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Functionalized polymer nanofibers: a versatile platform
for manipulating light at the nanoscale

Pan Wang, Yipei Wang and Limin Tong

As an organic optical fiber with a diameter comparable to or less than the wavelength of light, polymer nanofibers have been attracting
increasing attention as a platform for manipulating light at the nanoscale. A variety of applications for polymer optical nanofibers,
including waveguides, light sources and sensors, have been reported in recent years. In this article, the recent progress in the field of
polymer optical nanofibers is reviewed in terms of their fabrication, characterization and applications. In particular, we focus on
functionalized polymer nanofibers doped with functional materials, such as dye molecules, noble metal nanoparticles, quantum dots
and rare earth ions, which greatly expand their capabilities of generating, propagating, converting and modulating light at the

nanoscale.
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INTRODUCTION

Polymer optical fibers, also referred to as plastic optical fibers, have
generated increasing research interest in recent years.' Because of
their unique merits, including easy handling, low cost, infrared (long-
wavelength) transparency, great flexibility and excellent biocompa-
tibility, polymer optical fibers have great potential for short-distance
(in-building) networking, optical sensing and power delivery. Current
trends in miniaturizing electronic circuits and components to their
ultimately fundamental forms have spurred great efforts in reducing
the photonic structures and components to scales comparable to or
less than the wavelength of light. As potential building blocks for
photonic circuitry and integration, polymer waveguides in the form
of free-standing optical fibers, when being shrunk to polymer nano-
fibers with diameters of tens or hundreds of nanometers,”* have been
attracting increasing attention as versatile platforms for manipulating
light at the nanoscale.** Compared to their micrometer-scale coun-
terparts, polymer nanofibers that function as subwavelength optical
waveguides show many amazing characteristics,”>*® such as tight
optical confinement, a high fraction of evanescent fields, an ultra-
small allowable bending radius, fast molecular diffusion or evapora-
tion and a small footprint. Meanwhile, compared with nanofibers or
nanowires composed of inorganic materials (e.g., glasses or semi-
conductors),”” > polymer nanofibers exhibit fascinating properties:
first, the polymer matrix is hospitable to a variety of functional
dopants, ranging from dye molecules and quantum dots to noble
metal nanoparticles, which can be readily employed to tailor the
optical, electrical and magnetic properties of the host nanofibers
with great versatility. Secondly, polymer nanofibers have a permselec-
tive nature with respect to gas molecules, high surface-to-volume
ratios and high flexibility of surface functionalities, offering more

possibilities for polymer nanofibers in applications such as optical
sensing. In addition, polymer nanofibers exhibit excellent mechanical
flexibility and biocompatibility, as well as simple, low-cost fabrication.
To date, polymer optical nanofibers have been successfully applied
in nanometer-scale waveguides,” >''™"? incoherent light-emitting
devices,"*272%* lasers,'***° optical sensors®***°~* and photode-
tectors,® and they are expected to be an increasingly active platform
for manipulating light in future nanophotonic fields.

In this article, we review the recent progress on the fabrication,
characterization and applications of polymer optical nanofibers, with
special emphasis on polymer nanofibers functionalized with dopants,
including dye molecules, quantum dots, noble metal nanoparticles
and rare earth ions.

FABRICATION OF POLYMER NANOFIBERS

A number of techniques, including chemical synthesis,
graphy,**** electrospinning®'®'"*® and physical drawing,
have currently been developed for the fabrication of polymer nanofi-
bers. Among these techniques, physical drawing is an optimal method
for fabricating polymer nanofibers with excellent surface qualities that
are highly desired for low-loss optical waveguiding.

In a typical physical drawing fabrication, a sharp tip (e.g., a tungsten
probe®?! or tapered fiber probe'?) is used to directly draw polymer
nanofibers out of a droplet of polymer solution or melt cast onto a
glass slide. Using this technique, optical-quality polymer nanofibers of
polystyrene (PS), poly(methyl methacrylate) (PMMA), polyacryla-
mide (PAM), poly(vinyl alcohol) (PVA) and poly(ethylene oxide)
(PEO) have been fabricated with high uniformity and excellent surface
smoothness.*'*'*?*3! Usually, the diameter of the as-drawn polymer
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nanofibers can be roughly controlled by the drawing speed and the
solution concentration.

