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ABSTRACT Single crystalline semiconductor nanowires are be-
ing extensively investigated due to their unique electronic and
optical properties and their potential use in novel electronic
and photonic devices. The unique properties of nanowires arise
owing to their anisotropic geometry, large surface to volume
ratio, and carrier and photon confinement in two dimensions
(1D system). Currently, tremendous efforts are being devoted to
rational synthesis of nanowire structures with control over their
composition, structure, dopant concentration, characterization,
fundamental properties, and assembly into functional devices.
In this article we will review the progress made in the area of
nanowire optics and optoelectronic devices, including diodes,
lasers, detectors, and waveguides, and will outline the general
challenges that must be overcome and some potential solutions
in order to continue the exponential progress in this exciting area
of research.

PACS 78.67.-n; 78.60.Fi; 78.55.-m; 42.55.-f; 78.67.Lt

1 Introduction

The shrinking of devices to smaller length scales
in the microelectronics industry is becoming prohibitively
expensive due to the physical limits imposed by standard
lithography techniques [1]. As miniaturization of organized
objects and devices remains the cornerstone for creating
systems with enhanced functionality (greater computational
power and speed, etc.), it is becoming increasingly clear that
non-traditional approaches for creating and assembling de-
vices will provide the keys to unlocking the limitless potential
of next-generation computing, as well as new opportuni-
ties across scientific disciplines [2, 3]. Chemists traditionally
have been working on arranging and manipulating matter at
the atomic scale with exquisite control over the spatial ar-
rangement of atoms to form novel molecules. Utilizing such
a “bottom up” paradigm to create and assemble devices from
a specific arrangement of atoms or molecules has the po-
tential to overcome the limitations of the conventional “top
down” lithographic approaches by providing a methodology
for control over lattice compositions, scaling of devices to the
molecular scale, and minimal surface roughness. In particular,
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semiconductor nanowires (NWs) and nanotubes (NTs) offer
a unique approach for the bottom-up assembly of electronic
and photonic devices with the potential for on-chip integration
of non-silicon based photonics with silicon nanoelectron-
ics [4-9]. The unique geometries of NWs and NTs enable
them to function as both active device elements and intercon-
nects, which can lead to highly integrated device structures.
However, the inability to control the electronic properties of
NTs during synthesis and the difficulties associated with ma-
nipulating individual NTs presents a significant challenge in
developing NT-based integrated devices.

By contrast, the ability to rationally synthesize NWs with
precisely controlled and tunable chemical composition, size,
structure and morphology and to accurately dope them with
both p and n type dopants has opened up opportunities for
assembling almost any kind of functional nanosystem rang-
ing from integrated solid-state photonics and electronics to
biological sensors [10—17]. For example, NWs have been or-
ganized into field effect transistors [18], bipolar junction tran-
sistors [19], integrated logic calculators [20], high frequency
ring oscillators [21], and even sensitive biological and chem-
ical sensors [22], with detection limits down to single virus
sensitivity [23]!

Nanowire optics is a particularly exciting frontier due
to the ability to precisely control nanowire composition
and hence the resulting bandgap, which cannot be ac-
complished with nanotubes. NWs synthesized from direct
bandgap semiconductors have shown tremendous promise
for assembling subwavelength nanophotonic devices for
the generation, waveguiding, and detection of light at the
nanoscale [24]. Nanophotonic devices such as light emitting
diodes (LEDs) [25], waveguides [26, 27], electrically driven
single NW lasers [28], photodetectors [29, 30], and avalanche
photodiodes (APDs)[31], have all been successfully demon-
strated. NW-based photonic systems in addition to miniatur-
ization of devices provide many interesting and novel device
concepts in comparison to planar technology. The potential
for co-assembling nanoscale light sources and detectors, fab-
ricated 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. In this article, we will review the signifi-
cant progress made in the field of semiconductor NW optics
and photonic devices and discuss the scientific and technical
challenges that lie ahead.
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2 Nanowire synthesis, characterization
and assembly

