
Chapter 6
Nanophotonics

Abstract Single crystalline semiconductor NWs have been extensively investi-
gated as building blocks for ultra-small and entirely new electronic and photonic
devices, due to their unique electronic and optical properties. The sub-wavelength
diameters of NW structures and tunable energy band gaps provide a host of
advantages for investigating generation, detection, amplification and modulation of
light. Photonic platforms using NW building blocks also offers the promise of
integrated functionalities at dimensions compatible with top-down fabricated
electronics. With rational design and synthesis of the NW structures, the capability
of controlling and manipulating these structures on surface to form single devices
and networks is a crucial step for realizing these chemically synthesized NWs into
photonic circuitry. In this chapter we will review progress made in the area of NW
photonic devices, including waveguides, light-emitting diodes, lasers, and
photodetectors.

6.1 Introduction

The field of photonics in essence focuses on the control of photons in free space or
in matter [1]. Manipulation of photons in semiconductor bulk crystals and thin films
has culminated in breakthroughs such as light-emitting diodes (LEDs) and lasers
[2]. With the shrinking of devices to smaller length scales in the microelectronics
industry, the continuing success of photonic technologies also relies on the dis-
covery of new optical materials, integration strategies and the miniaturization of
optoelectronic devices for better performance, lower cost and lower power con-
sumption. Although state-of-the-art lithography technologies are capable of fabri-
cating nanostructured features and functionalities [3], chemically grown NWs still
posses unique advantages, including single-crystalline, diameter and morphology
controlled structures with near atomically smooth surfaces, as well as the potential
for hetero-integration with electronics and other materials via bottom-up assembly
[4–7]. NW photonics is a particularly exciting frontier due to the ability to precisely
control NW composition and hence the resulting bandgap, which cannot be
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accomplished with CNTs, and using a combination of nanolithography tools, it is
possible to assemble photonic circuits with designed functions [8–13]. NWs syn-
thesized from direct bandgap semiconductors have shown tremendous promise
for assembling subwavelength nanophotonic devices for the generation, waveg-
uiding, and detection of light at the nanoscale [10]. Nanophotonic devices such as
optically-pumped and electrically-driven NW lasers, waveguides, light emitting
diodes (LEDs), photodetectors, have been successfully demonstrated [8, 9, 11–13].
In addition to miniaturization of devices, NW-based photonic systems can provide
many interesting and novel device concepts in comparison to planar technology.
The potential for co-assembling nanoscale light sources and detectors, fabricated
from a variety of different materials, opens up unique opportunities for integrated
photonic systems as well as the integration of nanophotonic systems with silicon
micro- and nano-electronics [14]. In this chapter, we will discuss the optical
properties, including photoluminescence and nonlinear responses, of semiconductor
NWs, and review the significant progress made in the field of semiconductor
NW photonic devices. Other comprehensive reviews of NW photonics can be found
in [8, 12, 13].

6.2 Optical Phenomena

6.2.1 Photoluminescence from Nanowire Structures

Photoluminescence (PL) is a light emission process in which a substance absorbs
and then re-radiates photons. PL data collected from individual direct-bandgap
NWs can reveal a wealth of information, both in terms of characterization of the
materials and optical properties, such as band-edge emission, trap states, radiative
efficiency, carrier and photon confinement [8, 10]. In this section, we briefly
introduce PL from homogeneous NWs and NW heterostructures.

6.2.1.1 Homogeneous Nanowires

The optical properties of homogeneous NWs, including GaAs [15–17], InP
[18, 19], GaN [20], ZnO [21], ZnS [22], ZnSe [23], CdS [24], CdSe [25], Si [26],
have been extensively studied by steady state and transient PL spectroscopy. The
results from these studies show that individual growth methods and conditions can
strongly affect NW optical properties in terms of emission intensity, spectral width
and peak position, and the presence of long wavelength components from impurity
states that emit radiatively. High quality NWs synthesized under controlled
conditions at high temperatures typically emit brightly with a spectral peak near
the band edge. The width of the PL spectra at room temperature reveal critical
information about the quality of the NWs with narrower widths (*20–30 nm)
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corresponding to high optical quality of NWs. The narrower widths can be attrib-
uted to lower defect density within and at the passivated surfaces of the NWs [8].

Optical absorption and emission from NWs have been found to be predomi-
nantly polarized along the long axis of the wires [18, 27]. The observed polarization
anisotropy can be explained from a purely classical perspective as arising from the
anisotropic geometry of the NWs—where the NW diameter is much smaller than
the wavelength of light but the length is much larger—and also due to the large
dielectric mismatch between a free standing NW and its surrounding environment
[18]. PL images of single InP NWs recorded at room temperature with the polar-
ization of the exciting laser both parallel (Fig. 6.1a) and perpendicular (Fig. 6.1b)
to the NW showed a large polarization anisotropy with the observed PL turning
from “on” to “off” as the excitation polarization was rotated from parallel to per-
pendicular. Integration of the emission as a function of excitation angle showed that
the intensity exhibited the expected periodic dependence on angle (Fig. 6.1, inset).

6.2.1.2 Axial Heterostructures

PL measurements provide a unique means to verify quantum confinement of charge
carriers in NW heterostructures. PL studies have been carried out for several II–VI
and III–V direct-gap systems, including ZnSe–CdSe [28], ZnO–ZnMgO [29],
InAs–GaAs [30], InAs–InP [31] and AlGaN–GaN [32]. Park et al. [29] observed a
clear blue-shift in the PL peak energy of ZnO–ZnMgO nanorod heterostructures
with decreasing ZnO well width, demonstrating quantum confinement in the axial
direction. Panev et al. [30] observed sharp exciton emission from InAs quantum
dots inside GaAs NW hosts. The peak energies emitted by the InAs dots were
substantially blue shifted from bulk InAs, indicating that substantial alloying with
the GaAs NW occurred. Accordingly, the effects of possible confinement potentials
on the peak energy could not be determined. Poole et al. [31] synthesized InP–
InAs–InP NWs on InP substrates without catalyst. During PL excitation at low
power densities, a single well-defined peak is observed at 921 meV. At higher
power densities, excited state peaks are observed at energy spacings consistent with

Fig. 6.1 a PL image of a single 20-nm InP NW with the exciting laser polarized along the wire
axis. b PL image of the same NW as in (a) under perpendicular excitation. Inset, variation of
overall PL intensity as a function of excitation polarization angle with respect to the NW axis.
Reproduced from [18]. Copyright 2001 the American Association for the Advancement of Science
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the quantum confinement of excitons within the estimated well widths. More
recently, Holmes et al. [32] demonstrated triggered single photon emission at room
temperature from a site-controlled III–nitride quantum dot embedded in a NW. The
photon statistics are found to be insensitive to temperature, in contrast to other
QD-based triggered single photon emitters which exhibit a pronounced degradation
at elevated temperatures. Arrays of such single photon emitters were proposed for
room-temperature quantum information processing applications such as on-chip
quantum communication [32].