Electrospinning is another versatile technique for fabricating poly-
mer nanofibers from a broad range of polymer materials that has the
capacity for high-volume production.®'®'"*® This technique uses
high-voltage electric fields applied between a metallic needle and a
conductive collector to spin polymer solutions or melts into fibers
with micro- or nanometer diameters and is capable of fabricating a
single nanofiber with a length up to kilometers (corresponding to an
aspect ratio of larger than 10%). Additionally, the electrospun polymer
nanofibers can be directly collected as uniaxially aligned arrays by
properly designing the conductive collector,” making it possible to
pattern the nanofibers during the fabrication process.

To functionalize the polymer nanofibers, the simplest and most
commonly used method is to add functional dopants into the polymer
solution in the initial step and then solidify the dopants into the
nanofiber during the drawing process. A variety of functional dopants,
including dye molecules, 141027 quantum dots, 122922 noble metal
nanoparticles,’" rare earth ions,” carbon-based materials,**° bioma-
terials®>>? and chemical indicators,® have been successfully doped into
polymer nanofibers. Figure 1 presents microscope images of typical
functionalized polymer nanofibers doped with dye molecules
(Figure 1a), CdSe quantum dots (Figure 1b), gold nanorods (GNRs)
(Figure 1c), a europium complex (Figure 1d), a silver nanowire
(Figure le) and graphene (Figure 1f). Due to the hospitability of the
polymer matrix, the exotic dopants do not usually lead to serious

degradation of the polymer nanofibers in terms of the structural integ-
rity and geometric uniformity.®'*>%!

MICROMANIPULATION

To integrate as-drawn polymer nanofibers into nanophotonic circuits
or devices, micromanipulation techniques are desired for tailoring
and assembling these tiny building blocks into functional structures
or geometries.'>>™® Using precisely controlled tungsten or tapered
fiber probes with tip sizes of tens to hundreds of nanometers, polymer
nanofibers can be cut, picked up, transferred, bent and shaped under
an optical microscope.

As shown in Figure 2a, to intercept a section of polymer nanofiber
with a desired length from a polymer nanofiber, an electrochemically
sharpened tungsten probe mounted on a three-dimensional trans-
lation stage is used to cut the polymer nanofiber at the desired point.
The intercepted polymer nanofiber is then picked up (Figure 2b),
transferred and deposited (Figure 2¢) onto a certain substrate (e.g.,
a low-index MgF, wafer or silica aerogel) using a tapered fiber probe
(drawn from a standard glass optical fiber’”) for nanophotonic integ-
ration. When deposited on a certain substrate with a smooth surface,
polymer nanofibers can be firmly held in position by van der Waals
forces and electrostatic interactions between the nanofiber and the
substrate. Using directional pushing or dragging operations on the
substrate surface against the friction force with micromanipulation
probes, polymer nanofibers can be bent and assembled into desired
structures or patterns (Figure 2d and 2e). A variety of nanofiber-based
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Figure 1 Microscope images of the functionalized polymer nanofibers. (a) Typical light-emitting polymer nanofibers excited by 355-nm light. The nanofibers are doped
with different fluorescent dyes to emit different colors of light. Scale bars=50 pm.® (b) A 280 nm diameter PS nanofiber doped with CdSe quantum dots.?? (c) Three
PAM nanofibers doped with aligned GNRs.3! (d) Fluorescent microscopy image of poly(vinyl pyrrolidone) nanofibers doped with Fe,05 nanoparticles and a europium
complex. Inset, SEM image of the composite nanofibers.?> (e) Optical microscope and SEM images of a PMMA nanofiber doped with a silver nanowire. (f) High-
magnification TEM image of a graphene-doped poly(vinyl acetate) nanofiber. The inset shows an enlarged image of graphene embedded in the sidewall of a poly(viny!
acetate) nanofiber.>° Figures reproduced with permission: a, Gu et al.,’® © 2010 ACS; b, Meng et al.,?> © 2011 Wiley; ¢, Wang et al.,** © 2012 ACS; d, Wang et al.,>®
© 2010 Elsevier; f, Bao et al.,*° © 2010 Wiley. GNR, gold nanorod; PAM, polyacrylamide; PS, polystyrene; SEM, scanning electron microscope; TEM, transmission

electron microscope.
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Figure 2 Micromanipulation of single nanofibers. (a) Cutting a PS nanofiber
using a tungsten probe. (b) Picking up the cut PS nanofiber using a tapered fiber.
(c) Depositing the PS nanofiber on a MgF, wafer. (d, e) Assembling the PS
nanofiber into a ring structure. PS, polystyrene.
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OPTICAL PROPERTIES

For nanophotonic applications, the optical properties, especially the
waveguiding capabilities, are among the most important properties of
polymer nanofibers. Here, we briefly review the principles of optical

waveguiding, evanescent coupling and optical losses of polymer nano-
fibers.

