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ABSTRACT

Minoily Camer injection

One dimensional (1-D) group lll-nitride nanostructures are important components of optoelectronic devices owing to its unique feature of
unidirectional carrier flow, and efficient electrical connectivity. The group llI-nitride materials are attractive for the application as low power
white, and blue-green light sources provide a green and extended operational life. We discuss the luminescence phenomena observed in single
or arrayed 1-D llI-nitride nanostructures including quantum wells. The role of these 1-D nanostructures is also reviewed in the field of ‘green’
energy generation, namely hydrogen source in fuel cells, the photoelectrochemical workhorse in renewable energy resourcing, and in solar

cells.
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INTRODUCTION

The last two decades had experienced considerable progress in
the fabrication of low-dimensional semiconductor systems where
only a few systems warrant study of material properties in details
for imminent future applications. In low dimensional
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semiconductors, since excitons are confined in either of the spatial
directions on a length scale comparable to the exciton Bohr radius,
many interesting phenomena are expected, namely, the discrete
electronic energy band structure, large blue shift of the bandgap
energy, and high optical nonlinearity." These characteristic
properties of semiconductor nanostructures at low dimensions
attract an enormous amount of interest for optoelectronic
applications. In the age of quantum information, understanding the
nature of excitons and polarons in terms of the dimensionality is
an important subject. Electronic states, belonging to few atoms in
I11-nitride nanomaterials, which mostly take part are relevant for
many quantum phenomena such as single electron spin dynamic,’
photon emission,® and others; thus necessitating a detailed
evaluation of their individual electronic band structures
(influencing absorption or emission of photon), and lattice modes
(phonon).
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The optical properties of single or arrayed nanostructures are
always sought after for understanding the real effect of size down
to the quantum confinement limit. The subject was dealt by
Sugisaki, mainly for zero dimensional (0-D) quantum dots (QDs)
in the early years of the present century. With a little
improvisation of macro to the micro-setup arrangement, he could
demonstrate individual luminescence features of self-assembled
QDs. He could even address the features of single QDs with a
simple technological innovation.> The number of clusters excited
through the macroscopic setup is estimated to be about 10°*-10°
with 100 um focusing diameter of the excitation source for a
typical areal nanostructure density of 10’-10"® cm™. In order to
select and probe a signal from a single nanostructure, a simple
method is adopted to study the optical properties through an
objective lens of a microscope, which is known as the micro-
Raman or photoluminescence (PL) measurements. As a matter of
fact, a sub-micron spatial resolution of ~350 nm can be achieved
with an excitation wavelength of 514.5 nm and an objective of
100X having a numerical aperture of 0.9, which are easily
adoptable in present days. Thus one can reduce the number of
contributing nanostructures by a considerable amount and down to
a single one on a regular basis in the laboratory.

However, 1-D nanostructures stole the lime light with its
advantage of easy handling, as compared to nanoclusters, while
retaining the features of low dimensionality with the higher
surface to volume ratio than that for the 2-D nanostructures. The
1-D nanostructures found applications in numerous fronts of
electrical, electronic, optical, sensor, including optoelectronic
devices.® As a matter of fact, dispersion of single nanostructure in
1-D or quasi 1-D and subsequent microscope assisted
spectroscopic studies are routine today. The sub-group of IlI-
nitride nanostructures in 1-D is particularly important in sensor
and optoelectronic device applications because of its distinctive
characteristic of the unidirectional flow of carrier and ease in
getting electrical connectivity. The Il1-nitrides, such as AIN, GaN,
InN and its alloys, are attractive for their ionic nature giving rise
to the higher chemical stability and encompassing a broad range
of direct bandgap value of 6.2 eV (AIN) down to 0.7 eV (InN). In
a ‘green’ approach with efficient utilization of power, the
tunability of the bandgap, with a compositional organization,
gives rise to the commercial application of white light at low
power and with better operational life than the conventional
lighting. High mobility in these materials makes it more attractive
for the application in high-speed devices where even light can be
coupled in the near future. Application as blue diode laser has
redefined the commercial space for submicron lithography as well
as entertainment world with high-resolution display, printing and
data recording. With such a high pitch for IlI-nitrides, here we like
to review the optoelectronic properties of single or arrayed 1-D
nanostructures belonging to this class of materials.

Luminescence Properties as the Prime Objective

It is relevant for us to review reports on light emission from the
single and the arrayed Ill-nitride nanostructures, as the primary
promise of these direct bandgap materials is to emit light. This is a
great break through from our century-old slavery to Si, which is
an indirect bandgap semiconductor having little future in the

Journal of Materials NanoScience

A. Patsha et al

coupling or emission of light, although, till date, they are
indispensable for electronics. So Si will be the second choice for
the use of all-optical communication, as the semiconductor
industry has to live up to both fast communication and swift data
processing. Effect of the single or the array of Ill-nitride
nanostructures and their differences with the bulk optical
properties were understood in terms of the defects present in those
materials.”® Optical features in the single GaN NWs with narrow
line-width of the excitonic peak avoiding overlapping of the signal
in the ensemble nanostructure,'® and polarization prevailing till
room temperature (RT) were also understood.*! Role of the surface
states were also emphasized while dealing with a single
nanostructure.”** Unlike their bulk counterpart, the formation of
strain free multiple quantum well (MQW) In,Ga;,N/GaN was
demonstrated with optical emission covering a large range of the
visible spectrum of electromagnetic emission for a wide range of
In composition.**® Light emission properties were demonstrated
in MQW structure of core-shell,*"*® and axial®® p-n junction light
emitting diodes (LED) of single Ill-nitride nanostructures.
Overcoming the strong quantum confined Stark effect in lattice-
mismatched polar Ill-nitrides, InGaN nanodisk ensembles
embedded vertically in the single and arrayed GaN nanorod p-n
junction LEDs emitted full-color sub-wavelengths and natural
white electroluminescence.?** Apart from the p-n junction diode
characteristics, the Ill-nitride nanostructures also find promising
applications in lasing activities. The most important part of the
single nanowire (NW) lasing either in an optically pumped system
of undoped GaN NW,” or the MQW (InGaN/GaN)®
configuration raised the limit of expectation in these
nanostructures. However, a nonpolar surface was efficiently
exploited to demonstrate bright far-field emission in pure GaN
NWs,* for the first time. A nonpolar surface in Ill-nitrides is
known to reduce the effect of electrical polarization, which
influences the external quantum efficiency of the emission
process.”

