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Abstract

This chapter focuses on polymer micro/nanofibre (PMNFs) waveguides and their
applications in sensing applications. The PMNFs are functionalized by doping with
dyes or blending with solvated polymers before the drawing process. Based on the
evanescent wave-coupling technique, the excitation light is efficiently coupled into
the PMNFs using silica-fibre tapers and guided along the long-length PMNF
waveguides. Due to the tight confinement, the interaction of light with PMNFs is
significantly enhanced. Intriguing advantages such as enhanced excitation efficiency,
low excitation power operation and high photostability are obtained. On the basis of
the optical response when exposed to specimens, functionalized PMNFs are used for
humidity, NO2, and NH3 detection with high sensitivity and fast response. By using
a simple and low-cost nanoimprinting technique, PMNF Bragg gratings are also
demonstrated for strain sensing with a high sensitivity of −2.5 pm/με.

Keywords: Polymer, micro/nanofibre, waveguides, sensors, evanescent wave coupling

1. Introduction

In the past few decades, nanotechnology has created a tremendous amount of excitement in
various scientific and technological areas, and it is anticipated that it will revolutionize the
world in the future. Fundamental to this revolution is the development of novel nanomaterials.
Due to size-related effects, nanomaterials exhibit unique property advantages over their bulk
forms, including in physical, chemical, optical, electrical, magnetic and other properties, which

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



can be used to develop novel sensors [1−9]. In contrast to electrical schemes, optical sensing
offers potentials of high sensitivity, fast response, immunity to electromagnetic interference,
and safe operation in explosive or combustive atmospheres, as well as more options for signal
retrieval from optical intensity, spectrum, phase, polarization, and fluorescence lifetime.
Nanomaterial-based optical sensors can also be expected to exhibit further advantages, such
as higher-integration density and higher efficiency of energy utilization, over conventional
sensors.

Recently, polymer micro/nanofibres or nanofibres (PMNFs) have been proven to be promising
building blocks for integrating nanoscale optoelectronic devices [10−27]. Compared to those
of other glass and semiconductor nanowires and nanofibres, polymers [28] offer a number of
highly attractive advantages for sensing applications. First, gas molecules to be detected can
be either selectively bound to their surface or diffused into the polymer matrix, which is
difficult for other materials such as semiconductors and glasses. Second, polymers can be
doped with a wide range of functional dopants, from metal oxides and fluorescent dyes to
enzymes that can be used to tailor the properties of the PMNFs with greater versatility, which
offers plentiful choices for sensing schemes. Thirdly, operations including doping and drawing
are easy to carry out at room temperature, and the doping concentrations are higher than those
in glass fibres. Other advantages of polymer materials such as mechanical flexibility, biocom‐
patibility, easy processing and surface modification for the attachment of active compounds
[29], and low cost, offer further opportunities for PMNFs over semiconductors and glass fibres
in optical sensing applications. Due to these advantages, various sensing devices based on
PMNFs have been demonstrated. In this chapter we will focus on the PMNF waveguides, in
which the light is coupled based on the evanescent wave-coupling technique, and their optical
sensing applications.

2. Optical guiding in PMNFs

Usually the PMNFs used have lengths of around several hundred micrometres and diameters
of around several hundred nanometres. Compared with irradiation excitation, which relies on
free-space light (Figure 1a), the optical guiding approach in wavelength-scale waveguides can
significantly enhance the interaction of light with materials [30−33]. First, the optical guiding
configuration that forces light along the length of the PMNF (~100 μm) offers a much larger
absorbing length than the thickness of the PMNF (~100 nm) in the irradiation approach.
Second, in the irradiation configuration only a small fraction (less than 1%) of irradiated light
can be intercepted by the PMNFs, while the evanescent coupling technique with adiabatic fibre
taper condensation ensures high coupling efficiency (up to 50%) for transferring light into the
PMNFs much more efficiently. Experimental results show that in a 380-nm-diameter 520-μm-
length RhB-PS nanofibre, enhanced emission power as high as ~2000 times greater magnitude
over the irradiation approach is observed [31]. Theoretical calculation also shows that a visible
light with input power of 1 mW is capable of generating a power density of ∼1 GW/m2 inside
a 500 nm diameter PMNF. Based on this approach, photodetectors [30,32,33], lasers [34], optical
sensors [35−39] and light-emitting nanofibres [31] have been demonstrated in polymer,
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semiconductor, and glass micro/nano-waveguides. Compared with the irradiation with
micrometre-scale light spot, the optical guiding scheme is best adapted for tightly confined
excitation with low cross-talk when multiple PMNFs are closely located – particularly
desirable for miniaturization and high-density integration of light-emitting devices.

Figure 1. Schematic illustration of the optical guiding (a) and irradiation (b) configurations [30].