Rational synthesis of nanostructures with precise
control over geometric parameters and chemical composi-
tions is the most fundamental factor for creating, understand-
ing, and developing the bottom up paradigm for future tech-
nologies. NWs are typically synthesized by the vapor-liquid—
solid growth mechanism, in which a metal nanoparticle func-
tions as a catalyst for one-dimensional wire growth [10, 11,
32]. The gas phase reactants mix with the catalyst to form
a supersaturated melt, at which point the reactants precipitate
via nucleation, and subsequent axial elongation of a crys-
talline NW occurs. Single crystalline NWs can be synthesized
with excellent control over geometric parameters, chemical
composition, and dopant concentration from practically any
semiconducting material including complex ternary and qua-
ternary materials with diameters ranging from few nanome-
ters to 200 nm and lengths ranging from few micrometers to
100 um with typical aspect ratios of 103 [6, 7].

One of the grand challenges of nanoscience is directed
assembly of nanoscale components into functional, large
scale hierarchical architectures. Integration of nanoscale
components into useful devices is non-trivial and requires
placing them into specific locations with desired configu-
rations. Current efforts in assembly of nanostructures have
focused on techniques such as flow alignment using microflu-
idic channels [33], lithographically patterned substrates [34],
Langmuir-Blodgett films [35], magnetic [36] and electric
field assisted alignment [37]. These techniques have the po-
tential for assembling nanoscale components into large scale
regular arrays; however they lack the ability to place indi-
vidual components into precise locations. An ideal assembly
technique would be one that enables precise spatial position-
ing of individual components with the potential for large scale
parallel processing. Recently progress has been made toward
this goal by assembling NWs in solution with arrays of holo-
graphic optical traps (HOTs) [38]. The HOT technique can
create hundreds of individually controlled optical traps with
the ability to manipulate objects in three dimensions in real
time. It has been recently demonstrated that multiple NWs can
be trapped simultaneously with control over individual NWs
such that they can be isolated, translated, rotated, fused, cut
and sequentially deposited onto substrates with HOT arrays.
The exciting opportunities provided by the HOT technique
in combination with other physical or chemical based as-
sembly techniques will be crucial for creating large-scale
integrated yet precisely constructed functional nanosystems
in the future.

3 Optical properties of nanowires

Photoluminescence (PL) data collected from indi-
vidual direct-bandgap NWs can reveal a wealth of informa-
tion, both in terms of characterization of the material and
optical properties such as band-edge emission, trap states,
radiative efficiency, carrier and photon confinement [24, 28,
39-49]. A large number of manuscripts have been published
reporting the optical properties of NWs and the emerging
picture is that individual growth methods and conditions
severely affect NW optical properties in terms of emission
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intensity, spectral width and peak, and the presence of long
wavelength components from impurity states that emit ra-
diatively. A variety of NWs made from materials including
ZnO [40], ZnS [41], GaN [42], CdS [28,46], CdSe [43],
ZnSe [44], InP [45], and GaAs [46], have been extensively
studied by steady state and transient PL spectroscopy. 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 reveals critical in-
formation about the quality of the NWs with narrow widths
(~20-30 nm) corresponding to high optical quality of NWs
(most likely due to better surface properties, and fewer shal-
low impurities). For example as shown in Fig. 1b, PL from
high-quality CdS NWs typically has a width of ~25 nm [28]
in comparison to GaAs [46] or InP NWs [45] which may
have widths ranging from 50—100 nm. This difference is due
to the better surface properties of II-VI materials (Fig. 1a)
in general in comparison to III-V materials, and since the
NWs have high surface area, it affects its optical properties
more dramatically than bulk systems. Similarly, the pres-
ence of deep traps in the NW material leads to emission at
wavelengths much longer than the band-edge emission, and
can be minimized by optimizing growth conditions for al-
most all NW materials. Low-temperature PL spectroscopy on
CdS [49] and ZnO NWs [24] reveal strong emission from
exciton states, which attests to the high optical quality of
NWs grown by relatively inexpensive techniques in compar-
ison to molecular beam expitaxy and other ultra-high vac-
uum techniques. Transient PL spectroscopy of high quality
NWs [49, 50] has typically revealed rapid sub-nanosecond ex-
cited state decay lifetimes (Fig. 1¢), which is also a strong
indicator of the presence of fewer trap states which other-
wise would cause multi-exponential excited state decay with
extremely long (nanoseconds to microsecond) timescales.
Needless to say, narrow and spectrally pure PL spectra of
NWs are extremely critical for creating efficient photonic
devices.

