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CONSPECTUS

N anowires are one-dimensional (1D) nanostructures with igzgfm& Intensity
. . . ik Phase
comparatively large aspect ratios, which can be useful / Emission i
in manipulating electrons, photons, plasmons, phonons, and W " N
atoms for numerous technologies. Among various nanostruc- T ¢ j .

tures for low-dimensional photonics, the 1D nanowire is of

great importance owing to its ability to route tightly confined

light fields in single-mode with lowest space and material requirements, minimized optical path, and high mechanical flexibilities.
In recent years, nanowire photonics have increasingly been attracting scientists' interests for both fundamental studies and
technological applications because 1D nanowires have more favorable properties than many other structures, such as 0D quantum
dots (QDs) and 2D films.

As subwavelength waveguides, free-standing nanowires fabricated by either chemical growth or physical drawing techniques
surpass nanowaveguides fabricated by almost all other means in terms of sidewall smoothness and diameter uniformity. This
conveys their low waveguiding losses. With high index contrast (typically higher than 0.5) between the core and the surrounding or
with surface plasmon resonance, a nanowire can guide light with tight optical confinement. For example, the effective mode area is
less than 4%/10 for a dielectric nanowire or less than 42/100 for a metal nanowire, where 4 is the vacuum wavelength of the light.
As we increase the wavelength-to-diameter ratio (WDR) of a nanowire, we can enlarge the fractional power of the evanescent
fields in the guiding modes to over 80% while maintaining a small effective mode area, which may enable highly localized near-
field interaction between the guided fields and the surrounding media. These favorable properties have opened great
opportunities for optical sensing on the single-nanowire scale. However, several questions arise with ongoing research. With a
deep-subwavelength cross-section, how can we efficiently couple light into a single nanowire? How can we fabricate a nanowire
with low optical loss? How can we activate a passive nanowire for optical sensing? And lastly, how can we adapt mature optical
measurement technology onto a nanowire?

In this Account, we highlight our initial attempts to address the above-mentioned challenges. First, we introduce the fabrication
and functionalization of low-loss photonic nanowires. We show that nanowires fabricated by either top-down physical drawing
(e.g., for amorphous nanowires) or bottom-up chemical growth (e.g., for crystalline nanowires) can yield excellent geometric and
structural uniformities with surface roughness down to atomic level and minimize the scattering loss for subwavelength optical or
plasmonic waveguiding. Then, relying on a near-field fiber-probe micromanipulation, we demonstrate optical launching of single
nanowires by evanescent coupling, with coupling efficiency up to 90% for dielectric nanowires and 80% for plasmonic nanowires.
Third, we discuss the waveguiding properties of nanowires and emphasize their outstanding capability of waveguiding tightly
confined optical fields with high fractional evanescent fields. In addition, we briefly show a balance between the loss, confinement,
and bandwidth in a waveguiding nanowire. Fourthly, we present promising approaches to single-nanowire optical sensors. By
measuring optical absorption or spectral transmission of a nanowire and activating nanowires with sensitive dopants, we
demonstrate a single-nanowire optical sensor with high sensitivity, fast response, and low optical power. This may lead to a novel
platform for optical sensing at nanoscale. Finally, we conclude with an outlook for future challenges in the light manipulation and
sensing applications of photonic nanowires.

1. Introduction electrons, photons, plasmons, phonons, and atoms on the
As one-dimensional (1D) nanostructures with relatively nanoscale for various possibilities.'~* Among the broad
large aspect ratios, nanowires are capable of manipulating coverage of nanowire research, nanowire photonics has
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been attracting increasing interest for both fundamental
studies and technological applications in recent years. For
photonics, the 1D nanowire provides favorable properties
over many other structures [e.g., 0D quantum dots (QDs) and
2D films]. First of all, a nanowire can handle light as a
subwavelength waveguide within the visible to infrared
spectral range, with tight optical confinement,® small foot-
print, and low optical power. Second, with a subwavelength
transverse dimension, a nanowire can guide light with a
large fractional power outside as evanescent waves,> which
greatly facilitate the near-field interaction of the guided light
and the surrounding materials. Third, since the mass of a
free-standing nanowire is very low, the momentum change
of the guided light (e.g., redirection, absorption, or radia-
tion of light) is strong enough to induce mechanical move-
ment of the nanowire,® suggesting an alternative approach
to optical sensing via mechanical displacement, as well as
nanoscale optomechanical components and devices.” Final-
ly, a nanowire usually exhibits much higher mechanical
strength and pliability than its bulk counterpart®® and is
visible under an optical microscope, which greatly facilitates
the micromanipulation of nanowires into desired geome-
tries and positions.