3. Fabrication of PMNFs

A number of different techniques, including electrospinning [23], templating [12], mechanical
drawing [21,27,36−39], and thermal evaporation methods [40] have been used to fabricate
PMNFs. Here we focus on the direct drawing method due to its advantages of simplicity, low
cost, and room-temperature operation. As illustrated in Figure 2a, a tungsten probe with a
sharp tip (with a diameter of several micrometres) fabricated using an electrochemical etching
method was used to transfer a small droplet out of the polymer solution (packed in a quartz
cuvette as shown in Figure 2b) onto a glass slide, and then was quickly moved far from to draw
a wire out of the droplet. The solvent evaporates instantaneously, leaving a polymer nanofibre
on the glass slide (Figure 2c). For example, by using a tungsten probe, polystyrene (PS, Mw =
100,000; Alfa Aesar) micro/nanofibres are drawn from a chloroform solution containing 5 wt.
% PS. Poly-(methyl methacrylate) (PMMA) nanofibres are drawn from an acetone solution
containing 5 wt. % PMMA. Polyacrylamide (PAM) nanofibres are drawn from an aqueous
solution containing 2 wt. % PAM (Mw = 5,000,000-6,000,000; Fluka). If a polymer material can
be drawn to nanofibres, a blending method can be used to fabricate composite nanofibres. For
example, camphorsulphonic acid-doped polyaniline (PANI) nanofibres cannot be drawn from
the chloroform solution, but when PS is added into the solution it is easy to draw PANI/PS
nanofibres from it. In addition, doped PMNFs can be drawn from a solution that initially
dissolves functional dopants such as pH indicators and fluorescent dyes. For example, 250 mg
of PS (Mw = 100 000, Alfa Aesar) and 0.3 mg of rhodamine B (RhB, Alfa Aesar) are dissolved
into 2 g of chloroform, and then the mixture is stirred to form a uniform solution.

Using this drawing method, various functionalized PMNFs are obtained with lengths of up to
several millimetres with diameters selectable from 100 to several micrometres (Figure 2d),
which shows good wave-guiding performance that is easy to handle and has high coupling
efficiency at the range of visible and near-infrared wavelength. Figure 3 shows a typical
scanning electron microscope (SEM) image of a 310-nm-diameter PS nanofibre doped with
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RhB, in which the excellent uniformity and sidewall smoothness is clearly seen [31]. For
individual PMNFs, the variations of diameter ∆D are very small. For a certain doped PS
nanofibre of a diameter of 400 nm, ∆D is about 30 nm over a 1-mm length. The high-resolution
SEM image (inset) shows the surface of a doped PS nanofibre clearly and no obvious defect
such as porosity is observed.

Figure 3. SEM image of a 310-nm-diameter RhB-PS nanofibre. Inset, high-resolution SEM image of the nanofibre [31].

4. Micromanipulation of PMNFs

As-fabricated PMNFs are tailored and manipulated also using tungsten probes (driven by
three-axis precision stages) under an optical microscope equipped with super-long-working-
distance objectives [31,38,41]. The tungsten probes, with tip sizes of less than 100 nm, can be
used to cut PMNFs (Figure 4a). The fibre tapers with sharp tip diameters of less than 300 nm,
fabricated from a standard single-mode silica optical fibre (SMF-28e, Corning), can be used to
pick up (Figure 1c), transfer, and deposit the PMNFs onto a low-index MgF2 substrate
(refractive index ~1.39), as shown in Figures 4b and 4c.

To obtain a high-stability optical connection and a robust sensing operation, sometimes the
PMNFs need to be bonded on a substrate, or their coupling areas with fibre tapers are enclosed

Figure 2. (a) Schematic diagram of the fabrication of the PMNFs. (b) The polymer solution packed in a quartz cuvette.
(c) The polymer film and nanofibre after the solvent evaporating. (d) The drawn PMNF [31,38].
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to avoid external interference. For example, in humidity sensing when exposed to high/low
RH atmosphere, the PAM nanofibre swells/shrinks slightly due to the diffusion of water
molecules, which may change the coupling efficiency between the PAM nanofibre and the
fibre taper. The fluoropolymer enclosure can isolate the coupling area from the environment,
thus eliminating this effect. For this, the PMNFs or the fibre taper to be enclosed is first placed
on the surface of the substrate and positioned using tungsten probes driven by micromani‐
pulators. A micro droplet of a UV-curable fluoropolymer is picked up and cast upon the
nanofibre and/or the fibre taper, and is then cured for 10 seconds with a mercury lamp under
a nitrogen-gas atmosphere. The refractive index of the cured fluoropolymer is around 1.38
within the visible spectral range, making it suitable for optical isolation of polymer PMNFs
with considerably higher indices (e.g., index of the PS is about 1.59). For reference, Figure 4d
shows a close-up optical microscope image of a typical coupling area of a 400-nm-diameter
PAM nanofibre and a silica-fibre taper (about 550 nm in diameter), which is enclosed by a
cured fluoropolymer droplet on a MgF2 substrate [38].