Optical absorption and emission from NWs has been
found to be predominantly polarized along the long axis of the
wires [29]. The observed polarization anisotropy is a purely
classical phenomenon arising from the anisotropic geometry
of the NWs — where the diameter of the wire is much smaller
than the wavelength of light but the length is much larger
— and also due to the large dielectric mismatch between the
free standing NW and its surrounding environment. Polar-
ized emission from free standing NWs is a very general phe-
nomenon and has been observed on a variety of NW sys-
tems with polarization anisotropy determined largely by the
NW dielectric constant than its physical dimensions [50, 51].
For InP the polarization ratio was reported to be as high
as 90% (epp = 12.4) [29] whereas for CdS the ratio is ~ 60%
(ecgs = 7.2) [31] and was relatively insensitive to the NW
diameter and length (Fig. 1d).

PL from NWs also exhibit quantum confinement phenom-
ena due to the radial confinement of carriers if the diameter
of the NW becomes comparable to the exciton Bohr radius of
the semiconductor. In InP NWs, a systematic blue shift of PL
emission was observed from 900 nm (d ~ 60 nm) to 800 nm
(d ~ 10nm) and was quantitatively explained by an effect-
ive mass model using particle-in-a-cylinder wave functions
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FIGURE 1 (a) SEM image of CdS NWs grown on
a Si substrate. The top inset is a TEM image of
3: a CdS NW with a Au catalyst at the tip. The bottom
inset is a high resolution TEM image showing the
lattice-resolved image of CdS NW. Scale bar, 10 nm.
= (b) PL spectrum of a single CdS NW excited with
© a 266 nm wavelength laser source. (¢) Transient PL
;m decay of a single CdS NW excited with a frequency
@ dl- doubled, 250 fs Ti: sapphire laser pulse. (d) Polariza-
i) tion dependent PL intensity of a single CdS NW with
= the polarizer placed in front of the CCD detector.
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for carriers [45, 52]. The prospect of tuning the electronic and
optical properties of NWs with size offers tremendous oppor-
tunities for fundamental studies of low dimensional systems
and assembly of novel devices utilizing quantum properties of
the system.

If the diameter of the NW exceeds the wavelength of
light that can propagate in a medium (~ A/2n, where X is
the wavelength of light in vacuum and » is the refractive
index of the NW material), then the PL image of NWs uni-
formly excited by light reveals enhanced emission from the
NW ends (Fig. 2a) [28]. If a sharply focused laser is used
to excite the NW, then emission is observed only from the
laser excitation area and from the NW ends, which shows
that NWs can function as efficient optical waveguides (Fig. 2b
inset). The large dielectric mismatch between the NW and
its surrounding environment causes tight photon confinement
in sub-wavelength sized NWs, and light can be waveguided
over large distances with very little loss [24,28]. The PL
spectrum from the NW body vs. NW ends reveals very in-
teresting differences as shown in Fig. 2b: emission from the
NW body was observed to be featureless whereas the NW
end showed periodic modulation in emission intensity. The
modulated spectrum from NW ends is due to the Fabry—Perot
optical cavity modes of the NW because the ends of the NW,
which can be perfectly cleaved via a mild sonication process,
act as partially reflecting mirrors that provide optical feedback
and hence create standing optical waves in the NW cavity. The
mode spacing was observed to be inversely proportional to
the length of the NW, as expected for a Fabry—Perot cavity.
The observation of Fabry—Perot modes in single NW optical
cavities suggests that lasing can be sustained in NWs. Indeed,
lasing stimulated by optical pumping in epitaxially grown en-
semble of ZnO NWs was first reported by P. Yang’s group
at Berkeley [53], followed by observation of lasing in indi-

vidual ZnO NWs [54]. Subsequently there have been many
reports of lasing in single NWs from different materials in-
cluding CdS [28], GaN [55], and ZnS [56]. Figure 2¢ shows
the collapse of a broad PL spectrum to single mode lasing
above the lasing threshold under intense optical excitation.
Lasing was only observed from NW ends and not from the
NW body, which is consistent with the fact that an optical
feedback mechanism is necessary for lasing.

