

For flexible TE materials, the most common approaches are to use
either fully organic TEs or inorganic/organic hybrids. Some conducting
polymers exhibit relatively good TE properties, such as poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) ~ (PEDOT:PSS),  polyaniline,
polypyrrole, and their derivatives, due to their intrinsic flexibility and conduc-
tivity (Wang and Zhang 2019). Additionally, conductive polymers are abundant,
nontoxic, or low toxicity, and generally easy to shape and process for industrial
applications. The major drawback of conductive polymers is their poor electrical
transport properties, which can be improved by doping and secondary doping engi-
neering (Chen et al. 2015). Nevertheless, higher TE performance (in terms of output
power and/or efficiency) may be achieved in inorganic/polymer hybrid materials. For
example, in inorganic/organic composite materials, the high electrical conductivity
and Seebeck coefficient of the inorganic constituent can be integrated with the low
thermal conductivity of the polymers, and thus achieve high TE efficiency. More
complex approaches to inorganic/organic hybrid materials include incorporating
TE fillers into conductive polymers via ex situ (Du et al. 2014) and in situ synthesis
(Gao and Chen 2018), or by intercalating organic molecules into inorganic layered
structures (Wan et al. 2015). In such organic/inorganic hybrids, inorganic fillers such
as inorganic TE particles and carbon-based nanomaterials can provide extra current
pathways and in turn induce energy-filtering effects in the flexible polymer matrix,
while organic molecules can provide the desired flexibility for the inorganic host
(Gao et al. 2017). For inorganic flexible TE thin films, continuous flexibility can
be realized through either depositing inorganic TE thin films on flexible substrates
using atomic deposition techniques (Yang et al. 2017), or applying carbon nanotube
(CNT) scaffolds (Jin et al. 2019) or nanostructure tailoring (Paul et al. 2017) to
develop freestanding inorganic flexible TE films. However, limited by the device
size, small temperature gradient, and low energy-conversion efficiency of flexible
TE materials, the output power of flexible TE film devices is only a few uW to
several mW (Kim et al. 2016). Optimization of the design of devices is another key
factor to achieving their high performance. For example, devices have been achieved
in the form of fiber-based textile structures, which significantly enhances device
performance and essentially meets the wearable requirement of air permeability,
showing great promise for the development of TE clothes (Du et al. 2017).

Fiber-shaped electronic devices, adopting one-dimensional (1D) structure with
small diameters from tens to hundreds of micrometers, have attracted broad interests
for wearable electronic fields (Lan et al. 2010). Typically, fiber-shaped electronic
devices can be prepared on the basis of coaxial, twisting, and interlacing architec-
tures. These fiber-shaped electronic devices are lightweight and flexible, and they
can adapt to various deformations like bending, distortion, and stretching. More
importantly, it is feasible to weave the fiber-shaped electronic devices into flexible,
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deformable, and breathable textiles that can facilitate practical applications. Hence,
quite lots of researchers have devoted themselves to enhancing device performances
(Wang et al. 2020). To make full use of the advantages of fiber and textile elec-
tronics, stretchable, self-healing, or shape-memory, fiber-shaped electronic devices
have been further developed (Lee et al. 1902). More importantly, people have to
realize self-powering devices by integrating energy harvesting with energy storage
(Zhu et al. 2020). Fiber-based flexible TE energy generators are 3D deformable,
lightweight, and desirable for applications in large-area waste heat recovery, and as
energy suppliers for wearable or mobile electronic systems in which large mechanical
deformations, high energy-conversion efficiency, and electrical stability are greatly
demanded. TE fiber devices can be manufactured at low or room temperature under
ambient conditions by established industrial processes, offering cost-effective and
reliable products in mass quantity, which has inspired the industry like electronic
and clothing industry because fiber-shaped TE devices can be woven through the
well-developed commercial textile technology.

Here, we provide a critical overview of the progress of fiber-shaped TE materials
and devices. We aim to identify the existing benchmarks, point out current prob-
lems, and predict future directions for further improvement. This chapter covers the
materials fabrication methods, device structures and potential applications of TE
fibers. Discussions are presented on the opportunities and challenges of TE fibers in
terms of their device structure and applications. Last, we provide our perspectives
on future research directions of fiber-shaped TE devices. We hope that this report
will encourage researchers to putting more effort to translate the progress made in
research laboratories for developing TE fibers into practical applications.

2 Fiber-Shaped TE Materials and Devices

The selection of appropriate materials is extremely important for the design and
fabrication of fiber-shaped TE materials and devices. These materials should possess
high energy-conversion efficiency with high carrier mobility and appropriate carrier
concentration. Meanwhile, these materials should have the expected thermal and
mechanical properties, be flexible and eco-friendly, show stable performance, and
be easy to fabricate at low or room temperature using low-cost materials. According
to constituent materials, TE fibers can be summarized as organic TE fibers, inorganic
TE fibers, and organic/inorganic composite TE fibers.

e Organic TE fibers

Conductive polymers are organic materials with intrinsically electrical conduction.
Alan Heeger, Alan MacDiarmid, and Hideki Shirakawa first discovered conducting
polyacetylene in 1970s. They were jointly awarded with the Nobel Prize in 2000 for
this discovery. Like traditional polymers, conducing polymers have a low thermal
conductivity when compared to inorganic TE materials, which is beneficial for high
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ZT. Furthermore, conducting polymers also have good flexibility, low density, low
cost and easy synthesis and processing into versatile forms; therefore, much atten-
tion has recently been paid to conducting polymers for TE applications. Aqueous
PEDOT:PSS dispersions are commercially available. The properties of PEDOT:PSS
vary with the product types and its electrical conductivity, as well as TE properties,
can be significantly enhanced by adding secondary dopants or compositing with
special semiconductors. Besides, PEDOT:PSS possesses excellent stability, flexible
mechanical properties, and high transparency, making it a promising candidate for
organic TE materials (Yue and Xu 2012). The maximum ZT at room temperature
was 0.42, which was measured from the DMSO-doped PEDOT:PSS (Kim et al.
2013). In addition to the doping method, post-treatments, such as adding solvents or
dedoping, have been explored. After treatment, although the ZT was only ~ 0.1, the
power factor was as high as 112 pVWm‘lK‘2 (Park et al. 2014). Moreover, H,SOy4
has proven to be the most effective solvent for conductivity enhancement. After treat-
ment with H,SOy, the conductivity of PEDOT:PSS increased and reached ~4380 S
cm~! (Kim et al. 2014). These studies suggest that H,SOj is a promising candidate to
replace the organic solvents commonly used in the coagulation bath of PEDOT:PSS
fiber spinning.

Razal et al. (2019) reported a facile one-step method to produce highly conducting
PEDOT:PSS fibers that effectively removes the insulating PSS component within
seconds, thereby enabling their fabrication in a fast one-step process. The highest
electrical conductivity is 3828 S cm™' for a ~15-micron fiber. PEDOT:PSS fibers
were fabricated at room temperature using a custom-made bottom-up wet-spinning
apparatus (Fig. 3). Typically, the spinning formulation was loaded into a syringe
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Fig.3 a Schematic illustration of the modified setup used in wet-spinning PEDOT:PSS fibers. Inset
shows the schematic illustration of the alignment of PEDOT:PSS domains during fiber formation
and the outward diffusion of excess PSS to H>SO4 coagulation bath. b Sample spool containing
over 100 meters of continuous PEDOT:PSS fiber. ¢ Representative scanning electron microscopy
(SEM) image of a PEDOT:PSS showing great flexibility through tight knots. Reproduced from Ref.
(Zhang et al. 2019) with permission from The Royal Society of Chemistry
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and then mounted on a syringe pump. The formulation was extruded into H,SO;4
coagulation bath through a blunt needle from the bottom of the coagulation bath.
The fiber was passed through a washing bath of ethanol/water mixture to remove
H,SO4 from fiber. PEDOT:PSS fibers were dried under tension using a halogen light
as heating source and collected by winding onto a spool. Multifilament PEDOT:PSS
fibers were produced using the same method by replacing the single needle with a
7-hole spinneret. These fibers can withstand mechanical mistreatment. Testing has
been conducted in various environments including sonication and exposure to boiling
water for extended periods. The study on the mechanism of conductivity enhancement
shows that the spinning method efficiently removes the PSS component during fiber
formation and improves orientation of the PEDOT chains, which facilitates efficient
intramolecular and intermolecular charge transport, leading to the enhancement in
electrical properties.

Xu and his co-workers (Liu et al. 2018) reported that a highly conductive p-type
PEDOT:PSS fiber was produced by gelation process, which was three orders of
magnitude higher than that of previous hydrogel fibers. In brief, a certain volume of
PEDOT:PSS suspension (Clevios, PH1000) containing 0.05 M H,SO,4 was sealed
in a poly(tetrafluoroethylene) capillary (inner diameter = 1.0 mm), which was kept
at 90 °C for 3.0 h. To optimize the synthesis procedure, vacuum evaporation was
employed to condense the solid content of PEDOT:PSS in solution. After concen-
tration, 5.0 vol.% dimethyl sulfoxide (DMSO) was added into the as-condensed
solution following ultrasonic treatment for 10 min. After the formation of hydrogel,
the as-obtained fibers were released into isopropyl alcohol (IPA), ethyl alcohol, or
acetone bath from capillary by pumping air. They were cleaned by deionized water
repeatedly and dried under 60 °C in vacuum for 1.0 h. Then, the resultant fibers were
immersed in EG and DMSO (Fig. 4a—c). Finally, the as-prepared fibers were washed
with deionized water again for several times and dried at 80 °C for 30 min. Surpris-
ingly, a posttreatment with organic solvents such as EG and DMSO tripled their
electrical conductivity with an only 5% decreased Seebeck coefficient, consequently
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Fig.4 aDigital photographs of as-fabricated PEDOT:PSS fiber. SEM images of PEDOT:PSS fibers
b before and c after ethylene glycol (EG) posttreatment. d Schematic diagram for TE device and
e the output voltage and power density of five couples of legs at various temperature differences
ranging from 5 to 60 K. The inset is a scheme for the fiber device consisting of five pairs of p-n
legs consisting of EG-treated p-type PEDOT: PSS fibers and n-type CNT fibers. Reproduced with
permission. (Liu et al. 2018) Copyright 2017, American Chemical Society
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leading to an optimized thermoelectric power factor. Furthermore, they assembled
a p-n-type thermoelectric device connecting five pairs of p-type PEDOT:PSS fibers
and n-type carbon nanotube fibers (Fig. 4d). This fiber-based device displayed an
acceptable output voltage of 20.7 mV and a power density of 481.2 wW-cm~2 with
a temperature difference of ~60 K (Fig. 4e), which might pave the way for the
development of organic TE fibers for wearable energy harvesting.

A prerequisite for TE fibers is wash and wear resistance, which is necessary
to withstand both textile manufacture and daily use. Integration of the conducting
organic material into the fiber, which can be achieved through either incorpora-
tion during fiber spinning or impregnation of an existing fiber, is likely to result in
a more durable functionalization because a surface coating is prone to delamina-
tion during bending and abrasion during wear. The use of natural materials such
as polysaccharide-based cotton and protein-based silk offer a number of advan-
tages because they can be derived from renewable sources, are biocompatible, and,
being traditional textile materials, are readily compatible with existing manufacturing
routines. A lasting wear and wash resistant finish can be realized through functional-
ization with materials that carry ionizable groups, which is a common feature of acid
dyes that are used by the textile industry to color natural fibers such as wool, mohair,
and silk. Similarly, water-soluble conjugated polyelectrolytes that carry negatively
charged acetate or sulfonate counterions can tightly bind to fiber through electrostatic
interactions with cationic sites, provided that the pH is adjusted during the dyeing
process to ensure polypeptides with a net positive charge (Miiller et al. 2011). Ryan
et al. demonstrated that PEDOT:PSS can be used akin to an acid dye. Impregnation of
silk from the silkworm Bombyx mori allows realizing durable high-modulus fibers
with a bulk electrical conductivity of 14 S cm™! (Fig. 5). A high Young’s modulus
of approximately 2 GPa combined with a robust and scalable dyeing process results
in up to 40 m long fibers that maintain their electrical properties when experiencing
repeated bending stress as well as mechanical wear during sewing. Moreover, a
high degree of ambient stability is paired with the ability to withstand both machine
washing and dry cleaning. To illustrate the potential use for e-textile applications,
they realized an in-plane thermoelectric module that comprises 26 p-type legs by
embroidery of dyed silk fibers onto a piece of felted wool fabric (Ryan et al. 2017).

¢ Inorganic TE fibers

Conventional inorganic TE materials are rigid and brittle so that they are hard to be
directly manufactured into flexible and freestanding fibers. Together with the insol-
uble feature, physical depositing methods such as thermal evaporation and magnetron
sputtering were used for coating inorganic TE materials onto flexible fibers at first.
In 2008, Yadav et al. prepared TE fiber by coating Ni and Ag layers onto flexible
silica fibers via thermal evaporation and demonstrated power generation performance
of the fiber-based TE generator (Yadav et al. 2008). Adjacent stripes of nickel and
silver are deposited on one side of a silica fiber of diameter 710 wm by thermal
evaporation under a vacuum of 5 x 1077 Torr, as shown in Fig. 6a, b. First, a silver
layer of thickness 120 nm is deposited through a mask; the mask is then moved
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Fig. 5 a Neat and PEDOT:PSS dyed silk fibers submerged in distilled water; b PEDOT:PSS dyed
silk fibers were sewn onto cotton fabrics and washed in a household Electrolux washing machine;
c using Neutral COLOR WASH detergent; d electrical conductivity of PEDOT:PSS dyed silk fibers
as a function of washing cycle (MeOH(¢), EG (blue triangle), DMSO (red circle)); e Image of
an LED connected with PEDOT:PSS dyed silk fibers to a battery (embroidered on felted wool
fabric); f in-plane textile TE device with two ~5 cm long p-type legs of PEDOT:PSS dyed silk
fibers (10 fibers per leg) connected with silver wire (inset) and output voltage as a function of
applied temperature gradient (single element (black line), two elements (red line), calculated output
(dotted line)); g in-plane textile TE device with 26 p-type legs prepared in a similar way as the
two leg module, and h the device in use, suspended between a hot and cold temperature reservoir;
i electrical measurements of the 26 leg module, showing output voltage a function of temperature
gradient (all elements (red line), calculated (dotted line) Vo, /AT; see (f)) and power output as a
function of measured current. Reproduced with permission. (Ryan et al. 2017) Copyright 2017,
American Chemical Society

to cover the deposited silver, and a nickel layer of thickness 120 nm is deposited.
The junctions are formed by a 0.5 mm overlap between the two metals. To test the
thermoelectric properties of the fiber, they heated alternate junctions, resulting in
a temperature gradient that mimics the heating profile of the fiber inside a woven
pattern which has a temperature gradient normal to the surface. As shown in Fig. 6c,
they used electrically insulated posts with heating wire wrapped around them as heat
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Fig. 6 a Picture of striped thin film TE fiber made with thermal evaporation of nickel and silver.
b Illustration of fiber with thin film deposited on one side. ¢ Schematic of experimental setup for
applying a temperature gradient and measuring the induced open circuit voltage. d Net thermal
voltage and maximum power output as a function of temperature applied for 7 couples. Reproduced
with permission. (Yadav et al. 2008) Copyright 2007, Elsevier

sources, bringing alternate fiber junctions in contact with them. The unheated junc-
tions were exposed to ambient (22 °C) and lose heat due to convection. Temperature
differences between neighboring junctions are measured using micro thermocou-
ples. Open circuit voltage versus temperature was measured, as well as the induced
voltage across a matched load resistor. An open circuit voltage of 19.6 W V/K per
thermocouple junction was measured for Ni-Ag fiber, and a maximum power of 2
nW for 7 couples at AT = 6.6 K was measured (Fig. 6d).

Wang and his co-workers (Ren et al. 2016) explored the feasibility of a powder-
processing-based method in the fabrication of inorganic Bi,Te; TE fibers with large
length-to-area ratio as shown in Fig. 7a, b. Powders were milled from Bi,Tes-based
bulk materials and then mixed with a thermoplastic resin dissolved in an organic
solvent. Through an extrusion process, flexible, continuous fibers with sub-millimeter
diameters were formed. The polymer phase was then removed by sintering. Electrical
resistivity of the sintered TE fibers was strongly affected by the sintering tempera-
ture such that increasing the sintering temperature led to decreased resistivity, which
might be related to the residual porosity and grain boundary contamination. Electrical
resistivity of the sintered fibers was as low as 14.1 m$2-cm for p-type fibers sintered
at 590 °C and 153 m2-cm for n-type fibers sintered at 580 °C, however, which were
much higher than the corresponding bulk materials. The Seebeck coefficient of the
fibers, on the other hand, exhibited comparable values to the bulk materials, implying
that the Seebeck coefficient was not significantly affected by the sintering. The
Seebeck coefficientis 179 wV/K and —207 wV/K for p-type Big5Sb; sTes and n-type
Bi,Te,7Seq 3 fiber, resulting the power factor of 1.7 va/crnK2 and 0.3 }LW/Csz
for p-type fiber and for n-type fiber, respectively. Figure 7c is a picture of a proto-
type miniature uni-couple fabricated from the sintered fibers. High output power
could be achieved by connecting multiple uni-couples either in series (with higher
output voltage) or in parallel (with higher output current). For example, Fig. 7d
shows the performance of two uni-couples connected in series, where the maximum
output power was increased to 18 nW and the corresponding output voltage was
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Fig. 7 a An as-extruded fiber, b the cross section of a p-type fiber sintered at 590 °C in vacuum
for 4 h. ¢ Prototype miniature uni-couple fabricated from sintered fibers and d I-V curve and
power output of a module consisting of two uni-couples connected in series. e Infrared image
of a prototype module consisting of two uni-couples showing the temperature distribution in the
module at equilibrium, and f its corresponding digital picture. Reproduced with permission. (Ren
et al. 2016) Copyright 2015, Springer Nature

increased to 4.8 mV. Figure 7e is the infrared image of this two uni-couple module
showing the temperature distribution at thermal equilibrium; the hot size and cold
side temperatures were approximately 42 and 30 °C, respectively. The corresponding
picture of this module is shown in Fig. 7f. Prototype modules consisting of up to
4 uni-couples (8 fiber elements) were constructed and the power output and the
voltage (or the current) were quadrupled compared to single uni-couples. Due to the
large electrical resistivity, these prototype uni-couples and modules fabricated from
such fibers showed poor performance in terms of power output. Therefore, further
studies are highly desirable to seek improved sintering conditions to optimize the
fiber compositions and to reduce their porosity.

Graphene fibers have been extensive researched in sensing devices, energy
harvesters and supercapacitor on account of its superior mechanical properties and
high electrical conductivity. In contrast with traditional wet- or dry-spinning tech-
niques, self-assembly in tube module is a more accessible method to prepare graphene
fibers (Xu et al. 2020). Furthermore, the semiconductor behavior of graphene is easily
to be converted from p-type to n-type via doping of electron donating molecules,
providing us an inspiration to prepare an integral p-n connected graphene TE fiber.
Lin et al. (2019) obtained an integral p-n connected all-graphene fiber without any
additional conductive adhesive and assembled a wearable fiber-based TE energy-
harvesting device. As shown in Fig. 8, graphene oxide (GO) dispersion was prepared
by oxidation of natural graphite powder via modified Hummers’ method. Homo-
geneously mixed GO and ascorbic acid (AA) hybrid solution was sealed in polyte-
trafluoroethylene (PTFE) tube. The GO fiber was kept at 80 °C for 2 h. The GO fiber
was further reduced with N,Hy-H,O to achieve a higher TE performance, which
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Fig. 8 a Schematic illustration of the fabrication process of an integral p-n connected all-graphene
fiber. b SEM images of GO fibers and its surface morphology. ¢ Digital photographs of TE gener-
ators. d The output voltage and output power of p-n connected TE fibers at various temperature
differences ranging from 5 to 70 K. e The stability with time for output performance of TE generators.
Reproduced with permission. (Lin et al. 2019) Copyright 2019, Elsevier

was noted as p-GO fiber. Then, to obtain an integral p-n connected all-graphene
fiber, as-prepared GO fiber was rolled onto a plastic rod and partially immersed
into polyethyleneimine ethoxylated (PEIE) solution, which was noted as p-n-GO
fiber. Finally, the integral p-n connected all-graphene fiber was integrated into poly-
dimethylsiloxane (PDMS) to achieve a flexible fiber-based TE device. Young’s
modulus of GO fiber was calculated as 18.4 GPa. After treated with N,H4-H,O,
Young’s modulus increased about 40% to 25.8 GPa for p-GO fiber, which might be
ascribed to the reductant-induced enhancement of mt-7 stacking interactions between
graphene sheets. For n-GO fiber, Young’s modulus decreased to 12.8 GPa compared
to that of p-GO fiber. They assembled a wearable TE energy-harvesting device via
integrating a p-n-GO fiber consisting of 20 pairs p-n legs into flexible PDMS substrate
(Fig. 8c). Mechanical reliability is an important indicator for wearable device. They
tested the electrical resistance variation of this fiber-based device for about 1000
times of bending-releasing circle. The initial electrical resistance was measured as
about 75 k€2 and the electrical resistance maintained almost the same with about less
than 5% variation, indicating a good mechanical reliability of this device (Fig. 8c).
The output voltage and power of this fiber-based device consisting of 4 pairs of p-n
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legs were calculated under the temperature gradient ranging from 0 to 70 K. As
shown in Fig. 8d, one can see that the maximal output voltage and output power
were calculated 0.75 mV and 124.1 nW per p-n leg under 70 K temperature differ-
ence. Furthermore, Fig. 8e recorded a practical measurement results of the output
voltage and power for several minutes at temperature difference between human body
and air temperature (AT = 10 £ 0.5 K), indicating a stable TE energy-harvesting
performance.

Most CNT-based TE generators have been fabricated via alternative stacking/or
printing of p- and n-type CNT films/or inks with metal deposition as an electrode
between p- and n-type units. However, in the case of highly electrically conductive
CNT, the contact resistance between metal electrode and CNT is higher than the resis-
tance of metal or CNT itself, thus decreasing the output power density of flexible TE
generators. Choi et al. (2017) reported a robust CNT fiber with excellent electrical
conductivity of 3147 S cm~! which is due to increased longitudinal carrier mobility
derived from highly aligned structure. On the basis of highly conductive CNT fiber,
they fabricated an all-carbon TE generator with superior TE performance. Figure 9a
shows a schematic of flexible TE generator based on CNT fiber without metal elec-
trodes. The synthesized CNT fiber was wound onto a flexible supporting unit, and
alternatively doped into n- and p-types using polyethylenimine (PEI) and FeCl; solu-
tions, respectively, with undoped material between the two doped regions. The CNT
fiber between the doped regions was used as electrodes to minimize the circuit resis-
tance because it has excellent electrical conductivity. The CNT fiber used in TEG
fabrication was continuously produced by direct spinning after synthesis. Thousands
of individual double-walled CNTs compose a CNT fiber of 30 m in diameter as
shown in the scanning electron microscopy (SEM) images in Fig. 9b. Highly inte-
grated CNT fibers have a density of ~1.0 g/cm3 and high specific strength of ~1
GPa/(g-cm™?). Furthermore, the CNT fiber has excellent specific electrical conduc-
tivity on the order of 103 S-cm?/g, which is comparable to some metals (Fig. 1c). On
the basis of mechanical strength and shape advantage of CNT fiber for modular fabri-
cation, various types of flexible TE generators were prepared. A prototype flexible
TE generator with 60 pairs of n- and p-doped CNT fiber shows a maximum power
density of 10.85 and 697 nwW/g at temperature differences (AT) of 5 and 40 K,
respectively, which are the highest values among reported TE generators based on
flexible materials (Fig. 9d—f). Furthermore, the flexible TE generator based on 240
pairs of n- and p-doped CNT fiber can successfully power a red LED using an
energy-harvesting circuit at AT = 50 K (Fig. 9g-1).

¢ Organic/inorganic composite TE fibers

As discussed in the previous sections, the TE properties of conducting polymers
have been significantly improved; however, they are still much lower than those
of inorganic thermoelectric materials. However, for flexible TE devices, the use of
inorganic materials is in general hampered by their inherent rigidity. Overcoming
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Fig. 9 a Schematic illustration of the flexible TE generator based on CNT fiber. b SEM image
of the CNT fiber. ¢ Electrical conductivity and specific conductivity of the CNT fiber and typical
conducting materials. d Photograph of fiber-based TE generator with 60 PN pairs. e Photograph of
power measurement system. f Output power density of fiber-based TE generator with 60 PN pairs
as a function of load resistance. g Photographs showing the practical application of flexible fiber-
based TE generator. h Output voltage of fiber-based TE generator obtained from the temperature
difference between body heat and atmosphere. i Photograph showing a red LED powered using
fiber-based TE generator at AT = 50 K. Reproduced with permission. (Choi et al. 2017) Copyright
2017, American Chemical Society
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this issue is to prepare organic/inorganic composite TE fibers. The most obvious
manners are to deposit inorganic materials onto a flexible organic fiber substrate, or
embed inorganic materials into a flexible organic fiber substrate.

Lee and his co-workers proposed the fabrication of flexible, woven, and knitted
textiles based on electrospun organic polymer nanofiber cores that are coated with
inorganic n- and p-type semiconductor sheaths (Bi;Te; and Sb,Tes, respectively)
and twisted into flexible TE fibers (Lee et al. 2016). Separate n-type and p-type
fibers were prepared by depositing Bi, Te; and Sb,Tes, respectively. Highly aligned
sheets of polyacrylonitrile (PAN) nanofibers, with average nanofiber diameter of ~
600 nm, were electrospun on two parallel wire collectors (Fig. 10a). A PAN solu-
tion in the syringe is extruded through the metal needle. A high voltage supply is
connected to the spinning tip and to two counter electrodes, so that highly aligned
PAN nanofiber sheets are collected. Tiger-type fibers were fabricated by first sput-
tering alternating strips of Sb,Te; and Bi, Te; (Fig. 10b) on both sides of the electro-
spun PAN nanofiber sheet using a stencil mask which produces sheath-core nanofiber
structures containing & 50% by volume of active material and then interconnecting
these TE strips using narrow sputtered gold strips. The thicknesses of these coat-
ings were 110 nm for the TE materials and 75 nm for the gold. The thereby coated
nanofiber sheets were then twisted into yarns using an electric motor, typically using
atwist density of ~ 630 turns per meter, relative to the initial sheet length, followed by
a thermal annealing at 200 °C to crystallize the semiconductors, resulting in a strong,
flexible sheath-core TE fiber. Figure 10c demonstrates that the initial tiger structure
is retained during twist insertion and subsequent complete fiber untwist. The power
output of 3D fiber-based TE generators assembled in different fabric structures was
also investigated. Figure 10d—i displays the schematic illustrations and photographs
of zigzag-stitch, garter-stitch, and plain-weave TE generators using p-type Sb,Tes
fibers and n-type Bi,Te; fibers. At temperature difference of 55 K, the power output
per area and per couple were 0.11 W m~2 and 0.24 wW for the zigzag-stitch TE
generator (Fig. 10j), and 0.09 W m~2 and 0.21 ju W for the garter-stitch TE generator
(Fig. 10k), respectively, while the plain-weave TE generator (Fig. 101) presented the
highest power output per area of 0.62 W m~2 and 1.01 wW per couple, respectively.
Besides, the power output was proportional to AT?. When the temperature differ-
ence increased to 200 K, the generated power greatly increased to 8.56 W m~2 and
14.1 wW per couple, respectively.