Figure 4. (a) Cutting a nanofibre using a sharp tungsten probe. (b, c) Picking up a nanofibre using a silica-fibre taper
with a sharp tip size less than 300 nm. (d) Optical microscope image of a coupling area of a PAM nanofibre and a fibre
taper enclosed by a UV-cured fluoropolymer droplet on an MgF2 substrate [31,38].

5. Light launching and collection

To couple the excitation light efficiently into the PMNFs, we employed the evanescent wave-
coupling technique due to its high efficiency and high compactness [31,38,41−44]. In this
approach, light is first lens-coupled into a standard silica fibre and then squeezed into a fibre
taper with tip diameter ranging from 300 to about 1 μm. The fibre taper is drawn from a
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standard optical fibre (SMF-28, Corning) by using a simple flame-heated method. Because the
fibre taper is directly connected to the standard optical fibre through the tapering region, the
evanescent coupling scheme provides perfect connection between the outer fibre system for
processing optical signals and the single micro/nanofibres for optical sensing. As schematically
illustrated in Figure 5a, under an optical microscope (Nikon 80i) equipped with super-long-
working-distance objectives and using a triple-axis micromanipulator (M-462, Newport), by
precisely placing the fibre taper and the PMNF in parallel and close contact within an overlap
of a few micrometres, optical near-fields in the fibre taper and the PMNF can strongly overlap,
resulting in highly efficient coupling. The close contact between the PMNFs and the fibre tapers
can be maintained by van der Waals and electrostatic attraction. The output signals are
collected using another fibre taper coupled to the PMNF from the right side as shown.

For active PMNFs, it is convenient to collect outputs such as photoluminescence (PL) using
microscope objectives, as illustrated in Figure 5b. The signals are directed to a spectrometer
and a CCD camera, respectively. To investigate the polarization behaviours of the emissions,
linear polarizers and emission filters are placed between the samples and the detectors.

Figure 5. (a) Schematic diagram of light coupling into a nanowire using a fibre taper. The excitation light is launched
into the nanofibre based on the evanescent wave technique, which is precisely controlled by a micromanipulator. (b)
Schematic diagram of an experimental setup for optical guiding of the single nanofibre supported with a low-index
MgF2 substrate. The output and PL emissions are picked up using a long-working-distance objective. Polarizers and
emission filters are placed between the samples and the detectors (the spectrometer and the CCD) [31,38].

6. Optical guiding properties of polymer MNWs

Optical waveguides are the basic elements in optical circuits, so we first investigate the optical
guiding properties of PMNFs on the substrate. Figure 6a shows a light from a broadband
supercontinuum guided through a 440-nm-diameter PS nanofibre (refractive index ∼1.59)
supported by an MgF2 crystal (refractive index∼1.39) [38]. It is observed that at the coupling
area the broad input light is orange, but at the output end of the nanofibre a green light spot
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is observed, indicating an obvious “filtering effect” [38,45,46]: when light is guided along the
nanofibre, the light with longer wavelength will leak a larger fraction of evanescent wave into
the substrate, inducing higher optical losses compared with light with shorter wavelength. It
is important to point out that although this filter is not helpful for low-loss optical guiding, it
can be exploited to design wavelength-dependent sensors. When the PMNF is supported on
the substrate, a short-pass filter effect is observed. When a 473-nm light is inputted into the
nanofibre (Figure 6b), a big light spot is seen at the nanofibre end and only a small spot at the
coupling area. A rough estimation shows that the coupling efficiency is as high as over 90%.

Figure 6. (a, b) Optical microscope image of launching a supercontinuum and 473-nm light into an MgF2-supported
440-nm-diameter PS nanofibre using a fibre taper, respectively [38].

Figure 7. (a) Schematic diagram of a microchannel-supported nanofibre with two ends coupled with fibre tapers. (b)
Optical micrographs of the nanofibre guiding a broadband supercontinuum (denoted as SC) and monochromatic la‐
sers with wavelengths of 488, 532, 660, and 980 nm, respectively. Scale bar, 50 μm. (c) Broadband transmission spec‐
trum of a 300-nm-diameter PMMA nanofibre [38].

To enable the PMNFs for broadband optical guiding and eliminate the leakage of guided light,
we put the PMNFs across a microchannel, as illustrated in Figure 7a [38]. While the two ends
of the nanofibre are supported and coupled with fibre tapers on the surface of the substrate,
the main part of the nanofibre is placed on the channel. Figure 7b shows the optical images of
a 300-nm-diameter PMMA nanofibre (refractive index ∼1.49), guiding a broadband super‐
continuum and monochromatic lasers (wavelengths of 488, 532, 660, and 980 nm, respectively).
It is observed that there are bright light spots at the end of the nanofibre, indicating broadband
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transmittability of the nanofibre. The measured optical loss of the nanofibre is typically lower
than 0.1 dB/mm, which can be neglectable due to the small effective length (e.g., less than 300
μm) of the nanofibre used. In addition, the suspension configuration also makes it possible to
guide light using PMNFs with much smaller diameters, and this is very helpful to speed up
the diffusion of specimens and subsequently the response of the nanofibre [7,10].

