
Semiconductor nanowires have witnessed an explosion of interest

in the last few years because of advances in synthesis and the

unique thermal, optoelectronic, chemical, and mechanical

properties of these materials. The potential applications of single-

crystalline nanowires are truly impressive, including

computational technology, communications, spectroscopic

sensing, alternative energy, and the biological sciences.

While lithographic Si processes are rapidly approaching their

physical size limits, optical information processing promises to be a

low-power, high-bandwidth alternative for the continuation of Moore’s

law. In the context of global energy needs, low-cost solution-phase

nanowire synthesis has also sparked interest in novel solar cell

architectures that may play a significant role in the renewable energy

sector. Additionally, the use of compact, integrated optical sensors can

be envisioned for the detection of pathogenic molecules in the arena of

national security or for the diagnosis and study of human disease. This

breadth of application naturally requires a multidisciplinary community,

including but not limited to materials scientists, chemists, engineers,

physicists, and microbiologists, all coming together to solve challenging

optical problems at nanometer length scales1. However, it is essential

for the materials to be synthesized and characterized before the

exploration of their properties and applications can take place.

The development of integrated electronic circuitry ranks among the most
disruptive and transformative technologies of the 20th century. Even
though integrated circuits are ubiquitous in modern life, both
fundamental and technical constraints will eventually test the limits of
Moore’s law. Nanowire photonic circuitry constructed from myriad one-
dimensional building blocks offers numerous opportunities for the
development of next-generation optical information processors and
spectroscopy. However, several challenges remain before the potential of
nanowire building blocks is fully realized. We cover recent advances in
nanowire synthesis, characterization, lasing, integration, and the
eventual application to relevant technical and scientific questions.
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Nanowire synthesis 
The synthesis of one-dimensional, single-crystalline semiconductor

nanowire materials has a rich history, dating back to the work of

Wagner and Ellis2 at Bell Labs in the early 1960s with the vapor-liquid-

solid (VLS) growth mechanism. Improvements in scanning and

transmission electron microscopy (TEM)3,4 in subsequent decades

provided crucial analytical tools for the characterization of these

materials, guiding the rational growth of nanowires in this direction of

materials research. Advances in organometallic vapor deposition5 and

other chemical6,7 techniques have allowed the development of a vast

array of inorganic nanowire compositions, including group IV8, II-VI,

and III-V compound and alloy crystal structures9. Laboratory-scale

reactions typically take place in a horizontal or vertical tube furnace as

shown in Fig. 1. Process gases are generally introduced and regulated

by way of mass flow controllers, while metals such as Ga may be

introduced either by organometallic precursors or by placing a metal

pellet within the reactor.

Based on our early study of the mechanism for VLS nanowire

growth4, one can now readily achieve controlled growth of nanowire

diameter, composition, length, and growth direction10. This process

typically begins in a tube furnace with the melting of dispersed metallic

nanocrystals or thermally evaporated metallic thin films that are

supported on a single-crystalline substrate. The introduction of various

process gases causes the saturation of the molten metal droplet,

leading to continuous precipitation of a single-crystalline nanowire 

(Fig. 1a). The diameter of the nanowire is generally determined by the

size of the alloy droplet, which is in turn determined by the original

size of the metallic cluster. By using monodispersed metal nanocrystals,

nanowires with a narrow diameter distribution can be synthesized11.

By applying conventional epitaxial crystal growth techniques to this

VLS process, it is possible to gain precise orientation control during

nanowire growth. The technique, vapor-liquid-solid epitaxy (VLSE)12, is

particularly powerful in the controlled synthesis of high-quality

nanowire arrays and single-wire devices13. For example, ZnO prefers to

grow along the [001] direction and readily forms highly oriented arrays

when epitaxially grown on an a-plane sapphire substrate (Fig. 2a)14. 

Fig. 1 (a) Schematic of a horizontal hot-wall flow reactor used in the synthesis of various nanowire materials. Metallic clusters melt in the furnace, become

saturated with process gases, and continuously precipitate single-crystalline nanowires. (b) Top-view scanning electron microscope (SEM) image of a GaN

nanowire with triangular cross-section growing in the [110] direction. The circular structure in the middle of the triangle is a Au catalyst droplet. Scale bar = 50 nm.