Inversely, Sun et al. (2020) presented and developed a wt-type inorganic CNT fiber-
based TE module using organic PEDOT:PSS and oleamine doping combined with
electrospray technology. Figure 11a schematically exhibited the fabrication process
of TE modules. First, CNT fiber was p-hybridized by dipping into a commercial
PEDOT:PSS solution. Subsequently, n-type CNT fiber was achieved in an equal
interval using polypropylene mask by oleamine doping combined with electrospray
technology. Therefore, a TE fiber with alternatively doped n- or p- segment at the
distance of (L-4 mm)/2 was formed, where L (mm) is the length of p-n repeat unit
of the fiber. The 2 mm long undoped section is electrically conducting and treated as
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Fig. 10 a Illustration of the electrospinning process used to make PAN nanofiber sheets for conver-
sion into a yarn. b Illustration of the stencil mask-based method used to provide alternating p-Au-n
segments for tiger fibers by sequentially sputtering Sb,Tes-gold-Bi;Tes on both sides of a PAN
nanofiber sheet. ¢ Illustration of the twist spinning process used to convert the nanofiber sheet
into a tiger fiber. d—f Schematic illustrations and g—i corresponding photographs of the fabricated
zigzag-stitch, garter-stitch, and plain-weave fiber-based TE generators. The scale bars are 2 mm.
j—-1 The power output per textile area (Pa) and per TE couple (Pc) of the fabricated zigzag-stitch,
garter-stitch, and plain-weave fiber-based TE generators as a function of temperature difference.
Reproduced with permission. (Lee et al. 2016) Copyright 2016, Wiley-VCH
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Fig. 11 a p-Hybridized CNT and n-Doped CNT TE fibers fabricated by an electrospray technique
wrapped with acrylic fibers. b Photograph of TE generator composed of 15 units (3 x 5) with
different TE repeat length L. Scale bars, 1 cm. ¢ The output voltage display of TE generator (15 units)
with repeat length of 16 mm before and after fingertip touching. d The output voltage contrast of the
two TE generators at various steady temperature differences given by Peltier elements. e, f Power
output of the TE generators with L of 16 mm/32 mm at various steady temperature differences. Ry is
the internal resistance of TE generators. Reproduced with permission. (Sun et al. 2020) Copyright
2020, Springer Nature

an electrical interconnection between the two doped sections. Furthermore, to avoid
a short circuit, the doped CNT fiber was wrapped with acrylic fibers using a cover
spun technique, except the electrode segment, which was exposed to maximize the
thermal contact between the TE generator and the human body.

A high tightness § of 10.6 is given and the TE repeat length L of TE generator
with the same amount of units was adjusted from 32 to 16 mm to optimize power
density. A dramatically decreased occupied area can be seen in Fig. 11b. Besides,
the thickness of the TE generator reduced from 7.8 to 3.8 mm, but the ~40° standing
angles of TE legs were maintained. Figure 11b also shows the ability of the prepared
TEG to adapt to various loading conditions, for example, bending, twisting, and
folding. Furthermore, a 3.5 mV voltage can be immediately detected when human
fingertip touches the small TE generator as shown in Fig. 11c. The output voltage
at various steady temperature differences are displayed in Fig. 11d. When a through
thickness temperature difference is applied, an obvious Seebeck voltage is imme-
diately created. After reducing the repeat length to 16 mm, the voltage decreases
by ~26%, in accordance with the positive dependence of temperature difference AT
across TE legs on repeat length L. Conversely, the power increases after reducing the
repeat length to 16 mm as shown in Fig. 11e, f. Using 44.4 K temperature difference,
the power enhances from 4.40 to 4.64 wW, accompanying an short circuit current
increasing from ~450 to ~700 wA. A 4-fold rise in power density is obtained after
reducing the repeat length from 32 to 16 mm. Giving 44.4 K temperature difference,
the power density increases from 14 wWm™2 with L = 32 mm to 69 pWm~2 with L
= 16 mm, which is the highest output reported for a flexible organic TE generator.

Recently, thermal drawing technique was developed to produce inorganic TE
fibers such as Biy 5Sb 5Tes, BiySes, (TegsSeqs)45As30Cuss, IngSes, and Bi, Tes fibers
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Fig. 12 a Schematic diagram of the drawing process of a TE fiber from the semiconducting glass
rod and PEI polymer. b Glass transition temperature (7y) and crystallization temperature (T’x)
of the semiconducting glass measured by differential scanning calorimeter (DSC). ¢ Single TE
fiber with good flexibility and the optical microscope image of fiber cross section. d Photograph
of the fabricated 3 x 3 TE fiber array embedded into a flexible fabric and the marked points for
finger touching. e Corresponding output voltages of the TE fiber array when touching the marked
points. f Finger heating (33 °C) and ingot cooling (22 °C) on the TE fiber array. Corresponding
g thermal images recorded by IR camera and h reconstructed thermal maps using the data of TE
fiber. Reproduced with permission. (Zhang et al. 2019) Copyright 2019, American Chemical Society

(Loke et al. 2020; Zhang et al. 2017, 2019). The process required a cladding material
with glass transition temperature slightly higher than the melting point of TE mate-
rials. The TE fibers fabricated by this method usually had high TE properties but
general mechanical flexibility. For example, Zhang et al. (2019) prepared flexible
(TegsSeis5)45As3pCuys fiber was prepared by thermal drawing. Figure la schemat-
ically shows the preform-based fabrication of TE fibers. A semiconducting glass
rod of (TegsSe;s)asAs3pCuys shown in the inset of Fig. 12a is first synthesized by
a standard sealed-ampoule technique (Lucas et al. 2013), and this semiconducting
glass offers two superior properties in constructing flexible thermal sensors. One
is that its Seebeck coefficient is large enough to ensure the sensitivity of thermal
sensing. The other is that its glass transition temperature (T'g) is 170 °C and the
crystallization temperature (7) is 270 °C, as measured in Fig. 12b, offering a wide
glass stability range of 100 °C, which makes it particularly suitable for the thermal
fiber drawing process with the polymer matrix. Then, a hollow rectangle-shaped PEI
polymer tube with a softening temperature of 217 °C is used to support and confine
(TegsSeis5)45 As3pCuss, while providing excellent mechanical properties. The synthe-
sized semiconducting glass is reshaped and filled in the hollow PEI block, and then
the entire assembly is thermally sealed in a vacuum oven to form an all-solid macro-
scopic preform. The preform is further loaded in a fiber draw tower with a narrow
heating zone and thermally drawn at the temperature of 250 °C, where the viscosity
of the PEI cladding is much larger than that of the TE glass core, thus supporting
the whole structure and yielding hundreds of meters of TE fibers. Figure 12¢ shows
the photograph of the resulting TE fiber and its optical microscope image of the
cross section. Owing to the presence of polymer cladding, the resulting fiber exhibits
high mechanical flexibility to be easily bent, coiled, and woven. The continuous
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semiconducting glass core and polymer cladding are well maintained in a round and
rectangular shape, respectively, and the interfaces between the core and cladding
are clearly defined. The required TE fiber dimension can be precisely controlled via
adjusting the feeding speed of the preform and the drawing speed of the fiber.

The fiber displayed not only high TE power factor but also excellent thermal
sensing performance, as illustrated in Fig. 12d—h. When a temperature difference was
applied between the two fiber ends, thermoelectric voltage was generated because of
the whole diffusion. The single TE fiber-based thermal sensor showed temperature
resolution higher than 0.05 °C. Additionally, it was capable of localizing the position
of thermal source, because the output voltages were different when touching different
positions along the fiber. More importantly, the TE fiber showed good mechanical
flexibility. The bending radius was only ~2.5 mm even for the fiber with thickness
of 0.6 mm. Nonetheless, it was hard to simultaneously detecting the temperature
and position of thermal source in the single TE fiber-based thermal sensor. The
authors further assembled a 3 x 3 TE fiber array and embedded it into a flexible
fabric (Fig. 12d). Figure 12e recorded the output voltages of the TE fiber array when
finger touching the marked points. The distinguishable voltage signals enabled the
simultaneous detection of the temperature and position of thermal source. Figure 12f
gave two examples for temperature and position identification, one is finger heating
(33 °C) and another is ingot cooling (22 °C). The corresponding thermal images
recorded by IR camera and reconstructed thermal maps using the data of TE fiber
array were shown in Fig. 12g, h, respectively.

Similarly, Zhang et al. (2017) prepared flexible p-type BiysSb; sTes and n-type
Bi,Se; fibers by thermal drawing and assembled them into textile to construct TE
generator (Fig. 13a-c). The prepared p-type BigsSb sTes fiber exhibits power factor
of 3520 uWm~!K~2 and n-type Bi,Se; fiber with power factor of 650 uWm™'K~2,
respectively. Due to the p-type BigsSb; sTe; with the melting point of 873 K and n-
type Bi;Se; with the melting point of 983 K as the TE fiber cores, so the borosilicate
glass tube with the glass transition temperature of 1100 K is the best choice for the
cladding material, as schematically shown in Fig. 13a. To prevent oxidation of the
inserted TE rod during the drawing process, the empty space inside the glass tube
is filled up with borosilicate glass rods, and the entire assembly is sealed from both
ends under vacuum. The preform is then loaded in a fiber draw tower, fed into the
furnace, and thermally drawn at the temperature of 1323 K, where the viscosity of
the glass cladding is large enough to offer a structural support to the liquid TE cores,
thus yielding hundreds of meters of continuous TE fibers. A polymer coating layer
with the thickness of 50—150 wm depending on the resulting fiber diameter is then
applied to the fiber outer surface for further mechanical protection. Figure 13b shows
the photograph of a single bent TE fiber with the length of one meter and its SEM
image of cross section. The fiber possesses good circularity and a clean interface
between the concentric TE core and the glass cladding. The diameters of TE core
and glass cladding are 33 pm and 400 pm, respectively, which has nearly the same
diameter ratio of the TE rod (0.8 mm) and glass tube (10 mm) in the original preform,
proving that such a thermal drawing is a proportional size-reduction process.
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Fig. 13 a Schematic diagram of the thermal drawing process. b Single TE fiber with a length of
one meter showing a good flexibility and its cross-sectional SEM image. ¢ TE fibers are woven
into a large-area fabric to construct a wearable TE device. d Simulated temperature profile of TE
cooling with two pairs of p-n TE fibers at an input current of 2 mA by finite element modeling.
e Corresponding experimental temperature profile recorded by IR camera. f Simulated and experi-
mental temperature differences as a function of input current. Reproduced with permission. (Zhang
et al. 2017) Copyright 2017, Elsevier

To engage the TE fibers for flexible and wearable electronics on large areas,
they constructed the TE fibers into a two-dimensional fabric (Fig. 13c). These fibers
possess many extraordinary characteristics such as thin, lightweight, and flexible to
deform under small external force, so the TE fiber woven fabrics can be sufficiently
sparse to maintain breathability of the covered areas, which is a critical requirement
of long-term comfort around curvilinear human skins, and can be used as a TE cooler
to cool the human body via alow impressed current. The cooling performance of TEG
with two pairs of TE fibers was evaluated by finite element modeling and experimental
characterizations. In Fig. 13d, the simulated temperature reduction was 22.1 °C with
the temperature difference of 4.7 °C when the hot side was fixed at 26.8 °C under
an input current of 2 mA. The measured temperature reduction was 23.6 °C with the
temperature difference of 3.6 °C recorded by IR camera (Fig. 13e). The difference
between simulation and test results might be induced by the measurement accuracy of
IR camera as well as the unoptimized condition of TE generator. Figure 13f displays
both the simulated and experimental temperature differences as a function of input
current. Maximum temperature reduction of ~5 °C was obtained when the input
current was 3.5 mA.
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3 Conclusion

In this chapter, an overview and review of state-of-the-art flexible TE fiber mate-
rials and devices were presented with respect to the materials mechanism, fabri-
cation methods, device structures, and application performance. Organic TE fibers
such as PEDOT;PSS are flexible with high electrical conductivity and processed
at low or room temperature via solution routes (wet-spinning, electrospinning, and
dyeing process). Inorganic TE fibers fabricated by coating, extruding, and printing
approaches have relatively high performance, but the high cost, limited flexibility,
and complicated fabrication limit their development. However, organic/inorganic
composite TE fibers fabricated by surface modification (physical/chemical deposi-
tion) or embedding approaches (thermal drawing) simultaneously have inorganic
semiconductor-like high TE performance and organic material-like mechanical flex-
ibility, which shows great potentials to power and refrigerate wearable electronic
devices.

Although flexible TE fibers exhibit enormous application potential, TE fiber mate-
rials and devices in the early stage of development. The studies on TE generators
made up of TE fibers are very few and the device performance is much lower than that
of bulk TE materials based TE generators. To achieve more advancements of TE fiber,
the performance and stability of the fiber should be firstly improved significantly.
Then, the effects such as the device structure resulted from different textile tech-
niques and the size of TE legs on the device performance of fiber-based TE generators
should be further explored. Moreover, instruments to measure the thermal conduc-
tivity, Seebeck coefficient, and electrical conductivity of the TE fiber are homemade
in most cases and lack of standardized measurement at present. Finally, current fabri-
cation methods are mostly limited to the laboratory and are difficult to realize in mass
production, which should be further explored. In a word, TE fibers have presented
promising applications in smart wearable electronics, and there is huge room for the
development and practical applications of fiber-based TE generators.
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Abstract In recent years, multifunctional multimaterial fibers based on the thermal
drawing process have made considerable development, which enables various prac-
tical fiber devices with optoelectronics, photonics, acoustics, biomedicine, and
energy harvesting functionalities. The future development of multifunctional fibers
requests highly integrated ingenious in-fiber structures and excellent material proper-
ties. To meet these challenges, the technologies of using fluidic instabilities induced
in-fiber breakup phenomena are presented, allowing us a way to modify the tradi-
tional axially invariant in-fiber structure and to achieve in-fiber material engineering.
The post-drawing thermal treatment can soften the selective part of the functional
fibers, induce perturbations on the interface between materials, and eventually break
the continuous fiber inner structures to fabricate in-fiber functional structures. The
in-fiber breakup process enables the fabrication of in-fiber structured particles by
a variety of materials with a wide range of processing temperatures from 2400 to
400 K and material viscosity ratio of 10 orders. Moreover, the in-fiber breakup
process provides a useful tool to form fiber-based functional devices. On the other
hand, the fundamental understanding of the in-fiber breakup phenomena shall be
contributing to optimizing the fiber thermal drawing process. By selecting suitable
materials and suppressing the in-fiber breakup phenomena, the designed structure
of the fiber preforms will be preserved in maximum. This chapter covers aspects of
(1) the introduction and theory of thermal treatment induced in-fiber fluidic insta-
bilities, (2) the in-fiber fabrications based on in-fiber breakup process, (3) potential
applications of in-fiber breakup process, and (4) the future research directions.
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Keywords Thermal treatment - In-fiber breakup - Capillary instability * Structured
particles - Material engineering - Optoelectronic fiber device

1 Introduction

Multifunctional multimaterial fibers have been well-developed recently based on
the thermal drawing process. The preform with designed structures and selected
materials can be heated and drawn into kilometers functional fiber with uniform
dimensions and superior material qualities. In the past decades, this technology
has successfully achieved distinctive classes of multifunctional fibers and integrated
devices with different components (metals, insulators, semiconductors, glass, and
polymers) and exquisite structures (single-core, multi-core, cylindrical shells, layer
structures, and wires). Furthermore, plenty of smart wearable fabrics and textiles have
been constructed with the electronic, optoelectronic, acoustic, and energy harvesting
functional fibers that are developed from this technology.

Nevertheless, most of typical multifunctional fibers are held in an axially invariant
structure without sophisticated ways to re-modify the in-fiber structures and change
material properties, which greatly limit the multifunctional fibers to be further applied
in wider areas. It is generally believed that the continuous development of multifunc-
tional fibers requests more types of highly integrated ingenious structures in both of
the fiber cross section axial and the length axial to achieve composite functions.
Consequently, innovative approaches to precisely pattern the internal micro/nano-
structure of fiber and to direct conduct in-fiber materials engineering are of the
greatest importance.

In recent years, the approach of using thermal treatment induced in-fiber fluidic
instabilities has been proven to be a feasible way for developing viable techniques to
modify the in-fiber structure as well as to engineer the fiber materials properties. The
thermal treatment process transfers multimaterial fibers from the solid state to the
viscous state by heating, then induces a perturbation wave on the interfaces between
materials. Interacted by the surface tension as well as the viscoelastic force between
different materials, the perturbation of the fluidic instabilities further develops and
leads the continuous fiber structure to breakup, which is called in-fiber breakup
process. The in-fiber breakup process has been gaining increasing attention and
showing plenty of promising applications, such as the generation of in-fiber spherical
particles and fiber-shaped device fabrication with crystalline functional materials.

In this chapter, we will discuss the in-fiber breakup process in detail. First,
the fundamental mechanism of the in-fiber fluidic instabilities is briefly reviewed.
Second, we will introduce the utilizing of the in-fiber breakup phenomena as a post-
drawing process to fabricate in-fiber micro/nano-particles, wires, and layered struc-
tures. In addition, we present some applications based on the in-fiber breakup process.
Lastly, the current barriers and future opportunities of this technology are discussed
at the end of this chapter.



In-Fiber Breakup 201

2 Main Body Text

e In-fiber capillary instability

— Introduction to capillary instability

The classical capillary instability describes a cylindrical liquid to breakup into
atrain of spheres under the surface tension at the interface. This phenomenon is
perhaps one of the most ubiquitous fluid instabilities. As shown in Fig. 1, when
afluid cylinder is surrounded by another kind of liquid or air, the surface tension
will induce a sinusoidal perturbation at the interface of two materials and lead
the cylinder to breakup into droplets in a spherical shape with the development
of the perturbation wave amplitudes. This phenomenon frequently appears in
daily life (Gennes et al. 2004). For example, the faucet dripping, the ink-jet
printer system, and the wine tears on the glass are all typical capillary instability
phenomena.

As acommon physical phenomenon, the study of capillary instability has a very
long history. In 1849, Joseph Plateau proved experimentally that a vertically
falling water column would breakup into some drops which have the same
volume. Then, J. Plateau explained this phenomenon with an analysis of surface
tension in balance. The reason for the breakup process to occur is also due
to its result that can reduce the surface energy until the establishment of an
equilibrium situation.

Then, Lord Rayleigh studied the phenomenon theoretically by applying a linear
stability analysis. His study showed that the breakup of a vertically falling water
column needed to satisfy two conditions. Firstly, the falling water column will
breakup into some drops if the length of the column exceeds its circumference.

1 Perturbation

1 Perturbation Growth

} Breakup

QP o ‘3 o @ -

Fig. 1 In-fiber Plateau-Rayleigh capillary instability. a The capillary instability phenomenon in
the faucet dripping (adapted from MIT lecture notes on Fluid Jets). b SEM image of the capillary
instability perturbation in the in-fiber silicon cylinder core. ¢ Simulation of the in-fiber capillary
instability development based on COMSOL
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Secondly, the drops result from some small disturbances that develop with time
(Rayleigh 1878, 1879, 1882).

Based on these previous researches, Plateau-Rayleigh capillary instability
theory, which is also called Rayleigh instability linear theory or PR linear
instability theory, theoretically describes the physical phenomenon that a liquid
column presents to breakup into small spheres which have the same volume.
The conditions for the breakups to occur are (a) liquid column is surrounded
by another kind of material, and (b) the liquid column’s length is long enough
(Rayleigh 1878).

Subsequently, S. Tomotika found that the viscosities’ ratio between two kinds
of materials, such as liquid-in-liquid or liquid-in-gas, is the critical factor of
the capillary instability. At the same time, he furthermore improved Lord
Rayleigh’s linear instability theory. By the separation of time and space,
he described that the development of small disturbance is affected by a
factor named instability growth rate. This model also offers possibilities
for conducting a numerical simulation to analyze the capillary instability
(Tomotika 1935). Based on Tomotika’s theory and related mathematic models,
many additional phenomena have been inquired deeply (Kao and Hockham
1966; Gennes et al. 2004; Liang et al. 2011). It is worth to mentioning that the
theory is also proved to be solid in sub-micron scale (Frolov et al. 2014).

Thermal treatment induced in-fiber capillary instability

Although not being found on solids, the capillary instability does take place in
molten multimaterial fibers. Due to the surface tension and viscous dissipation
force between the molten fiber’s cladding and core (Chandrasekhar 1961), the
core cylinder breaks up and forms a string of spheres that are frozen in situ
upon cooling. Recent studies on in-fiber capillary instability phenomenon have
promoted the development of fabrication and material engineering inside a
fiber, especially for the fabrication of microspheres (Shabahang et al. 2011;
Gumennik et al. 2013; Zhang et al. 2017), which is strongly related to the
Plateau-Rayleigh (PR) capillary instability in a fiber. Fabrication of micro-
spheres has been achieved based on fluidizing the pre-fabricated fibers either
by the iso-thermal heating via furnace (Aktas et al. 2014; Khudiyev et al.
2014) or the axial thermal gradient heating via oxyhydrogen flame and laser
(Gumennik et al. 2013; Zhang et al. 2017). The thermal treatment induced
in-fiber breakup process has been applied in a variety of materials with a wide
range of processing temperatures from 2400 to 400 K and material viscosity
ratio of 10 orders.

Instability wavelength and growth rate

According to the PR capillary instability, for a perfect cylindrical liquid thread
which is covered by another liquid, the perturbation wave occurs on the inter-
face due to the competition of surface tension and viscoelastic force between
two materials. The perturbation wave can be decomposed into a Fourier series
with an amplitude ¢ and wavelength 2,
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where Egurf is the initial surface energy of the inner liquid cylinder, y is the
interfacial tension, and Ry is the radius of the inner liquid cylinder. When the
wavelength is smaller than 27 Ry, the surface energy E** will increase which
conflicts the actual situation and this perturbation are unsuitable. Instead, when
the wavelength satisfies the criterion

A > Agit = 27 Ry, 2)

the surface energy E**f will decrease to minimize with the development of
the perturbation wave and subjects to the capillary instability. Therefore, the
perturbation with a wavelength above the critical wavelength A 4 could be
described as the amplitude function &(#, 1) showing the exponentially with
time and growth rate q.

e(t, A) = &(0) exp(iq1), 3)

The solution for the value of the perturbation growth rate g is a function of core
VisScosity Ninner, cladding viscosity nouer, and wavenumber x = ka (Tomotika
1935).

q= 14 @ (x’ ninner>’ (4)

2an0uter nOUtCl"

In Eq. 4, the growth factor function @ is complicated Bessel functions
depending on the wavelength x and viscosities of liquids.

e In-fiber filamentation instability

— Introduction to filamentation instability

The filamentation instability indicates that a viscous sheet transfer into an
array of filaments (Fig. 2a), instead of particles. Differing from the PR capillary
instability or the spinodal instability, the in-fiber breakups occur over some thin
films and transfer them into an array of filaments instead of the particles. This
fluidic instability phenomenon is identified as the filamentation instability. In
this phenomenon, the fluidic instability develops along the transversal direction
and instabilities along the longitudinal direction are suppressed. During the
fiber thermal drawing process, the viscous sheet of the longitudinal direction is
dragged by the gravity force as well as the fiber drawing force, which suppresses
the development of the instability along the longitudinal direction.

— Linear theory
For the in-fiber filamentation instability, the curvature of the viscous sheet is
negligible since the thickness of the viscous sheet is much smaller than the
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Fig. 2 Evolution and experimental results of in-fiber filamentation instability breakup. a Sketch of
the in-fiber filamentation instability on a thermal drawing viscous sheet. b SEM images of the in-
fiber filaments generation based on the filamentation instability breakup (Xu et al. 2019). Copyright
2019, American Physical Society. Reproduced with permission

radius. According to the linear theory of the filamentation instability during
the fiber thermal drawing process (Deng et al. 2008, 2010, 2011; Xu et al.
2019), the growth rates along the longitudinal direction (g)) and the transverse
direction (g, ) of the fiber cross section for the instability perturbation wave
can be calculated according to the sheet thickness and thermal drawing speed.
Here, the instability of the viscous sheet should be decided by the largest growth
rates along both directions,

q]' = max(qy(z. ky)) Q)

¢} = max(q. (2. k1)) ©)

where the z;, is the perturbation position and & is the perturbation wavenumber.
Therefore, a filamentation instability phenomenon can appear when ¢}/ < ql’l"’ .
Furthermore, the growthrate ¢'' and the wavenumber k' of the perturbation can
be calculated with the initial thickness Hy of the viscous sheet and the pertur-
bation induced location z,. The theoretical filamentation instability breakup
wavelength can be described as A,, = 27w S(z,)/k""S;, where the Sy is the
attenuation rate at z = L.
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e Utilizing in-fiber breakup for fabricating mico/nano-particles, wires, and layered
structures

— Fabrication of micro/nano-particles based on the capillary instability

The need for scalable fabrication of spherical particles at both micro- and
nanoscales is well-documented, and achieving this would enable a variety of
applications ranging from microelectronics (Van Buuren et al. 1998), photonics
(Wang et al. 2012), health care (Park et al. 2009), biology (Watts et al. 2013),
chemical sensing (Ward and Benson 2011), to cosmetics. Indeed, the thermal
treatment induced in-fiber capillary instability is excellent for fabricating
micro- and nanoscale structured particles. This approach seamlessly links the
full spectrum of particle radii and introduces various material systems into the
production of size-homogeneous structured particles.

Iso-thermal and gradient-thermal heating method

Fabrication of micro- and nanoscale spherical particles has been achieved by
fluidizing the pre-fabricated fibers either by the iso-thermal heating via furnace
(Aktas et al. 2014; Khudiyev et al. 2014) or the axial thermal gradient-thermal
heating via oxyhydrogen flame or laser (Gumennik et al. 2013; Zhang et al. 2017).
Iso-thermal heating method induces the in-fiber capillary instability by providing
a wide homogeneous temperature distribution heating source (furnace or oven).
The key characteristics of this approach are (1) wide and homogeneous heating
profiles; (2) satellite spheres generation; and (3) a high core-to-sphere amplifica-
tion ratio. As the heating area is wide enough, a long section of fiber core is heated
and breakup into spheres simultaneously. The transformation from a continuous
cylinder to a chain of spheres starts from the formation of the necks, then the
necks undergo pinch-off (Mansour and Lundgren 1990). Satellite and subsatellite
drops are generated owing to self-repeating of the breakup mechanism in every
neck and pinch-off section. Meanwhile, as the heating area becomes wider, the
core-to-sphere amplification ratio 7ay = Dsphere/Deore 18 Telatively large. There-
fore, the iso-thermal approach is suitable to generate meso/micro-scale particles
in large amounts (Fig. 3).