Detailed temperature-dependent optically-pumped stud-
ies of single CdS NW lasers revealed that a highly efficient
exciton—exciton scattering phenomena is responsible for las-
ing from 4.2K until 70 K, whence the lasing mechanism
shifts to an exciton—optic phonon scattering mechanism at
higher temperatures [49]. Nevertheless, the mechanism of
lasing in CdS N'Ws remained exciton-based at all tempera-
tures, in comparison to the formation of electron-hole plasma,
which are created at very high carrier densities due to the
screening of excitons that leads to their dissociation into free
carriers [57]. Exciton-based lasing in CdS NWs shows that
NWs can form efficient cavities to sustain lasing at low thresh-
old powers. This was quantitatively shown by the tempera-
ture dependence of the lasing threshold in CdS NWs, and it
was observed that the threshold power for NW lasers is ~ 10
times less sensitive to temperature than CdS platelets [58].
The less temperature dependence of lasing threshold power
and exciton-based lasing is likely due to very strong pho-
ton confinement (~50% mode confinement) in NW cavities,
which leads to excellent overlap of the optical mode with
optically pumped carriers, a desirable feature for any semi-
conductor laser. These studies also demonstrated that detailed
optical studies provides a powerful tool to unravel the vari-
ous complex mechanisms operative in NWs and will aid in
the development of more efficient lasers and other photonic
devices.
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FIGURE 2 CdS NW optical and electrically pumped laser. (a) PL image of a single CdS NW showing enhanced emission from the two ends. (b) PL spectra
obtained from the CdS NW body (blue) and end (green). (¢) Emission intensity and FWHM of emission peaks versus laser pump power. The emission intensity
from the nanowire body (blue) is approximately linear in pump power, whereas the emission from the nanowire end (green) exhibits superlinear behavior
above the lasing threshold. The FWHM (red) has a nearly constant value of about 12 nm at low powers, and abruptly narrows to the instrument-resolution value
above the lasing threshold. The inset is the lasing spectrum of a CdS NW. (d) Schematic showing the NW electrical injection laser device structure. In this
structure, electrons and holes can be injected into the CdS nanowire along the whole length from the top metal layer and the bottom p-Si layer, respectively.
(e) Top panel shows an optical image of a laser device and the arrow highlights the exposed CdS nanowire end. Scale bar, 5 pm. Bottom panel shows an
electroluminescence image recorded from this device. The dashed line highlights the nanowire position. (f) Electroluminescence spectra obtained from the
nanowire end with injection currents of 120 LA (red, below lasing threshold) and 210 pA (green). The black arrows highlight Fabry—Perot cavity modes with
an average spacing of 1.83 nm. The green spectrum is shifted upwards by 0.15 intensity units for clarity. Adapted from [28]

Nanowire optoelectronics

4.1 Electrical generation of light at the nanoscale
using subwavelength sources

Despite the excitement generated from the first
demonstration of optically pumped NW lasers, it is desir-
able that lasing in NWs be achieved by electrical injection
for its tremendous technological relevance. To achieve las-
ing by electrical pumping, efficient injection of carriers in the
NW cavity is required. Crossed-NW devices have been previ-
ously configured as very efficient p—n junction diodes where
rectification of current is clearly observed [19]. If the diode
is assembled with a direct bandgap semiconductor NW, then
under forward bias light emission is observed from the NW
crossing point, where the diode junction is formed and carrier
injection and recombination takes place [25]. This concept
was first demonstrated for crossed p—n InP NWs and later ex-
tended to other materials [25, 59]. Efficient nanoscale LEDs
can also be formed between p-Si NWs crossed with NWs
made from an n-type direct bandgap material [60], but owing
to the localized injection of charges and subsequent heat gen-
eration at the nanoscale cross-point the devices could not be
pumped above lasing threshold. It was clear that uniform in-
jection of carriers along the NW length would be required to
achieve electrical pumped lasing.