Influences of Optical Phonons

The vibrational properties of single and the array of IlI-nitride
nanostructures are essential to understand the detailed structural
properties, which eventually affect the optical properties. Reports
for spectroscopic studies of single GaN,” and InGaN/GaN
MQW? nanostructures in the sub-diffraction limit using
plasmonic nature of the noble metal coated tip-enhanced Raman
spectroscopy (TERS) have been reviewed for a limited number of
studies, which are reported in the literature. However, there is
enough scope to study vibrational properties of a single IlI-nitride
nanostructure in the sub-diffraction limit. Unlike the case in thin
films, variable pathways of dopant incorporation in nanowires
lead to the nonuniform distribution of dopants along the radial or
axial direction of a single nanowire. Apart from the doping
process, the type of dopant and the resultant defects in single
nanowires with various sizes seriously influence the electrical and
optical characteristics of single nanowire devices.”**® The
localized effects induced by inhomogeneous incorporation of
impurities in single NWs can be studied using TERS in the sub-
diffraction limit.”®
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We intend to look into the surface optical (SO) phonon modes,
as surface structures are detrimental to the optical properties of the
nanostructures. Atomic disorders on the surface perturb the
momentum conservation of the surface atoms so that the vibration
of the SO mode can be intensified.*® The SO mode is monitored in
1-D single or ordered array of Ill-nitride nanostructures for
understating the surface disorder which has an impact in the
excitonic emission process.®>* In this context, we may like to
mention that heterostructures of Il1-nitrides leave enough room for
the surface disorder to be present in the system.*** Overall, the
impact of stress,® and polarization on luminescence
measurements in single Ill-nitride nanostructures are also
reviewed for understanding their crystalline orientation in a non-
destructive spectroscopic technique.**®

Role as Photodetector and Beyond

We would like to discuss the capability of the single 1-D
nanostructures of Ill-nitrides as photodetectors by establishing
their characteristics with the reception of light in ultra thin
devices. In nanostructure based detectors, a thinner absorption
layer makes carrier transit time shorter leading to high detector
speeds but compromising the efficiency of the device to some
extent. Role of the crystalline defects, and surface states in
controlling the persistent photocurrent (PPC) effect, originating
due to carrier trapping resulting into long recombination time,
have been discussed.*“° Size-dependence of PPC is also reported
in GaN NWs having polar side walls with a strong effect of
surface band bending (SBB).* Moreover, strain related issues, out
of composition inhomogeneity at the nanoscale, can be better
handled for the detector device fabrication. However, one has to
take care of different configurations for improvement of the
efficiency in these devices by enhancing absorption of photons,
namely, waveguide-based detectors or for that matter adopting
resonant structures in designing the photodetector. One has to see
how these challenges are met in the nanoscale devices along with
the issue of complex integration process with nanoscale electronic
components. The subject is well reviewed in a recent article.* In
the present article, however, we are likely to address some of the
concerns of the authors. The 1-D NW based device, with
unidirectional flow of current and large surface area, leads to high
responsivity for advanced sensor and detector applications.” Role
of nonpolar IlI-nitride NWs,* and its QW structures® have been
discussed at length. Consequence of Joule self-heating is also
elaborated in the context of producing high photocurrent in a
photodetector.”® Coupling of light, coming out from a single NW
based LED, and in the use of single NWs as detector is the
ultimate to design for all light driven devices. Thus, the story
should not end in understanding the process of emission alone, as
the light has to be coupled also for an all-optical device.*”*® Use
as photodetector, thus will establish the credential for these IlI-
nitride based NWs to be used as all light driven devices further.

Energy Resourcing: Photoelectrochemical Properties

Photoelectrochemical (PEC) properties, where the specific 1-D
nanostructure systems of Ill-nitrides have been used for H,
generation by splitting of water with the absorption of light in
solar-fuel applications, are discussed for both the catalyst free,**

Journal of Materials NanoScience

A. Patsha et al

and catalyst assisted,* 111- nitride nanostructures. Two methods of
photocatalysis and photoelectrolysis, which involve PEC process,
have been applied to generate the H, by utilizing the
semiconductors with the band-gap energy above 2 eV as light
absorbers. The light assisted water splitting by semiconductors
occurs at first with the excitation of electron-hole (e-h) pairs by
absorption of incident photons at band edges. During the
photocatalysis, the photo-generated electrons and holes separately
diffuse to the surface of photocatalysts to perform the reduction
and oxidation reactions of water for generation of hydrogen and
oxygen, respectively. Both hydrogen and oxygen can be generated
at the same catalyst. However, in the PEC process, the generation
of hydrogen and oxygen can be separated by cathode and anode,
respectively. To achieve overall water splitting, the conduction
band minimum of the semiconductor has to be more negative than
the reduction potential of H/H, (0 V vs normal hydrogen
electrode (NHE)) and the valence band maximum has to be more
positive than the oxidation potential of O,/H,0 (1.23 V vs NHE).

The process of PEC water splitting involves the conversion of
solar energy into chemical energy within a cell containing two
electrodes, immersed in an aqueous electrolyte. Out of two
electrodes, at least one is made of a semiconductor with a bandgap
of minimum 2 eV. The n-type semiconductor can function as the
photo-anode, and p-type semiconductor can serve as photo-
cathode. A metal can be used as a counter electrode in the PEC
cell. When n-type semiconductor is used as a photo-anode the
internal electric field produced by SBB, due to the depletion layer
formed at the semiconductor/electrolyte interface, will facilitate
the separation of photo-generated electrons and holes. This may
be achieved through modification of the potential at the
electrode/electrolyte interface. The electrons transport to the
cathode through the diffusion process and react with protons to
generate hydrogen (2H" + 2e” — H,), while the holes accumulate
on the surface of the photo-anode and react with water molecules
to produce oxygen (H,0O + 2h* — 2H" + 1/20,).

With the chemical stability of the ionic bonds in the IlI-nitride
system in the corrosive photocatalysis process and having more
negative potential of the N 2p orbital, as compared to that of the O
2p orbital, Ill-nitride often possess required minimum bandgap
which can cover a major part of the solar spectrum.”® These
properties made the Ill-nitride semiconductors, with tunable
bandgap, more attractive over large bandgap metal oxides and
oxynitrides for water splitting involving ions with filled or empty
d-shell bonding configurations.>® Couple of theoretical predictions
and experimental results also drew attention for water splitting to
be favoured on Ga-terminated polar surface and nonpolar (10-10)
surface of GaN.>*° In addition, to enhance the PEC hydrogen
generation performance further, there are various approaches
including bandgap engineering, suitable doping, and nanostructure
formation and additional catalyst decoration of photo-electrodes
have been followed. The separation of photo-generated e-h pairs
would be more efficient and fully utilized in NWs, due to the
effect of SBB, by tuning the NW diameter comparable to the
width of the depletion layer. Mg-doped p-GaN NWSs with
controlled surface charge was also reported to achieve very
efficient and extremely stable water splitting.”’
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Energy Resourcing: Photovoltaic Properties

Last but not the least, the application of homojunction and
heterojunctions of single and arrays of Ill-nitride nanostructures
for photovoltaics have been discussed as the most important
optoelectronic application in the search for ‘green’ energy. The
Ill-nitrides are also having interesting properties required for
photovoltaic applications including the ability to tune the
bandgaps of AlGaN in the deep UV regime (3.4-6.2 eV), and
InGaN across a major part of the solar spectrum (0.7-3.4 eV).*®
The high degree of radiation resistance, and optical absorption
coefficient (~10° cm™)®® make IlI-nitrides potential candidate for
photovoltaic applications even in outer space with the highest
predicted the efficiency of 80%. Wide bandgap GaN nanorod
arrays on the cell surface can act as an antireflection layer to
reduce the visible optical loss. Heterojunction solar cells of 111-
nitride systems with Si were of natural interest.” The coaxial p-i-n
junctions, exploiting the 111-nitrides along with either compound,®
or MQW nanostructures,®** as intrinsic i-layer was also
demonstrated.