6.2.1.3 Radial Heterostructures

Confinement and quantum confinement effects in radial NW heterostructures have
also been verified by PL spectra [33–35]. In 2004, Qian et al. [33] obtained PL
spectra from n-GaN/InGaN/p-GaN core/shell/shell (CSS) structures, exhibiting a
dominant emission peak at 448 nm. This wavelength is consistent with band-edge
emission from an InGaN structure of composition In0.18Ga0.82N. The InGaN
emission is approximately 20 times stronger than the small GaN band-edge emis-
sion peak also present in the PL spectrum, which shows that the much smaller
volume InGaN shell in the CSS structures provides an efficient region for radiative
recombination. In 2008, the same group [34] reported the growth of highly uniform
(InGaN/GaN)n multi-quantum-well (MQW) core/shell NW heterostructures, with
n = 3, 13 and 26 and each InGaN well thicknesses of 1–3 nm (Fig. 6.2a). PL
spectra from individual 26-MQW NWs containing different indium compositions
are displayed in Fig. 6.2b, c. It can be seen that the InGaN emission peak red-shifts
from 382 to 440 and then to 484 nm (Fig. 6.2c) with increasing indium compo-
sition. The peak broadening with In% is consistent with InGaN planar structures.
Later, the synthesis of AlN/GaN MQW NW structures has also been demonstrated.
The observed blue-shifted emission of PL spectra was attributed to the quantum
confinement in the GaN layers [35].

6.2.2 Nonlinear Processes

In linear optics, the dielectric polarization P depends linearly to the electric field, E,
of the light, P = e0v

(1)E, where v(1) is the first order susceptibility tensor and e0 is
the vacuum permittivity. While this consideration is sufficient at low incident field
strengths, when the field strength increases it is possible for higher order terms to be
important. In general, P can be expressed as a series expansion in powers of E as:

P ¼ Pð1Þ þPð2Þ þPð3Þ þ � � � ¼ e0 v 1ð ÞEþ v 2ð ÞE2 þ v 3ð ÞE3 þ � � �
h i
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where v(2) and v(3) are the second- and third-order nonlinear optical susceptibilities
[36, 37]. Nonlinear optical (NLO) processes are often referred to as “N wave
mixing” where N is the number of photons involved (including the emitted one).
Many nanostructures exhibit strong intrinsic NLO signals under tight focusing
conditions. Combining NLO signals with scanning microscopy has generated an
array of label-free imaging modalities for material and biological studies [38, 39].
Unlike linear optical microscopy, NLO microscopy offers inherent 3D spatial res-
olution, relatively large optical penetration into tissues with near infrared
(NIR) excitation, and reduced photo-damage due to reduced optical interaction with
endogenous molecules [38, 39]. This section introduces different NLO processes in
semiconductor NWs (Fig. 6.3), including second harmonic generation (SHG),
third-harmonic generation (THG), four-wave mixing (FWM), and stimulated
Raman scattering (SRS), with an emphasis on SHG.

Fig. 6.2 a Schematic diagram of an MQW NW. The InGaN layer is indicated in yellow color.
b PL images (false color) recorded from GaN/In0.05Ga0.95N (left) and GaN/In0.23Ga0.77N (right)
MQW NW structures. c PL spectra collected from three representative 26MQW NW structures
with increasing In composition. Reproduced from [34]. Copyright 2008 Nature Publishing Group
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6.2.2.1 Second Harmonic Generation

SHG is a second-order NLO process in which two incident photons (x1) are
converted to one scattered photon (2x1) with energy equal to the sum of the
excitation photons. Since all even-order nonlinear susceptibilities v(n) vanish in
centrosymmetric media, SHG cannot occur in materials with inversion symmetry,
such as bulk Si [36, 37]. As the excitation beam and SHG have different wavelength
in the same material, if no specific measures are taken, there will be a phase
mismatch, where the phase difference Du after propagating a distance z will be
Du = (k2x − 2 kx)z, where k2x and kx are wave vectors at frequencies 2x1 and x1.
The efficient generation of SHG requires phase matching, Du = 0, over the whole
length of the material, L, otherwise SHG waves will interfere destructively,
resulting in decreased intensity [36, 37]. If Du is very small, SHG waves can add
constructively over a coherence length Lc = k/2(n2x − nx), where k is the excitation
wavelength, and n2x and nx are refractive indices corresponding to the excitation
and SHG wavelengths. The most commonly used crystals for nonlinear optics are
birefringent (e.g. LiNbO3), in which the phase matching condition can be achieved
by propagating the beams at different frequencies as ordinary or extraordinary rays
[36, 37]. It is important to note that the wave vectors of pump and SHG are always
nonparallel, i.e., phase matching is not formally possible in 1D in bulk materials.

Although the generation of SHG requires non-centrosymmetric structures, the
broken symmetry at the surface of NWs and the mismatch of dielectric constants at
the interface of NWs and the environment can cause SHG even in materials with a
high symmetry crystal lattice [40]. In addition, NWs with diameters much smaller
than the incident wavelengths can act as subwavelength waveguides that radially
confine optical modes, with increased Lc and therefore a longer effective length over
which 1D nonlinear process takes place [41]. Furthermore, the intensity of the
optical electric field inside illuminated NWs can depend dramatically on the NW

Fig. 6.3 Energy diagrams of NLO modalities. Solid lines represent electronic and vibrational
states of molecules, dashed lines are virtual states. The straight arrows are excitation beams, the
wavy arrows are output signal beams. The gray arrows represent relaxation in electronically
excited states. x1 and x2 are excitation beams. X is the frequency of vibrational transition between
vibrational ground state and vibrationally excited state. Reproduced from [38]. Copyright 2011
John Wiley and Sons
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orientation relative to the excitation light polarization, with the maximum relative
amplitude at the electric-field polarization oriented along the NWs [40].

Many types of NWs have been reported to be able to emit SHG signals [41–48].
As an example, Nakayama et al. [44] reported the development of continuously
tunable coherent visible light source from individual KNbO3 NWs, which exhibited
efficient SHG and acted as frequency converters, allowing for the local synthesis of
a wide range of colors via sum and difference frequency generation. As shown in
Fig. 6.4a, single KNbO3 NWs were optically trapped using an infrared optical
tweezer with the trap wavelength at 1064 nm. A diffraction-limited spot is observed
by an electron-multiplying charge-coupled device (CCD) at the distal end of the
wire, revealing optical waveguiding away from the site of photon conversion and

Fig. 6.4 a Detailed set-up for the single-beam optical trapping instrument. b Bright field (left) and
SHG (right) images of the trapped KNbO3 NW. Waveguiding of the SHG signal (green) leads to
diffraction rings at the distal (top) end of the NW which acts as a subwavelength aperture.
c Observed spectra for KNbO3 and SiNWs. Strong SHG signal is collected from the trapped
KNbO3 NW (green, left axis), while no signal was observed from SiNWs (black, right axis).
Reproduced from [44]. Copyright 2007 Nature Publishing Group
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emission from the aperture defined by the NW cross-section (Fig. 6.4b). Spectral
analysis reveals that the light is green with a wavelength of 531 ± 1.8 nm
(Fig. 6.4c), matching well with the expected SHG signal given a trapping/pump
wavelength of 1,064 nm, this SHG might originate from both the bulk and the
surface of the NW. In another report [46], SHG was experimentally observed from
periodic arrays of vertical GaP nanopillars. Polarization of the measured light was
used to distinguish between the bulk and surface SHG signals. For larger diameters
(250 nm), it is mainly the bulk nonlinearity which contributes to the SHG, the
polarization of SHG is predominantly orthogonal to that of the pump; while for
smaller diameters (150 nm), the surface contribution becomes significant, the
polarization of the SHG signal is predominantly parallel to the pump.