Gradient-thermal heating method induces the in-fiber capillary instability by
providing a smaller and gradient temperature distribution heating source such
as laser. The characteristics of this approach are (1) a small-scale and precisely
controlled heating profile; (2) a gradient heating profile; and (3) a small core-
to-sphere amplification ratio. As the heating area is significantly small and even
comparable with the breakup wavelength, the short length of fiber is heated to
form the spheres. The limited-size heating zone avoids the self-repeating of the
breakup mechanism in the neck and pinch-off section and eliminates the forma-
tion of satellite spheres. Meanwhile, as the limited heating area is very small, the
amplification ratio r,,, can be relatively small. Indeed, by feeding the fiber through
the heat zone continuously, the gradient-thermal heating method achieves mass
production of in-fiber particles. This approach is suitable for the fabrications of
micro- to nanoscale particles with a highly uniform size (Fig. 4).
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Structured particle generation

With the thermal treatment induced in-fiber breakup process, solid functional
cylindrical cores embedded in cladding materials can be transferred to uniformly
sized spherical particles. More significantly, the particles with multiple materials
and complex structures (hollow-sphere, core-shell, multi-shell, Janus, beach ball,
etc.) have been achieved (Fig. 5), enabling more products and functionalities.
First, by structuring the fiber cores during the preform preparations, the in-
fiber particles with complex structures could be achieved from the core. As the
fiber preforms are assembled in macroscale, complex geometries can be easily
constructed into the fiber core by judiciously structuring the morphologies in the
radial and azimuthal directions (Kaufman et al. 2012; Tao et al. 2016). As shown
in Fig. 5a, the modification in the radial directions provides a way to generate
Janus and beach ball particles and the modification in the azimuthal directions
provides a way to generate multilayer-structured particles. On this basis, the in-
fiber breakup fabrication approach has the advantages of exquisitely designable
structures.
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Fig.4 In-fiber capillary instability breakup based on gradient-thermal heating method. a Schematic
of the in-fiber breakup based on the laser-induced in-fiber capillary instability. b Optical micrograph
of the laser-induced in-fiber capillary instability process. ¢ Spheres generated from laser-induced in-
fiber capillary instability method with sizes from 250 pum to 200 nm (Zhang et al. 2017). Copyright
2017, WileyVCH. Reproduced with permission

Second, benefiting from the diverse thermal modulation, the applicable material
library for the in-fiber fabricated particles has been expanded to metal (Au, Ag, Cu,
and Pt), semiconductor (Si and Ge), chalcogenide glass, polymers, and functional
materials (biocompatible, porous, piezoelectric, triboelectric, and thermoelec-
tric materials). The availability of applicable materials guarantees the powerful
functions and broad applications of the in-fiber breakup generated particles.
Furthermore, through the design of multi-core structures and materials, the in-
fiber breakup process creates a new way to fabricate in-fiber structures. As shown
in Fig. 5b, the in-fiber breakup process can help to generate multiple-sphere
particles with different materials. Moreover, by using liquid material to fill the
hollow core, the biocompatible capsule particles can also be achieved with in-fiber
breakup process. These capsule particles could be surface-functional particles by
the surface modification technology with optical fluorescence functions as well
as biomedicine functions (Kaufman et al. 2013, 2016).

In-fiber device assembly

By precisely tuning the surface tension and viscosity of different materials at time
and spatial domains, the in-fiber breakup method proved a new method for in-fiber
device fabrication using multi-core fiber and particle assemblage.
Selective-breakup: Firstly, differing from breaking all continuous fiber cores into
spheres, only selected fiber cores are broken into spheres, and the other fiber cores
of the same fiber are remained in the continuous cylinder shape by utilizing the
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Fig. 5 Structured particles fabricated from the in-fiber capillary instability breakup approach.
a Schematic diagram of the fiber preforms and particle cross sections for the uniform, Janus,
Beach ball, core-shell, hollow core, and multi-shell particles. b Schematic diagram of dual-sphere,
snowman-like, porous, capsule, and surface-functional particles. Different colors represent different
materials

distinct melting points and viscosity features of different materials (Fig. 6a). For
example, when inducing the breakup process into a metal-semiconductor (e.g.,
Platinum—Germanium) cores fiber, the thermal heating process will transfer the
functional material into a viscous liquid statue. Because of the distinct melting
temperatures between the Ge and Pt, only semiconductor core (e.g., Ge) is treated
to break and form a chain of spheres, and the metal core (e.g., Pt) will hold
the continuous cylinder shape. Secondly, the spatial selective-breakup can also
be achieved by the laser heating method. For a much smaller heating spot size,
the laser beam can heat a very short length of the fiber and transfer the selected
part of the fiber core into micro/nanoscale spherical particles (Fokine et al. 2017).
The spatial selective-breakup of the multimaterial fiber has many applications,
such as the Bragg grating.

Breakup-to-contact: As the diameter of generated particles is usually larger than
the original diameter of fiber core, the breakup would create the breakup-to-
contact assemble process. A series of silicon-in-silica PN molecules is achieved
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Fig. 6 Schematic diagram of the in-fiber device assembly. a Selective-breakup process. (i) In-
fiber selective-breakup shape because of the distinct melting points and viscosity of materials.
(ii) In-fiber selective-breakup shape based on the laser limited heating zone. b Breakup-to-contact
process. (i) Breakup-to-contact process for dual-sphere particle generation. (ii) In-fiber functional
device fabrication based on selective-breakup and break-to-contact process

by this technology (Gumennik et al. 2013). The direct contact of p-type and n-type
semiconductor cores is not possible in one treatment of the completely melted
thermal drawing process. Therefore, separated dual-core semiconductor fibers
with a p-type core and an n-type core are fabricated as instead. The micro/nano-
spherical particles in-fiber generation based on in-fiber breakup process (Fig. 6b).
As the diameter of generated spheres is larger than the diameters of the original
core, the two chains of spheres contact with each other, forming in-fiber PN
junction molecules.
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In-fiber material engineering

As mentioned, the in-fiber breakup process is based on the in-fiber thermal treat-
ment, which can also be developed for in-fiber material engineering. By precisely
controlling the thermal treatment parameters such as the heating temperature,
the heating profile, and the cooling rate, a precisely controlled resolidification
process that induces recrystallization on the particle material structure can be
defined, eventually distribution of built-in stress and material structures can be
modified (Gumennik et al. 2017; Zhang et al. 2019). Suitable heating parameters
are beneficial to control the growth of the crystal grains, the microstructure of the
particles, and the possibility of the supercooling in the cladding materials.

As shown in Fig. 7, the laser-induced in-fiber breakup process can be used to
induce gigapascal level built-in stress onto the in-fiber particles during the reso-
lidification, which is sufficiently strong that capably modify the bandgap of the
semiconductor and to enable inelastic deformations on these semiconductor parti-
cles (Healy et al. 2014; Zhang et al. 2019). Therefore, the in-fiber breakup process
can generate encapsulated and free-standing stressed semiconductor particles.
Furthermore, by precisely control the laser heating parameters, such as the laser
power, the laser spot size, and the laser beam’s moving speed, this in-fiber built-in
stress can be accurately controlled (as shown in Fig. 7b), which opens a new route
for the further in-fiber fabrication and device assembly.
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Fig. 7 In-fiber silicon spherical particles generated from the in-fiber breakup process with built-in
stress. a In-fiber silicon spheres generation based on the laser-induced in-fiber capillary insta-
bility. b The birefringence intensity distribution around the silicon spheres through a transmission
optical microscope in crossed polarizer configuration (Zhang et al. 2019) Copyright 2019, American
Chemical Society. Reproduced with permission
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— Fabrication of micro/nanowires based on the filamentation instability
Basically, there are two methods to fabricate micro/nanowires in a fiber. One is
based on the in-fiber filamentation instability (Deng et al. 2011), and another
is based on a multiple-times thermal drawing process (Khudiyev et al. 2014).
Here, we mainly introduce the approach based on the in-fiber filamentation
instability. During the thermal drawing process of multilayer fibers, researchers
have observed that breakups occur over some films with an extremely small
thickness. This phenomenon was triggered by the filamentation instability,
which will impact the resulting lay geometry while the preform is heated to
fluid state as shown in Fig. 2. The viscous sheet embedded in the fiber cladding
material preserved stability along the longitudinal direction and breakup due
to the instability along the transverse direction, resulting in the production of
micro/nanowires. According to the linear theory of filamentation instability,
the final diameter of the micro/nanowires is determined by the sheet thickness
(H) and the viscosity ratio between the viscous thin sheet and the cladding
materials. Therefore, the duplication of multilayer has been studied over and
been finely controlled to fabricate micro/nanowires during the fiber thermal
drawing process.

— Fabrication of in-fiber layered structure by suppressing in-fiber fluid instability

For the in-fiber micro/nano-particles and wires fabrication, the in-fiber insta-
bility is a marvelous tool. However, for the uniform layered structure fiber,
the in-fiber instability will lead the layers to breakup and destroy the designed
structure, which is counterproductive and should be suppressed. Fortunately,
the stability criteria of the fluidic instability theories suggest some conditions
that help to maintain the layered structure during the fiber thermal drawing
process (Deng et al. 2011). Considering the complexity of the thermal drawing
process, these conditions are necessary although not sufficient.
As mentioned in the linear theory, the instability time scale (Tiyg) is decided
by the structure geometry (radius and thickness of the shell) and the material
properties (viscosity and surface tension). And the dwelling time (T gweliing) 15
the time of materials in the viscous state before being frozen in-fiber during
the thermal drawing process. The stability criterion of the layered structure is
defined as

Tinst = Tdwelling (7)

which implies that the in-fiber instability is suppressed, and the layered struc-
ture can be retained. Instead, when the instability time scale 7, is short than
the dwelling time T gweliing, the instability in the shell structure will have enough
time to develop and eventually break the in-fiber layered structure.

Therefore, by giving the viscosity and surface tension of cladding/sheet mate-
rials, the stability criteria can suggest the reliability of the designed layered
in-fiber structure. For example, in the case of T gweling™ 100 s, the As,;Se3-PES,
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PVDF-PC, and Se-PSU are suitable material pairs and Se-PE is unsuitable pair
(Deng et al. 2011; Liang et al. 2011).

e Structured multifunctional fiber devices and their applications

— Surface-modified and fluorescence biomedicine particles
With a doping material and digitally design structures, the in-fiber gener-
ated spheres gain more functionalities such as emitting fluorescence and
biomedicine applications. In addition, coating the spheres with antibodies and
antigens would make these spheres useful in an immunoassay (Kaufman 2014).
Fluorescence structured particles and particles with surface-functionalities
were achieved by structured core multifunctional fibers. Notably, particle struc-
tures with higher complexities may be generated by ingeniously structuring
the multimaterial fiber core. These functional particles have demonstrated the
potentials to be used in bio-imaging, targeted drug delivery, and gene thera-
pies. Conventional ways to synthesize these functional micro/nano-particles
majorly depending on chemical reactions in liquid organic solvent, making the
cost high and the throughput relatively low. Therefore, directly fabricating
biomedicine particles based on the in-fiber engineering approaches shows
outstanding features such as mass production compatibility, high consistency of
particles, and non-toxic, which is much more suitable for practical applications.

— Optical resonator arrays
Spheres fabricated from the breakup method features ultra-smooth surface
roughness, crystal structure owing to surface tension and large built-in stress,
which is an extraordinary platform for developing optical resonators (Vukovic
etal. 2013; Aktas et al. 2014; Suhailin et al. 2015). Therefore, the generation of
micron and nano-spherical particles based on in-fiber capillary instability has
opened a new route for fabricating microcavity resonator arrays (Aktas et al.
2014). In general, optical materials, such as As,Ses and Si, are made into the
rod and are drawn into the fibers with suitable cladding materials by a thermal
drawing process. Following the in-fiber breakup process, the continuous func-
tional core breaks into chains of spheres due to the in-fiber Plateau-Rayleigh
instability (Fig. 8). These spheres have an ultra-smooth surface, perfectly spher-
ical shape, crystal structure, and uniform diameters, which consisted high-Q
factor whispering gallery mode (WGM) microresonator array. For example,
by using this technology, the Q factor of the As;Se; WGM resonator can reach
3.1 x 10’ and the Q factor of the Silicon WGM resonator can reach 7.1 x 10°.

— Optoelectronic fiber devices
Optoelectronic and photodetecting fiber devices can be fabricated based on the
selective amplification of in-fiber capillary instability (Wei et al. 2017). Based
on a precisely defined metal-semiconductor-metal trial cores fiber, a fully func-
tional fiber-shaped optoelectronic device is generated by employing in-fiber
breakup process. As mentioned above, the thermal heating process helps us
to selectively break functional material core (e.g., Germanium) into spheres
and leaves metal cores maintained in continuous shape (Fig. 9). Therefore,
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Fig. 8 Applications of in-fiber breakup generated optical resonator arrays (Aktas et al. 2014;
Zhang et al. 2017). a Profile and top SEM micrographs of the As;Se3 optical resonator arrays.
Copyright 2014, WileyVCH. Reproduced with permission. b Transmission spectra of a silicon
spherical particles with a quality factor Q of 7.1 x 10°. Copyright 2014 & 2017, Wiley VCH.
Reproduced with permission

these spheres can serve as optoelectrical components of a device such as pres-
sure sensors or optics, and the metal cores here serve as electrical connection
wires as well as signal-transmitting guides in the fiber-based optoelectronic
and photodetecting devices. Owning to the fibers’ ultra-flexible, stretchable,
and made with biocompatible materials features, applications such as in brain
sensing and neuron stimulation as well as wearable bio-sensing are proposed.
Furthermore, as the fiber from thermal drawing can be ultra-long, large scale
sensing fabrics and smart machine covers can finally be developed using the
advanced multifunctional fibers and the textiles.

e OQOutlook of in-fiber breakup process
Although remarkable achievement has been reached and structured particles as
well as assembled functional devices have been proved with the help of the thermal
treatment induced in-fiber breakup process, there is still great prospect for further
expansion of the in-fiber breakup process into the multifunctional multimaterial
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Fig. 9 Photodetecting fiber devices based on in-fiber breakup-to-contact process (Wei et al. 2017).
Copyright 2017, Wiley VCH. Reproduced with permission

fibers. One of the remaining issues is the combination of the iso-thermal heating
method and the gradient-thermal heating method. The iso-thermal treatment is
suitable for mass production of in-fiber particles but cannot avoid the generation
of the satellite particles which will influence the final uniformity of the dimensions.
Meanwhile, the gradient-thermal treatment is efficient in avoiding the generation
of the satellite, but the production efficiency is not high. Therefore, a new combi-
nation method can meet the demand of volume-producing in-fiber particles with
a precisely controlled and highly uniform diameter. Another challenging issue
is the in-fiber functional device assembly. By now, the in-fiber functional unit
generation and device assembly are depending on the in-fiber breakup-to-contact
and selective-breakup process. To enrich the fiber internal structures as well as
the functional units, more in-fiber fluid dynamic phenomena should be studied
and applied to the post-drawing process.

3 Conclusion

In this chapter, the in-fiber breakup process is comprehensively discussed, including
the mechanism of the in-fiber fluidic instabilities, in-fiber micro/nano-particles, wires
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and layered structure fabrications, and applications of in-fiber breakup technology.
This in-fiber fabrication method is based on post-drawing thermal treatment induced
fluidic instabilities, which can lead the continuous fiber internal structure to breakup.
This technology can be used to generate in-fiber micro- to nanoscale spherical parti-
cles, rods, and wires with the precisely controlled geometry and diameter. Mean-
while, the study of the in-fiber fluidic instabilities also provides methods to avoid
the breakup phenomena during the fiber thermal drawing process and to preserve
the fiber internal geometry and the layered structure. By now, the thermal treatment
induced in-fiber breakup process has been applied in a variety of materials with a
wide range of processing temperatures from 2400 to 400 K and material viscosity
ratio of 10 orders. Furthermore, the in-fiber breakup process creates new opportuni-
ties for in-fiber functional device assembly with the breakup-to-contact method and
selective-breakup method. In addition, with the in-fiber thermal treatment, the study
in-fiber breakup process can also contribute to the in-fiber material engineering, such
as the redistribution and resolidification of elements and the built-in stress modifi-
cation. In summary, the thermal treatment induced in-fiber breakup process offers
a new route for many applications including but not limited to optoelectronic and
photodetecting devices, electronic devices, biomedicine, drug delivery, and energy
harvesting and storage.
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Nano- and Micro-structuring )
of Materials Using Polymer Cold L
Drawing Process

Ming Chen, Zhixun Wang, and Ke He

Abstract Cold drawing is a well-established manufacturing process for tailoring
properties of polymers in polymer industries. It refers to the phenomenon that necks
formed during the tensile drawing of polymer fibers, films, or any other shapes.
The necking reduces the height and width of the polymer sample being stretched
and elongates it in length. The cross-sectional area in the necking region becomes
smaller and keeps in a constant value with traveling to the remaining non-necking
regions until the non-necking regions disappeared. Fundamentally, cold drawing is
the movements and orientations of entangled polymer chains under external forces. It
happens both for amorphous and for semicrystalline polymers in specific conditions.
Though the cold drawing process has long been used in industrial applications, it has
been rediscovered as a method of nano- and micro-structuring of materials recently.
Materials used for structuring are wrapped in polymer fiber to form a core-shell
structure or attached to the surface of the polymer substrate, then experience ordered
fragmentations during the cold drawing of the composite structure, and finally formed
regular patterns in nano- and micro-scale. This robust nano- and micro-structuring
process is easy to perform and can be conducted using bare hands in some situations.
Further, this method can be applied to various materials and is suitable for large-scale
fabrication. This chapter discusses nano- and micro-structuring of materials including
crystal, glass, and polymer with the core-shell structured fiber and film-based flat
geometries.
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1 Introduction

In the polymer industries, cold drawing is a successful technique used in the produc-
tion of polymer with enhanced mechanical properties, such as high tensile strength
polyester and nylon fibers (Carraher 2017; Ziabicki 1976). First discovered in the
1940s (Carothers and Hill 1932), cold drawing refers to the phenomenon that many
polymers, when subjected to tensile stress, may undergo non-homogeneous deforma-
tion with one or multiple necking regions formed after the initial small homogeneous
elastic deformation. The movements of polymer chains are the underlying mecha-
nism of this phenomenon. The ‘frozen’ polymer chains can move under the external
tensile force. The nature of this mechanical instability is high-elastic state defor-
mation or forced high-elastic state deformation since the deformation only recovers
when the specimen being annealed at around the glass transition temperature (for
amorphous polymers) or the melting temperature (for semicrystalline polymers). The
interesting part of this non-homogeneous deformation is, clear boundaries or necking
fronts, lying normal to the drawing direction can be observed between the necking
and non-necking regions. The necking regions elongated in the drawing direction and
shrank in the dimension perpendicular to the drawing direction. With the cold drawing
process goes on, the necking regions extend by the traveling of necking fronts until
the non-necking regions disappeared. In the propagation of necking fronts, strong
strain localized only in the necking fronts, while the necking and non-necking regions
are stable. Eventually, the specimen becomes stronger after the necking fronts went
through it, which is called strain hardening (Vincent 1960; Coleman 1985). While
the forming of neck fronts is influenced by many factors, such as the drawing temper-
ature, the drawing rate, and the molecular weight, many polymers can be cold drawn
under ambient temperature.

The studies on cold drawing focused on single material in the past decades (Argon
2013), cold drawing of a composite structure emerged later which concentrated on
fiber reinforcement composites (Loos et al. 2001; Friedrich et al. 2005; Fakirov et al.
2007). Yet until recently, research works on using cold drawing to form nano- and
micro-structures have been reported (Shabahang et al. 2016; Xu et al. 2017; Wu et al.
2019; Loke etal. 2019; Chen etal. 2017,2019; Wang et al. 2010; Nairn 1997; Galiotis
and Paipetis 1998; Li et al. 2018). There are two geometries have been investigated,
namely the core-shell structured fiber and planar film-based composite. The designed
core-shell structured fibers are consisting of a ductile polymer shell and a core of
another relatively brittle material. The polymer shell experiences cold drawing under
tensile stretching; consequently, the core material be affected through the stress
transferred through the interfaces. When the stress in the core material exceeds the
tensile strength of it, the core material breaks. Rather than random fragmentations, a
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sequentially ordered break-up of the core material happens and results in a periodic
chain of rods separated by voids. The strong localized strain in the necking fronts
leads to the controllable fragmentations. Core material only breaks after the necking
fronts propagated through, and other parts located in the non-necking regions remain
intact. The size of fragments depends on the diameter and Young’s modulus of
the core material. From this method, various multicomponents nano- and micro-
structures can be produced on a large scale. In addition, the uniformly sized rods
of the core material can be etched out via the selective dissolution of the polymer
shell. In principle, any material which does not undergoes cold drawing can be used
as the core material, including crystals, glasses, and polymers. For the planar film-
based composite, a similar phenomenon can be observed. A thin layer of relatively
brittle material, for example, glass or metal can be deposited on a polymer film,
which can be cold drawn. After the process of cold drawing, the thin deposited layer
fragments in the transverse direction sequentially and resulting in ordered ribbons
array. The formed pattern has a featured size of nanometers to microns. Further,
submicron ribbons of monolayer or few layers two-dimensional transition metal
dichalcogenides (TMDs) and graphene can be produced by this lithography-free
approach. This versatile method can be applied to other low-dimensional materials.

To understand the underlying mechanism of the ordered fragmentations, the shear-
lag theory was modified to explain this phenomenon. The traditional shear-lag theory
was first reported in the 1940s and well-established for the mechanical analysis of
composites, especially for fiber-reinforced composites (Wang et al. 2010; Nairn 1997,
Galiotis and Paipetis 1998). In the traditional shear-lag model, the strain is distributed
globally in contrast to the cold drawing process where the strain is localized in
the necking fronts. Also, the traditional shear-lag fragmentations typically occur at
random locations simultaneously, while the target material only fragments with the
necking front passing through in the cold drawing process. Besides, the traditional
shear-lag model and the cold drawing process share the same interfacial stress transfer
mechanism. A modified shear-lag model can be applied in the analysis of the cold
drawing process.

2 Cold Drawing of Core-Shell Structured Fibers

A wire-like core material embedded in a polymer fiber matrix assembles a core-shell
structured fiber composite. The core-shell structured fiber provides a good platform
to study the cold drawing on composite in which the shell undergoes cold drawing and
the core does not. The mismatch in mechanical properties for the core and the shell
materials leads to different mechanical behaviors for them during the cold drawing
process.
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2.1 Fabrication of Core-Shell Structured Fibers

The 1-mm-diameter fibers used for cold drawing have a shell of thermoplastic
polymer polyethersulfone (PES). It is chosen to be used as the shell material because
it undergoes cold drawing at ambient temperature, using other polymers (which
undergo cold drawing) can get similar results. To demonstrate the universality of this
method, a wide range of materials is used as core material, including four glasses:
silica (SiOy), tellurite glass 70Te0,—20Zn0O-5K,0-5Na, 0 (TeG), phosphate glass
(PeG), and chalcogenide glasses As;Se; (ChG); five polymers: polystyrene (PS),
acrylonitrile butadiene styrene (ABS), polyethylene oxide (PEO), silk, and human
hair; and three crystals: silicon (Si), germanium (Ge), and ice. The fibers consisting
of a 20-pwm-diameter core of ChG are fabricated via fiber thermal drawing technique
(PES and ChG are thermally compatible), which is a scale-down process of a macro-
scopic scale perform, and the process is diagramed in Fig. 1a. The same technique is
applied for thermally compatible core materials. For other core materials which are
thermally incompatible with PES, they are placed into hollow PES fibers (prepared
from thermal drawing) and annealed to ensure the strong adhesion between the shell
and the core (Fig. 1b). The fibers with ice core are fabricated by first filling water
into hollow PES fibers and then frozen at —5 °C.

(2) (b)

\ it
& 3Pz

preform

fiber

Preform preparation Fiber drawing

Fig. 1 Schematic illustration for the fabrication of core-shell structured fibers. a Schematic depic-
tion of the thin-film-rolling process. A cylindrical rod of a material to be used as a core is rolled
with thin PES sheets and then thermally consolidated under vacuum to fuse the thin films and
yield a preform. b The preform is heated in a custom-built fiber draw tower, and axial tension is
applied to elongate the preform into a fiber (along the direction of the arrow). ¢ Schematic depiction
of combining a thermally incompatible micro-wire and a hollow polymer fiber for cold drawing.
Adapted with permission from Shabahang et al. (2016)
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2.2 Ordered Fragmentation of the Core Material

The core-shell-structured fibers are subjected to cold drawing after preparation. The
cold drawing is conducted by fixing the ends of the specimen on a travel stage; then,
the travel stage stretches the specimen at a constant speed. Interestingly, this simple
process can be also done using bare hands, as shown in Fig. 2a.

All the tested core materials fragmented into ordered rods after the cold drawing.
For the characterization of the fragmentation process, optical images are taken for
the different stages of the cold drawing process for the PES-cladding and ChG-core
fiber. Figure 2e is the optical image taken before the neck forms, the initial stage
of necking, and the propagation of the necking front, respectively. The core ChG
is observed to fragment into ordered micro-rods after the cold drawing process.
The enlarged image in Fig. 2f shows the details of the fragmentation. The core in
neck regions has fractured into rods, while other parts located in non-necking regions
remain intact. It can be seen clearly that the fragmentation of core material happens in
the necking front. The extracted ChG rods shown in Fig. 2j demonstrate the potential
of this method as a mass fabrication tool for micro-rods. Figure 2i illustrates the
whole process. It is worth noting that this method is not limited by fiber geometries,
and as shown in Fig. 2b—d, cylindrical, rectangular, and triangular fibers can be cold
drawn in spite of their difference in the shape of cross section.

Some results can be found with a systematic investigation of the obtained rods.
In Fig. 3a, a linearly proportional relationship between the average length L and the
diameter D of the rods can be clearly observed both for ChG and TeG. The linear
proportionality f = L/D depends on the core material. Figure 3b plots the relationship
between f and the Young’s modulus of eleven different core materials. It can be found
empirically that f o« +/E, where E is the Young’s modulus of the core material.
Considering the similarity in geometries between the core-shell structured fibers and
fiber-reinforced composites, the interfacial mechanical behaviors of the core-shell
structured fibers could possibly follow the classic shear-lag theory. Verified with

experiments, the modified shear-lag model L / D= /E / 2 (Galiotis and Paipetis
1998; Thostenson et al. 2002; Kim and Nairn 2002; Figueroa et al. 1991), where 2 is
a characteristic stress (equals to 0.1 GPa as shown in Fig. 3c), is in a good agreement
with experimental results (Table 1).