LUMINESCENCE PROPERTIES OF INDIVIDUAL AND ARRAYED
NANOWIRES

Effect of Single or Arrayed Nanostructures

While looking into the single or the array of 1-D
nanostructures, our initial objective was to specify any major
difference between the optical properties of individual and arrayed
nanostructures. In a simple study,’ using micro-PL setup, it was
found that the PL spectra for individual GaN NW was dominated
by a sharp UV peak around ~343 nm, and was devoid of the
yellow band signifying nearly defect free structure. The NWs
were grown in the catalyst free process using plasma-assisted
molecular beam epitaxy (PA-MBE). A broad yellow luminescence
(YL) band around 2.22-2.3 eV and defect-related band centered
around 3.36 eV were observed only for the coalesced NWs.
Because of the photoinduced surface desorption of oxygen, the PL
spectra were found to be sensitive to the UV illumination. The
effect was stronger in individual NWs owing to the larger surface-
to-volume ratio as compared to that for the coalesced NWs. In a
separate study, the YL band was correlated to the presence of
threading dislocation in an epitaxially grown array of GaN NWs

J66 nim

Figure 1. (a) SEM ir;twage showing the triah'gular cross-section of a
GaN NW; (b-e) monochromatic CL images of the same NW at 366,
428, 566, and 734 nm; (f) composite image of (b) and (d). (Reprinted
with permission from Ref. 12, Copyright © 2010 American Chemical
Society)
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in carbon free condition,® grown in the conventional chemical
vapor deposition (CVD) technique using vapor-liquid-solid (VLS)
mechanism with Au as a catalyst. The insertion of Al/Au layers in
GaN/c-Al,O; interface significantly removes the threading
dislocation and depresses the YL band. A sharp peak alone in the
UV range (3.36 eV) can be observed in cathodoluminescence
(CL) measurement.

Moreover, we could also get an understanding of thickness and
size effect on luminescence properties in Ni catalyst assisted
metal-organic chemical vapor deposited (MOCVD) 1-D GaN
NW,® using spot-CL measurements. Intensities of blue
luminescence (BL) at 2.9 eV, red luminescence around 1.7 eV and
band edge emission at ~ 3.4 eV were found to progressively
increase as the NW diameter approached the bulk limit. The YL
band at ~2.2 eV, however, was predominant on the surface layer
(Figure 1). The surface layer thickness sensitivity of the YL band
was found to increase progressively with increasing NW diameter
as measured in the spot-CL measurement of GaN NW having a
triangular cross-section.*?

ST e T e

CL Intensity (counts) WE—

.

CL Intensity (counts) S L0

—

(d)

[
=

P
=
CL Intensity (a.1L)

350 400 450 500 550 600 650

Wavelength (nm)
Figure 2. (a) SEM image showing a tapered GaN NW. The scale bar
is 0.5 um; (b,c) The corresponding monochromatic CL images at 366
and 566 nm; (d) Spot-mode CL spectra obtained along the center line
of the NW are plotted as a function of the NW dimension (width).
(Reprinted with permission from Ref. 12, Copyright © 2010 American
Chemical Society)

The band edge luminescence was interestingly found to quench
below a critical dimension of the NW (Figure 2), and the
phenomenon was attributed to the surface accumulation of mobile
point defects, comprising of isolated Ga vacancies, at the surface
acting as an electronic sink. For an ensemble of preferentially
oriented GaN NWs, not an array, the origin of the blue-shift of the
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band edge PL peak in a-axis GaN NWs with respect to the c-axis
GaN NWs was explored,” and these surface trap states were
found to be a prime factor. The findings were different than earlier
reports that mentioned the effect of strain,” or built-in
polarization in the ionic bonded GaN® to be responsible for the
blue shift. The results were nevertheless important as the role of
the surface effects were elucidated for UV based GaN
optoelectronic devices.

“f(c)

Figure 3. (a) Bird’s-eye view (30°) of the low-density edge region of
the NW ensemble under investigation. The raw SE micrograph is
color coded to enhance the material contrast between GaN and Si.
Evidently, no parasitic growth takes place in between the free-
standing NWs. (b) Trichromatic PL intensity map, at 10 K, of the
low-density edge region of the NW ensemble under investigation. The
spectral range characteristic for bulk like and surface donor-bound
excitons is displayed in red and green, respectively, while the free-
exciton transition is decoded in blue. (c) Representative PL spectra
from six individual NWs within the map displayed in (b). The spectral
range for each of the transitions is denoted at the top. (Reprinted with
permission from Ref. 10, Copyright © 2010 American Physical
Society)

Excitonic transition with line width below 300 peV was
reported in catalyst free PA-MBE grown single GaN NWs
dispersed on Si(111)."° At the same time, the excitonic energy was
reported at higher energies above the donor-bound exciton in the
bulk GaN. W.ith such a low line width value, a high crystal
quality was conceived with point defects and impurities driven to
the NW sidewalls during growth. The broadening of about 3 meV
was observed for the NW array. For the array, however, the
broadening was shown to be because of the energy dispersion of
bound-exciton states as a function of their distance from the
surface (Figure 3). The broadening in case of single NWs was
non-intrinsic in nature. Polarized PL spectra of single GaN NWs
were reported” to have different anisotropy for m and o©
polarization cases. Unlike bulk or ensemble NW system,
interestingly the polarization anisotropy was maintained till room
temperature (RT) from 4 K. The role of single or arrayed
nanowires is clearly evident from these studies to resolve the
complexity in understanding of the luminescence due to point and
extended defects, surface states, crystalline quality and
orientation, observed in GaN.

Light Emission from Quantum Wells and Core-shell 1-D

Nanostructures

Hyperspectral CL imaging of single MOCVD grown
InGaN/GaN-based nanorods containing multiple quantum wells
(MQWs) was reported with very high spatial and spectral
resolution.* An AIN buffer layer was used in the growth process
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to reduce strain related defect in these nanostructures. The MQW
emission energy varies by approximately 18 meV across the
region containing the wells. However, there was no variation of
the emission energy of the GaN below the MQWs signifying
negligible strain variation along the rod axis in the QW layer
(Figure 4). In a seminal report, the growth of single-crystalline
In,Ga;—,N NWs with a compositional range encompassing x = 0 to
1 was demonstrated for the first time in a low temperature halide
chemical vapor deposition process.”® The striking feature was a
tunable emission from the near-ultraviolet to the near-infrared
region (Figure 5). The complete composition tunability was
possible due to the low growth temperature and the NW
morphology enabling growth with minimum strain.’® The latter
was primarily responsible for the phase separation observed in
thin film morphology.
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Figure 4. Room temperature CL maps gained by fitting the
hyperspectral data set in figure 2(b) of Ref. 14 with Voigt and Gauss
functions for the GaN and MQW emission peaks, respectively: (a)
peak energy and (b) integrated intensity maps of the GaN band edge
emission and (c) peak energy and (d) integrated intensity maps of the
MQW emission. Using the spectral information gained by peak fitting
it is possible to identify the spatial origin of the two peaks and map
shifts in their energy. The MQW emission is located on the left-hand
side corresponding to the top of the nanorod, whereas the GaN
emission originates from the area below this region. The map of the
GaN peak shows a negligible energy shift along the nanorod axis
suggesting no variation in strain. However, the map of the MQW
emission displays a small redshift towards the top surface of the
nanorod. (e) Schematic diagram showing the influence of self-
absorption. Light generated on the left-hand side of the rod has to pass
through the nanorod to reach the detection optics. The excitation
volume induced by the electron beam is also shown. (f) Line scan
through the MQW emission energy map in (c) showing a small
redshift along the axis towards the top of the nanorod. (Copyright Ref.
14@2013; Open Access)