A nanoscale sensor is one of the most promising applica-
tions of nanowires. So far, a variety of miniaturized sensing
platforms based on electrical conductivity of single nano-
wires have been successfully demonstrated.'®'" Compared
with the electrical approach, optical sensing may offer high-
er sensitivity, faster response, better immunity to electro-
magnetic interference, and safer operation in an explosive
or combustive atmosphere, as well as more options for
signal retrieval from optical intensity, spectrum, phase, po-
larization, and fluorescence lifetime.'? However, replacing
electrical current with a light beam in a nanowire for optical
sensing confronts some major challenges: First, how can we
efficiently couple light into a single nanowire. Unlike the
current in copper wires that can be put through by a simple
touch, optical connection (e.g., between optical fibers) usual-
ly requires elaborated alignment. Second, how can we
realize low waveguiding loss in a nanowire? Radiation loss
(e.g., from defect-induced scattering) may cause evident
background noise and deterioration in coherence and po-
larization that are critical for phase-sensitive optical detec-
tion. Moreover, high loss leads to weak transmission, which
may in turn increase the photodetection time and slow
the response of the sensor. Third, how can we activate a
nanowire for optical sensing while maintaining its simple 1D
structure? Usually, a nanowire acts as a passive waveguide.
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Additional functionalization is highly desired to make it
sensitive to particular samples. Finally, how can we adapt
the mature optical metrology for a nanowire to make the
nanowire sensor more powerful and versatile?

This Account focuses on our recent research on photonic
nanowires from subwavelength waveguiding to optical sen-
sing, with emphases on possible solutions to the above-
mentioned challenges. First, we introduce fabrication and
functionalization of low-loss photonic nanowires. Then,
recent progress on efficient launching and subwavelength
waveguiding of single nanowires is summarized and dis-
cussed. In section5, after a brief discussion on the principles
of nanowire optical sensing, we present promising ap-
proaches to single-nanowire optical sensors to details. Final-
ly, we conclude with an outlook on the future opportunities
and challenges in light manipulation and sensing applica-
tions of photonic nanowires.

2. Fabrication of Photonic Nanowires

Typical materials for 1D photonic nanowires can be cate-
gorized into three general classes: dielectric that is usually
amorphous (e.g, silica glass, polystyrene), semiconductor with
crystalline structure (e.g, ZnO, CdS), and metal (e.g., Ag, Au).

For amorphous dielectric materials, a top-down physical
drawing process is usually preferred. Taper drawing a mol-
ten glass fiber at a speed around 1 mm/s can yield a glass
nanowire (also called a nanofiber) with diameter down to
50 nm and large length (Figure 1a,b).'®> Because of the
surface tension, the as-drawn nanowire shows a circular
cross-section (Figure 1¢), an extremely smooth surface
(surface roughness down to 0.2 nm) (Figure 1d), and excel-
lent diameter uniformity.’>~'> Similarly, optical-quality
polymer nanowires can be obtained by drawing solvent
polymer solutions at room temperature (Figure 1€)'®~'8 or
molten polymers.'® Compared with other fabrication tech-
niques such as electron beam lithography or chemical
growth for glass nanowires*®?' and electrospinning for
polymer nanowires,*>?3 physical drawing methods yield
nanowires with much better qualities in terms of surface
smoothness and diameter uniformity, which enables low-
loss optical waveguiding in these 1D nanostructures.