(c) Side-view SEM image of a GaN nanowire growing in the [001] direction. Scale bar = 100 nm. (d) Schematic of GaN and ZnO’s hexagonal wurtzite crystal

structure. Arrows indicate observed growth directions.

Nanowire photonics REVIEW FEATURE

OCTOBER 2006  |  VOLUME 9  |  NUMBER 10 37

(a)

(d)(b) (c)

Fig. 2 SEM images of (a) a [001] ZnO nanowire array on an a-plane sapphire
wafer, and (b) [110] GaN nanowire arrays on (100) plane γ-LiAlO2.
(Part (a) reprinted with permission from77. © 2005 Materials Research 
Society. Part (b) reprinted with permission from10. © 2004 Nature Publishing
Group.)

(a) (b)



A similar level of growth control can be achieved for GaN10 (Figs. 1 and

2b) and Si/Ge systems. It is possible to use this VLSE technique for the

growth of nanowire arrays with tight control over size (diameter 

< 20 nm) and uniformity (< ±10%). In addition, we have explored

different types of nanowire heterostructures, including coaxial15 and

longitudinal variations16. Semiconductor heterostructures enable the

confinement of electrons and holes, the guiding of light, and the

modulation of both phonon transport and carrier mobility. This size

monodispersity and heterostructure control is crucial for many

proposed applications for these nanowire arrays, including light

emission and field-effect transistors17,18.

Optical properties and characterization
The direct-bandgap II-VI and III-V systems are of particular interest

because of their high optoelectronic efficiencies relative to indirect-

bandgap group IV crystals. In particular, ZnO is a prototypical II-VI

nanolaser material14,19 because of its wide bandgap (3.37 eV), high

exciton binding energy (~60 meV), and high dielectric constant20. It is

possible to fabricate a self-contained resonant nanowire cavity that

achieves gain and ultraviolet (UV) lasing through an exciton-exciton

collision mechanism at room temperature14. Simple chemical synthetic

techniques such as carbothermal reduction21 may be used to produce

substrate-wide coverage of nanowires from gas-phase deposition of 

Zn and O precursors. Recently, low-cost solution phase chemistry22 has

opened up the possibility of coating large surface areas of arbitrary

material with ZnO nanowires for solar cell and light-emission

applications23. Furthermore, the noncentrosymmetric C4
6v wurzite

crystal symmetry of ZnO makes it an interesting material for nonlinear

second-harmonic generation and wave mixing in nanoscale cavities24.

Another promising wide bandgap material for nanowire research is

GaN (Table 1). An enormous body of literature has been produced for

this material over several decades because of its high Young’s modulus,

thermal conductivity, electron mobility, high melting point, and low

chemical reactivity25. There are a number of different synthetic

methods available for the growth of GaN nanowires, including pulsed

laser ablation26, metal-organic chemical vapor deposition10,27, hydride

vapor phase epitaxy, molecular beam epitaxy, and conventional

chemical vapor-phase transport16. The III-nitride family has an

additional advantage in that the bandgap is tunable28 from the near-

infrared (InN) to the near-UV (GaN, 3.47 eV) through alloying of the

III-metal within the nitride. This suggests an opportunity for solid-state,

white light-emitting diodes with low power and high efficiency29,

variable-wavelength solid-state lasers, and robust on-chip UV

photodetectors for remote national security or biologically related

sensing.

It is possible to image nanowires with visible-light microscopy

because of their large dielectric constants. Even though the two

dimensions of the wire’s cross section are often well below the

diffraction limit of light, Rayleigh scattering from the wires is still

significant, scaling as 1/λ4, where λ is the free-space wavelength of

light. Consequently, dark-field microscopy (Fig. 3) is an invaluable tool

for initial assessments of wire growth, as well as in the physical

manipulation of individual nanowires (Fig. 4). Either epi- or glancing-

angle excitation may be used to excite photoluminescence, which is

typically collected through a microscope objective. Recent work in our

lab has also focused on collecting the Raman signal from single

nanowires with an inverted far-field confocal collection scheme30.

Using this technique it is possible to index a nanowire’s growth

direction and evaluate crystalline quality and orientation in a fraction

of the time necessary for TEM.