MOCVD grown n-GaN/InGaN/p-GaN doped core/shell/shell
(CSS) NW heterostructures showed strong emission from the
InGaN shell centered at 448 nm, and 367 nm from the n-GaN NW
core.'’” A blue LED with bright blue emission from the InGaN
shell was also demonstrated (Figure 6)." The same group
reported,’® LED properties of MOCVD grown core/multishell
(CMS) NW radial heterostructures of n-GaN core and In,Ga;.
«N/GaN/p-AlGaN/p-GaN shells using the variation of In mole
fraction for tuning the emission wavelength from 365 - 600 nm
with high quantum efficiencies (Figure 7). The CSS and CMS
structures were projected as prospective candidates for single NW
based multicolor LEDs and nanophotonics, including multicolor
lasers.
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The PL study of homoepitaxially grown p-type Mg-doped GaN
shells on n-GaN NWs core NWs in the halide vapor phase epitaxy
(HVPE) technique showed the presence of sub-bandgap features
belonging to the acceptor states.” Electroluminescence (EL) study
affirmed the presence of electrically active holes being injected in
the n-GaN core and electron injection in the p-type shell was also
evidenced. In a separate study, EL of n-GaN NW on p-GaN thin
film homojunction passivated with a thin layer of SiO, showed
emission at 365 nm. The scheme looked attractive as a batch
fabrication process for electrically injected nanoscale UV light
sources with reliable yields was possible.”® Wide range of tunable
light emissions from UV to IR could be possible by stress free
tuning of composition and dopant in core/shell nanostructures
with homo and heterojunctions.

cl

Figure 5. Wire morphology and XRD at varying InGaN composition
(x =0-0.6). (a) SEM images of the NW morphology, with increasing
In concentration from images 1 to 13. The wire morphology changes
most noticeably in 10-11 from the smaller to larger wires at around
75-90% In. (b) 100, 002 and 101 XRD peaks from left to right of the
NWs, with increasing In concentration from images 1 to 13.(c)
corresponding colour CCD images. (Reprinted by permission from
Ref. 15, Copyright © 2007 Nature Publication Group)

Figure 6. (a) Synthesis of CSS NW heterostructures. Catalytic metal
nanoclusters lead to one-dimensional GaN NW (blue) growth via a
VLS mechanism. Subsequently, conditions are changed to favor
uniform surface deposition, which enables growth of controlled
thickness InGaN (red) and GaN (blue) shells epitaxially on the GaN
NW cores. Optoelectronic properties of n-GaN/InGaN/p-GaN CSS
NWs. (b) Normalized PL spectra obtained from single n-GaN (red)
and n-GaN/InGaN/p-GaN CSS (blue) NW. (c) Current vs voltage data
recorded on a n-GaN/InGaN/p-GaN CSS NW device. Inset: field
emission SEM image of a representative CSS NW device prepared
using the FIB technique to selectively etch the outer shells from one
end (lower right) of the CSS NW prior to contact deposition. Scale
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bar is 1 um. (d) EL spectrum recorded from a forward-biased CSS p-n
junction at 7 V. Insets: bright field (upper) and EL (lower) images of
a CSS structures. The EL image was recorded at 4 K with a forward
bias of 12 V. White arrows in both images highlight the end of the
CSS NW. Scale bar is 2 um. (Reprinted with permission from Ref. 17,
Copyright © 2004 American Chemical Society)
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Figure 7. (a) Cross-sectional view of a CMS NW structure and the
corresponding energy band diagram. The dashed line in the band
diagram indicates the position of the Fermi level. (b) Current versus
voltage data recorded on a CMS NW device. Inset: field emission
scanning electron microscopy image of a representative CMS NW
device. Scale bar is 2 pm. (c) Optical microscopy images collected
from around p-contact of CMS NW LEDs in forward bias, showing
purple, blue, greenish-blue, green, and yellow emission, respectively.
(d) Normalized EL spectra recorded from five representative forward-
biased multicolor CMS NW LEDs. (Reprinted with permission from
Ref. 18, Copyright © 2004 American Chemical Society)
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Figure 8. Individual, isolated GaN NW laser (a) Far-field image of a
single GaN nanolaser The sample was back-illuminated with a lamp
to show the structure, and the NW was excited with about
3uJem.The colour indicates laser emission at the ends of the NW (b)
Spectrum of photoluminescence (black) using 1 mW continuous-wave
excitation and lasing (blue) using about 1pJem™ pulsed excitation (c)
Power dependence of the lasing near threshold (blue) and of
photoluminescent emission from a non-lasing region (black). Inset:
logarithmic plot of lasing power dependence. Spectral power
dependence of nanolaser emission: (d)—(f) NW laser emission at 0.7,
1.2 and 2 pem™, respectively. Dashed curve, simulation of NW
resonator spectral properties, considering equal contributions of one-
and two-pass stimulated emission. (Reprinted by permission from Ref.
22, Copyright © 2002 Nature Publication Group)
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Lasing in Single 1-D Nanostructures

An early realization of electron-injected NW-based UV-blue
coherent light sources was demonstrated from the RT lasing
action in a single crystalline Ni catalyst assisted VLS grown GaN
NW with a threshold pumping power of ~1 pJ-cm™ (Figure 8).
Both near- and far-field studies were performed for understanding
the spectral nature and waveguide mode at RT.? Observed red
shift of the emission line with the increasing pump power
established the electron-hole plasma as responsible mechanism for
the cavity gain at RT. An optically pumped RT lasing was also
reported®’ (Figure 9) in MOCVD grown nonpolar GaN NWs with
a threshold pumping power of 22 mJ-cm™. The excitonic and the
photonic confinement within coaxial quantum-wire-in-optical
fibers (Qwof) formed by spontaneous phase separation of MBE
grown Al-Ga-N at the nanometer scale led to the observation of
quantum wire lasers.® Far-field bright violet emission spots
(Figure 10) from nonpolar oxygen free GaN NWSs, grown in a
unique VLS assisted CVD, was observed because of the formation
of the single-mode waveguide in these samples.* A bright
emission in the far field was realized, for the first time, exploiting
the reduced polarization-induced electric fields effect in nonpolar
GaN nanostructures affecting the external quantum efficiency of
light emission.*® Triangular MOCVD grown MQW
(InGaN/GaN),=31326 With GaN NW as core and InGaN well
thicknesses of 1-3 nm vyielded lasing over a broad range of
wavelengths at RT.”® Optical pumping with threshold varying with
n for single MQW NW showed lasing with InGaN composition-
dependent emission from 365 to 494 nm (Figure 11). The RT
lasing and waveguide nature in single nanowires with a tunable
emission wavelength in MQW are shown to be promising
developments as sources of light from nanoscale elements.
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Figure 9. Power-dependent PL studies of n-type HT GaN NW cavity
properties. Images of a single NW excited with (a) 4 kW/cm? (b) 17
kW/cm?, and (c) 66 kW/cm?. (d) PL spectra recorded at the end of 13
um long NW for 4 kW/em? and 18 kW/cm? power densities showing
Fabry-Pérot cavity modes with average mode spacing of 1.1 nm.
Right inset: schematic representation of a longitudinal NW cavity
with length L whose index of refraction, n, is larger than that of
surrounding air, no. Left inset: mode spacing vs inverse NW length.
(Reprinted with permission from Ref. 67, Copyright © 2005 American
Institute of Physics)