3 Cold Drawing of Film-Based Flat Composites

Apart from the core-shell fiber structures, cold drawing of film-based flat composites
can lead to interesting results as well. There are mainly two types of film-based flat
composites studied, one is the two-layer structure, and the other one is the polymer
film/core film/polymer film sandwiched structure (Xu et al. 2017; Wu et al. 2019;
Chen et al. 2017, 2019). The interfacial mechanical behaviors between core film
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Fig. 2 Fragmentation via a cold drawing-induced, propagating, mechanical-geometric instability.
a Photograph of a polymer fiber undergoing cold drawing under axial stress at a speed of approx-
imately 5 mm s~ !. Multiple shots taken over 1 min are overlaid to highlight the extent of fiber
elongation. b—d Scanning electron microscope (SEM) micro-graphs of the propagating shoulder in
polymer (PES) fibers with cross sections that are circular (diameter of 0.7 mm; (b), rectangular (side
lengths of 0.2 and 1 mm; (¢) and equilaterally triangular (side length of 0.4 mm; (d). Scale bars,
400 pm. e Transmission optical micro-graphs of a multimaterial cylindrical fiber undergoing cold
drawing at 3 mm s~! captured at three different stages: (i) initially intact fiber; (ii) neck formation;
and (iii) shoulder propagation, leaving behind a fractured core after fragmentation. The cladding is
a polymer ‘P’ (PES), and the core is a glass ‘G’ (As>Se3). f A magnified transmission micro-graph
of the neck region, corresponding to the dashed black rectangle in e. The dashed white rectangle
highlights the propagating instability, wherein fragmentation takes place. g Schematic of selec-
tive dissolution of the polymer cladding to retrieve intact cores. h SEM micro-graph of retrieved
intact glass cores from multiple fibers. i, j Schematic (i) and SEM micro-graph (j) of retrieved
nano-fragmented micro-rods by selective dissolution from a cold-drawn fiber. Inset in j is an SEM
micro-graph of a single micro-rod. Adapted with permission from Shabahang et al. (2016)
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Fig. 3 Characterization of fragmentation induced by cold drawing of a PES fiber. a Measurements
of the average length L of fragmented micro- and nano-rods of chalcogenide glass (ChG; As;Sey;
red circles) and tellurite glass (TeG; 70TeO,—20ZnO-5K,0-5Na;,0; blue squares) of diameter D
in a PES fiber upon cold drawing. The red solid and blue dashed lines are linear fits with slopes f =
L/D = 6 and 3.9 for ChG and TeG, respectively. Vertical error bars represent the root-mean-squared
(rm.s.) length dispersion of rods at each value of D. Insets are SEM micro-graphs of individual
rods resulting from the cold drawing-driven fragmentation of As;Ses cores of diameters (from
left to right) 200 nm, 1, and 10 pm. b Measured values of f for a host of materials embedded
in a PES fiber plotted against their Young’s modulus E; the dashed line corresponds to the ansatz

f~.,FE / 2, with © = 0.1 GPa (such that f ~ +/10E when E is in gigapascals). Vertical error bars

represent the measured r.m.s. dispersion in f; horizontal error bars correspond to the uncertainty
in the measured E (those for TeG and ice reflect the range of reported values). PhG, phosphate
glass; PEO, polyethylene oxide; PS, polystyrene. ¢ Stress—strain measurements of cylindrical PES
fibers produced by thermal drawing at different prestress values (ranging from 0.2 to 7.8 MPa; see
colored-coded labels) identifying the four stages of linear elasticity, cold drawing, strain-hardening,
and failure. The coexistence (dashed) lines and natural draw ratios (vertical dotted lines; values given
above the plot) at neck stabilization (both defined in d) are identified. d Schematic representation of
Considére model. The blue curve corresponds to the true stress versus stretch in a strain-controlled
experiment. The solid black ‘coexistence’ line indicates necked and unnecked regions coexisting at
equal engineering stresses as local stretch varies from the onset of necking to the natural draw ratio
at which stable neck propagation occurs. The dashed black lines serve as guides to the eye. Above
the plot is an SEM micro-graph of a necked region in a PES fiber; the arrows indicate the direction
of the axial stress and shoulder propagation. e Von Mises stress distributions from finite-element
simulations of in-fiber core (As>Se3) fragmentation during cold drawing of a PES fiber. The five
steps (i—v) correspond to increasing stretch values. Top panels depict the full fiber; bottoms panels
show the regions corresponding to that highlighted by the rectangle in (i). Adapted with permission
from Shabahang et al. (2016)
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Table 1 Measured values of L/D and measured and reported values of E, for different core
materials

Material % St. Dev. E (GPa) A (GPa) E (GPa) A (GPa)
Measured Measured Reported
Si0, 33 11.95 88.5 55 70 65-73.1
Si 32.5 9.56 152 75 150 130-202
Ge 30 9.26 78 6 103 102.7-103
PhG*>* 9.5 3.19 11 2 55 31.3-79
Silk*—47 8.2 2.07 9 32 16 3.8-17
ChG#8-30 6 1.57 32 0.1 38.6 18-40
TeG! 3.9 1.07 N/AD N/AD 44 37.1-50.7
Hair¥23 4.9 1.46 3.7 1.1 4 2.5-7.5
PEQ>433 2.9 0.56 0.3 0.1 5 0.2-7
Ice2044:36 1.7 0.46 N/A® N/A® 5.1 0.3-10
PS 1.6 0.25 2.7 0.7 3.2 3-3.5

Adapted with permission from Shabahang et al. (2016)

and polymer film follow the shear-lag theory for both types. For the core mate-
rial, metals like silver (Ag), gold (Au), aluminum (Al), copper (Cu), platinum (Pt),
and nickel (Ni) have been used, and the resulted nano-structures find a great poten-
tial in the applications of surface-enhanced Raman scattering (SERS) sensing (Wu
et al. 2019), optical superlenses (Li et al. 2018), and localized surface plasmon
resonance (LSPR) sensing (Xu et al. 2017). Further, two-dimensional materials,
monolayer and few-layer transition metal dichalcogenides (TMDs), and graphene are
used as core film both for investigating the mechanical behaviors of two-dimensional
materials/polymer composites and fabricating two-dimensional materials submicron
ribbons (Chen etal. 2017, 2019). This method is demonstrated as a versatile approach
for large-scale two-dimensional material ribbons array production, and the fabricated
ribbons array has a wide range of applications in nano-electronics.

3.1 Metal-Polymer Composites

A thin layer of metal elements can be deposited onto a polymer film via e-beam
technique. A thin layer (~25 nm) of Ag was deposited onto a 20-pm-thick poly(e-
caprolactone) (PCL) film before conducting the cold drawing process at a stretching
speed of ~5 mm/s, as shown in Fig. 4.

After cold drawing, the Ag layer on PCL film has fragmented into ordered ribbons
perpendicular to the drawing direction. And uniformly submicron wrinkles can be
observed on the whole length of the ribbons, which is lying in the direction of drawing.



Nano- and Micro-structuring of Materials Using Polymer Cold ... 225

(a)

Ag deposition
- -
Poly (e-caprolactone) Film Ag film on Poly (e-caprolactone)
(c) (d)
o,
%,
TR
04%
L =
o

Fig. 4 Schematic diagram of stretching polymer SPR film under an external mechanic force.
a Flexible PCL polymer film. b Ag film is deposited on PCL polymer film by an electron beam
evaporator. ¢ The polymer SPR film is fixed onto a mechanical machine. d The uniaxial stretching
of polymer SPR film at a constant stretching speed. Two primary characteristics are observed: neck
formation and shoulder propagation. The inset highlights the nano-structures’ formation in the
neck region. Adapted with permission from Xu et al. (2017), copyright (2020) American Chemical
Society

The scanning electron microscope (SEM) images of the PCL film (without Ag layer
deposited on) and Ag/PCL film after cold drawing are demonstrated in Fig. 5a, b.
While the ribbons have a feature size of tens of micrometers, the nano-grooves are
observed to have a width of a hundred of nanometers between each wrinkle, shown
in Fig. 5c. On each Ag wrinkle, there are uniformly distributed nano-gaps with a
size of tens of nanometers on the surface. The atomic force microscope (AFM)
was used to verify the surface morphology of resulted Ag ribbons with wrinkles, as
illustrated in Fig. 5d. From the AFM images, the wrinkles are found to have a height
of ~100 nm and a width of ~1 pm. To shed a light on the formation of wrinkles
on the ribbon surface, a PCL film without Ag layer deposited on has been cold
drawn (Fig. 5a), as can be seen that many wrinkles formed on the surface of PCL
film, considering the nature of semicrystalline polymer for PCL film, Poisson’s ratio
(~0.45) of PCL, and the relatively fast drawing rate, the formation of wrinkled surface
can be attributed to the deformation of PCL film. During the cold drawing process, the
PCL crystals reoriented and further shrank laterally, and the distance between each
adjacent lamellae increased within a crystal. For PCL film with Ag layer deposited
on, the Ag particles act as blocks preventing the wrinkles from overlapping and
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Region 1

Region 2

Fig. 5 Surface morphology of stretched polymer SPR film without (a) and with (b, ¢) 25 nm
Ag film. The arrows denote the direction of externally applied stress. The polymer SPR film at a
width of 4 cm is drawn from 4 cm (initial length) to 10 cm (stretched length). The inset in panel
¢ shows the dimension of the nano-groove. The dashed boxes in panel c indicate the nano-groove
(1) and nano-gaps (2), respectively. (d) Morphologies of four complete periods of polymer SPR
film demonstrate 3D wave-shaped structures. The inset in panel d illustrates line scanning obtained
across the dashed line. Adapted with permission from Xu et al. (2017), copyright (2020) American
Chemical Society

thus forms the Ag ribbons with nano-grooves. The nano-gaps are formed during the
drawing process since the deposited Ag layer is not single crystalline but consisting
of many Ag particles, when subjected to large deformation, the nano-gaps formed
on the boundaries between each particle. The nano-gaps function as hotspots and
make the Ag/PCL film a good photonic surface for using in SERS. Compared to
unstretched film, the stretched Ag/PCL film provides an enhancement (more than 10
times) in SERS, as Fig. 6 shows.

Au, Ni, and Al have been used as the deposition layer, and the surface morphology
is shown in Fig. 7. For Au/PCL composites, similar surface morphology of Ag/PCL
can be observed. After cold drawing, Au ribbons with wrinkles (nano-grooves and
nano-gaps) are obtained. It can be used as a photonic surface for enhanced SERS
as well. For Ni and Al, different surface morphology is found. The deposited metal
layer fragmented into a web-like network. The different ductility and adhesion to the
PCL layer lead to the distinct morphologies.
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Fig.6 Demonstration of flexible polymer SPR film for practical SERS applications. a A photograph
image of stretched polymer SPR film (8 cm x 4 cm). b A photograph image of polymer SPR film
attached to the green mussel surface contaminated by MG molecules. ¢ Schematic diagram of
contacting polymer SPR film onto the green mussel and collecting the SERS signals from the
backside surface. d In situ detection of MG molecules on the green mussel surface at various
concentrations from 10 mM to 0.1 wM. The SERS spectra are obtained at the laser excitation
wavelength of 514 nm, where the power is 1.5 mW, the acquisition time is 10 s, and the accumulation
time is 1 s. Adapted with permission from Xu et al. (2017), copyright (2020) American Chemical
Society

Polycarbonate (PC) film can be used as a polymer film matrix as well. Different
from semicrystalline PCL, PC is an amorphous polymer with a Poisson ratio of ~0.3.
A layer of Au in different thickness (Fig. 8g) was deposited onto PC (125 pm thick)
via e-beam. After the cold drawing process, the Au layer fractured into strips and
no wrinkle observed. Au layer with different thicknesses from 10 to 50 nm has been
studied, and similar surface morphology is found. The average width of resulted Au
stripes is proportional to the thickness as shown in Fig. 8f. After cold drawing, the
Au/PC composites are subjected to drawing again at the perpendicular direction (2D
stretching). The Au strips are torn into distributed Au islands. The fragment length
for Au layers with different thicknesses is shown in Fig. 8g.

The cold drawing of Cu and Pt layer (20 nm) deposited PC composites is studied
for further investigations. After cold drawing, Cu and Pt fractured into strips similar
to the Au strips. And the surface morphologies of Cu/PC and Pt/PC are islands-
like, similar to the results in Au/PC (Fig. 9). The different mechanical properties
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Fig. 7 Surface morphology of various metallic materials deposited on the PCL polymer films. a,
b Au. ¢ Ni. d Al. All the thicknesses of metallic films are 25 nm, and the composite film is stretched
from 4 to 10 cm at a width of 4 cm. The red arrows denote the stretching direction. Adapted with
permission from Xu et al. (2017), copyright (2020) American Chemical Society

and adhesion to the metal layer of PC and PCL films determine the distinct surface
morphologies for metal layer after cold drawing.

The fabricated Au/PC film is highly conformal, flexible, and semitransparent, and
it can be used on complex surfaces for on-site SERS sensing. As an example, the
on-site SERS sensing on basil leaves and apples has been studied using the cold-
drawn Au/PC film. The schematic process is shown in Fig. 10a. After cold drawing,
the resulted films are attached to the surface of the leaves and apples with different
concentrations of thiram. The detection of thiram residue on foods is crucial as the
thiram can lead to serious health issues (Wang et al. 2015). The strongest Raman
peak for thiram is at ~1376 cm™!, and it is monitored during the test of on-site SERS
sensing. The results are demonstrated in Fig. 10c and e. As can be seen, for the
basil leaves, the lower limit of detection (LOD) for thiram using Au/PC film is about
48 ng/cm?, and it is 0.48 ng/cm? for apples. The different LOD values may arise
from the surface morphologies and tissue compositions.
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Fig. 8 Fabrication and characterization of gold nano-patterns. a Schematic illustration showing
the fabrication process of metallic micro/nano-patterns on flexible substrates through two-step
mechanical stretching. b Photograph of a centimeter-scale flexible photonic surface fully covered
with gold nano-patterns fabricated by 2D stretching. ¢, d Stress—strain curves for the gold/PC film
composite in 1D and 2D stretching processes, respectively. e SEM images of the gold patterns at
different stages of 2D stretching (thickness of the gold film, 30 nm). f Average width of the gold
strips fabricated by 1D stretching as a function of gold film thickness. g Average length of the gold
patterns at different stages of 2D stretching. h SEM images of the 2D gold patterns with different
thicknesses (strain, 152%). Scale bars: (e) 2 mm; (h) 1 mm; inset picture, 100 nm. Reproduced
from Li et al. (2018) with permission from the Royal Society of Chemistry

3.2 Two-Dimensional Materials—Polymer Composites

Materials structuring using the cold drawing method have been proven to be highly
effective, low cost and suitable for mass production. It is natural to think whether
this method can be applied to two-dimensional materials. Different from bulk mate-
rials, two-dimensional materials have their unique properties in many aspects, and
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1D stretching, Pt film, 20 nm d | 2D stretching, Pt film, 20 nm

Fig. 9 SEM images of nano-patterns fabricated from copper and platinum nano-films. a Copper
nano-stripes after 1D stretching. b Copper nano-patterns after 2D stretching. ¢ Platinum nano-
stripes after 1D stretching. d Platinum nano-patterns after 2D stretching. Film thicknesses, 20 nm;
substrate, 125-pm-thick PC film; elongation for 2D stretching, 152%. Reproduced from Li et al.
(2018) with permission from the Royal Society of Chemistry

their excellent electrical and mechanical properties make them a good candidate for
flexible electronics (Zhang et al. 2016; Yang et al. 2017; Liu et al. 2014; Gong et al.
2016; Castellanos-Gomez et al. 2012; Bertolazzi et al. 2011). Many researches work
on two-dimensional material-based flexible electronic devices are focused on two-
dimensional materials/polymer assembly thanks to the superior flexibility of poly-
mers. Thus, the investigation of cold drawing on two-dimensional materials/polymer
composites not only develops a potential fabrication tool for two-dimensional ribbons
but also gaining an understanding of the mechanical behaviors in two-dimensional
materials/polymer assembly, which is essential for the evaluation of device stability
for related flexible electronics. In the family of two-dimensional materials, the TMDs
and graphene attract many interests. They are transferred onto a 125 pm PC film via
the wet transfer method and then subjected to cold drawing.

Figure 11 shows the experimental process for the cold drawing of CVD-grown
single crystal monolayer WS, on PC film. The resulted WS, submicron ribbons
can be observed clearly using a fluorescence microscope (Fig. 11e). The ordered
fragmentation of WS, only happens in the necking front, as Fig. 11b—d shows.
Figure 11f—j gives a clearer comparative view of three WS, crystals before and after
the cold drawing process.
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Fig. 10 Ultra-flexible and conformal gold nano-patterned film for on-site SERS sensing.
a Schematic illustration showing the process of on-site SERS sensing. b Photograph of a basil leaf
coated with an ultra-flexible gold nano-patterned film and micro-graph of the surface morphology.
¢ On-site SERS spectra acquired using ultra-flexible gold nano-patterned films from basil leaves with
different concentrations of the thiram residue (background subtracted). d Photograph of an apple
covered with an ultra-flexible gold nano-patterned film and micro-graph of the surface morphology.
e On-site SERS spectra acquired using ultra-flexible gold nano-patterned films from apple peels
with different concentrations of the thiram residue. Scale bar: (b) 50 mm; (d) 100 mm. Reproduced
from Li et al. (2018) with permission from the Royal Society of Chemistry

The ordered fragmentation also occurs on few-layer WS, after the cold drawing, as
shown in Fig. 12d, e. To study the versatility of this method, monolayer MoS,, MoSe;
and WSe,; are also investigated under different drawing speeds. Again, the drawing
speed is proven to have neglectable effects on the fragmentations. And similar to WS,
other TMDs also fractured into ordered ribbons array. The resulted ribbons have many
freshly produced edges and have a better performance on hydrogen evolution reaction
(HER). Figure 13 shows the comparison of HER performance over MoS, ribbons
array-based and pristine WS,-based bottom-gated field-effect transistors (FETs). The
MoS, ribbons array-based FET has enhanced performance on HER.

As another representative two-dimensional material, graphene is the thinnest and
strongest material ever found. Also, large-scale polycrystalline graphene can be
grown using CVD. The results for cold drawing of graphene/PC film are shown
in Fig. 14.

After cold drawing, the graphene sheet was torn into submicron ribbons array. This
versatile method can be applied to small single crystals and large-scale polycrystals.
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After necking process

um 5 um 5um

Fig. 11 Fragmentation of monolayer WS, via mechanical instabilities. a Schematic of the experi-
mental steps to fragment monolayer WS,. b Optical image of a monolayer WS, during the necking
process, highlighting the propagating mechanical instabilities, wherein fragmentation occurs. The
triangle represents 1L WS5. ¢, d Fluorescence images of monolayer WS, during the necking process,
corresponding to the dashed rectangles ¢ and d in (b). (d) After necking propagation, WS, mono-
layers are fragmented into well-ordered nano-ribbons. (¢) Before necking process, WS, monolayers
are maintaining integrity. e Fluorescence image of a monolayer WS, with sample size of ~100 um
after necking process. f Fluorescence images of WS, monolayers before (located on SiO»/Si surface)
and g after necking process (drawing speed: 0.1 mm/s). h—j Magnified fluorescence images of mono-
layer WS, nano-ribbons with different orientations, corresponding to (h), (i) and (j) in (f) and (g).
Adapted with permission from Chen et al. (2017), copyright (2020) American Chemical Society
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Fig. 12 Fragmentation of atomically thin TMDs via mechanical instabilities. a Stress—strain
measurements of PC/WS; monolayers/PMMA at different drawing speeds. b Stress—strain measure-
ments of PC/TMDs monolayers/PMMA at drawing speed of 0.1 mm/s. ¢ Width of fragmented TMDs
monolayers at different drawing speeds. d, e Optical images of mono- to multilayer thick WSe; film
before and after the necking process, respectively. f, g Raman and PL mapping images (mapping
at the A’ + E’ mode and the strongest PL peak from the A exciton) of the section in (e) enclosed
in a red solid rectangle. The dashed white parallelogram in (g) shows the grain boundary in the
monolayer WSe,. Adapted with permission from Chen et al. (2017), copyright (2020) American
Chemical Society
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Fig. 13 Electrical properties of the fabricated monolayer MoS; nano-ribbons and its electrochem-
ical performance for hydrogen evolution reaction (HER). a Transfer characteristic (/gs — Vgs) of
the FET at V4, = 1 V, showing an on/off ratio of 106. Inset shows the fabricated FET device based
on MoS; nano-ribbon arrays. The Si/SiO; substrate with the SiO thickness of 270 nm is used as
bake-gate. Source/drain (S/D) metal contacts are defined by electron beam lithography, and Cr/Au
(5/50 nm) is deposited by thermal evaporation followed by the lift-off process. The channel width
W ~ 10 wm and channel length L ~ 2 pm. b Output characteristics (Igs — Vgqs) of the FET under
different gate voltages ranging from 0 to 50 V. ¢, d Schematic representations illustrate the function
of the edges of the monolayer MoS; triangle and monolayer MoS; nano-ribbons as the active sites
for HER. e, f HER polarizing curves and Tafel plots for supporting Au (cyan), monolayer MoS»
triangles (red), and monolayer MoS, nano-ribbons (black). Adapted with permission from Chen
et al. (2017), copyright (2020) American Chemical Society
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Fig. 14 Fragmentation of Monolayer Polycrystalline Graphene Sheet on a Polydimethylsiloxane
Substrate versus on a Polycarbonate Substrate. a Photograph of a PC/MPG/PMMA sample under-
going necking process under axial stress. b An optical image of the initial MPG sheet on copper.
¢ Schematics of MPG sheet under necking processes. d Schematics of MPG sheet under the tradi-
tional shear-lag fracture (PDMS/MPG/PMMA) and optical morphologies of MPG sheet under the
traditional shear-lag fracture with an applied strain of 20% and 100%, respectively. Cracks are
random, and the sizes of the fragment pieces decrease as the strain increases. e Schematics of MPG
sheet under the necking process (PC/MPG/PMMA) and optical morphology of MPG sheet under
the necking process with an applied strain of 20% and 100%, respectively. MPG sheet is fragmented
into well-ordered ribbons with similar sizes at different strains. Adapted with permission from Chen
etal. (2019)



236 M. Chen et al.

A [— aner necking EMP'G ribbons on én.lSvO:J B
= Original (MPG sheet on Cu)
~ I G 20
- A :
s m
=z : !
@ . 3
2 : 3 4
o : &
= L i
1500 2000 2500
Raman shift (cm'1}
v r v T E
60 v=0.1 mm/s v=0.2 mm/s
50 v=0.05 mm/s
E A 1.0F .
3 €
@ 30 —— v=0.05 mm/s 4 §
% ot v=0.1 mm/s 05} 1
—— v=0.2 mm/s |
10 1
0 . A . o 0.0
1.0 1.2 14 16 18

Longitudinal stretch

Fig. 15 Spectroscopic and Microscopic characteristics of MPG Ribbons. a Representative Raman
spectra of MPG in different process steps. b, ¢ Representative Raman mapping (b) and SEM
(c) images of the resulting MPG ribbons. d Stress—strain measurements of PC/MPG/PMMA at
different drawing speeds. e Width of the resulting MPG ribbons at different drawing speeds. The
error bar is the SD. Adapted with permission from Chen et al. (2019)

The scale of two-dimensional materials has no limit on the occurrence of ordered
fragmentation.

The Raman spectra in Fig. 15a demonstrate the high quality of resulted graphene
ribbons. The morphology of graphene ribbons is further investigated using AFM
and tunneling electron microscopy (TEM). The AFM and TEM images are shown
in Fig. 15b, c, respectively.

To demonstrate the potential of resulted graphene ribbons on flexible electronics,
the graphene sheet-based and ribbons-based FETs are fabricated and tested on
nitrogen-doping and pH sensing. Compared to graphene sheet and sheet-based FETS,
the graphene ribbons have an enhanced nitrogen-doping effect and the ribbons-based
FET shows a higher sensitivity as the ribbons array owns a larger number of active
edges, as shown in Fig. 16.
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Fig. 16 Enhanced nitrogen-doping effect and pH response performance based on the fabricated
MPG ribbons. a High-resolution XPS spectra of N 1s region of nitrogen-doped MPG sheet and MPG
ribbons. b Spectrum of N1s region of nitrogen-doped MPG ribbons showing contributions from
pyrrolic, pyridinic, and quaternary nitrogen species. ¢ Bonding configurations for nitrogen atom
(N1, quaternary nitrogen; N2, pyridinic nitrogen; N3, pyrrolic nitrogen) and hydroxyl groups in
nitrogen-doped MPG sheet and MPG ribbons. d Vpj; position versus pH for MPG sheet (blue) and
MPG ribbons (red), including linear fittings to the data points (solid lines). Adapted with permission
from Chen et al. (2019)

4 Conclusions

Cold drawing, a classic manufacturing process, has been rediscovered as a low-cost
robust fabrication tool for materials nano- and micro-structuring. There are mainly
two different geometries using in the study, core-shell structured fiber and film-based
flat composites. After cold drawing, ordered fragmentation occurred. Using the core-
shell fiber structures, micron rods can be produced, and micro-ribbons can be obtained
by the film-base flat structures, both on a large scale. The fragmentation process can
be analyzed by the shear-lag theory, which explains the mechanical behaviors on
the perspective of composites and predicts the resulted morphologies of materials.
This versatile method can be applied to a wide range of materials, including metals,
glasses, polymers, and even two-dimensional materials. Depends on the mechanical
properties of the target material, different results are obtained. For metal/polymer
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film-based flat composites, a network of metal strips or islands can be produced,
which finds its great potential in SERS. For core materials embedded in a polymer
shell, micron rods are fabricated and can be etched out for usage. The shear-lag
theory is also applicable to explain the mechanical behaviors of two-dimensional
materials/polymer composites. In other words, the materials structuring using cold
drawing are versatile on two-dimensional materials, which enable a new platform
for the study of two-dimensional material-based flexible electronics.
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Fiber-Based Triboelectric )
Nanogenerators i

Mengxiao Chen, Xun Han, Xiandi Wang, and Lei Wei

Abstract With the fast-growing demand for flexible and wearable electronics, fibers
show great application prospects in this multidisciplinary area due to its breatha-
bility, washability, flexibility, and lightweight. Combining its advantages with the
newly developed triboelectric nanogenerator technology, wearable biomotion energy
harvesting, and multifunctional self-power sensors play an increasingly important
role in this coming intelligent era. This technology is to utilize low frequency mechan-
ical energy from dailylife mechanical motions to large-scale seawave energy. Based
on the common triboelectric effect, electricity would be generated out of physically
manipulating two materials with opposite surface charges. Simply by walking or
running, the output current is enough to power sensors, microcontrollers, memo-
ries, arithmetic logic units, displays, and even wireless transmitters. Fiber TENGs
are expected to both work as convenient energy harvesters to supply wearable elec-
tronics and directly work as self-powered real-time wearable sensors to monitor
personal healthcare and bio-motions. Through textile method, fibers are also fabri-
cated to into fabric and textile TENGs which makes the harvesting energy a higher
amount level with more efficient area and could perform as a multifunctional cloth
itself. In this chapter, we will introduce this emerging technique from the basic
working principles, and the thoughts of device designs, to the versatile applications
as energy harvesters and self-powered sensors. For remaining challenges to face both
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for energy harvesting textile TENG and TENG sensors, we will discuss and provide
some practical insights and viewpoints.