To enable uniform injection of carriers in a NW opti-
cal cavity, n-CdS NWs were assembled on heavily doped
p-Si substrates and contacts to CdS were fabricated by litho-
graphic techniques (the p-Si substrate functioned as the sec-
ond electrode) as shown schematically in Fig. 2d [28]. A thin
layer of Al,O3 was 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 low
forward bias, produced EL with a broad featureless spec-
trum from the exposed NW end (Fig. 2e, f). Upon increas-
ing the bias, the EL spectrum quickly collapsed 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. Im-
plicit in this demonstration is the integration of a photonic
device with conventional silicon microelectronics, which is
otherwise challenging with planar semiconductor technology.
Electrically driven lasing in single NWs represents a novel
and powerful approach for assembling highly integrated pho-
tonic devices with the potential to co-assemble diverse ma-
terials such as GaN, ZnO, CdSe, and InP [60] on a common
platform to produce lasers and other photonic devices that can
cover the entire optical spectrum ranging from the UV to the
infrared.

4.2 Manipulation of light at the nanoscale

The demonstration of waveguiding in subwave-
length scale NWs suggests a promising approach for guid-
ing light at the nanoscale from one part of the chip to an-
other over large distances and in performing key tasks such
as communication, computing, and sensing [26,27]. Rout-
ing of the optical signal can be achieved by coupling sub-
wavelength waveguides directly to the active elements such
as LEDs, lasers and detectors. The efficiency of waveguid-
ing in NWs excited by optical excitation was estimated by
measuring the loss of output intensity at the other end of
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the long nanowire with efficient waveguiding observed over
0.5 mm distance [26, 27, 61]. It was noted that the propagation
losses were significantly less compared to other waveguid-
ing technologies including plasmonic stuctures [27]. Efficient
coupling between waveguides is essential to assemble com-
plex NW optical networks for computing and communica-
tion applications. It was observed that the coupling strength
of the optical linkages formed when NWs are brought into
intimate contact depends on the volume of interaction and
the angle of intersection [26, 27]. By using efficient coupling
schemes, it has been demonstrated that the lasing emission
from NWs can launch pulses of light through other wave-
guides that are up to a millimeter in length. In addition, waveg-
uiding in NWs in a liquid environment was demonstrated,
which may provide a unique approach for optics-based sens-
ing in solution [61].

Efficient coupling of light into subwavelength waveguides
has been a challenge for all systems such as plasmonic and
photonic crystal guides, and includes techniques such as using
fiber tapers or evanescent wave coupling. In NWs, waveguide
modes can be excited by electrical injection of carriers in a p—
n junction diode configuration (discussed above) [28] and is
a powerful approach for using NW waveguides for gener-
ation and transport of photons to different regions on a chip
with minimal loss. Recently it has also been demonstrated
that the intensity of waveguided modes in NWs can be mod-
ulated electro-optically [62], and coupling of NW emission
with lithographically defined photonic crystal structures leads
to localized emission from engineered defects and light sup-
pression in regions of the photonic crystal [63]. However, it
will be desirable to incorporate photonic crystal structures
along the length of NWs during synthesis, for example, by
composition modulation, in order to achieve very high device
densities [13, 14]. In another interesting study of manipulat-
ing emission from NWs, quantum dots were assembled in-
side NWs and single photon emission was observed from the
dots [64], which opens up possibilities for researching quan-
tum optics in NWs and obtaining electrically driven single
photon sources.