For crystalline semiconductors, bottom-up syntheses
such as chemical growth?* have proven very successful for
fabricating nanowires with crystalline structures, excellent
surface quality, and high diameter uniformity (Figure 1f).2%>
As a crystal growth process, the growth rate for single
nanowires is much slower (e.g., 50 nm/s) than the top-down
physical drawing (e.g., T mm/s). However, it grows hundreds
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FIGURE 1. Electron microscope images of some typical 1D photonic
nanowires. (a) A 50 nm diameter silica nanowire. Adapted from ref 13
with permission. Copyright 2003 Nature Publishing Group. (b) A 4 mm
length 260 nm diameter coiled silica nanowire. Adapted from ref 13
with permission. Copyright 2003 Nature Publishing Group. (c) Cross-
section of a 480 nm diameter silica nanowire. Adapted from ref 14 with
permission. Copyright 2008 Elsevier. (d) Sidewall of a 210 nm diameter
phosphate glass nanowire. Adapted from ref 15 with permission.
Copyright 2006 Optical Society of America. (€) A 400 nm diameter
polystyrene (PS) nanowire doped with rhodamine B (RhB). Adapted from
ref 18 with permission. Copyright 2010 American Chemical Society. (f) A
200 nm diameter CdSe nanowire. Adapted from ref 25 with permission.
Copyright 2011 American Chemical Society. (g) A CdSSe nanowire
(above) and its corresponding high-resolution transmission electron
microscopy (HRTEM) images and selected area electron diffraction
(SAED) patterns taken from several representative regions along its
length (below). Adapted from ref 27 with permission. Copyright 2011
American Chemical Society. (h) A 260 nm diameter Ag nanowire. Inset
scale bar, 400 nm. Adapted from ref 33 with permission. Copyright 2010
Optical Society of America.

of thousands of nanowires at the same time, making it an
efficient and high-yield fabrication method. Also, the con-
trollable parameters during the growth procedure make
the bottom-up growth a highly flexible technique for tailor-
ing the bandgap structure [e.g, superlattice*® and graded
bandgap?’ (Figure 1g)] and geometry (e.g., nanowire taper,
branch,?® and comb?°) of the semiconductor nanowire for
photonic applications. In addition, nanowires grown by the
bottom-up approach can be as thin as several nanometers,
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FIGURE 2. Functionally doped photonic nanowires. (a) Photolumines-
cence (PL) image of a 320 nm diameter Er-doped ZBLAN
(53ZrF,—20BaF,—3.9LaF;—3AIF;—20NaF—0.1ErF;) glass nanowire ex-
cited by a 975 nm wavelength light. Adapted from ref 15 with permis-
sion. Copyright 2006 Optical Society of America. (b) PL images of
photoexcited dye-molecule-doped polymer nanowires. Scale bars,

50 um. Adapted from ref 18 with permission. Copyright 2010 American
Chemical Society. (c) PL images of PS nanowires doped with CdSe QDs
with different sizes. Inset, TEM image of a 280 nm diameter QD-doped
PS nanowire. Inset scale bar, 100 nm. Adapted from ref 34 with
permission. Copyright 2011 Wiley. (d) TEM images of Au-nanorod-
doped polyacrylamide (PAM) nanowires with diameters of 150, 360,
and 600 nm, respectively. Scale bar, 250 nm. Adapted from ref 35 with
permission. Copyright 2012 American Chemical Society.

providing an opportunity to manifest evident quantum
confinement effects*® and modify photonic properties of
the nanowires for light absorption and emission.

Typical materials for optical-frequency plasmonic appli-
cations are noble metals such as Au and Ag. Despite the
high absorption, radiation loss originating from crystalline
boundary scattering cannot be neglected, and metal nano-
wires with good crystalline integrity is usually desired for
both localized and propagation surface plasmons.?' Among
various fabrication methods, seed-growth method is
deemed the most successful technique for growing metal
nanowires with smooth sidewalls, large length, high yield,
and crystalline structures (Figure 1h).3233

Two or more materials can be combined into a complex
mixture for fabricating functionally activated photonic nano-
wires. Several approaches, including doping, blending,
coating, and near-field coupling, can be used to incorporate
exotic functional materials into nanowires. For example, by
doping the starting material before nanowire drawing, our
group incorporated a variety of functional dopants, includ-
ing rare-earth ions (Figure 2a),"> dye molecules (Figure 2b),'®
QDs (Figure 20),>** and metal nanoparticles (Figure 2d),3” into
photonic nanowires. Also, to functionalize the nanowire
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FIGURE 3. Micromanipulation of a single nanowire. (a) Schematic diagram of experimental setup. Adapted from ref 25 with permission. Copyright
2011 American Chemical Society. (b—h) Optical microscope images of (b) a fiber probe, () pick up, and (d) cut of a polymer nanowire (Panels b—d
adapted from ref 18 with permission. Copyright 2010 American Chemical Society); and (e—h) fold one end of a CdSe nanowire into a loop (Panelse—h
adapted from ref 25 with permission. Copyright 2011 American Chemical Society).