Keywords Multifunctional fiber sensor - Wearable electronics - Triboelectric
nanogenerator - Self-powered textile + Fiber TENG

1 Introduction

The triboelectric nanogenerator (TENG) is a newly developed energy-harvesting
technology that converts mechanical energy into electrical power through a coupling
effect of contact-electrification and electrostatic induction (Dong et al. 1902). Based
on the common triboelectric effect, it would generate electricity out of physically
manipulating two materials with opposite surface charges. It has drawn attention from
all over the world to utilize low frequency daily-life mechanical energy and seawave
energy. Simply by walking or running, the output current is enough to power micro-
controllers, memories, displays, sensors, arithmetic logic units and even wireless
transmitters. Among the demonstrated device form factors, fiber-based TENGs are
able to fully utilize fiber electronics’ advances of large specific surface area while
being lightweight, as well as its feasibility to achieve scalable fabrication.

So far, great progress has been made in this area. TENG fibers have been achieved
through dip coating, spray coating or deposition of functional layers onto textiles
fibers (Huang et al. 2015; Zhu et al. 2016), wet- or electro-spinning (Yu et al. 2017),
and thermal drawing. The fabricated TENG fibers perform good stability, easy pack-
aging, waterproof, and most importantly, they are born to be woven into textiles,
which means it can lead to wearable and large area applications. Single core shell
structured fiber TENG was fabricated and was used to harvest hand motions to power
the digital watch and calculator. Textile TENG was designed through weaving two
surface material fibers and was intergraded with fiber DSSC component to harvest
ambient mechanical energy and solar energy (Wang et al. 2015), then store into
a fiber shaped super capacitor (Dong et al. 2017). A V¢ of 0.74 V and a Jgc
of 11.92 mA/cm? were achieved, corresponding to an overall power conversion
efficiency of 5.64% (Wen et al. 2016).

In this chapter, we will introduce this emerging technique starting from the basic
working principle and structure designs (e.g., how current generated between fibers;
what kind of working modes could be adopted to make fiber TENGs work, and
what kind of structures could be designed to fully utilize the fiber surface.) to the
integrating methods and multiple feasible applications (e.g., how to design an out
circuit to store the instantaneous electricity and how to develop the fiber device
into a large area sensor). The remaining challenges and potential solutions toward
fiber-based TENGs are discussed in the end to provide some practical insights and
viewpoints.
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2 Working Principles and Structure Designs of Fiber-Based
TENGs

The triboelectric nanogenerator (TENG) is a newly developed energy-harvesting
technology that converts mechanical energy into electrical power based on a combi-
nation effect of the electrification effect/triboelectric effect and electrostatic induc-
tion. Triboelectric effect describes the phenomenon that the surface of one material
becomes electrically charged after it contacts with another material through friction.
The primary models are mostly based on plate structures, and then on this basis, fiber
TENGsSs were developed.

2.1 Basic Operating Principle and Working Modes of Fiber
TENGs

Here we simply take the general operating condition to illustrate how TENG fibers
work in a contact-separation process. As shown in Fig. 1, in one cycle of a contact—
separation, charge migration occurs between the upper fiber and lower fiber, both

(a) Pressed (b) Releasing

(d) Pressing (c) Reseased
@ Cloth (O Metal @ Polymer A @ Polymer B

Fig.1 Basic operating principle of the fiber-based triboelectric generator on the short-circuit
condition. Schematic of the electricity-generation process in a full cycle under the vertical contact-
separation mode. Two fibers with different polymer shell. a Original state. The two fibers are in full
contact under pressed. b Releasing from each other. ¢ Fully released. d Get close to each other



244 M. Chen et al.

of which contain a supporting core, a conductive layer and a polymer shell. In the
beginning, there is no charge migration, as there is no electrical potential difference.
When the upper and lower fiber contact with each other, electrification occurs at
the interfaces, generating opposite polarized charges on fiber surfaces with the same
amount (Fig. 1a). The polarities of the two sides are up to their natural ability to keep
and lose electrons (triboelectric sequence). Since the opposite triboelectric charges
on the two fiber surfaces coincide at the same amount, there is actually no electrical
potential difference between them. Once the upper fiber gradually moving away
from the lower one, negative and positive charges are induced in their electrodes
correspondingly, according to the electrostatic induction effect (Fig. 1b). As the
two fibers further separate, the accumulated electrical potential difference drives
electrons to flow between the electrodes, as a result, an instantaneous current is
generated. When two fibers completely separated, the negative and positive charges
on fiber surfaces are fully equilibrated by the electrostatic induced charges on their
electrodes (Fig. 1c). At this time, it is electrostatic balanced, so there is no electrical
signal in the circuit. In the reverse process, when the two fibers are approaching
back to each other, to compensate the electrical potential difference, the previously
electrostatic induced charges flow back through the external load (Fig. 1d). While the
system returns to the original state (Fig. 1a), the positive and negative triboelectric
charges are fully offset again. In this process, a contact—separation circle between
the upper and lower fibers generates an instantaneous alternating electrical signal.

Depend on the above basic operating principle, several working modes could
be designed and adopted in fiber-based TENG devices. Three most common used
working modes are introduced in Fig. 2. The first one is the vertical contact-separation
or lateral-sliding mode. There are two kinds of fibers with inner electrodes, and the
two electrodes are connected to form a circuit, the contact-separation process can be
achieved both in a vertical contact-separation and lateral-sliding process as illustrated
in Fig. 1. Figure 2a shows the simple working process of this mode, and based on
this mode, not only two single fibers work, but also two kinds of fibers could work
together by weaving them into cloth-like devices. Another working mode is the
single-electrode one, through which, only one working fiber needs electrode inside.
As shown in Fig. 2b, the circuit formed between the fiber electrode and the ground.
The triboelectric effect and electrostatic induction still work in the same way, but
the currents go throughout loads between the fiber electrode and the ground. This
working mode does not require a connection between two working fibers, so it
expands a large amount of applications. For example, only the sensing part with
electrodes fixed on target objects (e.g., human body), the moving part is free from
connecting wires. The third working mode is the free stranding triboelectric-layer
mode as show in Fig. 2c. The inner electrodes of the same kind fibers are jointed
to form the circuit, so the currents go throughout loads between the two connected
fibers. In this mode, also only one working component needs to be fixed, and the other
one is free. When woven into fabrics, odd numbered fibers connected together, even
numbered fibers connected together, then out load is put in the middle of the two.
These three working modes cover most working conditions of fiber and fabric-based
TENGsS, and device designs are conducted on this basis.
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Contact-Separation Or Single-electrode Mode Freestanding

Sliding Mode Trioelectric-layer Mode

Fig. 2 Three working modes when fibers developed into textile TENGs. a Vertical contact-
separation or lateral-sliding mode. Two inner fiber electrodes are attached together. Reproduced
with permission (Zhou et al. 2014). Copyright 2014, American Chemical Society. b Single-electrode
working mode. The electrical signals are generated through the contact-separation process between
the grounding fibers and dielectric fabrics. Reproduced with permission (Cao et al. 2018). Copyright
2018, American Chemical Society. ¢ Freestanding triboelectric-layer mode. The inner electrodes of
the same kind fibers are jointed together as an interdigital electrode. Reproduced with permission
(Pu et al. 2016). Copyright 2016, Wiley-VCH

2.2 Structure Designs for Fiber TENG Devices

Fiber TENGs can be divided into two kinds: single fiber device and woven fabric
and textile TENGs. For single fiber TENG devices, they usually designed as core
shell structure, and work in a single-electrode mode. Three typic device designs are
listed in Fig. 3. Figure 3a shows a soft single fiber TENG device, triboelectric effect
happens at the interface of the silicone rubber surface and the copper wire surface, the
fiber electrode layer is connected with the out load and then to the ground. Figure 3b,
¢ are another two core shell structured single fiber devices. Figure 3b reports a
stretchable triboelectric fiber (STEF) formed a multilayered core shell and wrinkle
structure. The key working principle for electrical signal generation is the reversible
distance change induced by the Poisson’s ratio difference between the core fiber
(silver-coated nylon/ polyurethane) and the shell (wrinkled polyvinylidene fluoride-
co-trifluoroethylene/carbon nanotube layer) during tensile deformations. In Fig. 3c,
the fiber device includes a polydimethylsiloxane (PDMS) substrate supporting fiber,
two multilayer aligned carbon nanotube (CNT) sheets served as inner and outer
electrodes, and PDMS and polymethyl methacrylate (PMMA) were used as contact
materials for triboelectrification. In addition, an air gap was implemented for effective
contacts and separations of the triboelectric materials. To summarize, single fiber
TENG device, core shell (multilayer core shell) structures are utilized to form the
functional triboelectrification polymer layer and conductive electrode layer, and a
gap between layers is necessary to induce the charge variation process.
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Fig.3 Structure design of single fiber TENG device. a—c Typical preparation process of a single
fiber and different fiber structures for single fiber-based TENGs. Reproduced with permission (Yu
etal. 2017; He et al. 2017; Sim et al. 2016). Copyright 2017, Wiley-VCH. Copyright 2016, Springer
Nature. Copyright 2017, Royal Society of Chemistry

As investigated above, besides gap distance change between coaxial layers,
motions and movements among fibers can also be utilized to generate electrical
outputs. Fabric and textile TENGs are developed by weaving fibers together to obtain
alarger area energy harvester, and fibers with different functions (e.g., solar cell fibers
and Li-battery fibers) can be easily integrated in the same time. In Fig. 4a, a wear-
able power unit integrated by a whole-textile TENG cloth and a flexible lithium-ion
battery (LIB) belt is demonstrated. With the help of a conformal Ni film, common
flexible but insulating polyester fabrics were transformed into conductive. Ni film
works both as electrodes in the TENG cloth and as current collectors in the LIB
belt. When being worn on the human body, the TENG cloth is an energy collector of
various human motions, converting the mechanical energy into electricity; LIB was
charged by the TENG cloth. Another textile TENG was fabricated by direct weaving
of Cu-coated polyethylene terephthalate (Cu-PET) warp yarns and polyimide (PI)-
coated Cu-PET (PI-Cu-PET) weft yarns through an industrial sample weaving loom
as shown Fig. 4b. As illustrated in Fig. 4b, the textile TENG consists of 2-ply Cu-
PET yarns and PI-Cu-PET yarns, and they were woven as warp (vertical) and weft
(horizontal), respectively. With Cu and PI serving as the triboelectric materials, the
2-ply Cu-PET warp yarn acts as both electrode and frictional surface, while the PI-
Cu-PET yarn provides another frictional surface with its inner 2-ply Cu-PET yarn
acting as its electrode. It is worth to mention that this textile TENG does not require
an additional substrate when works, every yarn crisscross intersection of this single-
layer TENG works as an individual TENG. Furtherly, a double-faced 3D interlock
textile was proposed in Fig. 4c. Cotton yarn was chosen as the positive triboelectric
material, a four-ply twisted polyamide (PA) yarn coated with Ag was used as the
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Fig. 4 Schematic illustration of the fabrication of TENG textile based on the freestanding
triboelectric-layer mode. a Fabrication of a two-dimensional TENG cloth. Reproduced with
permission (Pu et al. 2015). Copyright 2015, Wiley-VCH. b Textile TENG cloth based on Cu-
PET yarn and 2-ply Cu-PET yarn. Reproduced with permission (Zhao et al. 2016). Copyright
2016, Wiley-VCH. ¢ A three-dimensional double-faced interlock fabric TENG cloth. Reproduced
with permission. (Chen, et al. 2019) Copyright 2019, Elsevier. d The scheme of a TENG fabrics
consisting of a slider fabric (1) and a stator fabric (2). Reproduced with permission (Pu et al. 2016).
Copyright 2016, Wiley-VCH

conductive electrode. The interlock fabric is knitted with both cotton yarn and PA
composite yarn. Two rib-stitch structures are knitted with each other to obtain the
interlock structure. This interlock stitch is also a double-faced effect interlock struc-
ture. Cotton loop and PA composite yarn loop are back to back, that is, each cotton
loop is right behind PA composite yarn loop of another face and so as to each PA
composite yarn loop. This work presents good electrical output performances during
contact-separation operation, bend-stretch mode and only-stretch mode in transverse
direction. Another wearable TENG fabric is depicted in Fig. 4d with a pair struc-
ture. The upper fabric (1) has a series of parallel grating electrode segments, and
its number, size, and spacing are identical to the below part (2). All of the metal
electrodes/segments are composed of woven fibers with conformal Ni coatings. For
the below fabrics (2), an additional parylene layer was applied on the top of Ni by
chemical vapor deposition (CVD), serving as a friction layer when contacts with the
parallel Ni on part (1). These two fabrics could be placed on the sleeve and under-
neath the arm functioning as a pair of sliding-mode TENGs. They also have a good
performance after machine washing.

3 Practical Applications of Fiber-Based TENGs

Fiber-based TENGs can be used to harvest mechanical energy both in exploiting
small mechanical energy and large-scale energy generation, and to be used as a multi-
functional sensor to monitor human movement and health. Various structures have
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been designed to harvest different types of energies such as the waterwaves, wind,
raindrops, and human motion among which it is most promising in wearable related
devices. So in this section we mainly introduce small and wearable applications.

3.1 Fiber TENGs Working as Energy Harvesters

By weaving the fiber TENGsS into clothes, carpet and other fabrics, energies from
human motion can be easily harvested to construct the self-powered system. Six
fiber TENGs were integrated in parallel to enhance the output current as a power
supply. A digital watch/calculator can be lit up by the integrated fiber TENGs with
hand motions (Fig. 5a). To support the calculator continuously work, the pulsed
output of fiber TENGs was rectified to continuous direct output through a designed
circuit, including a rectifier and a commercial capacitor (Fig. 5b). In addition, the
LED arrays can also be lighted up by the fiber TENGs. As shown in Fig. 5c, d,
the word “HELP” consisting of 35 green LEDs was sufficiently lighted up by the
3DFIF-TENG wrapping up through bare hand tapping. In another reported work,
27 green LEDs can be lit up by a fabric structured TENGs through a human foot
stepping (Fig. Se, f). It is worth note that the fabric structured TENG demonstrates
satisfactory efficiency for energy harvesting even though with half-covered active
area by a human’s foot, which shows potential application in square and subway.
Lightweight and self-charging power modulus with high efficiency of energy
harvesting and storage are urgently desired in wearable electronics. One straightfor-
ward approach is to integrate the current energy-harvesting devices, such as TENG
and DSSC, with conventional rechargeable energy storage technologies, e.g., Li-ions
battery and super capacitor, on the fabric. Chen et al. reported a micro-cable power
textile based on the integration of triboelectric textiles and photovoltaic for harvesting
mechanical and solar energy simultaneously. Under ambient sunlight and mechan-
ical excitation, the hybrid power textile can charge a 2mF commercial capacitor up
to 2 V in 1 min, demonstrating strong capability of energy harvesting (Fig. 6a). In
addition, the textile can also serve as a wearable power supply to charge a cell phone
(Fig. 6b) and drive an electronic watch continuously (Fig. 6¢). As shown in Fig. 6d,
the output power from each component demonstrates similar trend with load resis-
tance increasing but in different range. Thus, considering the various operational
resistance of electronic devices, the optimization of the two components hybridiza-
tion can not only improve output power but also expand the range of load resistances.
To sustainably operate the wearable devices, the supercapacitor and Li-ions battery
are utilized to store the harvested energy. Figure 6e demonstrates a self-charging
power textile integrated with fabric supercapacitors to power wearable electronics.
It was attached on outwears t harvest energy from ambient environment and subse-
quently store into three yarned supercapacitors. The equivalent circuit of the textile
is shown in Fig. 6f, which uses a bridge rectifier to convert AC to DC and charge the
connected supercapacitors. Pu and co-workers adopted the Li-ions battery belt (LIB)
to store the delivered power from a TENG cloth for the self-charging power unit.
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Fig.5 Primary fiber-based TENG energy harvesters with simple external circuits. a Photography of
aworking digital watch/calculator litup by the integrated fiber TENG and b corresponding managing
circuit of this self-powered system for continuous direct outputs. Reproduced with permission (He
etal. 2017). Copyright 2017, Wiley-VCH. ¢ Photography of a double-faced interlock fabric TENG
wrapped on the wrist and d LEDs marked as alphabets “HELP” lit up by tapping the TENG.
Reproduced with permission (Chen et al. 2019). Copyright 2019, Elsevier. e Photography of a
footstep on a fabric structured TENG composed of 6 x 6 fibers and f 27 commercial green LED lit
up upon walking step. Reproduced with permission (Kim et al. 2015). Copyright 2015, American
Chemical Society

A heartbeat meter was then powered by this LIB and corresponding signals were
transmitted to a smart phone through wireless technologies, to realize self-powered
healthcare monitoring (Fig. 6g, h). As shown in Fig. 61, the self-charging power unit
possessed simple equivalent circuit, which can be easily modified for other wearable
electronic devices.
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Fig. 6 Hybrid fiber-based TENGwork as energy harvesters integrated with energy storage compo-
nents. Demonstration of the hybrid power textile to charge a a 2mF commercial capacitor, b a cell
phone and ¢ continuously drive an electronic watch under natural daylight and mechanical excita-
tion. d Output power of individual components and the hybrid power textile as a function of the load
resistances. Reproduced with permission (Chen et al. 2016). Copyright 2016, Wiley-VCH. e Photo-
graph of the self-charging power textile yarned with supercapacitor fabric to be used as wearable
electronics. f Circuit diagram of a wearable electronics device driven by the self-charging powered
textile. Reproduced with permission (Pu et al. 2016). Copyright 2016, Wiley-VCH. g Photography
of the integrated self-charging power system with energies been harvested by TENG cloth, stored in
LIB belt, and then to power a heartbeat meterstrap, which is in remote communication with a smart
phone. h Backside of the heartbeat meter showing that it is driven by the LIB belt. i Circuit diagram
of the self-charging power system. Reproduced with permission (Pu et al. 2015). Copyright 2015,
Wiley-VCH

3.2 Fiber TENG Sensors

TENG can harvest not only energy from ambient environment, but also be used
as self-powered multifunctional sensors. Kanik and co-workers reported a fiber-
based microfluidic TENG for energy harvesting from droplets as well as biochemical
sensing. As shown in Fig. 7a, b, the system consists of two components: microfluidic
chip and fiber-based TENG. The microfluidic chip has two inlets to generate droplets
connected with DI water and air supplies. There is one outlet coupled with a PVDF
hollow fiber to allow droplets transfer inside, by tuning relative pressure between the
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Fig. 7 A TENG microfluidics chip fabricated by a thermal drawing PVDF hollow fiber to sense
droplets. Schematic diagram (a) and photography (b) of the droplets sensing system consisting
a PVDF hollow fiber coupling to the outlet of a droplet generator microfluidic chip. Inset is the
droplet with biconcave shape generated in microfluidic channel. Scale bar is 300 wm. ¢ Experimental
setup for droplets sensing, including droplet generation by tuning the pressure between water and air
inlets and droplet sensing through PVDF hollow fiber and Cu electrodes. d Schematic diagram of the
mechanism of induced charges transport during droplet went through the PVDF tube. e Dependence
of generated power on the droplet volume. Inset is the size variation from different droplet volume.
Reproduced with permission (Kanik et al. 2016). Copyright 2016, Wiley-VCH

two inlets. The fiber-based TENG comprises of a PVDF hollow fiber wrapped up by a
copper tape electrode connecting with the external analyzing circuit. The system was
characterized by experimental setups shown in Fig. 7c¢ through measuring the output
voltage and current which are closely related to droplet size. The working mechanism
is shown in Fig. 7d, it is a single-electrode working mode as demonstrated in Fig. 2b
previously. Droplets surfaces keep positive charged. Electrons transfer between coper
tape electrode and out circuit play the role to realize electrostatic equilibrium when
there’s potential change as the droplet moves near and moves away. Detail charge
transfer process could be referred to Sect. 2.1 contents. From the working mechanism,
the output signal value is related to the overlapping area of droplet on Cu electrode,
which is decided by the droplet volume. So the output power increases with the
droplet volume, and a maximum power of 47 wW in sensing region is achieved
through the longest droplet (Fig. 7e). In addition, the output power variations are
also observed which is caused by the droplets size variation.

As pressure sensors have been developed through various methods, monitoring
sleep behavior with posture detecting and real-time physiological analysis is highly
desired. The TENGs with superior pressure sensitivity, low-cost, and simple fabri-
cation process have emerged as a potential candidate for sleep monitoring. Based
on a9 x 11 TENG array Lin and co-workers reported a large-scale and washable
self-powered smart textile to monitor sleep behavior and give out warnings. The
smart textile which mainly consists of three layers can serve as a bedsheet for sleep
monitor (Fig. 8a). The top layer and bottom layer bedsheets are both comprised of
conductive fiber arrays in perpendicular column and row. The middle layer is a wavy-
shaped PET film, which is sandwiched between the top and bottom conductive fiber
arrays. The SEM image of the conductive fiber is presented in Fig. 8c, demonstrating
uniform Ag coating on the fiber rendering the smooth surface. The photography of
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«Fig. 8 A fiber-based TENG work as self-powered smart textile to monitor sleeping behavior.
a Schematic of the smart textile based on a 9 x 11 TENGs array. Inset to show an enlarged view
of a single unit TENG textile structure. b Photograph of a self-powered smart textile. ¢ SEM
image to show the conductive fiber in the smart textile. d Schematic illustration of the customized
multichannel data acquisition system to monitor sleeping behavior and record in real-time. The
output voltage from a 4 x 4 sensors array by applying external pressure through a T-shaped mass
with e uniform and f gradient cross section height. g Schematic diagram to illustrate the working
principle of the fiber TENG based self-powered smart textile. h 2D pressure mapping results showing
the position and posture of human body. i Distribution of the press number for a sleeper over an entire
night. j Statistic results of the active number for a sleeping period from 23:00 p.m. to 08:00 a.m.
and the corresponding sleep quality report. k Self-powered falling warning and (1) help-seeking
system based on the smart textile. Reproduced with permission (Lin et al. 2018). Copyright 2018,
Wiley-VCH

the as-fabricated smart textile bedsheet is shown in Fig. 8b, with the dimension of
2m x 1.5 m. According to the mechanism of TENG, external pressure applied on a
TENG unit will lead to an electrical output.

To characterize the pressure sensitivity of the smart textile, a customized multi-
channel acquisition system was designed to connect a 4 x 4 TENG array with each
pixel addressable (Fig. 8d). The external pressure was applied on the device through
a T-shaped mass with the same cross section height and gradient cross section height,
respectively. As shown in Fig. 8e, f, both the pressure distribution and pressure varia-
tions can be clearly mapped through the output voltage from all pixels with different
colors corresponding to the pressure variation. In addition, a comprehensive activity
recognition system was developed based on the smart textile to integrate posture
detecting, real-time monitoring and falling warning (Fig. 8g). The pressure signals
were detected through the smart textile, then were transferred to the analog-to-digital
converter and the micro-controller through row/column data bus to generate a pres-
sure map, and subsequently a data stream consisted of pressure images was sent
the external devices through Bluetooth module, thus realizing real-time monitoring.
The real-time sleep behavior was monitored and summarized through this integrated
system. The pressure distribution of a tester lying on the smart textile is shown in
Fig. 8h, which also exhibits the posture and position of the tester. The distribution of
sensor pressing number of a tester over the entire night was recorded, which present
that the tester lay in the middle of the textile for most of the time while the activity of
his head and legs occupied the wider range (Fig. 8i). In addition, sleep quality anal-
ysis can also be realized through recording the active number of the textile. Figure §j
shows the statistic results of the active number in a sleep period from 11:00 p.m.
to 8:00 a.m. and corresponding sleep quality analysis. The activities were mostly
concentrated in the fall asleep and wake up time, which is accord with a normal
sleep circle. Besides, a deep sleep of 3 h around 2:30 a.m. was observed, which
indicates a good sleep quality of the tester.

The smart textile can be further developed for falling warning and help-seeking
system, not only limited in sleep behavior monitoring. As shown in Fig. 8k, when
sleeper unconsciously moved to the bed edge and press the five corresponding
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TENGs, alerting message would be sent to the external devices and the alarm lamp
was lit up. Additionally, a TENG unit at a corner on the smart bedsheet was defined as
the help-seeking button, through which sleepers can press to inform family members
and/or their doctors (Fig. 81). These novel functions of the smart textile have provided
new prospects for real-time monitoring and other related healthcare service.

Textile-based TENGs have demonstrated remarkable superiority in self-powered
active sensing for wearable electronics. A critical challenge of the large-scale manu-
facturing of the textile TENGs hampers its practical applications. Zhao et al. reported
a machine washable textile TENG through loom weaving metallic yarns for respi-
ratory monitoring. The textile TENG is consisted of the 2-ply Cu-PET yarns and
PI-Cu-PET yarns woven as warp and weft, respectively. Researchers developed a
customized signal process system to deal with the relative low frequency respiratory
rate and filter the false signal caused by chest movement and noise from environ-
ment when collect the respiratory data (Fig. 9a). During inhalation, chest cavity and
abdominal cavity will expand to stretch the textile TENG, generating the output
voltage, while the exhalation can induce contraction of chest cavity and abdom-
inal cavity to release the textile TENG, thus leading to an opposite output signal. A
typical raw respiratory signal is shown in Fig. 9b to reveal a complete breathing cycle
including inhalation and exhalation. After signal processing, a clear sinusoidal wave
is observed, defining the datum line of K to recognize the effective respiratory signal
(Fig. 9c¢). Four states of respiratory including deep and shallow, rapid and slow, were
investigated through the textile TENG (Fig. 9d). Corresponding respiratory rate and
tidal volume representing the respiratory depth were calculated and summarized in
Fig. 9e and f, respectively. The four respiratory states can be clearly recognized from
the results, demonstrating good sensitivity as a respiratory sensor.