Basic model

The mathematical model of a polymer nanofiber is shown in Figure 3a.
The refractive indices of the polymer and the surrounding medium are
ny and n,, respectively, and the diameter of the polymer nanofiber is
2a. The index profile of the waveguiding nanofiber is expressed as
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For non-dissipative polymers, the waveguiding properties of a poly-
mer nanofiber can be retrieved by analytically solving the following
Helmbholtz equations:
(V24122 — ) e=0, o)
2
(V2+n2k2_ﬁ2)h:0

where k=21/, 4 is the wavelength of the light in a vacuum and f is the
propagation constant.

Benefiting from the circular cross-section of the polymer nanofiber,
Equation (2) can be analytically solved in cylindrical coordinates®>
with the eigenvalue equations shown as follows:
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where J, is the Bessel function of the first kind, K, is the modified Bessel
function of the second kind and U=a(kjni—p) i

wW=a(?—RKm)", v=ka(n—r)"".

By numerically solving Equations (3)—(5), the waveguiding modes
(p) supported by the polymer nanofiber can be obtained. For ref-
erence, Figure 3b shows 5 of the three lowest-order waveguiding
modes (HE,,, TEy, and TM,;) of a PS nanofiber (refractive index:
~1.59) waveguiding 660 nm light. It shows that, to operate a PS
nanofiber in single mode (for 660 nm light in air or vacuum), which
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Figure 3 Mathematical modeling of an optical nanofiber. (a) Index profile of a nanofiber. (b) Numerical solutions of the propagation constant (f) of an air-clad PS
nanofiber at 660 nm. Dotted line, critical diameter for single-mode operation. Insets, power distributions (Poynting vectors) of the three modes at the transverse cross-
plane of a 600 nm diameter PS nanofiber. (c) Calculated Poynting vectors of a 200 nm diameter PS nanofiber guiding 660-nm light. PS, polystyrene.
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is required in most applications, the diameter of the fiber should be
less than 410 nm. Compared to their counterparts with large dia-
meters, polymer nanofibers with subwavelength diameters offer many
fascinating properties, such as tight optical confinement (insets of
Figure 3b), a large fraction of evanescent fields (Figure 3¢) and abnor-
mal waveguiding dispersions, which open up new opportunities for
guiding and manipulating light at the nanoscale.

Evanescent coupling

One considerable challenge in realizing polymer nanofiber-based
nanophotonic components and devices is efficiently coupling light
into polymer nanofibers with subwavelength-scale endfaces. While
the conventional lens-focused butt coupling approach is no longer
valid, an evanescent coupling technique has been proven to be very
efficient with a high compactness.®'®*” As schematically illustrated in
Figure 4a, a fiber taper, which is drawn from a standard glass optical
fiber,? is placed in close contact with one end of a polymer nanofiber
supported by a low-index MgF, substrate (refractive index: ~1.39).
Due to the strong evanescent coupling between the nanofiber and the
fiber taper,” light can be launched into the nanofiber with high effi-
ciency (up to 90%) (Figure 4b). Note that there exists a short-pass
filtering effect for substrate-supported nanofibers due to substrate-
induced leakage.’® For reference, Figure 4c presents an optical micro-
scope image of a MgF,-supported 360 nm diameter PS nanofiber
waveguiding a broadband supercontinuum laser. The obvious color
change in the input (white) versus output (blue) indicates wavelength-
dependent transmission®® of a substrate-supported polymer nanofi-
ber. To avoid this effect for broadband waveguiding applications, the
nanofiber can be suspended across a microchannel.>***' Figure 4d
presents the broadband transmittability of a suspended 330 nm dia-
meter PMMA nanofiber, with optical microscope images of the nano-
fiber waveguiding broadband supercontinuum and monochromatic
lasers shown in the inset.®

Optical losses

For photonic applications, optical loss is of the most relevant para-
meters. For polymer nanofibers, the waveguiding loss is mainly deter-
mined by material and geometric factors, including spectral
absorption, surface non-uniformities, surface contamination and
the surrounding media. It has been reported in previous studies®**>"
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on air-clad and straight polymer nanofibers (e.g., PMMA, PS and
PAM nanofibers) that the waveguiding loss is usually less than
0.1 dB mm ™", which is acceptable in most nanophotonic applications
that require an effective length of less than 1 mm.