6.2.2.2 Third-Harmonic Generation and Four-Wave Mixing

THG and FWM are third-order NLO processes and are not limited to non-
centrosymmetric structures [36, 37]. THG requires three photons (x1) in order to
generate one photon at the tripled frequency (3x1) [49–51], while for FWM, three
incident laser fields with frequencies of x1, x2, x3 interact with the material’s v(3)

to generate a signal field at a frequency of x4 [50, 52–54]. Similar to SHG, the
generation of THG and FWM also requires phase matching. As an example,
Jung et al. [50] observed strong emission of THG signal from SiNWs of 40 nm
diameters (Fig. 6.5a). The THG emission spectra recorded from individual NWs in
the 400–680 nm region display a peak at 428 nm, in agreement with the emission
wavelength of THG, 430 nm, produced by a 1290-nm excitation. The THG
intensity exhibits a periodic dependence on the angle h: the signal intensity arising
from the perpendicular polarization is much smaller than that from parallel polar-
ization. In addition, THG intensity of the SiNWs remains consistent over the time
(Fig. 6.5b). The authors [50] also observed a very strong FWM response along the
long axis of SiNWs (Fig. 6.5c), with the peak positioned at 645 nm, in agreement
with the emission wavelengths of FWM generated by collinearly combined pump
field (790 nm) and Stokes field (1018 nm). The FWM signal from these nanoma-
terials is brighter than the nonresonant FWM contribution from the biological
material itself, which enables identification of SiNW probes in live cells and tissues.
As a proof of concept, the authors monitored blood circulation of PEGylated
SiNWs in live animals and mapped the distribution of SiNWs in organs after
systemic clearance (Fig. 6.5d, e).

6.2.2.3 Stimulated Raman Scattering

In spontaneous Raman scattering, a pump laser at a frequency xp illuminates the
sample, and the sample emits photons at the Stokes and anti-Stokes frequencies, xs

and xas, due to inelastic scattering. However, if one additional laser with frequency
xs (Stokes beam) coincide with xp on the sample, the Raman signal with xs
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frequency is largely amplified, therefore this process is called SRS. The intensity of
spontaneous Raman is proportional to pump power, but smaller by many orders of
magnitude, while the intensity of SRS depends nonlinearly on incident intensity, and
can be comparable to the pump intensity [55, 56]. When the length of the NW
becomes comparable to wavelength of light, the NW behaves similar to a cavity, so
that inelastic photons may form standing waves confined by the NW cavity. As a
result, SRS becomes possible. For example, Wu et al. [57] measured the integrated
Raman–Stokes intensity of transverse optical (TO) phonon band versus laser power
for a series of GaP NWs with length between 200 nm and 3.3 lm. It was found that
as the NW length decreases, the nonlinear effect becomes dominant. For NWs longer
than *2 lm, the Raman intensity is approximately a linear function of laser power
up to 1 mW, a characteristic of spontaneous (linear) Raman scattering. For powers
over 1 mW, laser-induced heating is shown. For NWs shorter than 1.1 lm, Raman
scattering exhibits spontaneous characteristics (ITO / P) at lower laser power;
however, above a threshold power (PT), a strong nonlinear behavior ITO / Pn

is observed, where the exponent n grows rapidly as the length decreases to a
value � 4.3 for the shortest segment of 270 nm. Another interesting observation is
that PT decreases as the length decreases. Further studies of these interesting
results are certainly warranted and could open unique research and application
opportunities.

Fig. 6.5 a THG image and spectrum from SiNWs, excited by a 1290 nm laser. b THG images of
SiNWs acquired at different scanning time. c FWM image and spectrum from SiNWs. d FWM
imaging of PEGylated SiNWs (red) flowing in a blood vessel (outlined by dashed yellow line) in
the earlobe of a living mouse. e FWM imaging of SiNWs (red) in liver after systemic clearance in
a mouse. Reproduced from [50]. Copyright 2009 American Chemical Society
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6.3 Photonic Devices

6.3.1 Nanowire Waveguides

In order to assemble light-based devices into highly-integrated photonic circuits, an
important step is to develop NW waveguides that can transport light over relatively
large distances from one part of a chip to another, and provide flexible intercon-
nection patterns needed to carry out complex tasks. In this section, we describe NW
waveguides with bends/twists. In 2003, Tong et al. [58] used a flame-heated fiber
drawing method to fabricate long free-standing silica NWs with diameters down to
50 nm and lengths up to tens of millimeters. The NWs did not break when being
bent/twisted, indicating their excellent flexibility and mechanical properties. Light
was launched into these NWs by optical evanescent coupling. The NWs allowed
single-mode operation, and had an optical loss of less than 0.1 dB mm−1. Barrelet
et al. [59] carried out quantitative studies of CdS NW structures showing that light
propagation takes place with only ca. 1 dB loss or less per abrupt bend, after
accounting for loss in the straight portion of the NW. In addition, light can be
guided and coupled efficiently through the sharp bends or turns, defined by crossed
NWs and end-to-end assembled NWs. In 2004, Yang and coworkers [60] used
SnO2 nanoribbons as subwavelength waveguides for light with energies less than
SnO2 bandgap. Freestanding nanoribbons were repeatedly and elastically curved
into loops with radii as small as 5 lm. On appropriately chosen surfaces, single
nanoribbons were easily fashioned into a variety of shapes with the help of NW–

substrate forces to prevent elastic recoil. Depending on ribbon cross-sectional area
and the density of scattering centers, these nanoribbons demonstrated efficient
waveguiding with losses from 1–8 dB/mm at a wavelength of 450–550 nm.
Furthermore, because of their remarkable mechanical flexibility, the SnO2

nanoribbons could be linked to other lasing NWs [61] (e.g. GaN and ZnO) and
plasmonic NWs [62]. Notably, Sirbuly et al. [61] simultaneously guided the output
of two (or more) nanolasers by coupling multiple ZnO and GaN wires to the same
ribbon, establishing the possibility of performing all-NW nonlinear wave mixing
within single nanocavities. In 2008, Park et al. [63] presented an optically or
electrically driven photonic structure that used CdS NWs as photon sources to inject
light into Si3N4 photonic-crystal waveguides. The photonic crystal was used to
either guide or filter out different colors of light. In this work, the authors syn-
thesized CdS/CdSe core/shell NWs consisting of two semiconductor materials, in
which a CdS core emits green light and the CdSe shell emits red. By defining two
photonic-crystal waveguides at either end, two different colors of light were sent in
opposite directions. Later, Xu et al. [64] reported the design and realization of
asymmetric light propagation in single CdSxSe1−x alloy NWs with a composition
gradient along the length the NWs, as schematically shown in Fig. 6.6a. The
bandgap of these NWs can be tuned from 2.4 eV at one end to 1.7 eV at the other
end. Illumination of the entire NW showed that the PL color varied continuously
from green to red along its length (Fig. 6.6b, c). In contrast to homogeneous NW
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waveguides, light propagation along one axial direction of such composition-
graded NWs is different to the propagation along the reverse direction, leading to
asymmetric light propagation (Fig. 6.6d, e).