with subwavelength transverse dimension, active dopants
do not always need to be physically doped inside or con-
tacted with the nanowire but could be doped into the optical
near field outside the nanowire (e.g., 100 nm away from the
nanowire surface), as has been indicated in waveguiding
nanofibers surrounded by QDs.3® These complex-mixture
nanowires not only expand the material diversity for 1D
photonics, but also have opened new opportunities of
waveguiding, localization, generation, and conversion of
light for many applications including optical sensing, as
discussed in sections 3 and 4.

3. Manipulation of Single Nanowires

3.1. Manipulation Systems. Micromanipulation is indis-
pensable for shaping, positioning, and charactetization of
individual nanowires. Commercially available high-preci-
sion micromanipulators are usually designed for working
in a SEM or a TEM, making it difficult to image the nanowire
by optical means, which is highly desired for in situ optical
characterization. A convenient approach is using tapered
fiber probes for micromanipulation under an optical micro-
scope in the open air (Figure 3a).>> Typically, a nanowire
longer than 2 um can be clearly identified under an optical
microscope. When equipped with a superlong-working-
distance (SLWD) objective, the working distance of such a
system (e.g., 6 mm for a 100x objective, 20 mm for a 20x
objective) is large enough for single-nanowire micromani-
pulation. With fiber probes (tip size ~500 nm, Figures 3b,c) or
tungsten STM probes (tip size <100 nm, Figure 3d) mounted
on three-dimensional precision stages, nanowires can be

individually picked up (Figure 3c), cut (Figure 3d), trans-
ferred, bent, and shaped (Figure 3e—h) with acceptable
precision.'825

3.2. Functional Assembly. Owing to their high strengths
and pliabilities, as-fabricated nanowires can be manipulated
into functional structures, for example, tying a nanowire into
a microring for introducing optical resonance (Figure 4a),'>'*
assembling a nanowire into a Mach—Zehnder structure for
introducing optical interference (Figure 4b),3” folding one
end of a nanowire into a Saghac loop to obtain high
reflectivity (Figure 40),2® and coupling dielectric and metal
nanowires to realize a hybrid photon—plasmon nanowire
structure (Figure 4d).3® The structural assembly offers an
opportunity to incorporate mature optical technology into
nanowires while maintaining small footprints.

3.3. Optical Launching of Single Nanowires. Due to its
deep-subwavelength cross-section, a nanowire is difficult to
launch by conventional lens-focused coupling. The strong
evanescent fields of a nanowire propose a possible ap-
proach to sending light into a single nanowire. As shown
in Figure 5a, when a nanowire is brought into contact with a
fiber probe via micromanipulation, light can be evanes-
cently coupled from a fiber probe into a nanowire."” Despite
the material index difference (e.g., 1.46 for silica vs 2.08 for
telluride), high efficiency (e.g., 92% from a 450 nm diameter
silica nanowire to a 200 nm diameter tellurite nanowire)
can be obtained when the effective indices of both wave-
guides are matched.?® Using end scattering for further
compensation of the momentum mismatch, we have also
used this technique to launch plasmonic nanowires with
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FIGURE 4. Functional nanowire assemblies. (a) Optical transmission
spectrum and microscope image (inset) of a 150 um diameter microring
assembled with an 880 nm diameter silica nanowire. Adapted from
ref 14 with permission. Copyright 2008 Elsevier. (b) Optical microscope
image (top) and transmission spectrum (bottom) of a Mach—Zehnder
structure assembled with two 480 nm diameter tellurite nanowires.
Adapted from ref 37 with permission. Copyright 2008 Optical Society of
America. (c) SEM (upper) and PL (bottom) images of a 200 nm diameter
CdSe nanowire folded into microloops at both ends. Adapted from

ref 25 with permission. Copyright 2011 American Chemical Society.
(d) Optical microscope (top) and SEM (bottom) images of a hybrid
photon—plasmon structure consisting of a 340 nm diameter ZnO
nanowire and a 320 nm diameter Ag nanowire. Adapted from ref 38
with permission. Copyright 2009 American Chemical Society.