To construct highly compact photonic devices or circuits using
polymer nanofibers, sharp bent structures'>*”** are often required.
Benefiting from the tight optical confinement of the waveguiding
modes in polymer nanofibers with low-index surroundings, the addi-
tional bending loss remains low with a bending radius as low as several
micrometers. For example, with a bending radius as small as 3 um, the
bending loss of a 350 nm diameter PS nanofiber at 633 nm is approxi-
mately 0.5 dB/90°> which is acceptable for photonic circuitry in most
cases. In addition, because the polymer is a ductile material that pre-
sents high flexibility for bending, polymer nanofibers are good candi-
dates for bent waveguides.'?

FUNCTIONALIZATION

As a result of their favorable optical waveguiding properties, polymer
nanofibers offer an attractive platform for manipulating light at the
nanoscale and serve as effective building blocks for nanophotonic
circuits and devices. Compared to other types of one-dimensional
nanowaveguides, such as glass nanofibers or semiconductor nano-
wires,””° nanofibers made of polymer matrices possess the unique
opportunity, as excellent hosts for functional materials, to greatly
expand their capabilities of generating, propagating, converting and
modulating light at the nanoscale. In this section, we review functio-
nalized polymer optical nanofibers, which are categorized according
to the functional dopants, including dye molecules, quantum dots,
noble metal nanoparticles, rare earth ions, carbon-based materials and
biomaterials.

Dye molecules
Dye molecules are commonly used organic optical gain materials
for photonic applications, such as optical amplification and light
emission. In the past decade, considerable attention has been focused
on the fabrication of dye-doped active polymer nanofibers for poten-
tial applications in incoherent light-emitting sources,'*™'*¢%¢!
lasers'®*”?® and optical sensors.®>%

With appropriate dye dopants (e.g., rhodamine B, rhodamine 6G,
perylene and nile blue A), light-emitting polymer nanofibers with
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Figure 4 Optical launchingand waveguiding of single polymer nanofibers. (a) Schematic diagram of evanescent coupling of light into a polymer nanofiber using a fiber
taper. (b) Optical microscope image of the launching of 660-nm light into a MgF,-supported 560 nm diameter PS nanofiber. (c) Optical microscope image of the
launching of a supercontinuum into a MgF>-supported 360 nm diameter PS nanofiber. (d) Broadband transmission spectrum of a 330 nm diameter PMMA nanofiber.
The inset shows optical micrographs of the nanofiber guiding a broadband supercontinuum (denoted as SC) and monochromatic lasers with wavelengths of 488, 532,
660 and 980 nm. Scale bar=50 um.® Figure reproduced with permission: d, Gu et al.,® © 2008 ACS. PMMA, poly(methyl methacrylate); PS, polystyrene.
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tunable emission in the visible and near infrared (<1 pum) spectral
range can be readily obtained.'”'*'® Polymer nanofibers doped with
typical dye molecules of perylene, fluorescein sodium salt,
Ru(bpy);Cl, and zinc phthalocyanine (from left to right) are shown
in Figure la; the emission colors of blue, green, orange and red corre-
spond well to the characteristic emission of the four dopants.
Meanwhile, by simultaneously doping multiple dye molecules with
different emission bands in the initial polymer solvents, light-emitting
polymer nanofibers with broadband emission'®®* can be readily fab-
ricated. As shown in Figure 5a and 5b, by codoping three different dyes
(rhodamine B, perylene and zinc phthalocyanine) in the proper weight
ratios, white light-emitting PS nanofibers (Figure 5b) can be
obtained.'® Additionally, by controlling the molar ratio of the different
dyes, it is possible to tune the emission color of the nanofiber;
for example, Zhang et al.®* prepared PEO nanofibers doubly doped
with a blue light emitter (1,3,5-triphenyl-2-pyrzoline, TPP) and a red
light emitter (4-(dicyanomethylene)-2-methyl-6-(p-dimethyl-aminostyryl)-
4H-pyran, DCM) and tuned their emission color across a broad spec-
tral range by changing the molar ratio of the dyes (Figure 5¢—5f).
These color-tunable light-emitting polymer nanofibers can be
exploited as nanoscale light sources and integrated into optical sensing
for lab-on-chip applications.®®