6.3.2 Nanoscale Light-Emitting Diodes

LED is a two-lead semiconductor light source that resembles a basic p–n junction
diode, except that an LED also emits light [65]. In response to the passage of an
electric current, electrons are able to recombine with holes within the device,
releasing energy in the form of photons. The process is termed as electrolumi-
nescence (EL). In this section, we summarize recent advances in NW LED
assembly, including crossed NW structures, axial and radial heterostructures, and
branched NWs.

6.3.2.1 Crossed Nanowire Structures

Previously, we discussed the formation of NW p–n diodes by crossing a p- and a
n-type NWs. In direct band gap semiconductors, the p–n diode also forms the basis
for the critical optoelectronics devices, such as LEDs [14, 66, 67]. As an example,
Huang et al. [14] fabricated nanoLEDs with colors spanning from the ultraviolet to
near-infrared region of the electromagnetic spectrum. Single- and multicolor
nanoLED devices and arrays are made with colors specified in a predictable way by

Fig. 6.6 a Schematic
diagrams of a
composition-graded NW and
its corresponding bandgap
structure. b SEM image of an
examined composition-graded
NW. c Real-color PL
photograph of the NW under
the illumination of a diffused
405-nm semiconductor laser.
d, e Real-color PL
photographs with local
excitation at one of its ends.
Reproduced from [64].
Copyright 2012 Nature
Publishing Group
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the bandgaps of the III–V and II–VI NW building blocks. As shown in Fig. 6.7a,
nanoLEDs with non-emissive SiNW hole-injectors are used to assemble multicolor
arrays, in which n-type GaN, CdS, and CdSe NWs cross a single p-type SiNW.
Normalized emission spectra recorded from the array demonstrates three spatially
and spectrally distinct peaks with maxima at 365, 510, and 690 nm (Fig. 6.7b)
consistent with band-edge emission from GaN, CdS, and CdSe, respectively. Color
images of EL from the array show the green and red emission from p-Si/n-CdS and
p-Si/n-CdSe crosses, respectively (inset, Fig. 6.7b). In addition, optoelectronic
circuits consisting of integrated crossed NW LED and FET elements have been
assembled (Fig. 6.7c). Specifically, one GaN NW forms a p–n diode with the
SiNW, and a second GaN NW functions as a local gate, as described in the previous
chapter. Measurements of current and emission intensity versus gate voltage
showed that (i) the current decreased rapidly with increasing voltage as expected for
a depletion mode FET, and (ii) the intensity of emitted light also decreased with
increasing gate voltage. When the gate voltage was increased from 0 to +3 V, the
current was reduced from ca. 2200 nA to an off state, where the supply voltage
is −6 V (Fig. 6.7d). The ability to use the nanoscale FET to switch reversibly the
nanoLED on and off has also been demonstrated (inset, Fig. 6.7d).

Fig. 6.7 a Schematic and corresponding SEM image of a tricolor nanoLED array. b Normalized
EL spectra and color images from the three elements. c Schematic of an integrated crossed
NW-FET and LED. d Plots of current and emission intensity of the nanoLED as a function of
voltage applied to the NW gate at a fixed bias of −6 V. (inset) EL intensity versus time relation a
voltage applied to NW gate is switched between 0 and +4 V for fixed bias of −6 V. Reproduced
from [14]. Copyright 2005 John Wiley and Sons
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6.3.2.2 Axial Heterostructures

One of the first demonstrations of axial p–n junctions was made in vertical GaAs
cone-like nanostructures grown epitaxially on GaAs(111)B substrates [68]. These
structures also exhibited light emission by current injection at 77 K and room
temperature. Later, the Lieber group [69] reported the synthesis of n-InP/p-InP
modulation doped NWs and their applications as nanoscale LEDs. In a forward
bias, individual InP NW devices exhibit light emission from p–n junctions, both
highly polarized and blue-shifted due to the 1D structure and radial quantum
confinement, respectively. Kim et al. [70] demonstrated the realization of the
high-brightness and high-efficiency LEDs using dislocation-free InGaN/GaN
MQW NW arrays. A blue-shift of EL occurs, directly with increasing current,
which is attributed to screening of the built-in internal polarization field in the
quantum wells by the injected carriers. Subsequently, Ra et al. [71] reported the
controlled synthesis of InGaN/GaN MQW uniaxial (c-plane) and coaxial (m-plane)
NW heterostructures. The c-plane and m-plane oriented MQW single NWs are
utilized for the parallel assembly fabrication of the LEDs via a focused ion beam.
The electrical properties of m-plane NWs exhibit superior characteristics than that
of c-plane NWs, owing to the absence of piezoelectric polarization fields.
Therefore, high-quality m-plane coaxial NWs can be utilized for the realization of
high-brightness LEDs.

6.3.2.3 Radial Heterostructures

The radial NW concept also offers substantial opportunities for NW LEDs since the
required n- and p-type active materials can be incorporated as the core and shell,
enabling carrier injection or collection over a much larger area than those in crossed
NW devices and axial NW heterostructures [33, 72, 73]. The Lieber group [33, 72]
first demonstrated a general strategy for realizing these photonic nanostructures
through the synthesis of well-defined doped III-nitride-based core-multishell
(CMS) NW heterostructures (Fig. 6.8a). In these materials, a n-type GaN
core and p-type GaN outer shell served as electron and hole injection layers, an
InxGa1−xN shell provided a tunable band gap quantum well for efficient radiative
recombination of injected carriers, and an AlGaN shell was incorporated to enhance
confinement of both carriers and photons in the InGaN active layer. Current versus
voltage characteristics of CMS NW devices with separate contacts to the n-type
core and p-type outer shell show the expected p-n diode current rectification
(Fig. 6.8b). In a forward bias, the devices yield strong light emission with the LED
color dependent on the indium composition in the CMS NW heterostructure that is
defined during synthesis (Fig. 6.8c). Significantly, LED spectra collected from
CMS NW devices with intentionally increasing indium composition demonstrate a
systematic redshift of emission from 367 to 577 nm, covering the short wavelength
region of the visible spectrum (Fig. 6.8d).
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6.3.3 Optically-Pumped Nanowire Lasers

Semiconductor NWs with high optical gain offer promising solutions for lasers with
small footprints and low power consumption. In this section, we introduce the
principles of optically-pumped semiconductor NW lasers, followed by experi-
mental demonstrations categorized by their output wavelengths within UV, visible,
and near-IR spectral ranges, as well as multicolor emissions. For a comprehensive
review of semiconductor NWs lasers, readers can refer to [11].