4.3 Detection of light at the nanoscale

using subwavelength detectors

Detection of light at the nanoscale poses a funda-
mental challenge owing to the intrinsically small size of the
nanostructures, which leads to extremely small photon ab-
sorption cross-section. Single NWs and NTs configured as
photoconductors are not very sensitive photodetectors due
to their small diameter [29, 30, 65], and increasing their size
for enhancing the sensitivity defeats the purpose of devel-
oping the technology for highly miniaturized nanodevices.
This therefore presents a dilemma for solving the problem of
highly sensitive photodetection at the nanoscale without in-
creasing the size of the nanostructure.

Cross-NW devices configured as p-n junction diodes
show current rectification as discussed in the previous sec-
tion. However, detailed analysis of reverse biased crossed
NW p-n junctions has received less attention. Under reverse
bias, p—n junctions break down via two mechanisms; Zener
and avalanche breakdown. Zener breakdown occurs in heav-
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ily doped semiconductors where the depletion width is small
and the carriers tunnel from one side of the junction to the
other under high reverse bias [66]. There is no carrier mul-
tiplication during Zener breakdown and the photocurrent is
typically constant with increasing reverse bias, until junc-
tion breakdown occurs. Avalanche breakdown typically oc-
curs in low doped semiconductors where the large depletion
width prevents tunneling of carriers across the junction. How-
ever, with increasing reverse bias, the carriers accelerate in
the presence of an electric field, and can attain very high ki-
netic energies such that if they collide with the crystal lattice
they can knock electrons from their bonds, creating additional
electron/hole pairs and thus additional current. These sec-
ondary carriers also accelerate in the presence of an electric
field, and the process repeats itself creating an avalanche of
new carriers producing large current. The photocurrent gener-
ated in a reverse biased avalanche diode is therefore strongly
dependent on the bias applied, in contrast to a Zener break-
down device.

It seems clear that in order to increase the sensitivity of
photon detection at the nanoscale without compromising the
small size of the nanodevice, an amplification process has
to be engineered in the device to make up for the limita-
tions of small photon absorption cross-section. In a recent
demonstration, crossed p-Si/n-CdS NW diodes were assem-
bled and the dopant concentration in p-Si NW was kept
very low to minimize the depletion width and hence facili-
tate avalanche multiplication [31]. The device showed cur-
rent rectification, and under forward bias produced EL from
the crossing region characteristic of emission from CdS NW
(Fig. 3a). The device under reverse bias showed exception-
ally low dark currents (< 100 pA) with a sharp breakdown
occurring at ~ —9.0 V. Upon illuminating the device with
488 nm light, a large reverse-bias dependent photocurrent was
observed, which is indicative of avalanche breakdown phe-
nomenon. The multiplication factor, M, was estimated to be
~5 x 10*for sub-breakdown biases and was largely repro-
ducible, with values of M as large as 7 x 10* obtained. In
contrast, single n—CdS or p-Si NW devices exhibited max-
imum gain of only 3-5, which strongly suggests that the high
gain observed in NW diodes results from an amplification
process associated with the p—n junction and not from photo-
conductivity from individual NWs.

Spatially resolved photocurrent measurements as shown
in Fig. 3b performed on the crossed-wire devices with
adiffraction limited laser (250 nm spot size) revealed a single,
highly localized photocurrent peak located at the position of
the crossed NW p-n junction [31]. No photocurrent was ob-
served at the NW-electrode contacts, which is distinct from
previous studies [67] where Schottky barriers formed at the
contacts have been shown to dominate the photoresponse.
In addition, the photocurrent scanning measurement demon-
strated that the spatial resolution of the device was at least
250 nm, thereby demonstrating that the detector has subwave-
length spatial resolution capabilities.

The photon detection limits of the nanoAPDs demon-
strated a large dynamic range from pW to mW with the lowest
power that was easily measured was 4 pW, corresponding to
an estimated detection limit of ~75 photons (Fig. 3c). This
very high sensitivity is due to the large avalanche multipli-
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cation effect, which compensates for the low photon absorp-
tion cross-section of nanoscale photodetectors and presents
significant improvements over NW photoconductors without
carrier multiplication [29, 30, 67].