Usually, the dye-doped polymer nanofibers are excited using direct
irradiation.'®'*'>* To enhance the excitation efficiency and selec-
tivity, a waveguiding excitation approach relying on high-efficiency
evanescent coupling was recently developed.'® As shown in Figure 6,
light from a fiber taper can be efficiently coupled into the polymer
nanofiber for optical excitation (see also Figures la and 5a). Using this
technique, the light-nanofiber interaction can be greatly enhanced
compared to direct irradiation (more than 3 orders of magnitude),
dramatically increasing the excitation efficiency and reducing the
excitation power consumption. Additionally, using waveguiding
excitation with a fiber taper, the excitation light is tightly localized
around the polymer nanofibers, which allows high-density integration
of these nanofibers with low crosstalk.

Under optical excitation, the ends of the dye-doped polymer nano-
fibers show bright spots of light,'®'® indicating that the fluorescent
emission is confined and waveguided along the nanofibers. As active
nanofiber waveguides, lasing action may occur if a certain optical
feedback, such as end-face reflection or closed-loop recirculation, is
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Figure 6 Photoluminescence microscope images of a 380-nm-diameter, 520-
um-length, rhodamine B-doped PS nanofiber excited by 473-nm light from the
left side taken (a) with and (b) without the long-pass emission filter.'® Figure
reproduced with permission from Gu et al.,’® © 2010 ACS. PS, polystyrene.

introduced.'®**® For example, Camposeo et al.'® demonstrated
optically pumped lasing emission in individual electrospun PMMA
nanofibers doped with laser dyes. As shown in Figure 7a, each seg-
mented nanofiber constitutes a Fabry—Pérot cavity, with feedback
provided by end-face reflection. The laser emission from the nanofiber
(Figure 7b—7d), 0.3 nm line width and 60 pJ cm™ % excitation thresh-
old, is comparable to the results from polymer lasers fabricated using
other methods. Lasing emission in dye-doped polymer nanofiber ring
structures has also been demonstrated. By assembling a dye-doped
polycarbonate nanofiber into a knotted structure approximately
360 pm in diameter and irradiating the structure with laser pulses,
Song et al.”” reported lasing action with a 0.07 nm line width. The
threshold fluence is relatively high (~2.6 mJ cm™?), which may be
greatly reduced by using a waveguiding excitation approach.

Optical sensors based on fluorescence quenching or an emission
color change of dye molecules have also been developed using dye-
doped polymer nanofibers.”>®> For example, Wang et al.®> demon-
strated ultrasensitive, naked eye detection of explosives based on the
fluorescence quenching of a nanofibrous film. The sensing film was
fabricated by electrospinning pyrene molecules with PS in the presence
of an organic salt (tetrabutylammonium hexafluorophosphate). A

Figure 5 Optical characterization of several typical dye-doped polymer nanofibers. (a) Photoluminescence microscope image of a 430 nm diameter PS nanofiber
codoped with rhodamine B, perylene and zinc phthalocyanine. Scale bar=50 um. (b) Photoluminescence spectrum of the doped PS nanofiber.'® Fluorescence
microscopy images of (¢) PEO-TPP, (d) PEO-TPP/DCM (1/0.005), (e) PEO-TPP/DCM (1/0.02) and (f) PEO-DCM nanofibers.®* Figures reproduced with permission: a,
b, Gu et al.,*® © 2010 ACS; c—e, Zhang et al.,>* © 2012 Springer. DCM, 4-(dicyanomethylene)-2-methyl-6-( p-dimethyl-aminostyryl)-4H-pyran; PEO, poly(ethylene

oxide); PS, polystyrene; TPP, 1,3,5-triphenyl-2-pyrzoline.
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Figure 7 Optical characterization of rhodamine 6G-doped PMMA nanofibers. (a)
Fluorescence image of typical nanofibers. (b) Typical emission spectra of the
nanofiber under different incident pump fluences. From bottom to top: 50, 65, 70
and 100 pJ cm 2. (c) Laser emission intensity of the nanofiber versus the excita-
tion fluence. (d) Emission spectrum of a single nanofiber at a pump fluence of
150 ) cm~2.2%Figure reproduced with permission from Camposeo etal.,*° ©
2009 Wiley. PMMA, poly(methyl methacrylate).
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wide range of nitro explosives could be ‘visually’ detected by the
vapors released from 1 ng of explosives residues.