Fig. 6.8 a Schematic and corresponding band diagram for an n-GaN/InGaN/GaN/p-AlGaN/p-
GaN CMS NW. The InGaN and AlGaN shells are highlighted with yellow and green colors,
respectively. b I-V data recorded from a typical CMS NW device with contacts to the n-core and
p-shell. c Electroluminescence (EL) images of three forward-biased CMS NW LEDs with *15,
30, and 35 % In, showing blue, greenish-blue, and greenish-yellow emission, respectively.
d Normalized EL spectra recorded from five multicolor CMS NW LEDs with 1, 10, 20, 25, and
35 % In (left to right), respectively. Reproduced from [72]. Copyright 2005 American Chemical
Society
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6.3.3.1 Principles of Optically-Pumped Nanowire Lasers

The word laser is an acronym for light amplification by stimulated emission of
radiation. A laser is a device that is able to generate light via optical amplification
based on the stimulated emission of electromagnetic radiation. Generally, three
basic elements are necessary for a laser: an active gain medium that provides optical
gain by stimulated emission, a pumping process to excite the electrons into higher
energy levels to realize population inversion (i.e., the density of excited states is
larger than that of the ground states), and an optical resonant cavity that confines the
photons to create positive optical feedback [74]. In a stimulated emission, the
probability of emission of a photon of a given frequency is enhanced by the
presence of another photon of the same frequency. Therefore, stimulated emission
induced by population inversion leads to an increase in the number of photons to
produce a coherent beam. The realization of a semiconductor NW laser is similar to
that of a bulk semiconductor lasers [11, 75]. The NWs can serve as both the gain
medium, which is optically excited, and flat end facets can act as partially reflecting
mirrors, which provide optical feedback as a Fabry-Perot cavity [76].

6.3.3.2 UV Lasers

Among semiconductor NW materials for lasing in the UV spectral range, ZnO and
GaN have attracted the greatest research interest [77]. In this section, we introduce
several experimental demonstrations of ZnO and GaN NW lasers. ZnO NWs have a
bandgap of 3.37 eV, and a high exciton binding energy (� 60 meV) that ensures
efficient exciton emission above room temperature, making it an ideal candidate for
UV lasing. The first NW laser was reported by the Yang group in 2001, where the
room-temperature laser emission of ZnO NWs (with diameters varying from 20 to
150 nm and lengths up to 10 lm) was demonstrated [78]. Upon optical excitation,
surface-emitting lasing was observed at 385 nm, with an emission line width less
than 0.3 nm. Later, they also reported the first observation of single ZnO NWs
acting as both optical waveguides and lasers, depending on the quality factor of the
NW cavity [79]. In 2003, comb-like ZnO NW structures, with individual ZnO NWs
(whose diameters range from 10 to 300 nm) evenly spaced on a stem with a regular
periodicity of 0.1–2 lm, were constructed to be highly ordered NW ultraviolet laser
arrays, in which each individual ZnO NW serves as a Fabry–Perot optical cavity
[80]. Subsequently, Johnson et al. [81] utilized time-resolved second-harmonic
generation (TRSHG) and transient PL spectroscopy to probe excited carriers
immediately following band-gap excitation in single ZnO NW and nanoribbon
lasers. They demonstrated transient PL consisting of a pump-independent slow
component (free-exciton decay, 75–100 ps) and a significantly faster decay com-
ponent that was correlated with stimulated emission (exciton-exciton lasing,
*10 ps). Zhang et al. [82] measured the absolute light emission intensity, and both
the external and internal quantum efficiency of ZnO NW nanolasers at room tem-
perature. The external differential quantum efficiency reaches 60 % for lasing ZnO
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NWs of 7.5 lm in length, compared to a value of approximately 10 % for PL. The
absolute light emission intensity for individual NWs was found to be in the vicinity
of 0.1 mW. By measuring the dependence of external differential quantum effi-
ciency on the cavity length, the internal quantum efficiency was estimated to be
about 85 %. Later, the influence of annealing on stimulated emission in ZnO
nanorods was reported by Kwok et al. [83]. The lowest lasing threshold and defect
emission as well as the longest spontaneous emission decay times were obtained for
nanorods annealed in oxygen flow, which indicates that interstitial oxygen is not the
dominant defect in hydrothermally grown nanorods. In 2008, Zimmler et al. [84]
presented direct evidence of the transition from amplified spontaneous emission
(ASE) to lasing in optically pumped ZnO NWs at room temperature. The optical
power evolves from a superlinear region (characteristic of ASE) to a quasi-linear
region (characteristic of laser oscillation) as the pump power exceeds threshold,
concomitant with a transition to directional emission along the NW axis and the
emergence of Fabry–Perot cavity modes around a wavelength of *385 nm, the
intensity of which exceeds the spontaneous emission background by orders of
magnitude. In a later work, Gargas et al. [85] used pulsed laser spectroscopy and
UV-confocal microscopy to characterize single vertical NW lasers. As shown in
Fig. 6.9a, the PL spectra (vertically offset) are collected at pump energy densities of
383, 536, 980, 1378, 1454, and 1760 lJ/cm2. The threshold in the 390 nm lasing
spectra is estimated to be 400 lJ/cm2. A 3D mapping of the PL emission intensity
from a single vertical NW on a sapphire substrate is shown in Fig. 6.9b. The X and
Y-axes denote spatial position, whereas the Z-axis represents the PL emission
intensity collected at a set planar position.

Fig. 6.9 a Diagram of a ZnO vertical NW cavity and its corresponding PL images collected along
the NW. Lasing spectra of a single ZnO vertical NW cavity. Left inset power dependence graph
showing lasing threshold at roughly 400 lJ/cm2. Right inset dark-field images of a ZnO NW under
white light illumination (top) and lasing induced by 266 nm pulsed excitation (bottom). b 3D
confocal PL image of a ZnO vertical NW cavity. Inset SEM image of a ZnO vertical NW.
Reproduced from [85]. Copyright 2009 American Chemical Society
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The Wang group used the time-resolved PL to study three types of lasing
mechanisms (i.e., exciton-exciton interaction, bipolaronic exciton condensation,
and plasma) in pure, lightly doped, and heavily doped ZnO NWs [86]. Specifically,
they demonstrated that the dopant concentration may significantly change the
exciton-phonon coupling and the binding energy of excitons. Moreover, it may also
affect the formation of bound excitons and exciton dissociation processes. Thus, all
three types of lasing mechanisms can exist in ZnO NW lasers.

The UV-blue lasing behavior in single GaN NW was first observed in 2002 by
Johnson et al. [87]. Lasing oscillation around 378 nm was observed in a 300 nm
diameter and 40 lm long GaN NW, with evident axial Fabry–Perot cavity modes.
Gradečak et al. [88] also studied GaN NWs with triangular cross sections,
dislocation-free structures, and uniform diameters, which together contributed to
excellent cavity properties, thus reducing the excitation power density (22 kW/cm2)
required for stimulated emission. Combining bottom-up and top-down approaches,
Park et al. [89] constructed a GaN NW emitter with a fabricated Si3N4 stadium
microresonator. The PL from the GaN NW was coupled and confined in the Si3N4

stadium microcavity. Using ultrafast optical pump-probe spectroscopy, Upadhya
et al. [90] studied the influence of defect states on carrier dynamics in GaN NWs
by probing carrier relaxation through the states responsible for yellow lumines-
cence, an undesirable effect that plagues many GaN-based photonic devices
[91, 92]. Lower growth temperature tends to allow more impurity sites in the NWs,
which may trap photo-excited carriers and thus increase the lasing thresholds.
Furthermore, excitation density-dependent measurements reveal a decrease in car-
rier lifetimes with increasing pump power. In 2014, Zhang et al. [93] demonstrated
the first strong room temperature ultraviolet surface plasmon (SP) polariton laser
with an extremely low threshold (*3.5 MW cm−2). The authors found that a
closed-contact planar semiconductor–insulator–metal interface greatly lessens the
scattering loss, and efficiently promotes the exciton–SP energy transfer thus fur-
nishes adequate optical gain to compensate the loss.