4 Conclusion

This newly developed combination technology of fiber fabrication and TENG devices
provides versatile possibilities to achieve various fiber, fabric and textile devices to
power wearable and flexible electronics and directly work as self-powered multi-
functional sensors. It brings a viable path to achieve soft electronics. However,
fiber/textile-based TENG, there still remains some challenges to face both for energy-
harvesting textile TENG and TENG sensors. One is that most fabric-based TENGs
require two or more fabrics to do contact-separation and contact sliding motion
which limits the application. Another one is that: as the original 1D structure, most
applications are to be woven into 2D structures, but actually it could even be further
developed into 3D structures which reveal unlimited potential unique applications.
So further directions could be on the fiber inside structure design and 3D applications
(e.g., 3D weaving to irregular shaped surfaces).
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«Fig. 9 A textile TENG as a self-powered wearable respiratory monitor. a Customized data acqui-
sition system for respiratory monitoring. b Raw respiratory signal from a complete breath cycle.
¢ Processed respiratory signal with parameters marked for the respiratory data analysis. d Raw
respiratory signal from four different respiratory states including deep, shallow, rapid, and slow.
e Corresponding respiratory rate and f the tidal volume from the four respiratory states. Reproduced
with permission (Zhao et al. 2016). Copyright 2016, Wiley-VCH
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Abstract With the rapid development of science and technology, portable and wear-
able electronic devices presented a prominent technological trend for future lifestyles
and they have brought enormous convenience to our daily life. In order to realize
the wearability of the whole equipment, it is necessary to develop matching high
flexible, lightweight and small volume energy supply devices. The volume of planar
flexible energy-storage device is too large to be integrated into the fabric, so it is diffi-
cult to give full play to the advantages of energy storage device. The fiber-shaped
energy storage devices with their unique advantages of tiny volume, high flexi-
bility and remarkable wearability have triggered wide attention. Thus, developing
high-performance fiber-shaped energy storage devices is recognized as a promising
strategy to address the above issues. This chapter discusses the design principles and
device performance of fiber-shaped energy storage devices. In the first section, design
principles of fiber-shaped energy storage devices with fiber electrode, electrolyte and
device configurations are presented. In the next section, the development of fiber-
shaped energy storage devices, including supercapacitors, nonaqueous and aqueous
batteries, are comprehensively summarized, with particular emphasis on electro-
chemical and mechanical properties. The existing challenges and future directions
are finally discussed to provide some useful insights from the viewpoint of practical
applications.
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1 Introduction

Early attempts in wearable energy storage include mounting existing components
on clothes or other accessories, such as batteries and supercapacitors that are rigid
and unwashable, and have hence limited the broad uptake of wearable technologies
(Lu et al. 2013; Liu et al. 2012; Guan et al. 2016). To improve device flexibility,
flexible functional components (e.g., electrodes, electrolytes, and current collectors)
have been integrated into flexible films. In addition, the film-shaped substrates are
often impermeable to air and/or moisture, vulnerable to twisting or wrapping and of
low wear comfort. Fiber electronics represent one of the emerging technologies with
broad potential impact on wearable, flexible and conformable electronic systems
(Xu, et al. 2019; Wang et al. 1971; Weng et al. 2016). Flexible textile electronic
devices require flexible textile/fiber energy storage devices as compatible power
suppliers. To match flexible textile electronic devices, the energy storage devices
should have similar textile/fiber shapes with excellent flexibility, mechanical stability,
light weight and can also bear deformations in all dimensions. Thus, intense effort has
recently been directed toward fiber-shaped energy storage devices, including fiber-
shaped supercapacitors, nonaqueous and aqueous batteries, by incorporating active
materials into fibers, and then weaving or knitting these functional fibers into fabrics
or textiles to make the devices air/moisture permeable (Zhai et al. 2019; Chen et al.
1806; Zhu et al. 1961; Mo et al. 2019). Their 1D structures offer various advantages
over their conventionally rigid and bulky counterparts: (1) they show a higher degree
of mechanical flexibility; (2) allow easy scaling up by self-integration; (3) are easily
packed into small spaces with diverse shapes; and (4) have shape advantage for
integrating with other fiber-shaped devices (which is preferable for the fabrication
of multifunctional wearable systems).

Over the past decades, researches on fiber-shaped energy storage devices
expanded very fast and great progresses have been achieved. The key contents related
to the fiber-shaped energy storage devices, including the synthesis of fiber elec-
trode, the design of device configurations, electrochemical and mechanical properties
are carefully discussed for supercapacitors, nonaqueous and aqueous batteries. The
remaining challenges and potential solutions toward fiber-shaped energy storage
devices with improved performances for next generation wearable electronics are
finally discussed to provide insights for the future development.

2 Design Principles of Fiber-Shaped Energy Storage Device

2.1 Fiber Electrode

Fiber electrode, as the key component to realize the high-performing fiber-shaped
energy storage device, usually consists of two parts: current collector and active
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substrate. The desired fiber current collector is required to possess superior conduc-
tivity and excellent mechanical flexibility. Generally, metal wires with unexception-
able electrical conductivity are heavy and rigid, while the lightweight polymeric
fibers with good flexibility are less conductive. By contrast, carbon-based fibers
(carbon fiber, carbon nanotubes fibers and graphene fibers) have great potential as
flexible and lightweight current collectors in the fiber-shaped energy storage device
owing to their favourable conductivity, relatively low mass density, high tensile
strength and high surface area (Yu et al. 2016; Chen et al. 1806; Zhu et al. 1961; Mo
et al. 2019). Their scanning electron microscopy (SEM) images of abovementioned
carbon-based fibers are presented in Fig. la—c. Besides, the interfacial adhesion,
mass density, specific surface area and production cost should also be taken into
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Fig.1 aSEM image of carbon fiber. Reproduced with permission from Ref. Yuetal. (2016). b SEM
image of graphene. Reproduced with permission from Ref. Zheng et al. (2014). ¢ SEM image of
carbon nanotube fiber. Reproduced with permission from Ref. Chen et al. (2013). d SEM image of
the carbon cloth fiber after coating LiMn,O4 nanoparticles. Reproduced with permission from Ref.
Hoshide et al. (2017). e Schematic illustration of the synthesis of high-performance CNT-LMO
composite fiber. f SEM images of CNT-LM20170 composite fiber at increasing magnification.
e—f Reproduced with permission from Ref. Weng et al. (2014). g Schematic illustration of the
fabrication process for the hybrid fiber of titania/rGO. h SEM image of as-spun dry titania/GO
fiber. g—h Reproduced with permission from Ref. Hoshide et al. (2017). i SEM images of vanadium
nitride nanowire arrays on carbon fiber with increasing magnifications. Reproduced with permission
from Ref. Zhang et al. (2017)



262 Q. Zhang et al.

account for fiber electrode for fiber electrode. Electrode fabrication is key step in
designing high-performance fiber-shaped energy-storage device. Up to now, there
are three basic strategies for manufacturing fiber electrodes in current research.
(1) Directly coating active materials onto the fiber substrates. The surface-coating
method is a widespread cost-efficient method for large-scale fiber electrode produc-
tion. However, the major drawback of this surface-coating method is the limited
adhesion between the active layer and the curved surface of the fiber substrate,
which may lead to unsatisfactory electrochemical performance and abscission of
active substance during physical deformation. As shown in Fig. 1d, the fiber lithium-
ion cathode was made by coating slurry of LiMn,04 (LMO) nanoparticles on a
carbon cloth wire (Hoshide et al. 2017). (2) Incorporating active materials into
fiber substrates by utilizing spinning techniques(dry-spinning and wet-spinning) to
achieve hybrid fiber electrodes. Figure le shows that LMO particles are directly
deposited onto the aligned CNT sheet, followed by scrolling into a CNT-LMO
composite fiber. Figure 1f shows a typical SEM image of the resulting CNT-LMO
fiber with a uniform diameter of around 100 pum (Weng et al. 2014). As schemat-
ically illustrated in Fig. 1g, the hybrid fiber was achieved by a scalable approach
of wet-spinning the mixture dispersion of two-dimensional titanium oxide sheets
and graphene oxide (GO) (Hoshide et al. 2017). Notably, the hybrid fiber shows
ordered stacking structure, as observed by SEM characterizations (Fig. 1h). (3) In
situ growing/synthesizing active materials on the surfaces of fiber substrates. Devel-
oping binder-free electrodes would not only simplify the fabrication process and
eliminate the undesirable interfaces produced by additional binders/additives, but
also provide large surface area and enhanced charge transfer efficiency. Electrode-
position and hydrothermal/solvothermal processes are facile method suitable for the
in situ growth of active materials. Vanadium nitride nanowire arrays are densely
grown on the carbon nanotube fiber after the hydrothermal synthesis and annealing
process, as shown in Fig. 1i (Zhang et al. 2017a, b, ¢).

2.2 Electrolyte

Electrolytes are another critical component of the fiber-shaped energy-storage device,
as they are associated with the electrochemically stable potential window as well
as the ionic transport when electrochemical reactions occur. Currently, electrolytes
used for energy storage devices are generally classified into two categories: aqueous
and nonaqueous electrolytes (liquid electrolytes and organic liquid/aprotic elec-
trolyte). Aqueous energy-storage device possess their own advantages and unique-
ness including the ease of fabrication, safe operation, and low cost, whereas
nonaqueous batteries normally suffer from safety issues due to the toxic constituent
elements and the flammability risk, which require more stringent and complicated
fabrication processes. Compared with high voltage of nonaqueous batteries, the
working voltage of aqueous electrolyte is usually limited by the intrinsic charac-
teristic voltage of water splitting. The electrolytes of fiber-shaped energy-storage
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device can also be classified into three categories: liquid, gel, and solid according
to their existence states. In the fabrication of fiber-shaped energy-storage device,
directly packing liquid electrolytes along a fiber electrode is difficult, and the leakage
and short circuiting concerns become more prominent when these battery fibers
undergo various deformations. In this case, mechanically robust and flexible sepa-
rators infiltrated with the liquid electrolyte, as well as effective encapsulation, are
highly required. In addition, the use of gel and solid polymer as mechanical frame-
works incorporated with ionic conductive additives has been a mainstream strategy
to satisfy the requirements of electrolytes for fiber-shaped energy-storage device.
These quasi-solid-state and solid-state electrolytes can lead to good mechanical flex-
ibility and stability; thus, they can simplify the coating and hermetic sealing process
for fiber-shaped energy-storage device assembly and reduce the device volume.

2.3 Device Configurations

Three types of device configurations including parallel, twisted and coaxial have been
widely studied for fiber-shaped energy-storage device, as illustrated in Fig. 2a—c (D.
17). Figure 2a shows that the parallel device is assembled by placing two parallel
fibers on a planar substrate. However, the introduction of flexible planar substrate
may lead to have a large volume, which is not suitable for large-scale integration in
flexible fabrics. The twisted device can be produced by twisting two fiber electrodes
with precoating a solid state electrolyte together through a rotation-translation setup.
This twisted configuration displays a structure similar to that of fabric filaments; thus,
the twisted-type device appear to be highly suitable for wearable applications, and
can easily be woven into scale-up energy textiles. However, two fiber electrodes that
comprise twisted structures are easily separated during violent bending. A coaxial
energy-storage device has a multilayered structure, where a core fiber electrode and an
outer layer electrode with a polymer gel sandwiched between them. To certain extent,
this configuration is similar to the sandwiched structure in a planar energy-storage
device. Compared with parallel and twisted configurations, the coaxial-structured
device possess enhanced interfacial areas between electrodes that can favor high
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Fig.2 Schematicillustrations of three fiber-shaped energy-storage device configurations: a parallel,
b twisted, ¢ coaxial. a—¢ Reproduced with permission from Ref. Yu et al. (2015)
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active material mass loading, as well as a more stable structure to withstand repeatable
deformations. However, precisely controlling the assembling process on such small
diameter of the fibers and on long fibers remains challenging, which is accompanied
by the limited flexibility, thus seriously restricting the manufacturing scalability.

3 Recent Advances of Fiber-Shaped Energy-Storage Device

3.1 Fiber-Shaped Supercapacitors

Supercapacitors are recognized as one of the most robust power supplies owing to
their high power density, short charging time, long cycle life, wide working tempera-
ture range, safety and no pollution. With the rapid development of portable and wear-
able electronic devices, the traditional planar flexible supercapacitors can’t effec-
tively meet the need of light, miniaturization and integration of wearable devices.
The fiber-shaped supercapacitors have attracted tremendous attention as a result of
the integration of the tiny volume, high flexibility and remarkable wearability. Recent
advances of fiber-shaped supercapacitors consisting of (symmetrical supercapacitors
and Asymmetric Supercapacitors) are introduced detailedly from the viewpoint of
device configuration, electrode materials and functionality.

As shown in Fig. 3a, an all-solid-state fiber-shaped supercapacitor was assem-
bled by adopting two parallel fiber electrodes on a flexible polymeric substrate with
polyvinyl alcohol (PVA)/H3;PO, as the gelled electrolyte, without binder, current
collector, separator or any other packaging material. The hierarchically structured
carbon microfiber fabricated made of an interconnected network of aligned single-
walled carbon nanotubes with interposed nitrogen-doped reduced graphene oxide
sheets via silica capillary column as a linear hydrothermal microreactor (D. 18).
Figure 3b demonstrates that the aligned SWNTs interposed between the rGO layers
not only reduce the stacking of the rGO, but also provide well developed porosity
in the hybrid fiber. Its galvanostatic charge/discharge (GCD) curves (Fig. 3c) have a
triangular shape with a coulombic efficiency of 98 %, indicating excellent reversibility
and good charge propagation between the two fiber electrodes. The twisted fiber-
shaped supercapacitors were prepared by tightly intertwining two coaxial rGO +
carbon nanotubes @sodium carboxymethyl cellulose (rGO + CNT@CMC) fibers
with precoating a layer of H;PO4-PVA gel electrolyte (Fig. 3d) (L. 19). Figure 3e
illustrates that the coaxial fibers contained the electrically conductive core assembled
homogeneously by rGO and CNTs. Evidently, the tGO + CNT@CMC fiber-shaped
supercapacitors shows regular triangular shaped GCD curves (Fig. 3f). The novel
coaxial fiber-shaped supercapacitor were successfully fabricated from the aligned
CNT fiber and sheet, which functioned as two electrodes with a polymer gel sand-
wiched between them (Fig. 3g) (X. 13). Obviously, the coaxial supercapacitors show
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Fig. 3 a Schematic of a parallel fiber-shaped supercapacitor constructed using two fiber-3 elec-
trodes on a polyester substrate. SEM images of the cross-section of fiber. ¢ GCD curves at various
current densities. a—¢ Reproduced with permission from Ref. Yu et al. (2014). d SEM images of
cross-sectional twisted fiber-shaped supercapacitor. e SEM images of coaxial rGO + CNT@CMC
fiber. f GCD curves at current density increased from 0.1 to 0.2, 0.5, 0.8 and 1 mA cm~2, d-
f Reproduced with permission from Ref. Kou et al. (2014). g SEM images the cross-section of the
coaxial fiber-shaped supercapacitor. h GCD curves for coaxial (solid line) and twisted (dotted line)
EDLCs at the same current of 1 LA. i SEM image of several EDLC fibers being woven into a textile
structure. g—i Reproduced with permission from Ref. Chen et al. (2013)

longer discharge time than twisted ones, which indicates the superior electrochem-
ical performance of novel coaxial structure (Fig. 3h). As shown in Fig. 3i, the coaxial
supercapacitors with high integrity could be easily woven.

Asymmetric supercapacitors can increase the working voltage through combining
two materials with different potential windows in the same electrolyte. MIL—-88-Fe
metal-organic framework (MOF) derived spindle-like «—Fe, O3 was directly grown
on oxidized CNTF (S—a—Fe,03/OCNTF) as advanced anodes for wearable asym-
metric supercapacitors (Fig. 4a) (Z. 20). As shown in Fig. 4b, the operating potential
windows of S—a—Fe,O3/OCNTF and Na-MnO, NSs/CNTF are —1 to 0 V and 0 to
1.2 V, respectively, from which we can infer that the maximum operating voltage for
the as-assembled device can achieve 2.2 V. As expected, the GCD curve of the as-
assembled S—a—Fe,03/OCTNF//Na—-MnO,/CNTF device collected at 4 mA cm™2
given in Fig. 4c still maintains a symmetrical triangle shape even at a high poten-
tial window up to 2.2 V. A novel asymmetric coaxial fiber-shaped supercapacitors
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Fig.4 a SEM image of S—a—Fe;O03/OCTNF electrode. b Comparative cyclic voltammogram (CV)
curves of the S—a—Fe;03/OCNTF and Na-MnO,/CNTF at a scan rate of 25 mV s~!. ¢ GCD curves
of the as-fabricated FASC device collected over different voltages from 0.6 to 2.2 V at a current
density of 4 mA cm~2. a—¢ Reproduced with permission from Ref. Zhou et al. (2018). d Schematic
illustrations of the ACFSS. e GCD curves of the VN@C NWA/CNTF//MnO,/PEDOT:PSS/CNT
sheet composite device collected over different voltages from 0.8 to 1.8 V at a current density of
2 mA cm™2. f Photograph of the as-prepared ACFSS woven into flexible textiles. d—f Reproduced
with permission from Ref. Zhang et al. (2017). g Comparative CV curves of the MoS, @ CNTF
and MnO, @PEDOT:PSS@OCNTF at a scan rate of 25 mV s~ ! in a three-electrode configuration.
h GCD curves of the as-fabricated stretchable FASC device collected over different voltages from
0.8 to 1.8 V at a current density of 2 mA cm™2. i GCD curves of the as-prepared stretchable FASCs
with increasing strain from 0% to 100%. g—i Reproduced with permission from Ref. Zhang et al.
(2017)

was successfully fabricated was schematically illustrated in Fig. 4d by wrapping
aligned CNT composite sheets around aligned vanadium nitride (VN) nanowire
arrays (NWAs) on CNTF (VN@C NWA/CNTF) (Zhang et al. 2017a, b, ¢). Figure 4e
illustrates that the GCD curves of the asymmetric coaxial fiber-shaped supercapac-
itors (ACFSS) at a current density of 2 mA cm~? were still nearly symmetric at an
operating potential as high as 1.8 V, suggesting that the device exhibited excellent
capacitive characteristics. To further demonstrate the potential applications for the
newly developed FSSs as efficient energy-storage components for wearable devices,
these ACFSS devices were woven into the flexible powering textile shown in Fig. 4f
to demonstrate the favorable stitchability of ACFSS devices. High-performance
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stretchable fiber-shaped asymmetric supercapacitors (FASCs) were successfully
fabricated by adopting hierarchically-structured MnO, @ PEDOT:PSS @OCNTF as
the positive electrode, MoS, @CNTF as the negative electrode and elastic fiber as
substrate. As shown in Fig. 6g, the operating potential windows for MoS, @ CNTF
and MnO, @PEDOT:PSS@OCNTF are —1-0 V and 0-0.8 V, respectively (Zhang
etal. 2017a, b, ¢). Thus, it is expected that the maximum operating voltage will reach
1.8 V for the as-assembled stretchable FASC. Furthermore, the GCD curves of the
stretchable FASC at a current density of 2 mA cm~2 are still nearly symmetric with
operating potentials as high as 1.8 V. As seen in Fig. 4i, there are negligible changes
in the GCD curves at a current density of 2 mA cm~2 with increasing strains from
0% to 100%, indicating the great flexibility of as-prepared FASCs.

3.2 Fiber-Shaped Nonaqueous Lithium-Based Batteries

3.2.1 Fiber-Shaped Lithium-Ion Batteries (LIBs)

With attributes of a high energy density, a long cycle lifespan, and a high operation
voltage, aprotic LIBs have been utilized as one of the most common commercial
power sources for various portable electronic products. The realization and develop-
ment of high-performance fiber-shaped LIBs depends on the effective exploitation
of novel electrode materials. A fiber-shaped LIB with better performance was devel-
oped from a CNT/LMO hybrid fiber cathode and a CNT/LisTisO;, (LTO) hybrid
fiber anode in a parallel structure (Fig. 5a) (J. 22). This fiber-shaped LIB was highly
flexible and could be bent into various formats (Fig. 5b). As shown in Fig. 5c, the
resulting fiber-shaped LIB exhibited a discharge plateau voltage of 2.5 V at 0.1 mA,
and the specific capacity reached 138 mAh g=!, which could be retained at 85%
after 100 cycles. An elastic LIB was produced from two springlike fibers bearing
LMO and LTO nanoparticles as positive and negative electrodes. Figure 5d shows the
CNT/LTO fiber where CNTs acted as conducting scaffolds and the LTO nanoparticles
were well dispersed among them (Y. 23). Figure Se reveals a typical fiber overtwisted
from multiple CNT/LTO fibers with coiled loops aligning along the fiber axis. The
typical charge-discharge profile of the fiber-shaped CNT/LTO//CNT/LMO battery
at 0.1 mA cm™' shows average discharge voltage plateau of 2.5 V (Fig. 5f). 3D
printing technology was used as a fast, scalable, and universal method to prepare
fiber-shape cathode and anode electrodes. Electrode materials of LiFePO4 (LFP)
and LTO, were incorporated into the poly (vinylidene fluoride) (PVDF) solution
with CNT conductive additive to make the cathode and anode inks, respectively,
for printing LFP (cathode) and LTO (anode) fibers (Fig. 5g) (Weng et al. 2014).
PVDF-co-hexafluoropropylene (PVDF-co-HFP) was coated both on the surfaces of
LFP and LTO fibers and soaked with limited LiPF6 in EC/DEC solution to serve
as quasi-solid-state electrolyte and electronic insulating separator layer. The coated
LFP and LTO fibers were then twisted together into one integrated fiber with the
protection of an outer heat shrink tube. A twisted yarn structure is shown in Fig. 5h
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Fig. 5 a Schematic illustration of the parallel structure of a fiber-shaped LIB from the CNT/LTO
and CNT/LMO electrode. b Photographs of the parallel fiber-shaped LIB being deformed into
different shapes. ¢ Voltage profiles of the parallel fiber-shaped LIB before and after bending. a—
¢ Reproduced with permission from Ref. Ren et al. (2014). d SEM image of the CNT/LTO fiber
electrode. e SEM image of springlike CNT/LTO fibers. f Charge and discharge profiles of the LIB
battery at a 0.1 mAcm~!. d—f Reproduced with permission from Ref. Zhang et al. (2014). g 3D
printing fabrication process of all-fiber flexible LIBs. h SEM image of yarn composed of three LFP
fibers. i Charge and discharge profiles of the all-fiber LIB device. g—i Reproduced with permission
from Ref. Wang et al. (2017)

with a tight connection. All fiber LIB devices with an average discharge plateau of
around 3.37 V had a tiny capacity drop of less than 3% after 30 cycles (Fig. 51).

3.2.2 Fiber-Shaped Lithium-Sulfur (Li-S) Batteries

Li-S batteries have arousing interest and are regarded as a promising successor to
conventional LIBs because of their their high theoretical capacity (1675 mAh g~!)
and energy density (2600 Wh g~1). 1D cable-shaped Li-S battery was firstly fabri-
cated using a carbon nanostructured hybrid fiber as the sulfur cathode. The obtained
CMK-3@S hybrid fiber can be wrapped around a metal wire and the resulting fiber
electrode has a diameter of 254 wm (Fig. 6a) (X. 25). The magnified image in Fig. 6b
displays that S-imbibed particles were apt to be tangled by conductive CNTs due
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Fig. 6 a SEM image of a hybrid fiber intertwined around a Ti wire and CMK-3@S-CNT hybrid
fiber and SEM images of CMK-3@S-CNT hybrid fiber. b GCD profiles at increasing cycle numbers
at0.1 C. ¢ A bent cable-shaped lithium sulfur battery lighting up ared LED (Inset: three white LEDs
powered by the fabric under stretching deformations). a—¢ Reproduced with permission from Ref.
Fang et al. (2016). d Schematic illustration of wet-spinning process of rGO/CNT/S gel fibers and
structure characterization of CMK-3@S-CNT hybrid fiber. e Charge/discharge profiles determined
at 0.1 C. f Cable battery powering a LED subjected to bending in compression. d—f Reproduced
with permission from Ref. Chong et al. (2017). g Scheme of synthesis for wire-shaped lithium sulfur
electrode by the capillary action and structure characterization of S-containing hybrid fiber cathode.
h rGO/S/SSF hybrid fiber electrode at scanning rate of 0.2 mV s~! within 1.5-2.8 V versus Li/Li*.
i The photographs display a red LED lit up by the wire-shaped Li—S battery bent at 90° under water
without any waterproof measures. g—i Reproduced with permission from Ref. Liu et al. (2017)

to the ultrahigh number density of CNTs in the sheet. The GCD curves in Fig. 6b
shows two characteristic voltage plateaus of Li—S batteries. The cable-shaped battery
is able to light up a 1.8 V red light-emitting diode (Fig. 6¢). Ultralight composite
fibers consisting of reduced graphene oxide/carbon nanotube filled with a large
amount of sulfur (rGO/CNTY/S) are prepared by a facile, one-pot wetspinning method
(Fig. 6d) (W. G. 26). The GCD profiles of the rGO/CNTY/S fiber electrode exhibited
two discharge plateaus of typical LSBs at 2.24-2.37 and 2.0-2.11 V (vs. Li/Li*)
(Fig. 6e). The robustness and stability of the battery’s discharge characteristics were
evaluated in a cyclic bending test of a 50 mm long cable battery to a minimum
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bending radius of 6.5 mm (equivalent to a maximum 50% linear displacement) for
30 cycles at a constant crosshead speed (Fig. 6f). As illustrated in Fig. 6g, a new
and general strategy is proposed to produce freestanding sulfur-containing fibrous
electrodes using industrially weavable stainless steel fibers (SSF) as supports and
current collectors (R. 27). A coaxial fiber-shaped Li-S battery was subsequently
fabricated by coupling the hybrid fiber electrode with a lithium wire in parallel with
an outer encapsulation of a heat-shrink tube. The CV curves (Fig. 6h) of rGO/S/SSF
hybrid fibrous cathode are similar to those of the coin cell, only the current density
is smaller. The resulting fiber-shaped Li—S battery was able to light up a 1.8 V red
light-emitting diode (LED) under bending deformation (Fig. 6i).