Nanowire lasers
The one-dimensional geometry, high index of refraction (n > 2), and

smooth surface morphology (Fig. 5a) of many one-dimensional

semiconductor nanostructures gives sufficient end-facet reflectivites for

photon confinement in a volume of just a few cubic wavelengths of

material. Such optical microcavities are simultaneously practical and

fascinating structures, having lead to long-distance fiber-optic data

transmission, narrow read/write beams in CD/DVD technology, and

also the quantum entanglement of radiation with matter31.

Waveguiding, lasing resonance, and spontaneous emission

enhancement/suppression32 may all be explored as a function of

nanowire dimension, composition, morphology, and conformation.

Coherent laser emission has been detected from a number of different

cavities, including ribbons33, tetrapods1, hexagonal ZnO arrays14,

triangular GaN nanowires34, and comb arrays35. Quantum confinement

has measurable effects if the diameter of the gain medium is reduced

in size below the Bohr exciton radius of the semiconductor (~11 nm

for GaN). Confinement effects have been demonstrated for a core-

sheath GaN/AlGaN heterostructure, in which the active GaN material

has a diameter of ~10 nm and is surrounded by a thick sheath of

AlGaN with a lower refractive index16 suitable for waveguiding.
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Material Bandgap Cross section Length Diameter Crystal Refractive index
(ev) (µm) (nm) structure at 1064 nm

GaN 3.47 direct 1-300 10-200 wurtzite 2.26

SnO2 3.6 dipole forbidden 1-5000 5-1000 rutile 1.94

ZnO 3.37 direct 1-50 10-200 wurtzite 1.96

Si 1.12 indirect 1-15 5-200 diamond 3.6

Table 1 The geometrical characteristics and physical properties of nanowires discussed in this review.
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Fig. 4 (a) Side-view schematic of nanowire manipulation instrument. A finely etched tungsten needle is used to pick up and transport single nanowires through

mechanical and surface-adhesion forces. (b) Top-view dark-field optical microscope image of nanowires on a thermal SiO2 surface. Adhesion to the surface allows

the wire to maintain its bent conformation. Scale bar = 100 µm.

Fig. 3 Schematic of the setup for optical characterization and physical manipulation of single nanowires. Individual excitation laser pulses (266 nm, 10 Hz, 9 ns) are

measured with an energy meter and a 50/50 beam splitter. Typically for light collection, a dark-field air-immersion objective is used in tandem with either an

imaging CCD or a fiber-coupled spectrometer. (Reprinted with permission from47. © 2006 American Physical Society)

Quantum confinement has been of interest to the semiconductor

laser community for several decades in the pursuit of lower lasing

thresholds, reduced temperature dependence, and a narrower gain

spectrum36. The theoretical understanding of such confined cavities has

improved significantly in the last few years35-38 through the use of

finite-difference time-domain (FDTD) simulations39. Of particular

importance is the influence of diffraction on the reflectivities of

nanolaser end-facets, where the index-dependent macroscopic

equation R = (n – 1)2/(n + 1)2 fails because of the subwavelength

nanowire cross section (Fig. 5a), where R is the end-facet reflectivity

and n is the index of refraction. Significant deviations from

macroscopic reflectivites exist and are found to depend heavily on the

nanowire’s size and modal polarization40. Furthermore, when the wires

are grown within oriented arrays, the distance between wires is

predicted to influence lasing thresholds as a result of electric-field

coupling (Figs. 2a, 5b) and photon tunneling between adjacent

cavities41. Recent calculations42 have predicted a significantly

enhanced longitudinal confinement factor (greater than unity) for the

TE01 laser mode because of a slower group velocity plus the high index

contrast between the nanowire and air (∆n ≥ 1). Consequently,



photons experience enhanced gain beyond that of a conventional

longitudinal plane wave because of the improvement in photonic

confinement.

The surprising flexibility and mechanical strength of single-

crystalline nanowires has further enabled the construction of novel

conformations, such as a ring resonator (Figs. 6a-c). For instance, by

using mechanical contact with a motorized needle (Fig. 4), it is possible

to transform a nanowire from its natural linear state into a ring

geometry. Ring resonators are common elements in photonic circuits

finding use as microcavity lasers43, filters44, sensors45, and switches46.