In addition to linear NW cavities, a ring-type cavity was formed by manipulating
a GaN NW into a closed loop, and optically connecting both ends via evanescent
coupling (Fig. 6.10a–c), which shows markedly different lasing and spontaneous
emission properties compared to its linear counterpart. As shown in Fig. 6.10d, the
laser-mode emission for the ring structure is substantially red-shifted relative to that
for a linear cavity of similar length. This effect originates from enhanced coupling
efficiencies for longer wavelengths across the overlapping junction, due to an
increase of the electric field penetration depth with increasing wavelength [94].

6.3.3.3 Visible Lasers

CdS (2.42 eV) and CdSe NWs have been the most actively studied materials for
lasing in the visible regime [11]. Detailed temperature-dependent optically-pumped
studies of single CdS NW lasers reveal that a highly efficient exciton-exciton
scattering phenomena was responsible for lasing from 4.2 to 70 K, when the lasing
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mechanism shifts to an exciton-optic phonon scattering mechanism at higher
temperatures [95]. In a later report [96], electric field modulation of visible NW
laser consisting of single CdS NW was achieved using integrated, microfabricated
electrodes. Modulation of laser emission intensity was achieved with no detectable
change in the laser wavelength. The devices can also be operated below the lasing
threshold to modulate the intensity of light propagating within the NW waveguide.
As shown in Fig. 6.11a, electro-optic modulator (EOM) devices with a parallel-
plate structure are used to apply a uniform electric field over a length L of the NW.
Figure 6.11b shows the modulation of the output spectrum of a representative
CdS NW EOM with modulation length (L) of 6 lm and SiO2 dielectric thicknesses
of 50 nm. The 489 nm lasing peak can be modulated by 40 % at 45 V, which is
more than two times the modulation of the emission around 515 nm, while
maintaining no detectable change in the laser wavelength (Fig. 6.11c). In 2011,
Liu et al. [97] presented exciton-related optical studies of CdS nanobelts. The PL
spectrum at 10 K shows rich spectral features identified by means of temperature-
dependent spectral evolution. The strong excitonic emission in the samples enables
the observation of random lasing action at room temperature. Geburt et al. [98]
investigated the synthesis of various CdS nanostructures (bands, wires, irregular
structures) and further investigated the lasing properties and necessary length-
diameter relations for lasing of individual CdS NWs. Furthermore, CdSe NWs, with
a bandgap of 1.74 eV, have also been used to realize red-color (around 710 nm
wavelength) lasing [99, 100].

6.3.3.4 Near-IR Lasers

NW laser emission and waveguides with near-infrared (NIR) wavelengths are of
interest given their potential suitability for applications in optical communications
[11]. However, it has been challenging to obtain NIR NW lasers because a large

Fig. 6.10 a Schematic of ring and waveguiding analogy to coupled photonic molecule.
b, c Dark-field images of a linear NW cavity and a ring-type NW cavity. d Comparison of
lasing emission from ring and cavity geometries. Inset integrated area under ring modes, indicated
by arrows. Reproduced from [94]. Copyright 2006 American Physical Society
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Fig. 6.11 a Diagram indicating the excitation site, region of field modulation, and observed NW
end. At right, superimposed PL image (recorded below laser threshold) and white-light optical
micrograph of a representative CdS NW EOM-laser device. Numerals 1 and 2 indicate excitation
site and observed NW end, respectively. b Emission spectra of a CdS NW laser showing effect of a
30 V signal. c Modulation versus V at the two indicated wavelengths for the EOM-laser in (b).
Reproduced from [96]. Copyright 2005 AIP Publishing LLC
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fraction of the optical modes exist outside of the NWs for reasonable diameters,
which increases propagation losses, and there is relatively poor reflectivity at the
end facets. In 2006, Chin et al. [101] reported the first NIR NW lasing using
subwavelength GaSb wires with a cross-sectional dimension of 700–1500 nm and
lengths of 10–70 lm dispersed on a sapphire substrate. The measured lasing
emission centered around 1553 nm. In the subsequent studies, the Fukui group also
investigated GaAs, InP, and GaAs/GaAsP NIR NW lasers [102–104]. As an
example, GaAs (1.424 eV) is an important NIR lasing material; however, a high
density of surface states leads to strong decay of its emission quantum yield,
making it difficult to realize GaAs NW lasers. In 2007, Hua et al. [102] investigated
Fabry-Perot cavity effects in a single GaAs NW (320 nm in diameter, 4.5 lm in
length), although the cavity losses were too large for lasing. After effectively
passivating the surface states of a GaAs NW (290 nm in diameter, 2.8 lm in
length) by a 50 nm GaAsP coating layer, the authors fabricated a high-quality
optically active single GaAs/GaAsP coaxial core-shell NW, and realized 817 nm
lasing under laser pulse excitation [104].

6.3.3.5 Wavelength-Tunable Lasers

In the previous sections, NW lasers for several homogeneous binary semiconduc-
tors have been discussed, where the lasing wavelengths correspond approximately
to the fundamental bandgap energies of the respective homogeneous NW materials.
The distinct NW bandgaps led to lasing over a relatively wide range of discrete
wavelengths but did not enable continuous tuning in emission color. To address this
issue, several research groups studied wavelength-tunable lasing in alloy systems.
In 2005, Liu et al. [105] reported the first wavelength-controlled semiconductor
NW lasers using ternary alloy ZnxCd1−xS nanoribbons, which allows systematic
variation of the bandgap of ZnxCd1−xS from 2.42 eV for CdS to 3.7 eV for ZnS,
and showed that it was possible to sustain lasing emission continuously in two
spectral regions, 485–515 and 340–390 nm, by controlling the composition x close
to CdS (0.25 � x � 0) and ZnS (0.75 � x � 0), respectively. Following this
work, the synthesis of single crystal ternary CdSxSe1−x nanobelts and the obser-
vation of their color-tunable PL emission from green (*500 nm) to the
near-infrared (*700 nm) was also demonstrated [106–110]. For example, by
controlling local substrate temperature in a CVD system, Pan et al. [109] achieved
spatial composition grading covering the complete composition range of ternary
alloy CdSSe NWs on a single substrate of 1.2 cm in length. Figure 6.12a and b
show real-color photographs of a quartz substrate with the as-grown NWs under
regular room lighting (a) and under a 266 nm UV laser illumination (b), respec-
tively. Figure 6.12c presents five SEM images taken from selected spots along the
sample length, as indicated by the white spots in Fig. 6.12b. The as-grown sample
shows the color change gradually from light-yellow (similar to CdS) to dark
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(similar to CdSe) along the sample length direction, while the PL spectra exhibits
the color change from green (consistent to the PL color of CdS) to red (consistent to
the PL color of CdSe) along the same direction. These results indicate the formation
of composition graded CdSSe alloys on a single substrate. Zapien et al. [111]
and Luan et al. [112] have also shown that II–VI nanoribbons (CdSXSe1−X and
ZnYCd1−YS) are capable of room-temperature lasing over the NIR to UV spectral