20um

FIGURE 5. Optical launching of a single nanowire via a tapered fiber
probe. (a) Schematic diagram and optical microscope image (inset) of
launching a polymer nanowire supported on a MgF, substrate. Adapted
from ref 17 with permission. Copyright 2008 American Chemical
Society. (b) Optical microscope image of launching a 280 nm diameter
Ag nanowire. Adapted from ref 40 with permission. Copyright 2013
Optical Society of America.

photon-to-plasmon coupling efficiency higher than 80%
(Figure 5b) 3840
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FIGURE 6. Single-mode cutoff diameters for typical nanowires in air
(solid lines) and water (dotted lines). A nanowire with parameters
beneath the corresponding line is single-mode.

4. Nanowire Optical Waveguides

Nanowire waveguiding at optical frequency can be categori-
zed into two types: photonic waveguiding relying on elec-
tromagnetic response of bound electrons (e.g., in dielectrics)
and plasmonic waveguiding relying on collective oscillation
of quasi-free charges (e.g., in metals). For photonic applica-
tions, single-mode waveguiding is mostly preferred to avoid
multimode interference. Single-mode condition for a free-
standing photonic waveguiding nanowire is determined by

n%(mz — )% <2405

where D is the nanowire diameter and n,; and n, are
refractive indices of the nanowire and the surrounding
material, respectively.> As shown in Figure 6, to be a
single-mode waveguide, the diameter of a typical nano-
wire should be close to or smaller than the wavelength of
the light; while for a plasmonic waveguiding nanowire,
there is no cutoff diameter for the TM modes, although
coupling into the plasmon mode is very difficult when the
nanowire is very thin.*'

4.1. Evanescent Fields and Optical Confinement. By
solving Maxwell's equations, one can obtain the field dis-
tribution of a waveguiding nanowire.> Figure 7 shows op-
tical fields supported by typical photonic nanowires.>*?
Compared with conventional optical waveguides that usual-
ly have a compromise between mode confinement and
evanescent fields, a free-standing nanowire offers an op-
portunity to waveguide tightly confined optical fields with a
high fraction of evanescent fields, which distinguishes the
nanowire from many other waveguiding structures. For
example, in Figure 7¢, the 400 nm diameter nanowire guides
a 633 nm wavelength light with about 30% power outside
as evanescent waves, while it maintains an effective mode
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FIGURE 7. Spatial distributions of optical fields guided by nanowire
waveguides. (a—f) Silica nanowire with diameter of (a, b) 800 nm, (c, d)
400 nm, and (e,f) 200 nm. Adapted from ref 5 with permission. Copy-
right 2004 Optical Society of America. (g—i) Au nanowire with diameters
of (g) 50 nm and (h, i) 100 nm. The nanowire in panel | is supported on a
silica substrate. Adapted from ref 42 with permission. Copyright 2012
Optical Society of America.

area of about 560 nm in diameter.” In Figure 7g, the 50 nm
diameter Au nanowire confines 660 nm wavelength
light into an effective mode area of about 0.0026 um?
(~0.006 1?), while leaving about 42% power outside as
evanescent waves.*?

4.2. Optical Loss. In a nonabsorptive nanowire, optical
loss is usually contributed by radiation or scattering from the
structural nonuniformities (e.g, surface roughness and
defects), while in a metal nanowire, the absorption loss
(Ohmic loss) is dominant. In Figure 8, we illustrate optical
losses of typical photonic nanowires with corresponding
effective mode areas. Owing to the ultralow surface rough-
ness (~0.2 nm) and ultrahigh-purity preform (e.g. silica
fiber), the taper-drawn silica nanowire can offer propagation
loss as low as 0.001 dB/mm,** which is the lowest loss in
subwavelength waveguides reported so far. Considering the
intrinsic surface roughness of the capillary waves frozen
during the drawing process, much lower optical loss of a
glass nanowire is expected. Compared with the glass nano-
wire, a polymer nanowire usually has higher nonuniformi-
ties and consequently a higher optical loss. Crystalline
semiconductor nanowires usually have similar surface
roughness (down to atomic level) as the silica nanowires
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FIGURE 8. Optical losses of typical nanowires with corresponding
effective mode areas.