This conformational modification changes the optical boundary

conditions of the nanowire34, requiring integer numbers of wavelengths

for phase matching at the overlapping junction47. This simple change of

shape produces a pronounced change in the optical emission from the

cavity. For instance, photoluminescence from the wire displays Fabry-

Perot (FP) resonances that match the expected wavelength spacing for

ring resonance, with ∆λ = λ2/2πR [n – λ•dn/dλ] (Fig. 6d), where λ is

the free-space wavelength, R is the ring’s radius, and n is the

wavelength-specific index of refraction. In addition, the dielectric

imperfection at the overlapping junction causes each FP mode to split

Fig. 5 (a) Depiction of a triangular, [110] growth direction GaN nanolaser resting on a thermal SiO2 substrate. The surface roughness of single-crystalline nanowires

is low, as shown by the high-resolution TEM micrograph of the [001] zone axis. Scale bar = 2 nm. (b) The spacing between nanowires D is predicted to affect

nanolaser thresholds because of interwire coupling and photon tunneling.
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Fig. 6 (a) Dark-field image of a linear nanowire cavity after transfer to a SiO2 substrate. Scale bar = 5 µm. (b) Dark-field image of a linear nanowire cavity after

manipulation into a ring conformation. Scale bar = 5 µm. (c) Schematic of ring and waveguiding analogy to coupled photonic molecule. (d) Comparison of

photoluminescence between ring and wire conformations. Inset: expanded view of the fine structure from the ring spectrum. (e) Comparison of lasing emission

from ring and cavity geometries. Inset: integrated area under ring modes, indicated by arrows. (Adapted and reprinted with permission from47. © 2006 American

Physical Society.)

(a)

(d)

(b)

(c) (e)



into a doublet, breaking the degeneracy between clockwise and

counterclockwise photon propagation (Fig. 6d, inset). This effect is

conceptually identical to what has been observed in photonic

molecules48-50. Also, the laser-mode emission for the ring structure is

substantially red-shifted relative to that for a linear cavity of similar

length (Fig. 6e). This effect arises from enhanced coupling efficiencies

for longer wavelengths across the overlapping junction because of an

increase of the electric field’s penetration depth with increasing

wavelength. These observations demonstrate that, in addition to a

nanowire’s composition and size, its particular conformation may have

a pronounced influence on its optical characteristics.

Nanowire waveguides for subwavelength
photonics integration
A promising concept for the realization of highly integrated light-based

devices is to assemble photonic circuits from a collection of nanowire

elements that assume different functions, such as light creation,

routing, and detection. The inspiration for this work comes from

integrated Si circuitry. Si has been highlighted in recent reports of

optical parametric gain51, electro-optic modulators52,53, and Raman

lasing54,55, though the indirect, infrared bandgap of Si makes it difficult

to produce efficient photonic components in the visible and UV

spectral regions. Chemically synthesized nanowires offer several

advantageous features that make them versatile photonic building

blocks, including inherent one dimensionality, a variety of optical and

electrical properties, good size and composition control, low surface

roughness (Fig. 5a), and, in principle, the ability to operate both above

and below the diffraction limit. The toolbox of nanowire device

elements already includes various types of transistors17,18,56, light-

emitting diodes57, lasers (see above), avalanche photodiodes58, and

photodetectors59 (Table 2). We have used the unique diversity of

freestanding, crystalline nanowires to build prototype multiwire

architectures for the manipulation and detection of light.

Nanowires of binary oxides have been employed throughout this

work because of the variety of beneficial properties, including extreme

mechanical flexibility and chemical stability. One example, SnO2, has

recently been shown to act as an excellent subwavelength waveguide

of both its own visible photoluminescence and that from other

nanowires and fluorophores60. The waveguiding in these nanowires

essentially mimics a conventional silica (SiO2) optical fiber.

Nonresonant waveguiding (i.e. sub-bandgap light) in these structures

can be achieved by simply focusing laser diodes on the end facet of the

nanowire. The wires possess fairly uniform (±10%) rectangular cross

sections with side dimensions as large as 2 µm by 1 µm and as small as

15 nm by 5 nm (Table 1). However, most wires (>80%) have

dimensions between 100 nm and 400 nm, an optimal size range to

efficiently guide visible and UV wavelengths because of the high index

of refraction of SnO2 (n > 2). The wires can be synthesized in milligram

quantities with lengths greater than 3 mm, though precise control over

cross-sectional size is still an open challenge.