Figure 8. (a) PL optical microscope image of the launching of a 473-nm light into a MgF2-supported 470-nm-diameter
RhB-PS nanofibre. (b) PL intensity of the RhB-PS nanofibre as a function of nanofibre length. (c) The comparison of the
emission peak at the A point and the B point. (d) PL optical microscope image of the MgF2-supported 600-nm-diameter
RhB-PS nanofibre. (e) PL optical micrograph of the microchannel-supported 340-nm-diameter nanofibre. (f) PL optical
micrograph of the MgF2-supported 120-nm-diameter nanofibre [31].

Light-emitting sources are also important elements for developing ultra-compactness, so we
next investigate the PL of the PMNFs. Figure 8a shows a PL microscope image of a 470-nm-
diameter 340-μm-length RhB-PS nanofibre taken with a long-pass emission filter [31]. When a
473-nm laser (λex) is launched from the left side with Pex = 100 nW, bright fluorescent emission
is generated and guided along the nanofibre. The PL intensity of the RhB-PS nanofibre decreases
exponentially with distance along the NF (Figure 8b), attributed to the exponential absorp‐
tion of the pump light along the nanofibre by fluorescent dyes obeying the Lambert-Beer law
[47]. The measured α of the RhB-PS nanofibre at 473 nm is ~50 cm-1. In addition, it is also noticed
that the emission peak (λem) is around 574 nm at the A point and 584 nm at the B point, as shown
in Figure 8c. The redshift of the peak wavelengths is due to the reabsorption of the PL when
guided along the nanofibre, and because of the filtering effect the longer wavelengths also suffer
relative larger losses, inducing a weak red spot at the B point. When we use nanofibres with
relative large diameters, a bright red spot is found at the output end of the nanofibre because
the PL can be well guided along the nanofibre, as shown in Figure 8d. In contrast, when we use
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nanofibres with small diameters, it is found that the PL decays gradually, and no light spot at
the output end is observed (Figure 8e) because the excitation light can be well guided along the
nanofibre. When using the suspension configuration, the PL can be well excited and guided
even using a 120 nm diameter nanofibre, as shown in Figure 8f.

Figure 9. PL microscope images of (a) a perylene-PS nanofibre (380 nm in diameter); (b) a FSS-PAM nanofibre (450 nm
in diameter); (c) a Ru(bpy)3Cl2-PAM nanofibre (270 nm in diameter); (d) a ZnPc-PEO nanofibre (610 nm in diameter);
and (e) a perylene-RhB-ZnPc-codoped PS nanofibre (430 nm in diameter). In panel (a) λex = 355 nm; in panels (b) and
(c) λex = 473 nm; in panel (d) λex = 650 nm and in panel (e) λex = 355 nm. The nanofibres in panels (a), (b), and (d) are
supported by MgF2 substrate, and in panel (c) the nanofibre is placed over an MgF2 microchannel. Scale bar: (a−e) 50
μm; (f, g) are PL spectra corresponding to the doped PNFs shown in panels (a−e) [31].

We can also incorporate a variety of fluorescent dyes into PMNFs to generate multicoloured
emissions. In Figures 9a to d, we show the optical microscope images of nanofibres doped with
four fluorescent dyes [31]: (a) a 360-nm-diameter PS nanofibre doped with perylene, (b) a 450-
nm-diameter PAM nanofibre doped with fluorescein sodium salt (FSS), (c) a 270-nm-diameter
PAM nanofibre doped with tris(2,2’-bipyridine)ruthenium(II) chloride [Ru(bpy)3Cl2], and (d)
a 610-nm-diameter PS nanofibre doped with zinc phthalocyanine (ZnPc). The FSS-PAM
nanofibres are drawn from a water solution containing 0.04 wt. % FSS and 5.5 wt. % PAM. The
Ru(bpy)3Cl2-PAM nanofibres are drawn from a water solution containing 0.07 wt. %
Ru(bpy)3Cl2 and 5.5 wt. % PAM. The ZnPc-PS nanofibres are drawn from a tetrahydrofuran
solution containing 0.07 wt. % ZnPc and 5.5 wt. % PS. Their corresponding PL spectra are given
in Figure 9f, which covers the whole visible spectral range. Multicoloured or white-light
emissions can also be obtained by simultaneously doping two or more fluorescent dyes in a
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single nanofibre. Here we show that white-light emission can be generated in perylene-RhB-
ZnPc-codoped PS nanofibres drawn from a chloroform solution containing 0.008 wt. %
perylene, 0.05 wt. % RhB, 0.22 wt. % ZnPc and 20 wt. % PS. As shown in Figure 9e, when excited
by 355-nm light, white-light emission is observed in a perylene-RhB-ZnPc-codoped (430 nm
in diameter) PS nanofibre when excited by 355-nm light. The three dyes are distributed
homogenously along the whole NF according to the uniform emission in intensity and colour.
Figure 9g shows the measured PL spectrum of the perylene-RhB-ZnPc-codoped PS nanofibre,
in which the individual peaks agree well with those of the corresponding components in Figure
9f and also covers the whole visible range from 400 to 710 nm.