Noble metal nanoparticles
Noble metal nanoparticles have rich optical properties stemming from
their localized surface plasmon resonance (LSPR) that can be excited
by electromagnetic waves. These nanoparticles have attracted inten-
sive research interest for a variety of emerging applications.*®%
Noble metal nanoparticles can be dispersed in polymer nanofibers
without obvious aggregation,.””**~" with the density of nanoparticles
down to the single nanoparticle level.>! Note that, as shown in
Figure lc, for nanoparticles with anisotropic geometries such as
GNRs, long-range alignment with their longitudinal axis parallel to
the nanofiber axis can be achieved,>"”>~”> which bestows the nanofiber
with collective polarization-dependent optical properties (Figure 8a—
8¢). The unidirectional alignment is realized by shear forces exerted on
the GNRs during the nanofiber drawing process.””> The metal
dopants not only add plasmonic features but also modify the
electronic properties of the polymer nanofiber, creating a new photon—
plasmon hybrid nanomaterial. For example, Chen et al.”* demonstrated
electrospun Ag nanoparticle-doped poly(p-phenylenevinylene) nanofi-
bers with a highly sensitive optoelectronic response. Under light
illumination of 5.76 mW cm 2 and a voltage of 20 V, the photo-
current is considerably larger than the dark current for a single Ag
nanoparticle-doped poly(p-phenylenevinylene) nanofiber. By electro-
spinning Ag nanosphere- or GNR-doped PVA into a nanofiber mat
on a large scale with high density (Figure 8d), Yu and co-workers”"7*
reported a flexible substrate for surface-enhanced Raman spectro-
scopy using the electrospun mat with high sensitivity, reproducibility
and stability (Figure 8e).
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Figure 8 Optical characterization of GNR-doped polymer nanofibers. (a—c) Optical microscope images of waveguiding excitation of GNRs embedded in a PAM
nanofiber 590 nm in diameter. The images in b and ¢ are taken at polarizations parallel and perpendicular to the nanofiber, respectively.3! (d) Typical backscattering
SEM image of the Au/PVA nanofiber mat prepared by electrospinning. Inset, photograph of the Au/PVA nanofiber mat (with Au nanorod concentration of 200 nM)
produced by electrospinning for 1 h. (e) SERS spectra of 10~* M DTTCI molecules absorbed on the electrospun nanofiber mats produced with different concentration
of Au nanorods.”* Figures reproduced with permission: a—c, Wang et al.,®! © 2012 ACS; d, e, Zhang et al.,”* © 2012 Wiley. GNR, gold nanorod; PAM, polyacrylamide;
PVA, poly(vinyl alcohol); SEM, scanning electron microscope; SERS, surface-enhanced Raman scattering.
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Polymer nanofibers usually provide tightly confined waveguiding
modes, whose electromagnetic fields may considerably overlap
with those of the plasmonic modes of the embedded noble metal
nanoparticles, making it possible to achieve highly efficient photon-
to-plasmon conversion using the waveguiding modes of the nanofiber
for LSPR excitation. Figure 8a presents optical microscope images of
the waveguiding excitation of a GNR-doped PAM nanofiber.
Although the excitation optical power is as low as 50 nW, light scat-
tered from the embedded GNRs is clearly observed along the nanofi-
ber. Because the embedded GNRs were collectively aligned, the
waveguiding nanofiber showed strong polarization-dependent light
scattering (Figure 8b and 8c). Around the peak resonance wavelength,
the excitation efficiency offered by the waveguiding approach is
approximately two orders of magnitudes higher than that of conven-
tional free-space irradiation. Figure 9a shows the waveguiding excita-
tion of a single GNR (Figure 9b) embedded in a 350 nm diameter PAM
nanofiber, where a single bright scattering spot could be observed. The
scattering spectrum of the GNR (Figure 9¢) clearly shows both LSPR
peaks. Due to the strong interaction between the waveguiding light
and the embedded GNRs, a photon-to-plasmon conversion efficiency
up to 70% for a single GNR at its longitudinal plasmonic resonance
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Figure 9 (a) Optical microscope image of a single GNR embedded in a wave-
guiding nanofiber 350 nm in diameter and excited by white light. (b) TEM image
of the embedded GNR. (c) Scattering spectrum of the waveguiding excited GNR
shown in a. (d, e) Optical microscope images of the nanofiber waveguiding
monochromatic lasers with wavelengths of 532 and 785 nm. (f) Scattering spec-
tra of the embedded GNR exposed to air of varying RH. Inset, the dependence of
the LSPR peak on the RH of ambient air.3* Figure reproduced with permission
from Wang et al..® © 2012 ACS. GNR, gold nanorod; LSPR, localized surface
plasmon resonance; RH, relative humidity; TEM, transmission electron
microscope.
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wavelength is obtained (Figure 9d and 9e), which is attractive for
enhancing light—matter interactions within a highly localized area.