Optical linkages between active nanowires (GaN and ZnO) and

passive nanowires (SnO2) can be formed via tangential evanescent

coupling (Fig. 7). It has been shown that a staggered side-by-side

configuration, in which the active and passive elements interact over a

few microns, outperforms bridged or direct end-to-end coupling. Weaker

coupling is achieved by staggering structures with a thin air gap (several

hundred nanometers) between them, allowing communication via

tunneling of evanescent waves61. With further integration, it should be

possible to create more functional geometries, such as branched optical

hubs and Mach-Zehnder interferometers (optical modulators) that use

the electro-optic effect for phase shifting. The integration of high-

frequency electrically driven lasers with passive nanowire waveguides is

the next step toward effectively transducing and routing packets of

optical information within an optical computer or communication device.

However, the goal of room temperature, electrically driven nanolasers

remains an active area of current research.
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Table 2 Nanowires and their optical functionalities1.

Nanowires Optical functions Characteristics

GaN Nanolaser Emission wavelength: 370-390 nm

Threshold: ~500 nJ/cm2

Cavity Q factor: 500-1500

Threshold gain: 400-1000 cm-1

Light-emitting diodes Emission wavelength: 380-420 nm

ZnO Nanolaser Emission wavelength: 370-400 nm

Threshold: >70 nJ/cm2

Cavity Q factor: 1000-1500

Threshold gain: 1000-3000 cm-1

Frequency converter Effective second-order susceptibility: 5.5 pm/V

Solar cell Energy converting efficiency: 3.5%

Photodetector UV light detector

SnO2 Waveguide Propagation loss: 1-8 dB mm-1

Evanescent wave optical sensor Single molecular level detection



One additional advantage that high-index (n ≥ 2) semiconductor

wires and nanowires have over subwavelength silica waveguides is their

ability to transport light efficiently in water and other liquid media.

This becomes extremely important if these materials are ever

integrated with on-chip chemical analysis devices or biological

spectroscopy in which small probe volumes are required. As a result of

the appreciable electric field intensity that travels outside of the cavity,

these subwavelength waveguides can also sense DNA, proteins, and

other biological molecules in solution by means of either an absorption

(Figs. 8a and 8b) or emission scheme (Figs. 8c and 8d).

Although inherently less sensitive than fluorescence techniques

(because of large background signals), absorption spectroscopy is

applicable to a variety of molecules and eliminates the complexity of

tagging molecules with fluorophores. Since white light can be produced

by exciting the SnO2 nanowire with UV light, it is possible to launch a

broad signal down the cavity on which a small liquid droplet is

deposited and probe the resulting emission profile at the opposite end.

This is demonstrated in Figs. 8a and 8b where a ~1 pL glycol droplet

loaded with 1 mM rhodamine-6G dye (R6G) is placed in the middle of

a nanowire and transmitted light is collected at the ribbon’s end. 

Fig. 8b shows that the dye molecules imprint their absorption profile

on the propagating double Gaussian beam, completely quenching

transmission near the absorption maximum of R6G (αmax = 535 nm).

The estimated probe volume for 600 nm light traveling through a 

250 nm diameter cavity (50 µm path length) is approximately 12 fL.

Considering the concentration of the dye, the ribbon is sensing less

than 40 aM of dye (~107 molecules) in this experiment. Future

experiments should provide insight into the sensing limitations using

subwavelength waveguides. Also, since the nanowires are impartial to

the fluid in which they act as waveguides, it should be possible to use

them as internal light sources to probe intracellular phenomena. 

The spatial selectivity for fluorescence excitation also is extremely

local. In Figs. 8c and 8d, fluorescently labeled beads have been placed

in direct contact with or in close proximity to a SnO2 nanowire

waveguide. Bead 1 is in direct contact with the nanowire, and

fluorophores within the bead are excited by an evanescent field that is

produced from the waveguided photoluminescence (generated within

the nanowire ~300 µm away from the beads). Fluorescent beads 2 and

3 do not touch the wire and are instead placed at radial distances of

~500 nm and ~5 µm, respectively. As Fig. 8d shows, only bead 1 is

excited by the waveguided photoluminescence. These measurements

support calculations predicting that the 1/e decay distance of the

evanescent field for visible wavelengths is less than 100 nm, illustrating

the spatial precision subwavelength waveguides can achieve.