but show much higher losses (>0.1 dB/mm). Several reasons
are responsible: first, the higher index contrast (between the
core material and the surrounding) of a semiconductor
nanowire leading to a higher scattering loss;** second, the
existence of band edge absorption; third, randomly distrib-
uted scattering centers (e.g., surface adsorption of debris)
during the growth process. By improvement of the growth
conditions or after treatments, much lower loss should be
possible. As a subwavelength plasmonic waveguide, the Ag
nanowire offers representatively low loss (e.g., 0.41 dB/um
at 633 nm wavelength),>* although it is much higher than
those of the dielectricnanowires. Coupling a metal nanowire
with a dielectric substrate may enable hybrid plasmon
modes with much lower losses, but the overall size of the
waveguiding system is much larger than that of a free-
standing nanowire. From the material aspect, searching
better plasmonic materials may be a solution to free-stand-
ing low-loss plasmonic nanowires.*>

4.3. Bandwidth and Diameter. The bandwidth for nano-
wire waveguiding depends on the material and waveguid-
ing mechanisms. For dielectric and semiconductor nano-
wires, the short-wavelength edge is determined by the
interband transition, while the long-wavelength edge is
usually limited by either the optical confinement or the
material absorption. Theoretically, no matter how thin a
cylindrical waveguide is there is no cutoff of the fundamen-
tal mode.*® Howevetr, in a real nanowire, when its diameter
is far below the vacuum wavelength of the light, a slight
disturbance to the geometric symmetry (e.g., intrinsic rough-
ness or microbending) will lead to significant radiation loss,
which sets an upper limit to the wavelength-to-diameter
ratio (WDR) for a given nanowire. The maximum WDR
for a free-standing silica nanowire is about 10,*” which
means that limited by the confinement, the longest allowed
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wavelength is about 10 times the diameter. For a plasmonic
nanowire with much tighter confinement, the maximum
WDR could be larger. However, both the propagation and
the couplinglosses of the plasmonic nanowire increase with
the increasing WDR,*? which limits the available bandwidth.

5. Nanowire Optical Sensors

5.1. Motivation. The motivation of single-nanowire op-
tical sensing comes from the increasing demand on minia-
turized sensing platforms.*® From the spatial aspect, the 1D
nanowire not only provides tightly confined high-fractional
evanescent fields for enhanced light—matter interaction, but
also can offer the least path for routing light through the area
to be measured, which enables sensing with small footprint,
high spatial resolution, and low requirement for the sample
volume. Meanwhile, an optical detection scheme exempts
the parasitic response of electric circuits'®'" and can be
operated with fast response. Also, the low transverse dimen-
sion of the nanowire allows fast diffusion and evacuation
of the specimen for fast and real-time detection. In addition,
as the “beam size” (i.e., effective mode area) of a nanowire is
very small (e.g., 500 nm), the driven power of a nanowire
optical sensor can be extremely low, which is highly desired
for safe detection of biochemical samples.

5.2. General Approaches. The mechanism of a typical
nanowire sensor is schematically illustrated in Figure 9.
Within the optical near field of a waveguiding nanowire, a
slight fluctuation in dielectric constant may evidently modify
the output of the nanowire by scattering, absorption, con-
version, or re-emission of the guided light. By measurement
of the intensity, phase, polarization, or spectrum of the
output, the cause behind the fluctuation can be identified.

In most situations, the measurand is either spatially
distributed or highly localized. For sensing spatially distrib-
uted samples, which are usually in forms of or dissolved in
liquids or gases, the typical approach is measuring the
refractive index or absorption, which directly reflect the

Scattering
Absorption .
Emission Intensity
phase
Spectrum
' _ .-.: L] ’

Input Modified output

FIGURE 9. Schematicillustration of a waveguiding nanowire for optical
sensing. The sample—light interaction (e.g., scattering, absorption,
conversion, or re-emission) is reflected by the output (e.g., intensity,
phase, or spectrum) of the nanowire.
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change of measurands (e.g., concentration, temperature, or
pressure). The high fractional evanescent fields that are
directly exposed to the surrounding sample may greatly
enhance the sensitivity of the nanowire sensor. For example,
relying on phase-sensitive measurement of the index
change, a nanowire Mach—Zehnder structure can offer a
sensitivity 10 times higher than the conventional wave-
guide structures.*® For absorptive samples, a direct intensity
or spectral measurement can provide very high sen-
sitivity and low detection limit. Recently, by embedding a
25 mm length silica nanowire in a microfluidic channel
(Figure 10a—c) and measuring the spectral absorbance of
the methylene blue (MB) around 630 nm wavelength, our
group demonstrated a nanowire biochemical sensor with a
detection limit of 50 pM and excellent reversibility
(Figure 10d).>° Using the same sensor for bovine serum
albumin (BSA) measurement, we obtained a detection limit
down to 20 fg/mL (Figure 10e). The sample required for the
sensor is about 500 nL, and the probing light power is about
150 nW, suggesting a promising route to low-power high-
sensitivity biochemical sensors.