Journal of Materials NanoScience

A. Patsha et al

300 K

300 K 0K

20 um

Figure 10. Typical optical images of far field bright violet emission
spots at 300 K and 80 K on the NWs of samples with average
diameters of (a) 40, and (b) 55 nm. Emission spots come out of the
ends of the NWs through the available open space while other ends
are at the excitation with laser light. (Reprinted with permission from
Ref. 24, Copyright © 2013 Royal Society of Chemistry)
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Figure 11. MQW NW photoluminescence: (a) Photoluminescence
images (false colour) recorded from GaN/IngesGaggsN (left) and
GaN/Ing 23Gag 77N (right) MQW NW structures. Scale bars are 5 pm.
(b) Normalized spectra collected from three representative 26MQW
NW structures with increasing In composition; excitation power
density ~150 kW cm 2 (c) Photoluminescence spectra of a 26 MQW
NW recorded at excitation power densities of 250 and 1,300 kW
cm 2, respectively. Spectra are offset for clarity. Inset: Log-log plot
of output power versus pump power density. Red open circles are
experimental data points and the dashed line is the fit calculated with
the rate equations. (d) Normalized photoluminescence spectra
collected from four representative 26 MQW NW structures with
increasing In composition pumped at ~250 kW cm 2 and ~700 kW
cm 2, respectively. Spectra are offset for clarity. (Reprinted by
permission from Ref. 13, Copyright © 2008 Nature Publication
Group)

The surface plasmon amplification by stimulated emission of
radiation (SPASER) is proved to be the potential technique as the
source and amplifier of coherent optical and surface plasmon
fields for developing the new class of lasers.* By utilizing the
SPASER technique, metal-oxide-semiconductor (MOS) structure
based plasmonic green laser has been demonstrated.” The MOS
structure consists of a bundle of InGaN/GaN nanorods on a gold
plate separated by a thin SiO, (5 nm) dielectric layer. Further, by
selecting a proper plasmonic material such as Ag, a plasmonic
sub-diffraction nanolaser, operated in continuous-wave (CW)
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mode at low-threshold, was developed.”” The MOS based
nanolaser was fabricated by a single InGaN@GaN core-shell
nanorod on SiO, (5 nm)-spacer layer covered by atomically
smooth epitaxial Ag film (28 nm thick). The device having
nanocavity formed between plasmonic film and semiconductor
nanorod showed highly polarized multiple mode (510, 522 nm)
CW lasing at 78 K under varying power densities of optical
pumping with a threshold of 3.7 kW/cm? By tuning the In
concentration in In,Ga;,N@GaN nanorods and replacing SiO,
gap dielectric layer with high-quality Al,O; grown by atomic layer
deposition (ALD), broadband tunable, single-mode plasmonic
nanolasers emitting in the full visible spectrum have been realised
recently (Figure 12)."" Al O, dielectric layer, along with
atomically smooth Ag film, further reduced the surface plasmon
polariton scattering loss, resulting in the ultralow lasing threshold.
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Figure 12. All-color InGaN@GaN nanorod plasmonic lasers. (a)
Schematic diagram of the nanolaser structure:  Single
In,Ga; \N@GaN core-shell nanorod were dispersed on the Al,Os-
covered epitaxial Ag film. The scanning electron microscopy (SEM)
image on the upper right indicates that we can measure the laser
emissions from individual single nanorods with a collection area of
about 3 um in diameter using a focused excitation laser beam. (b) All-
color, single-mode lasing images observed from single nanorods with
an emission line width ~4 nm. (c) The simulated energy density
distribution of a blue (474 nm) nanolaser. The resonant field is tightly
confined in the 5 nm, low-index (n = 1.77) Al,O3 gap layer grown by
ALD and the plasmonic cavity mode is formed between the nanorod
and the epitaxial Ag film. (d) Concurrent RGB lasing from three
nanorods placed close to each other. The optical pumping source is a
405 nm, CW semiconductor laser diode with an excitation power
density of 3.9 kW/cm? The scale bar represents 5 pm. (¢) An
ultrasmall plasmonic nanolaser emitting at 627 nm (red) that is
pumped below (0.4 1) and above (2.4 1) the lasing threshold. Both
the optical images and the emission spectra show that a strong
frequency pulling effect occurs during transition from spontaneous
emission (642 nm) to lasing (627 nm). (Reprinted with permission
from Ref. 71, Copyright © 2014 American Chemical Society)

LATTICE VIBRATIONAL PROPERTIES OF INDIVIDUAL AND
ARRAYED NANOWIRES

Optical Phonon Studies in Single 1-D Nanostructures

In a unique study of a single GaN NW, using tip-enhanced
Raman scattering (TERS), the intensity distribution of a specific,
E,(high) mode across the NW of diameter 200 nm was shown.?®
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The study indicates the prospect of probing the surface and bulk
of the individual NWs by studying the variation of these phonon
modes. Subsequently, variations in the chemical composition,
charge distribution, strain and the presence of stacking faults
leading to different polymorphs close to the surface near the
MQW region (Figure 13) in metal-organic vapor phase epitaxy
(MOVPE) grown single nonpolar InGaN/GaN MQW nanorods
were optically investigated using TERS with a spatial resolution
in the sub-diffraction limit.?” Variation of the In content for the
InGaN layer of a few percents was reported with a lateral
resolution < 35 nm. The evidence of In clustering and deposition
of cubic phase close to QW layers was also reported.” A
vibrational study carried out on different kinds of impurity (O and
Mg) incorporated single GaN NWs using TERS in the sub-
diffraction limit, showed the localized effects. The undoped and
impurity incorporated GaN nanowires were synthesized using
CVD technique in the VLS process.*?*? Unusually strong
intensity of non-zone center zone boundary mode around 421 cm™
in the undoped and GaN:Mg nanowires show the role of the
evanescent field in the absence of major native defects and free

(d)