Strategies for nanowire integration
Despite prominent synthetic advances for nanowires in the last decade,

enormous challenges remain to realize devices made from several

distinct materials. This synthetic limitation is especially true for

nanowires because of issues with impurities, liquid-catalyst

compatibility, and thermal decomposition constraints. Langmuir-

Blodgett assembly has been shown to be a powerful method to

organize macroscopic numbers of nanowires over substrates with

arbitrary composition62-65. However, this technique lacks the ability to

address single nanostructures, and then position them with arbitrary

precision. The three-dimensional manipulation of single nanowires

remains an active area of research in nanowire assembly.

One possible way to circumvent some of these limitations for

nonmetallic materials is to manipulate nanowires with highly focused

laser beams known as ‘optical traps’ (Fig. 9). Optical traps66 are an

appealing tool for semiconductor nanowire integration because of their

ability to act in situ in closed aqueous chambers, potential applicability

to a broad range of dielectric materials, spatial positioning accuracy 

(< 1 nm)67, and the degree to which their intensity, wavelength, and

polarization can be controlled using tunable lasers, acousto-optic

modulators, and holographic optical elements68. Single-beam optical

traps have been used for almost two decades69 to manipulate and

interrogate micro- and nanometer-sized objects66. Optical confinement

of metal nanocrystals in two70 and three71 dimensions was

demonstrated in the mid-1990s. More recently, birefringent crystals

have been rotated in an optical trap by angular momentum transfer72
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Fig 7 (a) Dark-field image illustrating the coupling of two nanowire lasers

(GaN and ZnO) to a common SnO2 nanoribbon waveguide. Scale 

bar = 25 µm. (b) Spectra recorded at the left terminus of the SnO2 nanoribbon

after simultaneous nanowire laser injection. Both laser pulses are guided

through the SnO2 cavity and emerge as two resolvable packets of modes

dictated by their bandgaps. (Parts (a) and (b) reprinted with permission

from61. © 2005 National Academy of Sciences)

(a)

(b)



and CuO nanorods manipulated in two dimensions with a line optical

trap73. Recent work with a focused infrared laser has shown that it is

possible to trap semiconductor nanowires optically at room

temperature, at both physiological pH and ionic strength74. Infrared

wavelengths were selected in order to minimize heating and radiation

damage to biomolecules and cells. A schematic of the instrument and

assembly procedure is shown in Figs. 9a and 9b.

The assembly of complex nanowire structures requires not only

manipulation of individual wires, but also the controlled connection of

one wire to another. We observed that it is possible to locally fuse two

wires by way of a focused infrared beam (Fig. 10a). Upon intense laser

irradiation of the mutual crossing point, the two wires stop moving

with respect to one another and cannot be pulled apart, presumably

because they have been irreversibly fused. Based on a simple order-of-

magnitude calculation75, it is possible that local temperatures at 

the junction can approach the melting point of GaN and SnO2.

Thermal fusing is consistent with our prior electron microscopy

investigations, which demonstrated that nanowires can be melted and

welded at temperatures lower than required for bulk materials76.

Additionally, at the highest powers, water vaporizes into small 

bubbles, limiting the maximum intensity used in forming the

connection because of perturbations from the bubble. Scanning

electron microscopy of the nanowire-nanowire junctions created

without water vaporization reveals no visible ablation or damage by

laser fusing. 

Moreover, arbitrary optically trapped nanowires can now be

positioned with respect to many other structures, such as living cells

(Fig. 10c). HeLa tissue culture cells were grown on lysine-coated

quartz coverslips and chambers were assembled with nanowire

solutions at physiological ionic strength and pH. It was possible to

scan a trapped GaN nanowire across the cell membrane, place one

end of the nanowire against the cell membrane, and maintain the
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Fig. 8 Demonstration of absorption and fluorescence schemes using individual SnO2 nanoribbon waveguides. (a) Dark-field photoluminescence image of the

absorption scheme showing an analyte (~1 pL of R6G-loaded glycol) centered in the middle of the ribbon and the labeled excitation and collection locations. 