For localized samples, for example, nanoparticles, the
probing light guided by the nanowire can be confined to a
“thin light beam” with size comparable to the particles, while
maintaining strong evanescent fields for near-field interac-
tion. In such a case, a particle with deep-subwavelength
cross-section, which is imperceptible by ordinary light
beams due to very low fractional scattering, can cause
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FIGURE 10. Integrated microfiber—microfluidic optical sensors. Optical
microscope images of (a) a 900 nm diameter microfiber tapered down
from a silica fiber, (b,c) an integrated microfiber—microfluidic structure
before and after fluorescence excitation. All scale bars, 125 um. (d,e)
Transmission spectra of different (d) MB and (e) CB—BAS concentrations
obtained using a 900 nm diameter microfiber. Adapted from ref 50 with
permission. Copyright 2011 Royal Society of Chemistry.
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FIGURE 11. (a) Basic model of the light scattering of a nanoparticle in
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of particles for being detectable with respect to the particle diameter
(Dp,min). The refractive index (n) of the particle and the diameter (D) of the
fiber are assumed to be 1.5 and 200 nm, respectively. Adapted from
ref 51 with permission. Copyright 2007 Elsevier.

detectable change to the transmission of a nanowire via
evident scattering. For nonabsorptive particles, our calcula-
tion based on Rayleigh—Gans scattering theory showed
that®" with a 325 nm wavelength probing light guided
in a 200 nm diameter silica nanowire, a single 90 nm
diameter particle (index of 1.5) can be detected (Figure 11),
indicating the possibility for single-molecule detection. Ow-
ing to the fast response of the optical detection, the surface
adsorption of molecules have also been dynamically
revealed.>?

5.3. Material Functionalization. Activating a photonic
nanowire by functional materials can offer great versatility
for nanowire optical sensing. Here we use polymer nano-
wires as hosts due to their hospitability to a variety of
dopants. Based on spectral response of an acidic-to-basic
form change of bromothymol blue (BTB) dopedina 270 nm
diameter poly(methyl methacrylate) (PMMA) nanowire, we
demonstrated a nanowire NH; sensor with a detection limit
of 3 ppm and a response time of about 1.8 s (Figure 12),'”
much faster than conventional ammonia sensors.>® To
activate the nanowire with high resistance to photobleach-
ing, we doped CdSe/ZnS QDs into PS nanowires with
QD concentration up to 10* um~—33* and confirmed that
the lifetime against the photobleaching of the QD-doped
nanowire was 2 orders of magnitude longer than that of
nanowires doped with dye molecules (Figure 13a). Based on
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FIGURE 12. Chemical-indicator-doped nanowire optical sensor. (a)
Optical response of a 270 nm diameter BTB-doped PMMA nanowire to
14 ppm NH3 with a 660 nm wavelength light. Inset, optical micrograph
of the sensing element. Scale bar, 50 um. (b) Time-dependent absor-
bance of the nanowire to NH3 gas cycled with concentrations from 3 to
28 ppm. Inset, dependence of the absorbance over the NH5 concen-
tration ranging from 3 to 28 ppm. (¢) Prototype of the real single-
nanowire optical sensor. Scale bar, 1 cm. Adapted from ref 17 with
permission. Copyright 2008 American Chemical Society.