Figure. 13. (a—c) Three-dimensional visualization of the Raman
frequencies of three different modes as a function of the spatial map
coordinates (r,c). (@) Ai(TO) mode of InGaN layers, (b) Ey(TO) and
TO modes of the hexagonal and cubic modifications of InN,
respectively, and (c) A; surface optical (SO) mode of the GaN
capping layer. Spatial coordinates without Raman signal of the
respective modes are omitted from the maps. The arrows indicate the
plotted column (fourth column) in the line scan profiles in e—g. (d)
Simplified schematic illustration of the nanorod top region in cross
sectional view. (e—g) Raman shift related to the cross sectional
scheme in d for the spectra of the line scan along the fourth column of
the TERS map. (Reprinted with permission from Ref. 27, Copyright ©
2013 American Chemical Society)
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carrier-phonon coupling in these nanowires (Figs. 14(a,b)).
Observation of local vibrational mode (LVM) around 656 cm™
pertaining to Mg in GaN NW confirmed the presence of Mg as a
dopant in the single GaN nanowires. A strong longitudinal optical
(LO) phonon-free carrier coupling was envisaged in O rich GaN
nanowires from the observed asymmetry of the A;(LO) mode
around 729 Cm™ where the generation of carriers are due to the
presence of the N vacancy and O point defects (Figure 14c). A
vibrational mode corresponds to the oxy-nitride (GaOxN,) phase
due to the inhomogeneous inclusion of O in GaN NW has also
been identified by the localized study (Figure 14c).
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Figure 14. Localized vibrational study of undoped and impurity
incorporated single GaN NWs by TERS. AFM (left side) and Raman
spectra (right side) of (a) undoped and (b) Mg doped GaN NW. (c)
AFM (top) and Raman spectra (bottom) of O impurity incorporated
GaN NW (Reprinted with permission from Ref. 29, Copyright © 2015
American Institute of Physics)

In a micro-Raman setup, the phase was mapped for single
microbelts with GaN nanoprotruded shell on Ga,O3 core grown in
catalyst free CVD technique following vapour-solid (VS)
mechanism.* The phase mapping allows a non-destructive tool
for understanding the growth mechanism of a low symmetric
monoclinic Ga,O; phase, and a high symmetric GaN phase
formation taking place simultaneously as the core and shell,
respectively, with a sharp interface. The sharp interface, however,
was confirmed in the detailed high-resolution cross-sectional
transmission electron microscopic (HRTEM) studies.*® Radial
Raman spectroscopic line scanning along the cross-section of
single GaN nanotips, grown in the catalyst free VS process,
showed the presence of residual strain at the core.”” The observed
residual strain was due to the preferential crystalline orientation at
the core which was different from the bounding surface. Chemical
affinity makes Ga diffusion rate lower in the polar surface, with
either Ga or N termination than that for the non-polar surface with
the negligible chemical interaction of Ga on saturated Ga-N
bonds.” Hence the growth of the GaN phase was enunciated at the
non-polar surface. Assisted with HRTEM analysis, the finding of
residual strain at the core resolved the issue of the differential
growth dynamic of GaN phase at different crystalline planes
present in the polar core and on the non-polar surface of the
nanostructure, as the reason for the growth of tip shape. Optical
phonons in single Ill-nitride nanostructures studied by Raman
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spectroscopy are prevalent in the conformation of chemical
composition and phase inhomogeneity across the nanostructures.

Surface Optical Raman Modes in Single and Array of 1-D
Nanostructures

Polarized micro-Raman study of MBE grown single GaN NW
identified the SO mode at 708.5 cm".* Surface optic nature of the
two peaks, centered near 700 cm ™', were confirmed for PA-MBE
grown GaN columnar nanostructures by varying the dielectric
environment and simultaneous polarization, filling factor, incident
angle dependent measurements.** Two peaks were found because
of the anti-crossing of axial and planar surface-related phonons.
The same was anticipated for all anisotropic polar
semiconductors. Size of the GaN NW and inter-NW separation,
leading to a difference in fill factor, were experimentally studied
and modeled according to Maxwell-Garnett approximation.”* The
dependence of SO mode frequency with fill factor was found to be
dominated by inter-NW dipolar interaction for an array.” The
splitting of the SO mode was ascribed to the anti-crossing
between surface modes with A; and E; symmetry, due to a
deviation of the excitation light from the NW axis. It was also
concluded that this splitting was a consequence of the strong
optical anisotropy and the polar nature of GaN, and should be
present in NWs based materials with similar characteristics. The
SO modes originating from the surface defects with enhanced
intensity for an undoped and Mg-doped GaN NWs were observed
in a localized study by TERS.”® The SO modes of surface
modulated InN,”"® GaN NW,” and 2-D monolayer of GaN
nanobelts,”® InGaN MQW,* and diameter modulated AIN"
nanostructures with individual surface features were reported with
a full review covering details of those nanostructures.® In case of
the array in MBE grown InN nanorods, we could resolve the
growth orientation by simple observation of the distribution of the
SO mode at 561 cm™ and the bulk E;(LO) mode at 589 cm™ over
an area.” The SO mode alone was observed from the tips with
surface irregularities, whereas the bulk LO mode was emanating
from the whole array including the tip to differentiate between the
aligned and obliquely oriented array (Fig 15). Corresponding to
the LO mode imaging, oblique nanowires were observed to be
indistinguishable as the whole nanowire responded to LO phonon
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Figure 15. FESEM micrographs of (a) vertical and (b) oblique
nanorods. Inset in (b) shows the 60° tilted image. Intensity
distribution of Raman area mapping using E;(LO) and SO(E;) modes
of (c, d) vertical and (e, f) oblique nanorods. (Reprinted with
permission from Ref. 76, Copyright © 2013 John Wiley & Sons, Ltd.)
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mode. On the other hand, LO modes are only visible from the tip
of the nanowire in case of aligned nanowires. p-
GaN/[InGaN/GaN];¢/n-GaN nanopillars were grown in a top-
down technique using Ga" assisted focused ion beam (FIB) dry
etching of a wafer having same layer arrangement of IlI-nitrides,
and subsequent wet chemical KOH etching for the removal of
surface irregularities created during the ion beam process.** The
presence of InGaN/GaN MQW in an array of p-
GaN/[InGaN/GaN];¢/n-GaN nanopillars was realized from the SO
Raman studies of a ternary system for the first time.* The SO
mode in single and arrayed nanostructures of Ill-nitrides was
reviewed elaborately for understanding the surface features in the
finite size of the crystallite.*