Noble metal nanoparticles are widely used in biochemical sensing
because their LSPR is highly dependent on the dielectric constant of
the surrounding medium.®® By measuring the spectral shift of the
LSPR with respect to the refractive index change of the polymer due
to the adsorption of water molecules (Figure 9f), Wang et al.*' demon-
strated an optical relative humidity (RH) sensor based on single GNR-
doped PAM nanofibers with a fast response (approximately 110 ms),
small footprint, ultra-low optical power (25 nW level) and high photo-
chemical stability.

Quantum dots

Quantum dots, usually in the form of semiconductor nanocrystals,
show fascinating optical and electric properties, including the
quantum confinement effect, broad absorption profiles, high optical
gain and photochemical stability, and have found wide applications
in areas such as photon sources, optical amplification, sensing and
fluorescent labeling.”®”” To date, a variety of quantum dots have been
successfully incorporated into polymer nanofibers.'"!*>7578% By
surface modification,® controlling the density of the quantum dots
and/or rapidly evaporating the solvent during the nanofiber drawing
process,””** the quantum dots can be well-dispersed throughout the
polymer nanofibers without obvious aggregation, thereby avoiding
the Forster resonance energy transfer between neighboring quantum
dots and preserving the fluorescence properties of the single quantum
dots.

Due to the small size of single quantum dots (typically several nan-
ometers in diameter), the well-dispersed quantum dot dopants do not
scatter waveguided light in the nanofiber, making the quantum dot-
functionalized polymer nanofibers excellent active nanowaveguides.
In 2006, Liu et al.'* reported on CdSe/ZnS quantum dot-doped SU8
nanofibers fabricated by electrospinning. When the embedded
quantum dots were excited by a focused laser beam, the quantum
dot photoluminescence was effectively guided by the subwavelength
diameter nanofibers for several micrometers. In 2011, by directly
drawing doped polymer solutions, Meng et al** demonstrated
optical-quality CdSe/ZnS quantum dot-doped PS nanofibers with a
quantum dot concentration up to 10* pm . Launched by evanescent
coupling, the nanofibers showed a low waveguiding loss (<0.2 dB mm ™"
at 672 nm) at wavelengths away from the absorption band of the
quantum dots, which suggests that it is possible to efficiently guide
light for millimeters (Figure 10a). Under waveguiding excitation, the
nanofibers showed excellent photoluminescence properties, including
highly efficient absorption and strong photoluminescence emission
(Figure 10b and 10c). For reference, with a quantum dot concentra-
tion of approximately 0.18 wt-%, the measured absorption coefficient
of a 430 nm diameter quantum dot/PS nanofiber at 532 nm was
~31 cm™' (Figure 10c). Additionally, compared with dye-doped
polymer nanofibers, quantum dot-doped PS nanofibers show a much
higher resistance to photobleaching (Figure 10d), which makes them
good candidates for long-term and high-stability applications.

Because of their high surface-to-volume ratios and surface chem-
istry-dependent photoluminescent properties, quantum dots are
highly sensitive to various chemical species and are thus promising
as sensors for a variety of analytes by optical means. For example, by
measuring the intensity of the waveguided photoluminescence in a
single quantum dot/PS nanofiber, Meng et al”> demonstrated a
quantum dot/PS nanofiber optical sensor for RH detection with a
low optical power (100 pW level) and fast response.