the surface passivation of QDs doped in a 480 nm diameter
PS nanowire, a miniaturized optical humidity sensor
(Figure 13b—d) was realized with a response time of 90 ms
and a pumping power (532 nm CW light) down to 100 pW.
More recently, by doping PAM nanowires with gold nano-
rods that were intrinsically stable against photobleaching,
we observed a photon-to-plasmon-conversion efficiency as
high as 70% for a single nanorod at 785 nm wavelength
(Figure 14a—0),*> and demonstrated a low-power fast-
response optical humidity sensor that is intrinsically immune
to photobleaching (Figure 14d—g).
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FIGURE 13. QD-doped nanowire optical sensor. (a) Time-dependent
decay of the PL of a 580 nm diameter QD-doped PS nanowire (red
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pentagon). Insets: PL images of the two nanowires at different times. (b)
Schematic illustration of a QD-doped PS nanowire optical sensor. (c) PL
intensity of the nanowire exposed to ambient relative humidity (RH)
ranging from 7% to 81%. Inset, optical microscopy image of the QD-
doped nanowire sensing element. Scale bar: 50 zm. (d) Response of the
nanowire sensor to alternately cycled 54% and 19% RH air. Adapted
from ref 34 with permission. Copyright 2011 Wiley.
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FIGURE 14. Au-nanoparticle-doped nanowire optical sensor. (a) Optical
microscopy image of a 350 nm diameter single-Au-nanorod-doped
PAM nanowire excited by a white light. (b) TEM image of the embedded
nanorod. () Scattering spectrum of the waveguiding excited nanorod
shown in panel a. (d) Optical microscopy image of a 540 nm diameter
Au-nanorod-doped nanowire guiding a 785 nm wavelength light. (e)
Output of the nanowire exposed to air of RH increasing from 9% to 71%.
(f) Reversible response of the nanowire tested by cycling between 30%
and 71% RH air. (g) A close-up view of the time-dependent response of
the nanowire output. Adapted from ref 35 with permission. Copyright
2012 American Chemical Society.

5.4. Structural Functionalization. Structural functionali-
zation is another promising approach to facilitating
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FIGURE 15. Micro- and nanowire optical gratings. (a) SEM image of a
900 nm diameter silica microfiber gratings. Inset, close-up view of the
grating structures. Adapted from ref 55 with permission. Copyright 2011
Optical Society of America. (b,c) SEM images of gratings fabricated on a
290 nm diameter Au nanowire. (d) Normalized reflection and trans-
mission spectra of the Au nanowire gratings. Adapted from ref 56 with
permission. Copyright 2012 IOP Publishing.

nanowires for optical sensing. Similar to fiber grating tech-
nology, fabricating optical gratings on a single nanowire is
also possible. Recently, high-sensitivity optical sensing using
glass microfiber Bragg gratings has been demonstrated with
fiber diameters down to 1 um (Figure 15a),>*>> which can be
readily transplanted to hanowires of many other materials.
For example, by focused-ion-beam milling of a 290 nm
diameter Au nanowire, grating features with a transmission
dip of ~3 dB are observed in merely 19 periods (totally
15.6 um in length) (Figure 15b—d),>® indicating an approach
to ultracompact nanowire sensors based on plasmonic
grating effects.

Besides, high-precision optical metrology can be adapted
for nanowire sensing via functional assembly. For exam-
ple, tying a nanowire into a ring to form a high-quality
microcavity'>'* or assembling two nanowires into a



Mach—Zehnder interferometer®” may enable high-sensitiv-
ity measurement of optical phase or spectral shift on a
miniaturized footprint. Incorporating these techniques into
the nanowire sensor may greatly suppress the background
fluctuation or noise (e.g., caused by drifting of surrounding
temperature or pressure) and suggest a new approach to
nanowire sensors with high accuracy and repeatability.

6. Future Outlook

So far, we have shown that nanowires are fascinating 1D
structures for subwavelength waveguiding and optical sen-
sing. Based on our initial attempts that addressed several
critical issues such as efficient coupling of light into a
nanowire and activating a nanowire by sensitive dopants,
we have demonstrated single-nanowire optical sensors
with high sensitivity, fast response, and low optical power,
which may suggest a novel miniaturized sensing plat-
form. However, a number of challenges remain, including
(1) how to fabricate and functionalize nanowire structures
with high repeatability, (2) how to protect the sensitive
nanowire element from environmental contamination, (3)
how to push the detection limit of a nanowire sensor to
single-molecule level, and (4) more generally, for particular
applications including optical sensing, how to balance or
circumvent the interplay of loss, confinement, and band-
width of a nanowire, which brings forth lasting challenges
and opportunities for nanowire photonics, chemistry, and
technology.
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