3.2.3 Fiber-Shaped Lithium-Air Batteries

The lithium-air (Li-air) battery exhibits a high theoretical specific energy density of
3500 Whk~!, 5-10 times higher than the commercial LIB, and thus has attracted
increasing interest and is proposed as a promising energy storage candidate. As
schematically shown in Fig. 7a, a coaxial structure all-solid-state Li-air battery was
successfully assembled by adopting Li wire as the inner anode, aligned CNT sheet
air electrode as the outer cathode and gel polymer electrolyte sandwiched in between
them (Zhang et al. 2017a, b, ¢). Figure 7b shows typical charge and discharge curves
at a high current density of 1400 mA g~! with a cutoff capacity of 500 mAh g~!. The
fiber-shaped Li-air batteries can be stably operated even under a dynamic bending
and releasing process at a speed of 10 degrees per second (Fig. 7c). A novel silicon-
oxygen battery (SOB) fiber with high energy density and ultra-high flexibility by
designing a solid-state coaxial architecture with the lithiated silicon/CNT hybrid
fiber as inner anode, a polymer gel as middle electrolyte and a bare CNT sheet as
outer cathode (Fig. 7d) (Zhang et al. 2017a, b, c¢). The hybrid fiber showed a uniform
diameter of approximately 160 wm and Si nanoparticles with diameters of 50 nm
were uniformly dispersed in the hybrid fiber (Fig. 7e). Under such deformations,
the charge and discharge behaviors of the SOB fiber showed no significant changes
(Fig. 7f). A quasi-solid-state flexible fiber-shaped Li—CO, battery was successfully
assembled by employing ultrafine Mo,C nanoparticles anchored on a CNT cloth
freestanding hybrid film as the cathode (Fig. 7g) (Zhou et al. 2017). As can be seen
from the SEM images of CC@Mo,C nanoparticles, numerous CNTs loaded with
Mo, C nanoparticles entangle with each other, forming a highly interconnected 3D
porous network with sub-micrometer-sized macropores (Fig. 7h). This freestanding
CNT/Mo,C hybrid cathode shows obvious charge-discharge plateaus and good cycle
stability (Fig. 71).
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Fig.7 a Schematic illustration of the fabrication and structure characterization of the fiber-shaped
Li-air battery and Photograph of a fiber-shaped Li-air battery. b Charge and discharge curves at
current density of 1400 mAg~! in air. ¢ Charge and discharge curves under a dynamic bending and
releasing process at a speed of 10 degree per second. a—¢ Reproduced with permission from Ref.
Zhang et al. (2016). d SEM images of silicon/CNT hybrid fiber at low and high magnifications.
d Schematic illustration to the structure of an SOB fiber and cross-sectional SEM image of the SOB
fiber. f Charge and discharge curves of the SOB fiber before and after different bending cycles.
d—f Reproduced with permission from Ref. Zhang et al. (2017). g Schematics illustrating the quasi-
solid-state flexible fiber-shaped Li-CO, battery. h SEM images of CC@Mo,C nanoparticles with
an optical photo( Inset: an optical photo CC@Mo,C nanoparticles freestanding film). i Cycling
behavior of CC@Mo,C nanoparticles electrode for the selected cycles under CO; at a current of
20 WA cm~2 and curtailing capacity of 100 wAh cm~2. g—i) Reproduced with permission from
Ref. Zhou et al. (2019)

3.3 Fiber-Shaped Aqueous Batteries

3.3.1 Fiber-Shaped Aqueous Lithium-Ion and Sodium-Ion Batteries

Aqueous rechargeable Li/Na ion batteries featured with low manufacturing cost,
good safety, environmental friendliness and high rate capability are particularly note-
worthy. The ever-growing demand for wearable and portable electronic stimulates
the exploitation of safe and high-performance wearable power sources. To meet
this target, fiber-shaped aqueous rechargeable Li/Na ion batteries have stimulated
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ever-increasing attentions by reason of their remarkable advantages of tiny volume,
extraordinary flexibility and remarkable wearability. A new fiber-shaped aqueous
LIB (FALIB) is developed using a polyimide/carbon nanotube hybrid fiber as the
anode and LiMn,O4/carbon nanotube hybrid fiber as the cathode (Fig. 8a) (Zhang
et al. 2016a, b). Remarkably, the charge and discharge curves were well maintained
under increasing current rates, and the specific capacity was 101 mAh g~' even at
a current rate of 100 C (Fig. 8b). As shown in Fig. 8c, these fiber-shaped aqueous
LIBs can be woven into various flexible structures, such as textiles, that can be bent,
folded and twisted into various architectures. A novel fiber-shaped aqueous SIB
(FASIB) was successfully assembled by putting the fiber-shaped CNT/Nag 44MnO;
and CNT/NaTiy(PO4); @C electrodes directly in a tube containing 1 M Na,;SOy
aqueous electrolyte (Fig. 8d) (Z. 32). The as-assembled full cell delivered a discharge
specific capacity of 46 mAh g~! at a current density of 0.1 A g~! with three voltage
plateaus at 1.3, 1.1, and 0.9 V (Fig. 8e). Even after bending at 180° for 100 times,
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Fig.8 a Schematic illustration of a simplified structure of the FALIB and structure characterization
of fiber electrodes. b Charge and discharge curves of the FALIB under increasing current rates.
¢ Energy textile woven with FALIBs under bending, folding and twisting. a—c¢ Reproduced with
permission from Ref. Zhang et al. (2016). d Schematic illustration of a simplified structure of the
FASIB and structure characterization of fiber electrodes. e GCD curves of the FASIB at different
current densities. f GCD curves before and after bending of the flexible FASIB at a current density
of 0.2 A g~ !. d—f Reproduced with permission from Ref. Guo et al. (2017). g Schematics illustrating
the CFASIB. h GCD curves of as-assembled CFASIB. i GCD curves of the CFASIB at different
bending angles. g—i Reproduced with permission from Ref. Zhang et al. (2019)
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the GCD curves of the fiber-shaped aqueous SIBs remained almost unchanged, indi-
cating a high flexibility of the fiber-shaped aqueous SIB (Fig. 8f). As displayed in
Fig. 8g (Q. 35), an advanced quasi-solid-state coaxial-fiber aqueous SIB (CFASIB)
are successfully constructed by adopting NaTi,;(PO4); @ CNTF as the inner anode,
InHCF composition as the outer cathode and gel electrolyte sandwiched in between
them. The GCD curves of as-fabricated CFASIB in Fig. 8h show distinct charge-
discharge voltage plateaus with minimal voltage hysteresis and excellent symmetry.
Notably, the CFARSIB device could be bent from 0° to 180° without deteriorating
its electrochemical performance, indicating its exceptional flexibility (Fig. 8i).

3.3.2 Fiber-Shaped Aqueous Zinc-Ion Batteries (ZIBs)

ZIBs have attracted tremendous attention since metallic zinc exhibits their unique
merits of high theoretical capacity (820 mA h g='), low electrochemical potential
(—0.763 V vs. standard hydrogen electrode), good rate performance, low cost and
intrinsic safety. A high-performance waterproof and stretchable fiber-shaped ZIB was
developed by double-helix yarn electrodes and a cross-linked PAM-based polymer
electrolyte, as schematically illustrated in Fig. 9a (H. 34). The fiber-shaped aqueous
ZIB (FAZIB) maintained a high capacity retention of 94.8% after cycling 100 times
when a strain of 300% was applied, which is close to the value of 97.2% under
normal conditions (Fig. 9b). It can be seen that the FAZIB has a capacity retention of
96.5% after being fully immersed in water for 12 h, demonstrating good waterproof
capability and high durability (Figs. 9c). The first coaxial-fiber AZIB (CFAZIB) was
successfully developed by adopting Zn nanosheet arrays (NSAs) on carbon CNTF as
the core electrode and ZnHCF composite on aligned CNT Sheets as the outer elec-
trode with ZnSO4-carboxymethyl cellulose sodium as the gel electrolyte (Q. 35).
The electrochemical performance of our CAZIB was further investigated at different
current densities from 0.1 to 1 A cm™>, and the corresponding charge-discharge
curves in Fig. 9e presented remarkable symmetry and high discharge plateaus, indi-
cating its desirable battery behavior. To further demonstrate the favorable weavability
of the newly developed CFAZIBs, two long CFAZIBs devices were woven into the
flexible textile in series (Figs. 9f), and the resulting energy textile could illuminate
a 3.3 V blue LED. As shown in Fig. 9g, binder-free V-MOF as high-performance
cathode was firstly used to fabricated all-solid-state flexible FAZIB (B. 36). 3D free-
standing V-MOFs were uniformly grown on the surface of the CNTF via a simple
solvothermal reaction (Fig. 9h). Encouragingly, the fiber-shaped V-MOF//Zn battery
still maintained a high volumetric capacity of 67.98 mAh cm™ at the discharge
current density of 0.1 A cm™ after rapid charging at the high current density of
2.0 A cm™3 (Fig. 9i).
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Fig. 9 a Schematic diagram of fabrication and encapsulation of the FAZIB. b Dependence of
capacity retention on cycle numbers with a strain of 300% c¢ Capacity retention test of the FAZIB
for 12 h continuous underwater immersion in deionized water at 24 °C. a—c¢ Reproduced with
permission from Ref. Li et al. (2018). d Schematic illustrations of the CFAZIB. e Charge-discharge
curves collected at different current densities. f Photograph of a blue LED illuminated by the
charged energy textile consisting of our CFAZIBs. d—f Reproduced with permission from Ref.
Zhang et al. (2019). g Schematic illustration of the all-solid-state fiber-shaped V-MOF//Zn battery.
h SEM images of V-MOF/CNTF at different levels of magnification. i GCD curves of the assembled
battery during charging at 2.0 A cm~3 and discharging at 0.1, 0.2, and 0.4 A cm~3. g-i Reproduced
with permission from Ref. He et al. (2019)

3.3.3 Fiber-Shaped Aqueous Alkaline Batteries

Aqueous alkaline batteries are considered promising energy storage sources for wear-
able and portable devices. The fabrication process for the stretchable fiber-shaped
Ag—Zn battery is presented in Fig. 10a (Zamarayeva et al. 2017). Figure 10b shows
schematics of the self-similar serpentine and optical images of the full battery assem-
bled around such a currentcollector in relaxed and stretched configurations. The GCD
curves for the 2nd (flat configuration), 12th (stretched configuration), and 22nd (flat
configuration) electrochemical cycles are presented in Fig. 10c. The battery exhibits
stable performance in both flat and 100% stretched configurations with minor fluctu-
ations in the capacity in both cases. Figure 10d illustrates the schematic diagram of
the fiber-shaped Ni—Zn battery, where a Zn fiber anode is twined tightly by Ni-NiO
fiber cathode (Zeng et al. 2017). Such structure was further verified by the SEM image
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Fig. 10 a The assembly flow diagram for the stretchable fiber-shaped Ag—Zn battery. b Optical
images of the stretchable fiber-shaped Ag—Zn battery. ¢ GCD curves for the 2nd (flat configuration),
12th (stretched configuration), and 22 nd (flat configuration) electrochemical cycles of stretchable
fiber-shaped Ag—Zn battery. a—¢ Reproduced with permission from Ref. Zamarayeva et al. (2017).
d Schematic diagram of the flexible quasi-solid-state fiber-shaped Ni—Zn battery. ¢ SEM image
of the quasi-solid-state fiber-shaped Ni—Zn battery. f Discharge curves of the quasi-solid-state
fiber-shaped Ni—Zn battery at various current densities. d—f Reproduced with permission from
Ref. Zeng et al. (2017). g Schematic fabrication process of the twisted fiber-shaped Ni—Fe battery.
h Comparison CV curves of S—a—Fe;O3/OCNTF anode and NiZnCoP@CNTF cathode at a scan
rate of 10 mV s~!. i GCD curves of the as-assembled FARBs bent at various angles at a current
density of 2 mA cm~2. g—i Reproduced with permission from Ref. Zhang et al. (2018). j Schematic
illustration of fabrication of aqueous fiber-shaped Co—Zn battery. k CV curves of fiber-shaped
Co—Zn battery at different scan rates. j—k Reproduced with permission from Ref. Guan et al. (2019)
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of the fiber-shaped Ni-NiO//Zn battery device (Fig. 10e). The as-fabricated fiber-
shaped Ni—Zn battery possesses a high discharge profiles witness a plateau around
1.7-1.8 V (Fig. 10f). The fabrication process of the twisted fiber-shaped Ni-Fe battery
is schematically depicted in Fig. 10g and the device was prepared successfully by
twisting NiZnCoP/CNTF and S—a—Fe,O3/OCNTF electrodes together (Zhang et al.
2018). Figure 10h comparatively demonstrates the CV curves of the as-obtained S—
a—Fe,O3/OCNTF and NiZnCoP @CNTF electrodes at 10 mV s~! and it should be
noted that both the electrodes consist of a couple of prominent redox peaks. The
GCD curves of the assembled fiber-shaped Ni—Fe battery, shown in Fig. 6f, nearly
overlap completely at different bending angles ranging from 0° to 180°, indicating
that the device possesses excellent mechanical stability. The fabrication process of
the fiber-shaped Co—Zn battery is schematically illustrated in Fig. 10j (Q. 40). In a
typical synthesis, zinc flakes were deposited on the carbon fibers as the anode and
Co304 nanowires arrays were homogeneously grown on Ni wire as the cathode via
a hydrothermal method. Cyclic voltammetry measurements were tested at different
scan rates ranging from 1 to 5 mV s~! (Fig. 10k) and two obvious redox peaks were
presented in Fig. 10k.

4 Conclusion

In conclusion, to meet the ever growing requirements for powering portable and
wearable electronics, increased efforts have been dedicated to developing high-
performance fiber-shaped energy storage devices for better adapting to the various
aggressive deformations. In this chapter, the state-of-the-art fiber-shaped energy
storage devices have been critically looked into from the viewpoint of new design
principles, materials and device fabrication. Although fiber-shaped supercapacitors
feature the advantages of high power density, rapid charge/discharge capability and
superior cyclability, their unstable discharge platform and low energy density are still
serious hindrances for powering wearable energy-consuming devices. Meanwhile,
fiber-shaped nonaqueous batteries are unable to wearable due to the use of the toxicity
and flammability of organic electrolytes. The construction of fiber-shaped aqueous
rechargeable batteries is thus an extremely effective strategy to achieve satisfactory
safety, stable output voltage and high energy density. To date, numerous energy
storage mechanisms have been successfully realized in the fiber-shaped aqueous
rechargeable batteries with acceptable performances. Significant attempt will be
continuing to pursuing better electrochemical performances, mechanical flexibility
and robustness, and at the same time to make the fiber-shaped aqueous rechargeable
batteries playing an important part in the coming age of internet of things, where there
will be rapid advances in the development of new materials and device fabrication
with the overall low manufacturing cost.
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Brillouin Fiber Laser Sensors )
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Yi Liu, Zhaomin Tong, Yao Shang, Bingchen Han, Qing Bai, Rongrong Guo,
and Pengfei Chen

Abstract A single longitudinal mode (SLM) Brillouin fiber laser (BFL) with
cascaded ring (CR) Fabry—Pérot resonator, a SLM triple ring (TR) BFL with a
saturable absorber ring (SAR) resonator and a stable multiwavelength (MW) SLM
dual ring BFL (MW-SLM-DRBFL) are proposed and demonstrated. By optimizing
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the CR length of the single-mode fiber cavity at 100 m (or 50 m) and 10 m, stable
SLM operation is obtained with 0.41 kHz (or 3.23 kHz). TR-BFL with approxi-
mately 65-Hz linewidth and 185 linewidth-reduction ratio is composed of a 1-km-
long single-mode fiber (SMF) ring, a 100-m-long SMF ring, and an SAR with 8-
m-long unpumped Erbium-doped fiber (UP-EDF), respectively. 7 stable SLM lasing
wavelengths with DR configuration of 100 and 10 m length SMF are obtained with
0.084 nm wavelength spacing and 15 dB average optical signal-to-noise ratio (OSNR)
through the cascaded stimulated Brillouin scattering (cSBS) and four-wave mixing
(FWM). A MW SLM Brillouin—Erbium fiber laser (BEFL) sensor with ultrahigh
resolution is proposed and demonstrated and Iezzi et al. proposed and investigated
experimentally a distributed higher order Stokes SBS temperature fiber sensor. The
one short common cavity of MW-SLM-BEFL with 50 m of SMF as the fiber under
test (FUT) and 100 m of SMF as the reference realize 3.104 MHz/°C sensitivity
and approximately 10~® °C ultrahigh resolution in the short term of the third-order
Stokes wavelength. While maintaining a fairly normal spatial resolution over a few
kilometers of sensing length using time gating technology, sensitivity is increased
by several folds to over 4 MHz/°C.

Keywords Stimulated Brillouin Scattering - Cascaded stimulated Brillouin
Scattering * Brillouin fiber laser - Single longitudinal mode - Saturable absorber
ring - Multiwavelength + Dual ring - Optical signal to noise ratio - Four wave
mixing * Brillouin—Erbium fiber laser - Cascaded ring Fabry—Pérot resonator -
Triple ring - High-order stokes wavelength - Brillouin fiber laser sensor *
Temperature sensor - Distributed temperature fiber sensor

1 Introduction

Brillouin fiber laser (BFL) with narrow linewidth and high signal noise ratio have
broad applications in optical communication system (Spirin et al. 2012), radio over
fiber (Li et al. 2013), optical bistability (Zhang et al. 2015a, b), distributed/point
fiber sensing (Liu et al. 2015, b), and superluminal light propagation (Zhang et al.
2015a, b) because of the signal advancement which is inversely proportional to the
linewidth. Meanwhile, extra attention has been attracted to single longitudinal mode
(SLM) BFL with high quality, low loss and cost. When the cavity mode spacing of
about 10 or 20 m cavity (Gross et al. 2010) length is comparable to the Brillouin
gain, the BFL easily operates in SLM status.

Over the past few decades, fiber laser (FL) sensors have demonstrated high signal-
to-noise ratios (SNRs) and narrow linewidths; such characteristics indicate that these
sensors have an inherent high resolution (Kersey et al. 1997). Such sensors have been
applied in accelerometers (Ames and Maguire 2007), acoustic microphones (Wooler
et al. 2007), strain sensors (Yang et al. 2007), and temperature sensors (Yang et al.
2007; Liuetal. 2010). In particular, more attention has been given to the measurement
of temperature, which is one of the seven fundamental physical quantities. Currently,
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there are three main types of FL temperature sensors, including a SLM-FL sensor
(Yang et al. 2007), a multilongitudinal mode (MLM) FL sensor (Liu et al. 2010), and
a multiwavelength (MW) FL sensor. On the one hand, for the SLM-FL and MW-FL
sensors (Mandal et al. 2006). Wavelength matched fiber Bragg gratings (FBGs) are
used as wavelength selectors and sensor elements.

Distributed BS fiber sensors are called Brillouin Optical Domain Reflectometry
(BOTDR) (Culverhouse et al. 1989) and Brillouin Optical Time Domain Analysis
(BOTDA) (Kurashima et al. 1990). Nowadays, other techniques such as BOCDA
(Hotate and Hasegawa 2000) also exist, usually exhibiting a very high spatial reso-
Iution (mm scale), but have limited sensing reach (usually in the order of hundreds
of meters). The spatial resolution of BOCDA system is determined by the modula-
tion parameters of the light source such as the amplitude and frequency compared
to BOTDR and BOTDA systems in which the resolution is based on the decay time
of an acoustic wave. Since its discovery, many groups have worked on increasing
the sensing distance achieving up to 150 km (Alahbabi et al. 2005) as well as maxi-
mizing the spatial resolution down to 2 cm in standard optical fiber (Dong et al. 2012)
using conventional BOTDR/A systems. However, the sensitivity of ~1.1 MHz/°C in
temperature (Nikles et al. 1997) and of ~0.05 MHz/1¢ in strain (Bao and Chen 2011)
has remained mostly unchanged using the first spontaneous Stokes shift.

2 Main Body Text

e Optical fiber Scattering

— Scattering category

When the light passes through the non-homogeneous medium, the propagation char-
acteristics of the light will change because of the defects and non-homogeneous
of the medium itself. A part of light will change the direction of transmission and
spread to different directions, so the light intensity can be observed in all directions
of the medium, which is the scattering effect of light. There are three types of light
scattering: Rayleigh scattering, Brillouin scattering (BS), and Raman scattering, as
shown in Fig. 1.

Rayleigh scattering phenomenon in optical fiber is caused by the local fluctuation
of refractive index caused by the micro impurity mixed in the manufacturing process
or the random fluctuation of density in the manufacturing process, which makes the
light scattering in all directions.

Raman scattering was first discovered by C.V. Raman when he studied light scat-
tering (Raman 1982). It refers to the different physical effects between the frequency
of partially scattered light and that of incident light in light scattering.

— Spontaneous and SBS
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Fig. 1 Scattering of light Stokes Anti-Stokes
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In the quantum mechanics formula, the excited BS process can be regarded as the
annihilation and scattering of incident photons and the production of photons and
acoustic phonons. The energy and momentum of the interacting particles must be
maintained, which leads to pumping, the relationship between the frequency and
wave vector of photons, Stokes photons, and acoustic phonons is as follows:

ws = wp — §2

Bs=PBp—B (1)

Among them, the w;, w,, and §2, respectively, represent pump photons, Stokes
photon, and the frequency of the acoustic phonon; B, 8, and B are the wave vectors
of the three, respectively. In the formula, it is applied to the approximate relation

Bs ~ Bp
1Bl = 27Tnp/)‘p 2)

BS is a kind of scattering caused by inelastic collision between incident photon
and scattering particle in optical fiber. According to the different sound fields, BS
can be divided into spontaneous and stimulated BS (SBS).

Spontaneous BS can be explained by quantum physics as follows: a pumped
photon is converted into a new Stokes photon with a lower frequency and a new
phonon is generated at the same time. Similarly, a pumped photon absorbs the energy
of a phonon and converts it into a new, higher-frequency anti-Stokes photon.

When the pump light power reaches the threshold, SBS occurs, and the generated
Stokes light propagates in the opposite direction to the incident light. The induced BS
can be caused by the electrostrictive effect in the optical fiber (Kelley 2008), which
is manifested by the change of medium density caused by the action of light. The
backscattering Stokes light and the incident pump light act to produce sound waves
through the electrostrictive effect. The propagating light wave produces a moving
density grating, and the reflected Stokes light scatters back. So the frequency shift
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down of Stokes light can also be explained by the Doppler Effect. The mechanism
of spontaneous and SBS is shown in the following Fig. 2 (Kobyakov et al. 2009).

e BFL

SBS with narrowband and low noise has broad applications in frequency shifter (Kalli
et al. 1991), microwave frequency generation (Shen et al. 2005), narrow bandwidth
low-noise amplification ( Xing et al. 2008), and FL (Yong et al. 2003; Geng et al.
2006). Meanwhile, extra attention has been attracted to SLM-BFL with high quality,
low loss and cost. The investigation is mainly concentrated on the following aspects.
On the one hand, in order to separate the pump and Brillouin laser and reduce the
threshold power, single ring cavity (RC) with one 2 x 2 coupler (Stokes etal. 1982), an
circulator (Wu et al. 2011), or an unbalanced Mach—Zehnder interferometer (UMZI)
(Nicati et al. 1995) is configured. Circulator based single RC has the advantage that
the Brillouin pump frequency does not need to match the cavity mode. On the other
hand, when the cavity mode spacing of about 10 m or 20 m cavity length (Wu et al.
2011; Wang 2013) is comparable to the Brillouin gain, the BFL easily operates in
SLM status. However, because of length limitation of SLM operation, it is difficult
to improve the threshold power and linewidth. Then, BFL incorporating long fiber
length (500 m) high nonlinear fiber (HNLF) and an unpumped Erbium-doped fiber
(UP-EDF) loop (10 m) (Chen et al. 2012) which is regarded as a self-induced FBG
filter with an ultra-narrow bandwidth is proved. Li et al. propose a Brillouin erbium
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FLs (BEFLs) in which EDF amplifier (EDFA) can compensate the loss imported by
the additional element, but the 166 high linewidth-reduction ratio is realized at cost of
low optical signal-to-noise ratio (OSNR). And Liu et al. propose a SLM-BFL without
additional EDFA in cavity and with cascaded ring Fabry—Perot (CR-FP) resonator,
which has not plus cavity loss except elements’ intrinsic loss and is scarcely to
generate high-order Stokes due to low nonlinear coefficient of single-mode fiber
(SMF). However, the cavity length is shorter than other optimized methods. Though
Ou et al. propose a 25-km-long cavity BFL with 30 Hz linewidth without phase-
locking loop, only 100 linewidth-reduction ratio is obtained due to larger loss caused
by FP interferometer (FPI) and a part of coreless fiber (CLF). Lastly, besides of
the temperature control, a servo loop is realized by autotracking the pump light
frequency or adjusting the cavity length with piezoelectric transducer (PZT) (Yong
et al. 2003) or Pound-Drever-Hall (PDH) frequency-locking scheme (Geng et al.
2006 ) resulting from environmental perturbations.

— Principle

Assuming that a signal light with a frequency of w; and a continuous pump light with
a frequency of w, propagate together in the fiber, as long as the frequency difference
w; = w, lies in the Brillouin gain bandwidth, the signal light will be amplified
due to Brillouin gain. Brillouin laser oscillations are formed by adding mirrors with
appropriate reflectivity to both ends of the fiber to provide feedback to Stokes light
generated by SBS effect in the fiber.

The Brillouin frequency shift vg versus the pump is given by vg = (2v4/c)vp
(Liu et al. 2014), where v4 is the acoustic velocity in the medium, c is the velocity
of light in vacuum, and vp is the optical frequency of the pump. v is approximately
10 GHz in 1550 nm wavelength region. The free spectral range (FSR) in accordance
with the Vernier effect is

FSR = }’l]FSRl = I’leSRz == anSRm (3)

where FSR,, = ¢/nL,,(m =1,2,3,...) and L,,(m = 1,2, 3,...) are FSRs and
the length of each RC, respectively, n,,(m = 1,2,3...) is the integer, and n =
1.4682 is the fiber effective index. According to (3), effective FSR is 20 MHz. The
laser mode v;, only oscillates at a frequency that experiences the highest Brillouin
gain and satisfies the resonance conditions synchronously which is shown in Fig. 3.
Though operational mechanism of saturable absorber ring (SAR) is similar to SMF
ring resonator, bandwidth of the former Af” is different from that of the latter Af.
According to the previously reported, we can deduce as

Af/ — Af 2ty | ~ FSR 2ty 1 @)
- 1 F 5]

where F = +/R/(1 — R) is the cavity finesse, R is the rate of laser power back fed
after each roundtrip, fy and 7 are transmission ratio at different input power of SAR,
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Fig. 3 The principle of
SLM BFL operation
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the power at #, is greater than that at #; and /2ty/#; — 1 is the enhancement factor
of bandwidth.

At the same time, when the EDFA power is large enough, higher orders Stokes
vix(x =2,3,...) and anti-Stokes waves are generated through the c¢SBS and
degenerate four-wave mixing (FWM) process which also operate in SLM status.
v (x = 2,3, ...) can be expressed by

Vix = Vra-1) — Vg =vp — (x — Dvp(x =2,3,...) )]

— SLM Operation

To illustrate the SLM operation of BFL with CR-FP in detail, three groups (group
A with FP1-230 m, FP2-50 m. group B with FP1-50 m, FP 2-10 m. group C with FP
1-100 m, FP 2-10 m) with different fiber lengths are contrastly analyzed (Liu et al.
2013). The lengths of 230 m, 100 m, 50 m, and 10 m are corresponding to the FSRs
of nearly 870 kHz, 2 MHz, 4 MHz, and 20 MHz. Detected homodyne frequency
spectrum is shown in Fig. 4a and b for group A, (c) and (d) for group B and (e)
and (f) for group C. Figure 4a, c, and e and b, d, and f are single RC and CR-FP,
respectively.