Fig. 6.12 a, b The real-color photographs of a quartz substrate with the as-grown spatially
composition-graded CdSSe NWs under room lighting (a) and under UV laser illumination
(b) (266 nm). Size of the substrate: 0.3 � 1.2 cm. c The SEM images taken at the white spots in
panel b. d PL spectra collected at different locations along the substrate length. Reproduced from
[109]. Copyright 2009 American Chemical Society. e A real-color photograph of a representative
nanoribbon lateral heterostructure illuminated with a 405-nm laser. f PL spectra collected along the
dashed line in (e). Reproduced from [113]. Copyright 2012 American Chemical Society. g PL
spectra collected from four representative 26MQW NW structures with increasing In composition
pumped at *250 and *700 kW cm−2, respectively. Reproduced from [34]. Copyright 2008
Nature Publishing Group
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range with CdSxSe1−x nanoribbons lasing from NIR (710 nm) to green (510 nm) as
x changes from 0 to 1, and ZnYCd1−YS nanoribbons lasing from green (510 nm) to
UV (340 nm) as Y varies from 0 to 1. In addition, Xu et al. [113] reported the
growth of new CdSxSe1−x-CdS nanoribbon lateral heterostructures, with
composition-tunable alloy CdSxSe1−x at the center and epitaxial CdS at the lateral
sides. Under laser excitation, the emission of these ribbons indicates sandwich-like
structures along the width direction, with characteristic red emission in the center
and green emission at both edges (Fig. 6.12e, f). The spacing of the lasing wave-
length of these nanoribbon lasers can be continuously tuned by controlling the
composition and bandgap of the central CdSxSe1−x in the ribbons.

In previous examples of NW lasers, the NWs functioned as both the gain
medium and optical cavity. However, Qian et al. [34] showed that decoupling the
gain medium and cavity can offer advantages over homogeneous NW structures for
designed laser wavelength output in parallel with independent optimization of the
cavity. For example, they designed multi-quantum-well (MQW) NW structures
composed of a GaN NW core, which functions as the primary part of the optical
cavity, and epitaxial InGaN/GaN MQW shells, which serve as the composition-
tunable gain medium. Optical excitation of individual MQW NW structures yield
lasing with emission engineered from 365 to 494 nm through modulation of
quantum well composition (Fig. 6.12g).

Recently, organic-inorganic perovskite material was introduced as a new system
for NW lasers. Zhu et al. [114] studied room-temperature and wavelength-tunable
lasing from single-crystal lead halide perovskite NWs with very low lasing
thresholds (220 nJ cm−2) and high quality factors (Q * 3600). The lasing
threshold corresponds to a charge carrier density as low as 1.5 � 1016 cm−3.
Kinetic analysis based on time-resolved fluorescence revealed little charge carrier
trapping in these single-crystal NWs and yielded estimated lasing quantum yields
approaching 100 %.

6.3.3.6 Single-Mode Lasers

Semiconductor NW lasers usually exhibit multimode behaviors (i.e., emitting at
multiple frequencies simultaneously) corresponding to the longitudinal modes of
the NW Fabry–Perot cavities. In order to control the laser to oscillate at a single
frequency, Xiao et al. [115] introduced an approach of coupling NW cavities by
folding NWs into loop mirrors (LMs). According to the Vernier effect, when two
sets of Fabry–Perot modes interact coherently with each other, only the modes that
share the same frequencies will be observed in the lasing spectra. By having a
single NW forming a small loop at one end, single frequency lasing with high
suppression ratio (against the neighboring modes) around a wavelength of 738 nm
was demonstrated in CdS NWs (Fig. 6.13). This form of wave coupling is highly
sensitive to geometric parameters such as inter-NW distances, lengths of the cou-
pled segments, and perimeters of the NW loops. Shortly after, the same group [116]
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proposed another approach to enable single-mode lasing in coupled CdSe NW
cavities, this is, coupling two CdSe NWs to form an X-structure coupled cavity
for mode selection. Xu et al. [117] placed GaN NWs with different lengths
side-by-side in contact to form a coupled cavity through nanoprobe manipulation.
An alternative approach to achieve single-mode lasing is to construct two Fabry-
Perot cavities that are axially coupled through an air gap [118]. The precisely
defined smooth end-faces and inter-cavity gap widths (as narrow as 30 nm) on GaN
NWs provide strong coupling between different cavities while maintaining low
diffraction loss of the NWs. Single-wavelength lasing can be observed from the
coupled cavity, and each component NW emits laser at multiple wavelengths when
they are separated.

Fig. 6.13 SEM images and lasing spectra of single-NW structures a without LM, b with one LM,
and c with double LMs. The top lines represent lasing spectra obtained at pump fluence well above
the threshold, while the bottom lines represent the spectra obtained near the threshold. Reproduced
from [115]. Copyright 2011 American Chemical Society
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6.3.4 Electrically-Pumped Nanowire Lasers

Despite the excitement generated from the first demonstration of optically pumped
NW lasers, it has been critical to achieve electrical injection NW lasers in terms of
most technological applications. The first demonstration of electrically-pumped
NW lasers was reported in 2003 [119]. To enable electrical injection of carriers in a
NW optical cavity, n-CdS NWs were assembled on heavily doped p-Si substrates
and contacts to CdS were fabricated by lithographic techniques (the p-Si substrate
functioned as the second electrode), as shown schematically in Fig. 6.14a. A thin
layer of Al2O3 is deposited in between the top and bottom contacts to force the
current through the p-Si/n-CdS diode formed at the NW-substrate junction. The
device under a low forward bias, produces EL with a broad featureless spectrum
from the exposed NW end (Fig. 6.14b, c). Upon increasing the forward bias voltage
or injection current, the electroluminescence spectrum quickly collapses into single
mode lasing line at 493 nm with instrument resolution limited line-width of 0.7 nm,
clearly demonstrating the possibility of electrically pumped lasing in NW optical
cavities. In several other subsequent reports, ZnO NWs have been proved to be
efficient electrically-pumped ultraviolet lasers [120–123]. For example, Chu et al.
[121] demonstrated electrically pumped Fabry–Perot type waveguide lasing from
laser diodes that consisted of Sb-doped p-type ZnO NWs and n-type ZnO thin
films. By coating a MgO layer, which serves as electron blocking, hole supplying
and surface passivation layer, electrically pumped near-ultraviolet lasing has been
achieved in a metal/insulator/semiconductor (MIS) laser diode based on ZnO/MgO
core/shell NWs [122]. Recently, the Mi group [124] reported the fabrication
and performance of electrically driven lasers based on AlGaN core–shell NWs.