The temporal response of the nanoAPDs revealed a single
photocurrent peak with instrument response limited rise-
time of 3 us, which was much faster than other recently
reported NW photodetectors [30,67]. The photoresponse
of the devices was also found to be highly sensitive to
the polarization of the detected light with polarization ra-
tios of ~60%. This polarization sensitivity arises because
CdS NW is the predominant absorbing medium and as dis-
cussed before, light polarized parallel to long axis of the CdS
is preferentially absorbed. Polarization dependent photore-
sponse represents a unique feature in comparison to con-
ventional detectors and offers interesting opportunities for
creating novel polarization sensitive photonic components at
the nanoscale.

Crossed NW device architecture can also be extended to
larger arrays with independently addressable devices. This
concept was demonstrated by assembling an array consisting
of two Si NWs crossing a single CdS NW [31]. Scanning pho-
tocurrent data acquired from this array exhibited two localized
photocurrent peaks located at the positions of the individual
diodes (Fig. 3d), and could be independently controlled with
no electrical cross-talk between the devices. The concept can
readily be expanded to larger arrays with the possibility of as-
sembling high resolution imaging devices with polarization
sensitivity, fast temporal response and extremely high photon
sensitivity.

The approach to assemble sensitive crossed NW photodi-
odes is very general, and flexible, and should be extendable
to other semiconductor NW materials, which could tailor sen-
sitivity in all spectral regions [60]. Sensitivity and temporal
response of the devices can be further improved by designing
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FIGURE 3 Nanowire avalanche photodiode.

(a) I-V characteristic of the APD in dark (black

line) and illuminated (red line) conditions; the

device was illuminated with 500 nW of 488-nm

light (red line). The bias-dependent gain (car-

rier multiplication) is shown by the blue line.

: “ut The inser shows a scanning electron micro-

T graph of the n-CdS/p-Si device; the scale bar

~ibmi ; is 4 wm. (b) Plot of the spatially resolved pho-

B tocurrent from the nanoAPD measured using

e . a diffraction-limited laser; the bias voltage,

laser power and scanning step size were —7 V,

200 nW and 250 nm (in x and y), respectively. (c)

Detection sensitivity measured at room tempera-

ture using a calibrated photon source which was

a frequency doubled Ti:sapphire laser at 400 nm

(250-fs pulses; 76-MHz repetition rate). The in-

set is the photoresponse in the 0-400 pW power

range. (d) Spatially resolved photocurrent meas-

ured from the 2 x 1 APD array shown in the inset.

Both devices were biased at —10 V and excited at

488 nm (200 nW, Ar*-ion laser) with a scanning
step size of 1 pm. Adapted from [31]

p—i—n junctions with better control over the junction electric
fields to eventually enable single photon level sensitivity. The
features demonstrated for the APDs offer substantial promise
in diverse areas ranging from integrated photonics, near-field
detection, and high spatial resolution images to medical diag-
nostics, and sensors.

5 Future outlook

Impressive progress has been made in the last few
years in the area of semiconductor NW growth and charac-
terization of structural, electronic and optical properties, and
assembly of devices. Despite the current excitement in the
field of NW technology, many challenges remain to be over-
come in order to enable unique technologies in the future.
Controlled manipulation of matter at the nanoscale should
lead to fascinating and novel behavior and should also im-
pact device properties. The ability to fabricate intra-NW het-
erostructures [13, 14] with well defined, atomically abrupt
crystalline interfaces should further increase the versatility of
NW based electronic and photonic devices and also reduce
the load for subsequent assembly processes. Such a synthetic
control will be extremely useful for creating precisely de-
fined systems to investigate the effects of quantum confine-
ment on electronic and optical properties of nanostructures
resulting from the modification of the electronic density of
states, and also aid in developing novel nanophotonic devices.
With extensive research in NW synthesis to accurately con-
trol dimension and composition, a critical understanding of
the modified properties of materials at the nanoscale, and the
hierarchical assembly of nanostructures with exquisite spa-
tial control, progress will be made and new and interesting
nanosystems with enhanced optical and electronic properties
will be assembled with applications ranging from computing,
biological/chemical sensing to imaging.
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