7. Optical sensing

Next we will introduce two typical PMNF-based sensors: (1) water-soluble polymer-nanofibre
humidity sensors, which are based on refractive index changes of the nanofibres [38]; (2) pH-
indicator-doped PS-nanofibre ammonia sensors, which are based on absorption changes of the
nanofibres [38]. Based on these two underlying mechanisms, many other sensors based on
PMNFs have been proposed and demonstrated: by using spectral analysis in the visible/near-
infrared region, we introduce selective detection of gas mixtures of NH3 and humidity [37].
Finally, by using a simple nanoimprinting approach, we introduce the PMNF Bragg gratings
and their strain-sensing application [39].

7.1. Methods for gas sensing

Gas detection is particularly important in both environmental protection and human health.
Here the gas-sensing experiments are carried out by placing the PMNFs in a sealed glass
chamber (see Figure 10a and b) with a gas-flow system and a hygrothermograph for monitor‐
ing the relative humidity (RH) [38]. The analyte gas, diluted with air or nitrogen, is introduced
while the transmittance of the nanofibre is measured. The mass-flow rate and concentration
of the analyte gas are controlled by mass-flow controllers (MFCs). All experiments are carried
out at room temperature and atmospheric pressure.

Figure 10. Schematic diagram of sensing experiment [38].
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7.2. PMNF sensors based on refractive index changes

We first employ a PAM nanofibre (drawn from a PAM aqueous solution) for relative humidity
(RH) sensing. As shown in Figure 11a, a 410-nm-diameter 250-μm-length PAM nanofibre is
supported on an MgF2 substrate, sealed and optically connected to fibre tapers at both ends
for evanescent coupling of the probing light. The coupling area is enclosed by a low-index
fluoropolymer to isolate it from the disturbing of the water molecules (see inset), because the
coupling area is very sensitive to the refractive changes due to the adsorption of water
molecules. Figure 11b shows the transmittance of the PAM nanofibre exposed to atmosphere
with RH from 35% to 88%, with an average cut-off wavelength of around 545 nm due to the
short-pass filter effect. Before the cut-off point, the transmittance decreases monotonously with
the increasing RH. The insets show the intensity changes at the wavelength of 532 nm, in which
the monotonous dependence can be clearly seen and can be used for RH sensing.

Figure 11. PAM single-nanowire humidity sensors. (a) Schematic illustration of the sensor. Inset, optical microscope
image of a 410-nm-diameter PAM nanowire supported on MgF2 with a 532-nm-wavelength light injected from the left
side. The white arrow shows the direction of light propagation. (b) Transmittances of an MgF2-supported 410-nm-di‐
ameter PAM nanowire exposed to an environment of RH from 35% to 88%. Inset, the variation of transmittances at 532
nm wavelength. (c−d) Schematic illustration of the humidity sensor based on evanescent wave leakage. (e) Typical
time-dependent transmittance of the sensor reveals the response time of about 24 ms when RH jumps from 10% to 75%
and 30 ms when RH falls from 88% to 75% [38].

The underlying mechanism can be explained as follows: when light is guided along the PAM
nanofibre, some fraction of the evanescent wave will leak into the substrate [38,43,45,46], as
shown in Figure 11c. With the addition of high-RH atmosphere, the refractive index of the
PAM nanofibre (about 1.54) decreases due to the diffusion of water molecules, resulting in
higher leakage of the guided light nearby and the blue shift of the cut-off wavelength, as shown
in Figure 11d. Vice versa, with the addition of low-RH-atmosphere water inside the nanofibre
evaporates and the refractive index increases. By alternately cycling 75% and 88%-RH air inside
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the chamber the nanofibre exhibits an excellent reversibility. By suddenly changing the
humidity in the chamber, the response time of the nanofibre-based humid sensor, with typical
time-dependent transmittance shown in Figure 11e. The estimated response time (baseline to
90% signal saturation) of the humid sensor is about 24 ms when RH jumps from 10 to 75%,
and 30 ms when RH falls from 88 to 75%. The response time is one or two orders of magnitude
shorter than that of existing RH sensors. The remarkably fast response of the humid sensor
can be attributed to the small diameter of the nanofibres, which enables rapid diffusion or
evaporation of the water molecules as well as fast signal retrieval using the optical approach.