Fig. 6.14 a Schematic showing the NW electrical injection laser device structure. In this
structure, electrons and holes can be injected into the CdS NW along the whole length from the top
metal layer and the bottom p-Si layer, respectively. b Top panel shows an optical image of a laser
device and the arrow highlights the exposed CdS NW end. Bottom panel shows an
electroluminescence image recorded from this device. The dashed line highlights the NW
position. c Electroluminescence spectra obtained from the NW end with injection currents of 120
lA (red, below lasing threshold) and 210 lA (green). The black arrows highlight F–P cavity
modes with an average spacing of 1.83 nm. The green spectrum is shifted upwards by 0.15
intensity units for clarity. Reproduced from [119]. Copyright 2003 Nature Publishing Group
(Color figure online)
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These lasers emit across the entire ultraviolet AII band (320–340 nm) and work at a
low temperature of 6 K. Because of the diffusion-driven compositions within the
NWs, electrons and holes recombine more efficiently than usual.

6.3.5 Photodetectors

Photodetectors can sense incident photons, and are critical to many areas of science
and technology [125]. Homogeneous NW photoconductors are the simplest
configuration of NW-based photodetectors [18, 126]. The unique properties of
individual NWs, such as light polarization sensitivity, light absorption enhance-
ment, and internal photoconductive gain, can be exploited for the realization of
efficient devices such as optical switches and interconnects, near-field imaging, and
high-resolution detectors. Apart from NW photoconductors, other one-dimensional
photodetector structures based on semiconducting or superconducting NWs are
being actively investigated for efficient conversion of optical to electrical signals. In
this section, we present NW photodetector concepts demonstrated in previous
literature, including photodiodes, phototransistors, and detectors based on super-
conducting NWs. Several comprehensive reviews about NW photodetectors can
be found in [127].

6.3.5.1 Photodiodes

Photodetection has been realized in diodes consisting of homo- and heterogeneous
semiconductor NW junctions, either formed within single NWs during growth or as
crossed NW configurations [128–132]. In the case of the n-CdS/p-Si crossed
avalanche photodiode, a photocurrent increase (IPC/Idark) of *10,000 times higher
than in individual n-CdS or p-SiNW photoconductors has been observed, due to
avalanche multiplication at the p-n crossed NW junction, with multiplication factors
as high as M = 7 � 104. It has been demonstrated that the NW avalanche photo-
diodes (APDs) have ultrahigh sensitivity with detection limits of less than 100
photons, and subwavelength spatial resolution of at least 250 nm [131]. Later, the
same group [132] obtained similar sensitivity in the case of the axial p-i-n SiNW
avalanche photodiodes, with multiplication factors in excess of ca. 30. Interestingly,
electron- and hole-initiated avalanche gains are separately measured by localized
photoexcitation of the p-type and n-type regions, yielding multiplication factors
of ca. 100 and 20, respectively. Furthermore, metal-semiconductor junctions (i.e.,
Schottky junctions) [133–135] can also be used as photodiodes, where the electrons
excited in the metal and the electron–hole pairs generated in the semiconduc-
tor can both contribute to the photocurrent. As an example, Gu et al. [134]
reported the application of a near-field scanning optical microscope (NSOM) to
map the local photocurrent in individual CdS NWs configured as metal-
semiconductor-metal (MSM) photodetectors. The NW MSM photodetectors
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exhibited photocurrents *105 larger than the dark current under uniform
monochromatic illumination. Under local illumination, the photoresponse was
localized to the near-contact regions.

6.3.5.2 Phototransistors

A phototransistor is a bipolar or unipolar transistor where light can reach the base,
creating optically generated carriers. Upon illumination, the base-collector junction
can be modulated, resulting in an amplified current, which can lead to much greater
photosensitivity. In 2002, Fujiwara et al. [136] demonstrated the detection of single
electrons and single holes in SiNW transistors using an electron-hole system.
Photogenerated carriers were stored in a quantum dot electrically formed in a SiNW
by a front gate. The stored charges affected the current of the complementary
carriers that flow along the bottom of the SiNW. A linear photoresponce of
single-charge generation was observed. Later, the Park group [133, 137] reported
both Si and Ge NW-FETs as polarization-sensitive, high-resolution light detectors
in the visible range.

6.3.5.3 Superconductor Nanowire Photodetectors

Another photodetetector concept that makes use of the unique geometrical prop-
erties of NWs is that of superconducting NW photodetectors, which are able to
perform single-photon counting with exceptional sensitivity and time resolution
at near-infrared wavelengths. Demonstrations of this concept have focused on
NbN NWs with typical dimensions of � 5 nm thickness and 50–200 nm width
[138–143]. The working principle of superconducting NW detectors is described as
follows [144]: the NW is maintained well below its superconducting critical tem-
perature, Tc, and direct current biased just below its critical current. The absorption
of a photon with energy higher than the superconducting energy gap creates a local
nonequilibrium perturbation with a large number of excited hot electrons, which
increases the average electron temperature above Tc and results in the formation of a
hotspot—a local nonsuperconducting region. The local current density in the
sidewalks increases beyond the critical current density and forms a resistive barrier
across the width of the NW. The sudden increase in resistance from zero to a finite
value generates a measurable output voltage pulse across the NW.

6.4 Future Directions and Challenges

Chemically synthesized NWs have witnessed a substantial interest in the past
decade for building up photonic devices, and have been demonstrated for a host of
photonic building blocks that exhibit sub-wavelength optical functionalities, such as

168 6 Nanophotonics



light emission, lasing, waveguiding and nonlinear optical mixing. Nonetheless,
enormous challenges still remain to realize arrays of devices and circuits from these
unique NW materials.

First, it is still challenging to achieve the accurate control of NW growth,
including geometric perfection, size dispersion, and shape control, which are critical
for developing high quality photonic devices due to, for example, changes in light
confinements in these subwavelength structures. Second, although the 1D nanosized
feature of NWs is appealing for high optical quality, these NWs have a significant
external surface area, which potentially introduces a high density of surface-trap
states that reduce desired radiative quantum yields (i.e., emission efficiency). Thus,
proper passivation of those surface states should be considered to optimize the
NW-based solid-state lighting. Third, compared to monolithic structures defined by
lithography the efficiency of light coupling between adjacent NWs has been low.
A potential approach to improve this coupling efficiency will be to grow branched
NW structures with clean and crystalline interfaces. Fourth, quantitative and critical
comparisons between NW photonic structures and conventional thin-film tech-
nologies, in terms of efficiency, fabrication cost and stability, is still lacking. Such
benchmarking is important to evaluate whether this new class of nanostructures is a
viable candidate for future generation of photonic technologies as commonly pro-
posed, or perhaps, a new direction not yet envisioned where the unique properties
can be better exploited. We suggest this avenue of thought and investigation, for
example taking advantage of unique size and assembly capabilities to make very
nontraditional free standing and three-dimensional structures, may yield the most
impact in the future perhaps at the interface between nanophotonics, nanoelectronics
and biology.
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