UV light was focused on the ribbon to generate white light that was launched through the 1 mM R6G-loaded glycol. Scale bar = 100 µm. (b) Spectra recorded after

the SnO2 defect emission traversed through the ribbon in air (black), pure glycol (green), and 1 mM dye-loaded glycol (red). The arrow denotes the absorption

maximum (535 nm) of R6G. (c) Bright-field image of 2 µm yellow-green fluorescent polystyrene beads (Molecular Probes, Inc.) placed with an optical trap

precisely on or near a SnO2 nanoribbon. All structures are resting on an SU8 photoresist within a water-filled chamber. (d) Fluorescence image of beads after

waveguiding of photoluminescence from the SnO2 ribbon. Inset: False color expansion of bead 1 during UV excitation of the ribbon. (Parts (a) and (b) reprinted

with permission from61. © 2005 National Academy of Sciences. Parts (c) and (d) reprinted with permission from74. © 2006 Nature Publishing Group.)

(a)

(c) (d)

(b)



wire’s position for arbitrary durations. Moreover, their small cross-

section and very high aspect ratio suggests nanowires could be used

to deliver extremely localized chemical, mechanical, electrical, or

optical stimuli to cells, based on the construction of integrated

assemblies next to a cell of interest. Therefore, in addition to the

heterostructures that can now be constructed from nanowires, optical

trapping should facilitate novel experiments for the in situ

characterization of biological materials.
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Fig. 10 Demonstration of nanowire junctions and assemblies built using optical trapping. (a) Dark-field image of a GaN nanowire laser fused to a SnO2 nanoribbon.

Inset: SEM of the fused junction, showing that it is not visibly ablated. Also visible are Au droplets generated from the Au-coated coverslip during laser fusing. 

(b) Schematic (top) and optical dark-field image (bottom) of a three-dimensional nanowire assembly consisting of SnO2 nanoribbons and GaN nanowires in a fluid

chamber. (c) Schematic (top) and optical dark-field image (bottom) of a GaN nanowire brought close to a human cervical cancer cell (HeLa cell) by optical

trapping. Once positioned with respect to the cell, the wire was nonspecifically attached to the cell’s membrane by resting the wire against the membrane for

several seconds. (Reprinted with permission from74. © 2006 Nature Publishing Group.)

(a) (b) (c)

Fig. 9 (a) Schematic of an optical trapping instrument and the procedure for nanowire docking at a surface. (i) Three-axis piezoelectric positioning stage. 

(ii) Custom-built coarse-movement translation stage. (iii) Objective holder. (iv) Position-sensitive photodetector (PSD). (b) Schematic of the four-step nanowire

positioning procedure. (c) Schematic of experimental chamber cross section. The top surface consists of a 170 µm thick synthetic fused silica coverslip (blue)

coated with lysine or Au (green). The bottom surface consists of a standard #1 thickness rectangular glass coverslip. As a result of gravity, free nanowires sink to the

bottom surface, where they can be picked up with the optical trap. (Reprinted with permission from74. © 2006 Nature Publishing Group.)

(a)
(b)

(c)



Concluding remarks
Single-crystalline, one-dimensional structures are intriguing materials

both for fundamental studies and future photonic applications. It has

been shown that chemically synthesized nanowires and other

geometric shapes offer a unique materials platform for producing

photonic elements, including lasers, detectors, and passive 

waveguides. 

The next step is to integrate these components with existing

photonic and sensing technologies to realize their full potential in

future optoelectronic devices. Since the range of material types now

includes active, passive, nonlinear, and semiconducting inorganic

crystals, as well as a rich variety of polymers, there now exists a unique

capability of designing photonic circuits from the bottom up. In

conjunction with high-density integration and large refractive indices,

inorganic semiconductor nanomaterials also provide properties than

can enhance the study of biological and pharmaceutical interactions

within native fluid environments. Lastly, in comparison with their

lithographically defined counterparts, which are permanently affixed to

their substrates, chemically synthesized nanowires and nanoribbons are

free-standing, mechanically flexible entities that can be integrated with

microelectromechanical systems to further enable the study of both

the physical and biological sciences.
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