In order to clarify the SLM operation of triple ring (TR) BFL detailedly (Liu and
Zhang 2017), different combination of RC are analyzed contrastly, Fig. 5a shows
heterodyne frequency spectrum of TR-BFL with only R1 at 20 MHz. Approximately
200 kHz frequency spacing is corresponding to FSR of R1 with 1 km. Simultaneously,
due to mode-locked of all longitudinal modes of the resonator, laser output is observed
in the time domain with a spacing of 5 s which is shown in Fig. 5b. When R2
with 100 m is added in the main cavity, heterodyne frequency spectrum is shown
in Fig. 5c. One can observe that several side modes are suppressed with 2 MHz
frequency spacing which is FSR of R2. Once R2 and R3 with 8 m EDF are both
configured in the cavity, it becomes obvious that SLM operation status of TR-BFL
is observed in Fig. 5d.

And the linewidth result of 50 m FP1 and 10 m FP2 is same as that of the self-
heterodyne method. 0.41 kHz linewidth of 100 m FP1 and 10 m FP2 is obtained
which is in good agreement with theoretical analysis (shown in Fig. 6).



286 Y. Liu et al.

A ) e @ fm)l ()

i =
i: i
® 40 §
é 70 g 70
80 i 80
50
ber 1 2 3 4 5 6 7 [] 9 10
Frequency (MHz)
10
2 = @
. -30)
i 14< "k
.. -
g £ « 45dB
5 é -10
" B0 = -
B0
1% 1 2 3 4 s . 7 [ s 10
Frequency (MHz)
10 10
-20 2(_ e (f)
.20 -
E 40 g 40
2w < % 60dB
3 w0 £ o
§ §
i E o
80 80 3 S
o0 90|
1% MG s 4 8 8 7T 8 B W
Frequency (MHz) Frequency (MHz)

Fig. 4 Experimental results. a and b Detected homodyne frequency spectrum of the proposed laser
with group A. ¢ and d Detected homodyne frequency spectrum of the proposed laser with group
B. e and f Detected homodyne frequency spectrum of the proposed laser with group C. a, ¢, and
e with single RC and b, d, and f with CR-FP

An analytical relation linking pump laser linewidth Avp and Brillouin laser
linewidth Avgpy is expressed by

Avgrr = Avp/(1 4+ ya/Tc)? (6)

where y4 = mAvg and I'c = —cIn R’/nL, are the decay rate of the acoustic wave
and the cavity loss ratio. A TR-BFL has a coupling ratio R’ = 0.225, and thus, the
linewidth is approximately 210 times of magnitude narrower than that of the pump.
Linewidth measurement is realized by delayed self-heterodyne method with a 100 km
optical delay fiber line. Due to the 1 kHz measurement precision of 100 km fiber, the
linewidth 1.3 kHz is measured at the —20 dB power points, which is connected with
the laser real linewidth by 2+/99 times. The result is shown in Fig. 7 at 20 MHz center,
10 kHz Span, 500 Hz VBW and RBW. Approximately 185 linewidth-reduction
ratio and 65 Hz real linewidth are obtained which are good agreement with 210
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Fig. 6 Linewidth measurement of BFL with 100 m of FP1 using heterodyne beat technique with
two independent pump lasers at Center 50 MHz, Span 5 kHz
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Fig. 7 Linewidth measurement of TR-BFL using a delayed self-heterodyne method at 20-MHz
center, 10-kHz span, 500-Hz VBW and RBW

theoretical linewidth-reduction ratio and 48 Hz theoretical linewidth by considering
the polarization between the pump and the Brillouin gain. Because 65 Hz linewidth
corresponds to an optical delay length of 3143.57 km, it is difficult to obtain the
completely incoherent self-mixing for the TR-BFL with the 100 km delay fiber.

— MW Operation

A MW SLM dual ring (DR) BFL is experimentally demonstrated (Liu et al. 2015a,
b). The pump light from a tunable laser source (TLS) with 100 kHz linewidth and
maximum output power of 3.7 dBm travels through a 50/50 optical coupler (OC1) and
then is amplified by the EDFA. To achieve maximum gain in BFL, the polarization
of the pump is kept parallel to that of the Stokes wave by a polarization controller
(PC1). Then, the pump is injected to the single-pass cavity Ring-1 (R1) clockwise by
optical circulator (Cir) and passes through the cavity with only one roundtrip. PC2 is
used to align the state of polarization of the R1 with 100 m SMF. R2 is constructed
with a 50/50 polarization-insensitive OC3 and a SMF length (10 m) of traditional
SLM-BFL. When EDFA power is higher than the threshold of SBS, 1% of Stokes
which is back to OC1 and amplified by the EDFA is injected to R1 to excite next
order Stokes wave and the rest circulates in the R1 cavity with multiple roundtrips
anticlockwise. The output of the laser was monitored by an optical spectrum analyzer
(OSA) with a spectral resolution of 0.05 nm. For the stability of the MW-DRBFL, it
is enclosed in a temperature controller system with better than 0.4 °C resolution and
3-80 °C range (Fig. 8).

Due to DR configuration, each Stokes and anti-Stokes waves work on SLM oper-
ation. When pump power is enough, 7 stable SLM lasing wavelengths including the
pump with a 5 dB bandwidth of 0.5 nm are generated from 1535 nm to 1565 nm.
Figure 9 shows MW generation of the MW-DRBFL as a function of the different
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Fig.9 MW generationin MW-DRBFL with different EDFA power and MW-DRBFL from 1535 nm
to 1565 nm

EDFA power. At first, TLS is fixed at 1549.8 nm wavelength and 0 dBm power and
EDFA power is fixed at 9 dBm. For an EDFA power of 14 dBm, 1st-order Stokes
line with —8.05 dBm is generated. When EDFA power is increased to 22dBm, five
Stokes lines and three anti-Stokes lines are observed. By increasing the EDFA power
further to 26 dBm, higher order Stokes and anti-Stokes lines are generated because
of the degenerate FWM process.

The relation connecting the nth-order Stokes linewidth Av;,, of MW-DRBFL
and the pump laser linewidth is given by (Smith et al. 1991)
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Avp(x— Av Av
Avp, = —E&=D LI P (7)
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where y4 = m Avp (Brillouin gain bandwidth Avg = 20 MHz) is the damping
rate of the acoustic wave, ', = —clIn R/nL; is the cavity loss rate, and L, =
L + L, is the total cavity length. Thus, the linewidth of the first Stokes line is about
three orders of magnitude narrower than that of the pump. Similarly, the linewidth
of high-order Stokes v, (x =2, 3, ...) is the same relation with the former order
Stokes v -1y (x = 2,3, ...) from (7). In experiment, the first Stokes are chose by
disconnecting fiber between OC1 and OC2. And the linewidth is measured by the
self-heterodyne method with a 25 km optical fiber delay line. Figure 10a (in the
absence to R2) and (b) show the first Stokes homodyne frequency spectrum with
60 dB sidemode suppression value, and Fig. 10c shows 0.67 kHz linewidth (better
than 0.91 kHz). However, because of the 4 kHz measurement accuracy with 25 km
fiber, the linewidth is below 4 kHz. Observing from the heterodyne spectrum of
MW-DRBFL (shown in Fig. 10d), there is no other the sidemode except Brillouin
frequency shift (10.66 GHz) under Brillouin gain (20 MHz). Thus, each Stokes and
anti-Stokes waves work on SLM operation.

e BFL sensor

(a) -1 (b) -0
Qol-c— —————
=301
5 g
3 g« 60dB
= =
B ® 80
c c
2 2
£ £
-80) -
90
s 1 2 3 4 5 6 ;3 [ 9 10
Frequency (MHz) Frequency (MHz)
(c) o025 Linewidth ) 4
——— Lorentzian
0204 40
;E; =50
015 4
S \ T 0
Foe 2
2 4l 0.67kHz n_lg 70
2 s
= E 2
0053 \
80,
§
U
oo T T T r T J 100
49,997,000 49998000 49999000 50000000 S0,001.000 50002000 50.003.000 10.645 10.65 10.655 10.66 10.665 10.67 10.675 10.68
Frequency (MHz) Frequency (MHz)

Fig. 10 aInabsence of R2 and b homodyne frequency spectrum, ¢ delay self-heterodyne spectrum
of linewidth measurement with the first Stokes, d heterodyne spectrum of MW-DRBFL with 40 MHz
span, 5.1 kHz RBW and VBW
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In this case, the temperature information is achieved by measuring the wavelength
shift under different temperatures in the optical domain or the power variation at
a specific wavelength on the grating’s slope. In addition, this type of FL sensor
is limited by the tuning speed of the filter, the sensitivity of the detector, and the
complexity of the optical interferometer, and the signal is detected by mixing with
an additional TLS. On the other hand, for the MLM-FL sensor, the temperature
difference can be easily detected by measuring the beat frequency generated by any
two longitudinal modes. Because the disturbance can be reduced, the beat frequency
can be dynamically stable. Thus, the higher the detected beat frequency is, the better
the sensitivity is. However, although the 74th-order mode (1581.7 MHz) is detected,
only sensitivity at the scale of 1 kHz/°C is obtained.

Recently, based on the BS effect in optical fibers. Proposed a novel DF-BFL for
microwave generation (Yang et al. 2013), temperature sensing was realized based
on this configuration, which has two cavities with different types of fiber. According
to the linear relationship between the Brillouin frequency shift and temperature,
the sensing information can be obtained by measuring the beat frequency shift as
the temperature of the DF-BFL. This method may provide a stable FL sensor with
1.015 MHz/°C sensitivity. Compared to the DF-BFL, the use of the MW-BEFL based
on the cascade BS effect and the linear gain from EDF could be an advanced method.
Iezzi and Zhang realized temperature measurements with sensitivities of 7 MHz/°C
and 13.08 MHz/°C by using the 6th-order and the 12th-order Stokes shifts with BS
of two MW-BEFLs, respectively. However, due to the kilometer-scale laser cavity
length (10 and 27 km), the external perturbations became the main effect factor for
the temperature error, and the MLM operation status limited the improvement of the
system resolution. And Liu et al. proposed a SLM MW-BEFL with short cavity as
temperature sensor, and carried out experimental research.

— Principle

Figure 11 shows the high-order Stokes wavelength sensing principle based on the
cascade BS effect for temperature measurement. The frequency shift vg with respect
to the pump is given by vg = (2ua/c)Ap (Song et al. 2004; Shee et al. 2011), where
v4 is the acoustic velocity in the medium, ¢ is the vacuum-light velocity, and vp is
the pump wavelength. v is approximately 10 GHz at a 1550 nm wavelength.

We can obtain the relationship between v,,; at room temperature and vy, , 41y for
the AT temperature difference of the mth-order Stokes wave (Xu and Zhang 2015).

Unl = Vm-1)1 + Vg =+ =vVp+muvp (®)

Un(m+1) = Vn—1ym + VB + Avar = --- = vp +mup + AUpar 9

AUmATZCBmATZ-"ZMCBlAT (10)
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Fig. 11 Principle of the high-order Stokes wavelength for temperature sensing with a AT
temperature difference

where v, is the optical frequency of the pump beam, m is the order number of
the Stokes wave (m = 1, 2, 3...), and Av,ar and cp, are the Brillouin frequency
difference and the temperature coefficient of the mth-order Stokes wave, respectively;
i.e., the frequency shift with temperature and the temperature coefficient of the mth-
order Stokes are m-times greater than those of the first-order Stokes.

— Point Sensing Experiments

A SLM MW-BEFL with a short cavity used as the temperature sensor is proposed
and investigated experimentally (Yu et al. 2006). As the configuration of the DF-BFL
in Fig. 12, the pump light from a Dense Light laser (DLL) with a 10 kHz linewidth
and a maximum output power of 10 dBm travels through a 50/50 OC1. Next, the light
is first amplified by the EDFA. To achieve maximum Brillouin gain, the polarization
of the pump is kept parallel to the Stokes polarization by a PC. The pump is injected
into the RC clockwise by an optical Cir and then passes through the cavity with only
one roundtrip. The RC is constructed with one 50-m fiber under test (FUT), another

-- Temperature

controller

Fig. 12 Experimental Setup. DLL: Dense Light laser; OC: optical coupler; PC: polarization
controller; Cir: circulator; FUT: fiber under test; REF: reference fiber; FFP: fiber Fabry—Pérot; UP-
EDF: unpumped erbium-doped fiber; PD: photodetector; OSA: optical spectrum analyzer; ESA:
electric spectrum analyzer
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100-m reference fiber (REF), an OC3, and a FFP filter. The FFP filter is composed of
a 50/50 polarization-insensitive OC2 and a 10 m UP-EDF, which acts as a saturable
absorber (SA). The fiber type of the FUT and REF is standard G.652 SMF, and the
FFP filter is used to keep every Stokes wavelength in SLM status. When the EDFA
power is higher than the threshold of BS, 10% (OC3) of the Stokes returns back to
OCl and is amplified likewise by the EDFA clockwise. Next, the light is injected
into the RC to excite the next order Stokes, and the rest circulates (90%) in the
RC with multiple roundtrips anticlockwise. The output of the laser was monitored
by an electric spectrum analyzer (ESA) with a 1 Hz frequency resolution and a
photodetector (PD) with a 26.5 GHz bandwidth. For the convenience of temperature
measurement, the FUT and REF are enclosed in two similar temperature controller
systems with the following characteristics: 0.2 °C resolution, a 5-60 °C range, and
no strain. In this experiment, the temperature of the REF is fixed at 20 °C, and that
of the FUT is adjusted from 20-50 °C.

A 50-m-long SMF is used as the FUT, and a 100-m-long SMF is used as the REF
when a different temperature is configured. With the configuration that uses a FFP
filter, every Stokes wavelength of the MW-BEFL maintains SLM status. In contrast,
with beat frequency linewidths of different order Stokes wavelengths, approximately
10~ °C ultrahigh resolution in the short-term (linewidth) is acquired at the third-order
Stokes wavelength.

Figure 13 shows the relationships between the temperature difference, and the
different Stokes wavelengths are also measured for different EDFA power levels. The
circular and square dots represent real frequency values, including vi2 — v,,v22 — v,
V23 — V), and v34 — v31, measured at a FUT temperature from 20 to 50 °C every
5 °C and at a REF temperature of 20 °C under 250, 500, and 600 mW. The x-axis
is AT = Tryr — Trer, and the black solid lines are the results of linear fits using a
least squares fitting method. The fitting lines show the temperature dependences of
the frequency shift of the FUT and the REF. As seen from the solid line, all the beat
frequencies are linear with respect to temperature, while the frequency of vy — v,
is used for comparison.

To exactly measure the temperature resolution, we must take the linewidth of
the pump into consideration. The temperature resolution depends on the short-term
(linewidth) and the long-term stability of the high-order Stokes wavelength. On
the one hand, the relation connecting the mth-order Stokes linewidth of Av,, the
MW-BEFL and the pump laser linewidth is given by (Debut et al. 2000)

Avy,_ A A
Avm = v—12 == = om-1 = Tp o (11)
(ter) (ep) (r0)

where y4 = m Avp is the damping rate of the acoustic wave, I'. = —cIn R/nL, is
the cavity loss rate, and L, is the total cavity length. In this case, the relationship
between the temperature resolution Tk, of the m-order Stokes wavelength and the
temperature resolution Tg; of the 1st-order Stokes wavelength can be written as
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Next, the beat frequency linewidths of fi, f>, and v34 — v3; are measured using
the ESA with a 1 Hz frequency resolution for a REF temperature of 20 °C and
a FUT temperature of 50 °C (shown in Fig. 14). According to Eq. (11) and the
configuration of the MW-BEFL, the linewidth of the 1st-order Stokes wavelength is
approximately two orders of magnitude narrower than that of the pump. The linewidth
is observed at the —20 dB points, which is related to the laser real linewidth by 2+/99
times (Bao et al. 1995). The —20 dB linewidth points of the frequencies fi, f», and
v34 — V31, shown in Fig. 14a, c, are 12 kHz, 0.7 kHz and 0.08 kHz, respectively.
Thus, 0.6 kHz, 0.035 kHz, and 0.004 kHz real linewidths are obtained for f;, f>, and
v34— V31, respectively. The results are in good agreement with our analysis. Therefore,
according to Eq. (12), the temperature resolution corresponds to approximately 6 x
1074 °C, 1.8 x 1075 °C, and 1.3 x 107 °C for f;, f>, and vs4 — v3, respectively,
depending on the temperature sensitivity of the different order Stokes wavelength.

— Distributed Sensing Experiments
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Fig. 14 Beat frequency linewidth measurement of a f; = 31.23 MHz, b f, = 67.98 MHz, and
CVvyg — V31 = 101.5 MHz

Since 1989, D. Culverhouse used BS in optical fibers to measure temperature,
researchers in Japan, Canada, the United States and other countries have made a
lot of theoretical and experimental studies, and obtained rich research results in two
main distributed fiber sensing technologies based on BS, namely BOTDA (Soto et al.
2011; Li et al. 2008) and BOTDR (Shimizu et al. 1994).

Once light from the BP is separated in a 3 dB-coupler, it enters each cavity through
another 3 dB coupler. As the BP power is increased, the 1st Stokes line is generated
in the opposite direction and oscillates in the bottom branch of the oscillator through
optical circulators as shown in Fig. 15 (Iezzi et al. 2017). A cascaded process then
occurs, as more BP power is injected, light is scattered into the 1st Stokes wave. Ata
certain point, this Stokes wave is intense enough and reaches the threshold for the 2nd
Stokes wave, which oscillates in the upper part of the cavity, e.g., same direction as the
initial BP. Odd or even Stokes waves can be collected at the output with a 99:1 output
coupler. The in-cavity EDFAs are used to compensate for the loss and keep the Stokes
wave lasing above threshold. An optical bandpass filter is used in this configuration
to decrease the ASE bandwidth of the EDFAs to only a few nanometers (~1 nm for
the sensing cavity and 5 nm for the reference oscillator) reducing the potential of
free-running modes competing for gain in such a configuration (Mohd Nasir et al.
2008). A 2.5 km length of fiber on a reel was placed in a temperature controlled
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Fig. 15 Two near identical SBS ring resonators are used; one as a reference and the other as the
sensor, both sharing a common seed laser through a 3 dB coupler. The signals are recombined at
their respective output by a second 3 dB coupler connected to the electrical spectrum analyzer.
AOMs are used as temporal gates which provide the spatial resolution of the sensor. One AOM is
electrically controlled to vary the time of the overlap with the other AOM to allow a scan over the
entire length of the fiber spool. The in-cavity EDFAs are used to compensate for the cavity loss

chamber, while the total length of FUT of the cavity was slightly above 4 km, giving
a FSR of 49.707 kHz.

By observing the beat note generated by the nth-order Stokes waves, Snsens with
Sn, ref, enables the detection of temperature in different regions along the 4 km fiber
bundle. Figure 16 shows the variation of the beat frequency for the 2nd Stokes (blue
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Fig. 16 A 2.5 km (area shown by the pale grey rectangle) fiber bundle is kept at 70.0 °C while the
rest of the fiber (1.5 km) is maintained at room temperature of 22.8 °C. The sensor has a resolution of
~225 m (shown by the darker grey rectangle). The temperature sensing signal generated by the 4th
Stokes wave is compared with the 2nd Stokes wave shown by the red and blue curves, respectively.
The insets show the beat frequencies for the 2nd (bottom inset) and 4th Stokes (top inset), both for
a temperature of 22.8 °C (reference oscillator) and 70.0 °C (sensing coil)
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Fig. 17 Distributed sensing measurement at various temperatures ranging from 22.8 to 90.0 °C
using the 2nd Stokes order. The inset shows the beat signal between S2, sens, and S2, ref for this
temperature range

line) and the 4th Stokes waves (red line) as a function of the temperature of the
2.5 km length of fiber placed in an environmental chamber. The temperature in the
chamber is controlled at 70.0 °C while another 1.5 km fiber bundle is kept at room
temperature. Top inset in Fig. 16 shows the difference in the beat frequencies for a
temperature of 22.8 and 70.0 °C for S4 while the bottom curve shows the change
for S2. As can be seen in Fig. 16, sensing with the 4th Stokes wave is more sensitive
than using the 2nd Stokes order by a factor of two.

Figure 16 shows this principle as 2.5 km SMF-28 of fiber is placed in an oven at
70.0 °C while the remaining fiber of the sensing oscillator (1.5 km) is kept at 22.8 °C
as is the reference oscillator. This temperature corresponds to room temperature. For
the same temperature difference (AT = 47.2 °C), S4 is shifted from the reference
Brillouin frequency shift by 190 MHz which corresponds to a 4.02 MHz/°C variation.
S2, however, shifts by 94 MHz which is equivalent to 2 MHz/°C corresponding to
half that for S4, but twice the typical temperature sensitivity of BS based sensors of
1.1 MHz/°C using the first Stokes. This means that a smaller variation of temperature
could be detected more rapidly, since the frequency shift is larger using the 4th rather
than the 2nd order. It should be noted that the 0 °C temperature variation (both
reference and sensing oscillator at room temperature) has a beat frequency offset of
2.5 GHz. This is because the reference and probe fibers were judiciously selected to
offset the beat frequency away from the DC level, separating the 2nd and 4th Stokes
beat note for easier measurement. The REF is a highly nonlinear fiber with small core
area from Fibercore with a Brillouin frequency shift of 9.6 GHz while the sensing
fiber is a standard SMF (SMF-28 from Corning with a frequency shift of 10.85 GHz.
Therefore, the beat frequency for S2 is centered at 2.5 GHz while the beat note for
S4 is at 5.0 GHz at room temperature as shown in the bottom and top inset of Fig. 16.
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Figure 17 shows a distributed sensing measurement performed with the system
for different temperature variation detected with S2. The inset in Fig. 17 shows the
displacement of the beat signal between S2, sens, and S2, ref for various temperatures
ranging from 22.8 to 90 °C. The different edges (rise and fall) position from these
different measurements are within the resolution of the system (~225 m).

3 Conclusion

A SLM-BFL with CR-FP is presented. The BFL is structured by using CR-FP with
a longer length fiber (100 m or 50 m) and a shorter length fiber (10 m or 20 m).
The autotracking loop constructed by PM-ODL and temperature control is used to
stabilize Brillouin frequency shift and FSR shift resulting from environment. The
sidemode suppression ratio is improved by 45 and 60 dB. And 6% power fluctuation
is observed in 1 h. 0.41 kHz and 3.23 kHz linewidth of BFL which is three and two
order of magnitude than that of the pump is measured by self-heterodyne method
with 25 km optical fiber and heterodyne beat technique with two independent pump
lasers. In addition, the laser is very simple, practical, and cost-effective.

The TR-BFL is structured by TR cavities with 1-km-long SMF ring, 100-m-
long SMF ring and SAR with 8 m UP-EDF, respectively. The frequency locked
configuration based on PDH is used to steady FSR shift and Brillouin frequency
shift caused by the 1 km long cavity and TR setup. Experimental results show that
linewidth-reduction ratio and OSNR are 185 and 72 dB, respectively. Meanwhile,
5% power fluctuation in 1 mW laser output power is observed every 1 min in 50 min.
Approximately 65 Hz linewidth of TR-BFL is measured by delayed self-heterodyne
method. In addition, the laser is practical and has potential application in fiber sensing,
long-distance superluminal propagation and coherent optical communication with
high resolution.

We have proposed and demonstrated a novel MW SLM-BFL with DR configura-
tion. 7 stable SLM lasing wavelengths including the pump with a 5 dB bandwidth of
0.5 and 0.084 nm spacing are obtained. Because of DR configuration, each Stokes
waves work on SLM status. The tunable range is 30 nm from 1535 to 1565 nm. The
linewidth of the first Stokes wave is below 4 kHz with 60 dB sidemode suppression
value and the power fluctuation of that is 8% in 1 h.

A MW-BEFL sensor with a FUT of 50 m of SMF and a REF of 100 m of SMF
for temperature measurement was proposed and demonstrated. The sensitivities of
the first-order, second-order, and third-order Stokes wavelengths are obtained with
different EDFA powers of 250 mW, 500 mW, and 600 mW, respectively, measured
for different FUT temperatures from 20 °C to 50 °C at a step of 5 °C. The temperature
elevation sensitivity is approximately 1.036 MHz/°C for the first-order Stokes wave-
length, 2.006 MHz/°C for the second-order Stokes wavelength, and 3.104 MHz/°C
for the third-order Stokes wavelength. The experimental results are in good agree-
ment with theory. In addition, with the configuration that uses the FFP filter, the SLM
status of every Stokes wavelength is guaranteed. Thus, a less than 0.2 °C temperature
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error, which corresponds to the resolution of the temperature controller, is obtained
in the long-term. Moreover, an approximately 107% °C temperature resolution at
the third-order Stokes wavelength is acquired in the short-term, according to the
linewidth of the beat frequency. Furthermore, if we consider that, in this scheme,
the HNLF, which can obtain more Stokes wavelengths with a uniform intensity
distribution, and a temperature chamber with better resolution are adopted, higher
temperature sensitivity and resolution can be obtained by detecting a higher order
Stokes wavelength.

Iezzi et al. have demonstrated a technique to combine two concepts: use of high-
order Brillouin Stokes waves to increase the sensitivity of temperature sensing, and
a novel scheme to implement distributed sensing with the high-order SBS Stokes
waves. We have demonstrated an increase of 4 x over the standard sensitivity achieved
in typical Brillouin distributed sensors such as BOTDR and BOTDA systems. The
distributed measurement demonstrated had a spatial resolution of approximately
225 m (mostly limited by the rise/fall times and extinction ratio of the AOMs used
in the experiments) with more than 4 km sensing reach. Temperature detection from
22.8t090.0 °C was shown using a 2nd order Stokes wave which could easily extend to
higher temperatures. A complete distributed sensing scheme using 4th order Stokes
wave for a discrete variation of temperature from 22.8 to 70.0 °C has also been
shown with twice the sensitivity of the 2nd Stokes. The poor extinction ratio of the
AOMs and the ASE noise of the amplifiers limited the increase in sensitivity in our
current system as generating truly distributed higher order Stokes wavelength was
not possible.
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Surface Plasmon Resonance (SPR), 1, 2,
4-6,9, 10, 13-22, 27, 28

T

Temperature sensor, 280, 281, 291, 292
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Thermal drawing, 192-196

Thermal treatment, 199, 200, 202, 205, 206,
210, 213, 215

Thermoelectric (TE) fibers, 175, 180, 183,
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Triboelectric nanogenerator, 241-243
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Two-dimensional materials, 218, 224, 229,
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Ultra-Long Period Fiber Grating (ULPFG),
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v

Vernier effect, 72-75
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Wearable electronics, 175, 178, 179, 195,
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Wet-electrospinning, 120, 121

Wet-spinning, 181, 196

Y
Young’s modulus, 89, 104

Z
ZT value, 177
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