7.3. PMNF sensors based on absorption changes

Doping chemical indicators is another approach to activate the polymer nanofibres for optical
sensing. BTB is a pH indicator that has a pH range of 6.0 to 7.6, and can be used to detect basic
materials. Here we demonstrate NH3 gas sensing with a 270-nm-diameter BTB-doped PMMA
nanofibre, which is drawn from a chloroform solution containing 0.5 wt. % BTB and 5 wt. %
PMMA. The nanofibre is suspended by a 200-μm-width MgF2 microchannel with a probing
light of 660-nm wavelength. As shown in Figure 12a, when nitrogen-diluted NH3 gas is
introduced and diffuses into the nanofibre, the BTB reacts with the NH3 and changes from
acidic form to basic form, resulting in evident absorption of the probing light. Figure 12b shows
the optical response of the nanofibre to NH3 gas cycled with concentrations from 3 to 28 ppm
at room temperature, showing linear response (see inset) for NH3 sensing below 14 ppm with
good reversibility. The response time with ammonia at 14 ppm is about 1.8 s, which is much
faster than in conventional ammonia sensors.

Figure 12. (a) Absorption spectrum of the BTB-doped PMMA nanofibre in acidic form and basic form. (b) Time-de‐
pendent absorbance of the nanofibre to NH3 gas cycled with concentrations from 3 to 28 ppm. Inset, dependence of the
absorbance on NH3 concentration ranging from 3 to 28 ppm [38].

Because of the reversible optical and electrical response to certain gas species, as well as easy
processing and environmental stability, doped PANI has been widely used for electrical or
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optical detection of a variety of gases such as HCl, NH3, H2S and NO2 [10, 24, 48]. Blending
PANI with soluble matrix polymers is essential to fabricate PMNFs, which overcomes its poor
mechanical property; the PMNF then shows good mechanical property and low optical loss.
Here, PS is used to blend with PANI due to its compatibility with PANI and excellent optical
properties, such as good transparency in visible and near-infrared regions and high refractive
index (about 1.59). PANI/PS nanofibres are fabricated by direct drawing from polymer-blend
solution of 2 wt. % PANI (Mw = 50 000; Fluka) doped with 10-camphorsulphonic acid (Alfa
Aesar) and 5 wt. % PS (Mw = 100 000; Alfa Aesar) in chloroform.

When exposed to NO2, the increase of the oxidation degree of PANI results in changes of the
spectral absorption, as shown in Figure 13a. Here, a 250-nm-diameter PANI/PS nanofibre is
suspended by a 250-μm-width MgF2 microchannel and optically connected to fibre tapers at
both ends. With the addition of 1 ppm NO2 gas, a clear absorbance at the wavelength of 532
nm is observed in a 250-nm-diameter PANI/PS nanofibre. The response time is about 7 s, which
is several orders of magnitude shorter than in other NO2 sensors. With NO2 concentration
cycled from 0.1 to 4 ppm, the time-dependent absorbance of the nanofibre at room temperature
is given in Figure 13b, indicating good reversibility of the nanofibre response.

Figure 13. (a) Transmission spectrum of the PANI/PS exposed in air and NO2 gas, respectively. (b) Time-dependent
absorbance of the nanowire to cyclic NO2/nitrogen exposure with NO2 concentration from 0.1 to 4 ppm. Inset, depend‐
ence of the absorbance over the NO2 concentration ranging from 0.1 to 4 ppm [38].

7.4. Selective detection of gas mixtures of ammonia and humidity

In electrical sensors relying on the electrical conductance change, it is difficult to determine
individual responses in gas mixtures with cross-sensitivity. For example, it is difficult to
determine individual responses in gas mixtures of NH3 and humidity with a single PANI-
based nanofibre by electrical detection because both of them have similar signal-change trends
[49]; however, the spectral selectivity could provide identity information for an analyte at
multiple wavelengths, and optical sensing offers the possibility of selective detection of gas
mixtures using a single sensing element. Here we demonstrate that by using spectral analysis,
highly selective detection of gas mixtures of NH3 and humidity can be realized based on PANI/
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PS single-nanofibre devices. When exposed to NH3, camphorsulphonic-acid-doped PANI
showing emeraldine salt (ES) form can be transferred to the emeraldine base (EB) form. The
ES and EB forms absorb light at different spectral regions, which can be used for optical sensing
[50]. For example, Figure 14a shows the output spectra output of a 370-nm-diameter PANI/PS
nanofibre in dry air and in 20 ppm-NH3 dry/dry air, respectively. A decrease in absorption
(Ar) with around 600-nm wavelength and an increase in Ar with around 830-nm wavelength
are observed (Figure 14b). Because of the opposite response of the nanofibre to NH3 at these
two wavelengths, the differential absorbance can be used to quantify the NH3 concentrations
with enhanced sensitivity. The inset of Figure 14b plots the NH3-concentration dependence of
∆A600-835; the monotonous dependence in relation to the NH3 concentration indicates that the
PANI/PS nanofibre could function as an NH3 optical sensor in dry air.