Polarized Raman Studies

Size dependent Raman study of individual AIN NWs grown in
the vapor transport and condensation technique showed a strong
anisotropic behavior resulting from an optical antenna effect in
small NWs (diameter < 50 nm). The anisotropic Raman effect of
single NWs was observed in terms of Raman enhancement. To
make a comparison of Raman enhancement of NWs with that of
the thin film, a value of Raman enhancement per unit volume; RE
= [lhw / Viw] ! [lies / Vies] has been defined. Here, I, represents the
measured Raman intensity of NW, I, is for high quality thin film,
V. and Vs denote the volume of NW and thin film, respectively.
Compared to the thin film, ~ 200-fold increase of RE is observed
for smaller NWs.®* The Raman enhancement was attributed to the
effects of the resonant cavity and stimulated Raman scattering. In
a detailed polarized Raman study of single wurtzite GaN NWs,*
grown by the VLS process with In as catalyst, Raman intensities
of the observed modes as a function of the angle between the long
axis of the NW and the electric vector of the incident (and
scattered) light was used to distinguish crystalline orientation of
the NWs. The role of YL band in the PL spectra and the resonance
enhancement of the Raman spectra even with sub-bandgap
excitation was believed to be the reason for the complex- valued
Raman tensor in single GaN NWs. The authors overlooked the
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Figure 16. (a) Image and polarization configuration of the Raman
instrument. The Y direction is labeled for the incoming laser where Z
and X define polarizations parallel and perpendicular to the wire
growth direction, respectively. Scale bar =5 um. Inset: Illustration of
crystallographic directions in wurtzite GaN lattice. (b) Polarized
Raman spectra of the GaN NW in the Y(Z2Z)Y, Y(XX)Y and Y (XZ)Y
polarization configurations. The term Y (XZ)Y indicates the incoming
laser approaches from the Y direction and is polarized in X, while
signal is collected with Z polarization in the opposite Y direction. The
arrow in (a) indicates the area where the spectra shown in (b) have
been recorded. (Reprinted with permission from Ref. 37, Copyright ©
2005 American Chemical Society)
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antenna effect in their study as reported in the previous study of
single AIN NR.®* However, in a seminal paper® orientation of [1-
100] m-plane facet of a single GaN NW was uniquely portrayed
using polarized Raman study (Figure 16) in Y(ZZ)Y and
Y (XX)¥configurations According to the notation, Z and X are in
the plane of the substrate where the nanowire is laid, and the,
observation is made in the vertical, Y direction. Portion of the 90°
bent NW was observed for an intensity imaging in the polarized
measurements conforming the orthogonality condition under
different polarization condition and corresponding allowed Raman
modes in the range below 552 cm™ and above 558 cm™. The study
exploited the allowed A;(TO) mode at 533 cm™ and E,(high)
mode at 567 cm™ in the respective Y(ZZ)Y and Y(XX)Y
configurations for the wurtzite GaN phase to image the nanowire
at a different position of the 90° bent. However, the most
interesting report® was the study of the crystalline orientations of
a square faceted GaN nanotube and its sidewall grown in the
quasi-VS process by analysing E,(high)/A;(LO) intensity ratios for
both Z(XX)Z and Z(XY)Z configurations (panel A Figure 17). A
growth mechanism was also proposed for [0001] oriented facets,
with minimum free energy of formation, in the square shaped
nanotubes.® While describing the process of identifying the
orientation of the crystalline facets, in a non-destructive polarized
Raman study, the authors also emphasized the role of polarization
leaking in the nanostructures for the optical measurements in the
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Figure 17A. (@) Polarized Raman spectra from a smgle GaN
nanotube collected in parallel Z(XX)Z and perpendicular Z(XY)Z
configurations with respect to the nanotube long axis, in
backscattering configuration. Nanotube long axis is along X-axis, and
incident and scattered light are along Z-axis. Inset, an optical image of
a GaN nanotube with laboratory axes. (b) Schematic of square-shaped
GaN nanotube with the coordinate axes. All facets of the nanotube
tube are having crystallographic orientations along [0001] and
nanotube long axis is oriented along  [11-20]. Incident and scattered
LASER beam (dashed arrowed lines) in the backscattering mode from
top facet of nanotube are parallel to Z-axis. (Reprinted with
permission from Ref. 38, Copyright © 2013 John Wiley & Sons, Ltd.)
B. (a) Polarized Raman spectra for single NW with an excitation
wavelength 325 nm for two different polarization configurations
Z(XX)Z and Z(XY)Z. The first configuration shows A,(LO) mode
along with the Si peak but the second configuration shows none of
them. The AlGaN nanowire used for the Raman measurement is
shown in the outset. (b) The schematic depiction for single NW with
two different polarization configurations used for the polarization
study and the possible stacking arrangement of unit cells in the
cylindrically shaped NW. (Reprinted with permission from Ref. 83,
Copyright © 2015 American Institute of Physics)
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diffraction limit. Polarized resonance Raman spectroscopic (RRS)
studies were reported (panle B Figure 17) in an optically confined
sub-diffraction limited AlGaN nanowire of diameter ~ 100 nm
grown in the single-prong mechanism using VLS assisted CVD
technique.?2®* A monochromatic light source (1) of 325 nm with
a near ultraviolet (NUV) objective lens of 40X having numerical
aperture (N.A.) of 0.50 was used. As per the Abbe diffraction
limit (\/2N.A.), it is not possible to focus an object below ~ 325
nm. Enhanced light-matter interaction in the optical confinement
between semiconducting and dielectric media along with strong
electron-phonon coupling in the polarized RRS was proposed to
understand the crystallographic orientations in the sub-diffraction
length scale. The LO phonon-plasmon coupled mode was
attributed to the spontaneous accumulation of electrons on the
lateral surfaces of the InN nanocolumns irrespective of its
polarity.2* The surface accumulation of electron was attributed to
the In-rich surface reconstruction on the nanocolumn sidewalls
during the growth process with varying temperature. The detailed
vibrational properties of NWs and NW heterostructures were well
reviewed recently.® Lattice vibrational properties are proved to be
the finger prints for not only the analysis of composition and
phase distribution but also the crystalline orientations in single I11-
nitride nanostructures.

NANOWIRE PHOTODETECTOR

High Responsivity and Photoconductive Gain in GaN
Nanowires

Ultrahigh photocurrent responsivity (R = i,/P; where i, is
photocurrent and P is power of the light source) and
photoconductive gain ("= RE/er; where e is the electron charge,
E is the photon energy, and 7 is the quantum efficiency of photon
absorption) for the UV irradiation has been reported in the catalyst
assisted CVD-grown and catalyst free MBE-grown in single GaN
NWs.%# The CVD-grown m-axial single GaN NWs have shown

gain values at 5.0 x10*-1.9x10° for the diameter range of 40 to
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Figure 18. (a) Side-view SEM image of n-i-n GaN NWs on Si(111)
substrate. Insets: Top panel is the top-view SEM image of a contacted
single NW; bottom panel shows the measurement scheme for
characterization of a single NW device. Top-view SEM images and
1=V characteristics at room temperature of single NWs (b,d) with
symmetrical contacts on the n-type regions of the wire and (c,e) with
a misalignment leading to one of the contacts touching the undoped
region. Solid lines correspond to the dark current; red dashed lines
correspond to illumination with ~0.2 W/cm? of UV light (A = 244
nm). (f) Double logarithmic plot of the 1-V characteristics of a
symmetric NW measured in the dark and under UV illumination. For
comparison, | ~V and | ~V 4 pehaviors are given in dashed lines and
solid lines are for eye-guide. (Reprinted with permission from Ref. 87,
Copyright © 2012 American Chemical Society)
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135 nm.%® The efficiency (1) of photon absorption to create
electron-hole pairs for the same diameter range is reported to be
26-59 % at 4 eV. The MBE grown c-axis oriented Si doped single
n-i-n GaN NWs are reported to show the 7" values 10°-10° for the
diameter range of 50-80 nm (Figure 18).*” The 7" values of both
CVD and MBE-grown GaN NWs are observed to depend on the
intensity of the incident photons.