~
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Figure 10 Optical characterization of quantum dot-doped PS nanofibers. (a) Optical microscope image of a single 560 nm diameter quantum dot/PS nanofiber
guiding 672 nm light launched from the bottom left end. (b) Photoluminescence microscope images of a 430-nm-diameter, 380-um-long, quantum dot/PS nanofiber
without (top) and with (bottom) a 532-nm notch filter. The nanofiber is excited by 532 nm light from the left side. (c) Propagation distance-dependent photolumi-
nescent intensities of the nanofiber in b. (d) Time-dependent decay of the photoluminescence of a 580-nm-diameter, 160-um-long, quantum dot/PS nanofiber (red
diamond) and a 530-nm-diameter, 160-um-length, rodamine 6G/PS nanofiber (green pentagon). Inset: photoluminescence images of the quantum dot/PS nanofiber
(A) and rodamine 6G/PS nanofiber (B) after different time intervals.?? Figure reproduced with permission from Meng et al.,?*> © 2011 Wiley. PS, polystyrene.

Rare earth ions

Owing to their fascinating properties, including narrow emission
bands, high quantum yields, high chemical stability and long lifetimes,
rare earth ions have also been considered as functional dopants for
polymer nanofibers. Generally, directly doping these ions into poly-
mer solutions is difficult due to the immiscibility of rare earth salts
with organic solvents. To solve this problem, rare earth ions are often
encapsulated by appropriate organic ligands to generate stable com-
plexes that can be dissolved into polymer solutions. These complex
structures also allow for heavy doping of rare earth ions without suf-
fering from concentration quenching effects, which is attractive for
achieving high gain within a short length for photonic applications in
lasers and amplifiers.

To date, a number of rare earth ions, including Ed’", BEr’ T, Ng®
and Yb’™, have been successfully doped into polymer solutions and
fabricated into polymer nanofibers.?>**"®” These polymer nanofibers
show improved photoluminescence and thermal properties over the
pure complex. In contrast to polymer nanofibers doped with organic
dyes or quantum dots, which are usually optically active only at wave-
lengths shorter than 1 pm,'®*? polymer nanofibers doped with rare
earth ions offer the possibility of working in the second and third
communication windows (1300 and 1500 nm),**3¢ which are of great
interest for telecommunication applications (e.g., optical amplifiers
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and lasers®”). In addition, continuous wave amplification and laser
- . . . . 89,90

emission is possible when using rare earth ions as dopants.

More functional dopants

In addition to the above-mentioned functional dopants, some other
materials have also been incorporated into polymer nanofibers. For
example, in 2008, Gu et al.® doped bromothymol blue (a typical chem-
ical indicator) into PMMA nanofibers and used the nanofiber as a fast-
response optical gas sensor for NH; detection with a detection limit as
low as 1 ppm. In 2004, Cheng et al.**** doped carbon nanotubes into
polyacrylonitrile nanofibers to align the carbon nanotubes and
improve the mechanical and electronic properties of the nanofibers.
More recently, using an electrospinning technique, Bao et al.*® suc-
cessfully fabricated graphene-doped poly(vinyl acetate) nanofibers
(Figure 1f), with ultrafast saturable absorption and relaxation res-
ponses for photonic applications. In addition, biomaterials such as
enzymes®' and DNA>? can also be used to activate polymer nanofibers
for biophotonic applications, which may greatly extend the reach of
polymer optical nanofibers.

SUMMARY AND OUTLOOK

So far we have reviewed the recent progress in the fabrication, char-
acterization and application of polymer optical nanofibers, with a
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special emphasis on the doping of these polymer nanofibers with a
variety of functional materials. Thanks to their outstanding merits,
inherited from polymer matrices and subwavelength optical wave-
guiding, polymer nanofibers are very promising for a variety of
photonic applications, including nanometer-scale waveguides, light-
emitting devices, optical sensors and photodetectors. However, for
practical applications, there are still many challenges to be addressed.
For example, how can the polymer nanofibers be protected from
environmental contamination? How can we precisely control the con-
centration and distribution of the functional dopants in the nanofi-
bers? How to increase the long-term stability of a polymer nanofiber
with relatively high power? And finally, compared with glass nanofi-
bers,”” reducing optical losses of polymer nanofibers is always desir-
able. Despite these challenges, as a versatile platform merging fiber
optics and nanotechnology for studying and manipulating light at
nanoscale, functionalized polymer optical nanofibers will continue
to find use in the generation, propagation, conversion and modulation
of light for future photonic applications.
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