Figure 14. (a) Output intensity of a PANI/PS nanofibre (370 nm in diameter) in dry air without NH3 (grey line) and
with 20 ppm NH3 (black line). (b) Absorption spectra of the PANI/PS (370 nm in diameter) nanofibre exposed to dry
air while the NH3 concentrations vary from 0.5 to 32 ppm. Inset shows the NH3-concentration dependence of ∆A600-835.
(c) Absorption spectra of a 350-nm-diameter PANI/PS nanofibre exposed to air with RH ranging from 37% to 84%. (d)
RH-concentration dependence of Ar at wavelengths of 617, 770, and 860 nm, respectively [37].

Figure 14c gives the absorption spectra of a 350-nm-diameter PANI/PS nanofibre with RH
increasing from 37 to 84%, in which the valleys in the absorption spectra around the wave‐
lengths of 617, 770 and 860 nm decrease with increasing RH level. The changes in the absorption
spectra are due to the diffusion of water molecules, which decreases the refractive index of the
PANI/PS nanofibre and subsequently changes the coupling efficiency. Figure 14d shows the
RH-dependent Ar of the nanofibre with RH ranging from 37 to 84% at the wavelengths of 617,
770 and 860 nm, respectively. The distinct response spectra and underlying mechanism for
humidity and NH3 are apparent and can be used to identify their individual responses using
dual-wavelength measurements.

Optoelectronics - Materials and Devices204



In gas mixtures of NH3 and humidity, the absorbance of the nanowire at a given wavelength
is caused by both NH3 and RH. Here, 633-nm- and 808-nm-wavelength lights are used to
simultaneously monitor the Ar of the 350-nm-diameter PANI/PS nanofibre. Figure 15a shows
the time-dependent response of the nanofibre exposed to (1) 84% RH air, (2) 5 ppm NH3, (3) 5
ppm NH3 with 79% RH air, and (4) 5 ppm NH3 with 84% RH air, respectively. The bar graph
in Figure 15b summarizes the response of the nanofibre to the analytic gases at 633-nm and
808-nm wavelengths. The height of each bar stands for the maximum Ar of the responses to
analytic gases at corresponding wavelengths, in which each analytic gas can be easily distin‐
guished. By solving the simultaneous equations associated with the nanofibre absorptivity,
the concentrations of individual gas components can be calculated, along with the sensing
length and the fractional energy confined in the nanofibre at each wavelength.

Figure 15. (a) Time-dependent response of the nanofibre exposed to (1) 84% RH air, (2) 5 ppm NH3, (3) 5 ppm NH3

with 79% RH air, and (4) 5 ppm NH3 with 84% RH air, respectively, simultaneously monitored with 633 and 808 nm
lasers. (b) Bar graph summarizing the optical response of the nanofibre to the analytic gases at wavelengths of 633 and
808 nm [37].

7.5. PMNF Bragg gratings and their strain-sensing application

Compared with glass material, polymers offer much higher mechanical pliability and smaller
Young’s modulus E (e.g., 1 GPa for poly(methyl methacrylate) (PMMA) versus 70 GPa for
silica glass) [28, 51, 52]. These properties can be exploited to develop optical sensors with higher
flexibility and lower force detection limits. Here, benefiting from the easy processing of
polymer materials, we report PMNF Bragg gratings by using a simple and low-cost nanoim‐
printing approach, which consists of three typical steps, as illustrated in Figure 16 [39]. Firstly,
PMNFs fabricated by a direct drawing method are placed on a piece of poly(dimethylsiloxane)
(PDMS) film for mechanical supporting. Secondly, the PDMS film is heated to a temperature
above the glass transition temperature of the PMNF material. A piece of standard-plane
reflection grating is used as a mould and a certain pressure is applied onto it. Finally, after the
glass substrate has cooled down to room temperature the mould is mechanically removed,
with Bragg gratings imprinted on the surface of the MNFs. To optimize the grating effect for
guiding modes of the MNF, the grooves of the grating corrugation are kept perpendicular to
the MNF axis. In addition, this nanoimprinting approach can be extended to a variety of
thermoplastic polymers.
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Figure 16. Schematic of the nanoimprinting procedure of PMNF Bragg gratings fabrication, including (a) mechanical
supporting, (b) imprinting, and (c) mode removal [39].

Figure 17a shows a scanning electron microscopy (SEM) image of the grating area of an
imprinted MNFBG from a 1.3 μm diameter PMMA MNF. It explicitly shows that the grating
patterns are uniformly spaced without obvious asymmetric deformation, where the grooves
of the grating corrugation are perpendicular to the fibre axis. The grating patterns also show
quick gradual transition between the imprinted and un-imprinted regions of the MNF (Figures
17b and c) at the starting parts of the Bragg gratings. Figure 17d reveals an atomic-force-
microscopy (AFM) image of a grating segment of 1.2-μm-wide Bragg gratings. Compared with
the grating mould (Figure 17e), the Bragg gratings well replicate the 555-nm periodicity of the
mould (Figure 17f), with a measured period of about 551 nm and a peak-to-peak depth of about
80 nm. In addition, although the groove depth of the PMNF Bragg gratings is smaller than that
of the mould (about 270 nm), the index contrast (∆n ~0.4) between PMMA and the surrounding
air is large enough for the waveguide grating demonstrated here.

Figure 17. Characterization of PMNF Bragg gratings. (a−c) SEM images of the imprinted PMNF Bragg grating from a
1.3-μm-diameter PMMA PMNF. (d) and (e) AFM images of a grating segment of 1.2-μm-wide PMNF Bragg gratings
and the grating mould used, respectively. (f) Groove profiles of the PMNF Bragg gratings and the mould [39].

Optoelectronics - Materials and Devices206



As-fabricated PMMA PMNF Bragg gratings are placed across an MgF2 microchannel by
micromanipulation, with two ends coupled to silica fibre tapers for optical input and output
coupling. Figure 18 shows the transmission and reflection spectra of a PMNF Bragg grating
with thickness, width and grating lengths of 1.4, 2.3 and 200 μm, respectively. The two dips
centred at 1517 and 1555 nm in the transmission spectrum agree well with the two peaks
centred at 1519 and 1554 nm in the reflection spectrum, respectively. Due to the asymmetry of
the rectangle-like cross-section and the large refractive index contrast between the MNFBGs
and the surrounding air, the guided light with orthogonal polarizations experience high group
birefringence, i.e., different modal effective indices (neff); at the Bragg wavelengths of 1532 and
1510 nm, the calculated quasi-x and quasi-y polarized modes are ~1.39 and ~1.37, respectively,
agreeing well with the experimental results at the 1554- and 1519-nm peaks, respectively.

Figure 18. Reflection of PMNF Bragg gratings (2.3-μm wide by 1.4-μm thick) [39].

The strain responses of the PMNF Bragg gratings are investigated. As illustrated in Figure
19a, the PMMA PMNF Bragg grating is placed across an MgF2 microchannel, and by moving
the stage rightwards a tensile force is applied onto it. For robust operation, the coupling area
of the fibre taper and the MNF are bonded together by a low-index UV-cured fluoropolymer.
Figure 19b shows the transmission spectra changes of an MNFBG (2.5 μm wide by 1.4 μm
thick) while the tensile strain increases from 0% to ~4%. The inset shows the Bragg wave‐
length’s (λ) monotonous and linear blueshift from 1590 nm to 1485 nm. The λ shifts of the
polymer MNFBG (> 100 nm) are about 10-fold larger compared with those of silica FBGs
(usually less than 10 nm). The strain sensitivity (∆λ/λ) at 1590 nm is −2.5 pm/με, which is much
higher than that of typical silica FBGs (usually ~1.2 pm/με). The blueshift of the λ caused by
the tensile strain is different from previous results reported in conventional polymer and silica
FBGs, because the grating patterns with a 100-nm depth show a remarkable change in the
micro/nanoscale waveguide structures. Upon an axial tensile strain, the MNFBG suffers
asymmetric strains and induces large photoelastic effect, which counteracts the elongation-
induced redshift effect that is usually dominant in conventional FBGs.
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Figure 19. (a) Schematic of experimental setup for strain sensing. (b) Transmission spectra of an MNFBG (2.5 μm wide
by 1.4 μm thick) with tensile strain increasing from 0% to ∼4%. Top inset: Bragg wavelength shift of the 1590 nm dip
under tensile strain from 0% to ∼4% [39].

8. Summary

This chapter reviewed PMNF waveguides and their optical sensing applications. The polymer
NWs are functionalized by doping with dyes or blending with solvated polymers before the
drawing process. Based on the evanescent wave technique using fibre tapers, light is efficiently
coupled into PMNFs and guided along the waveguides, with high efficiency and compactness
within a broad spectral range. It is shown that in single PMNF waveguides, the tight confine‐
ment of light during its propagation along the long length significantly enhances the interac‐
tion of light with waveguides by over three orders of magnitude compared with the irradiating
approach. Intriguing advantages such as enhanced excitation efficiency, low excitation power
operation and high photostability are obtained. On the basis of the optical response when
exposed to specimens, functionalized PMNFs are used for humidity, NO2, and NH3 detection
with high sensitivity and fast response. Selective detection of gas mixture of ammonia and
humidity are also realized by using spectral analysis. By using a simple and low-cost nano‐
imprinting technique, PMNF Bragg gratings are also demonstrated for strain sensing with a
high sensitivity of −2.5 pm/με. In addition, the fibre tapers are connected to a standard optical
fibre system and this compatibility may stimulate further exploration of PMNFs and PMNFs-
based optical sensors for fast and high-sensitive detection in physical, chemical, and biological
applications with remote sensing and multiplexing signals in one optical fibre.
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