Ultrahigh photocurrent responsivity to UV irradiation has also
been reported* in the CVD-grown aligned GaN NWs designed as
nanobridge (NB) devices (Figure 19). GaN NWs were laterally
grown as bridges suspended over the trench between two n*-
doped GaN electrode posts. The responsivity, R of the NB device
was observed in the range of 10* to 10° A/W, which is nearly three
to six orders of magnitude higher than the corresponding values
(1-3000 A/W) for the photoconductive thin film detectors of
GaN. The excess carrier lifetime (z) in GaN NW (7 = 400 ms)
photoconductor was also observed to be three to seven orders of
magnitude higher than the values derived from the thin film
photoconductors (z = 50 ns—360 ps).® The device endowed with
a large surface area, and a short transport path leads to high
responsivity for advanced sensor and detector applications.
Although, the presence of minority carrier hole traps, that prolong
the lifetime of excess electrons to contribute high gain, has been
observed in GaN films, the observed intensity dependent behavior
of R & I"in GaN NWs suggested a nontrap-dominant mechanism
in the NWs. The efficient photo conductivities in single crystalline
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Figure 19. (a) Top-view FESEM images of a GaN NB device
focused on one pair of Ni/n*-GaN electrode posts (left) and on the
trench with NWs bridging between two posts (right).

b) Typical photocurrent spectrum and (c) the corresponding
responsivity spectrum of the GaN NB device with bridge number
1500 at a bias of 1.0 V. Inset in (b): dark current to bias measurement
of the NB device; inset in (c): light source intensity spectrum used for
PC characterization. (d) Photocurrent, and (e) responsivity versus
applied bias for three GaN NB devices with different bridge numbers
n under excitation at 4.0 eV. (Reprinted with permission from Ref. 43,
Copyright © 2008 Wiley-VCH Verlag GmbH & Co.)
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GaN NWs prepared by either CVD or MBE have been proposed
to be originated from the electron-hole spatial separation induced
by SBB. The spatially separated transport of electron-hole (e-h)
pair prolongs zand thus enhances the 7.%

Size  Dependent Photoconduction and  Persistent

Photoconductivity in Nanowires

The size dependent photoconduction has been observed in both
MBE and CVD-grown GaN NWs.”**' The size dependence is
understood by the model of e-h spatial separation induced by
SBB, as  of the GaN NW is controlled by SBB (Figure 20).**%%°
In a recent report, the dependence of SBB on NW diameter and
the impurity concentration in GaN NWSs was experimentally
studied by scanning Kelvin probe microscopy.” In the size
dependent photoconduction, a critical diameter (d..) below which
a sharp decrease in the photocurrent of the NWs was
identified.***. The d., for the MBE-grown GaN NWSs was
identified as around 90+10 nm, however, for CVD-grown NWs
d.t is around 35+5 nm. The value of d is actually determined by
the maximal depletion width (w) at the surface, i.e., dgx = 2w;
where the w is proportional to n,"* and n, being carrier density.
Furthermore, besides the n., the surface polarity of the NW’s
sidewalls could play a role in the d.. as the long-axes of the NWs
are different in the two growth methods. A detailed study of
comparison of the photoconducting properties of the GaN NWs
grown by MBE and CVD techniques have been reported.®*?

Measurement of PPC is essential in applications of
photodetectors, diode lasers and modulators for high-speed optical
data communication; the device must relax quickly to the dark
state immediately after the photoexcitation source is off. Native
defects, impurities, and surface states together may act as trapping
states leading to the observation of PPC in the VLS assisted CVD
grown single GaN NWs (Figure 21) connected using FIB assisted
electrode formation.* Role of the surface space charge region on
NWs having different diameters was resolved nicely for diameter
dependent PPC studies in MBE grown GaN NWs.” The role of
SBB was elaborated in an exclusive report of size dependent PPC
studies for m-axial GaN NWs.* The temperature-dependent decay
time measurements showed effective barrier heights of 226 and 32
meV for 65 and 20 nm NWSs, respectively, indicating size
dependent SBB effects playing a crucial role in the PPC
measurements. Moreover, size-dependent photocurrent decay time
reveal that the decay time of the NW above a critical diameter of
30-40 nm was found to be an order of magnitude higher than the
smaller NWs. The authors proposed that the surface-induced
effective barrier height for different sizes of GaN NWs was the
dominant factor in explaining the apparent size dependence.*

Back-gated field effect transistors (FETs) made with MBE
grown Si-doped polar n-GaN NWs (Figs. 22(a,b)) were not
recommended to be a reliable means of estimating transport
parameters because of a long term current drift originating from
the injected positive charges screening the back gate.”® The gate
charging effects can be exploited to recuperate from long recovery
time of NW based photodetectors. Photoconductivity
measurements at 325 nm were used to estimate the drift mobility,
and negative surface charge density under vacuum (Figs. 22 (c,d)).
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Comparative drift effects for both back-gated NW FETs and top-
gated NW MESFETSs were also studied in different environments
of vacuum and air with controlled humidity.”
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Figure 20. (a) Schematic illustration of the decrease of surface band
bending (SBB) in the surface depletion region (SDR) by light
illumination due to the photovoltaic effect (left) and the mechanism of
electron to overcome potential barrier under light illumination to
recombine with hole or surface states by thermionic emission (right).
(b) The diameter-dependent photocurrent measured under 15 Wem™
UV light intensity of the GaN NWs grown by MBE. [Reprinted with
permission from Ref. 40, Copyright © 2005 American Chemical
Society] (c) The schematic of real-space energy band diagrams for the
NWs with different diameters d, where the ¢, is the maximal barrier
height of SBB, AE is the energy difference between Fermi level and
conduction band minimum. (d) The calculated product of carrier
lifetime and mobility (zz) of individual NW (solid purple circles) and
thin films (open purple diamonds). Inset: The dark conductivity as a
function of diameter for NWs in the diameter range of 20 to 126 nm.
[Reprinted with permission from Ref. 90, Copyright © 2009 American
Institute of Physics]
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Figure 21. Photoconductivity (PC) measurements in (a) |-V
characterization of a single NW in the dark condition and 325 nm
laser exposure. (b) Time-dependent PC measurements in a
nanowelded NW system typically formed with a fluence of 5E15 ions
cm measure at an applied voltage of 0.4 V. (c) Persistent PC for the
same nanowelded NWs. (Reprinted with permission from Ref. 39,
Copyright © 2010 American Chemical Society)
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Figure 22. (a) Schematic description of the sensor design consisting
of a GaN NW with an AIN axial insertion. The lateral growth during
the deposition of the AIN and top GaN sections results in the
formation of an GaN/AIN/GaN core—shell structure in the base of the
wire. The current flow (red arrows) is drifted towards the NW surface.
(b) STEM image of a contacted NW and (c) magnified image of the
AIN insertion. The AIN shell is visible in the image with a darker
contrast. (d) Variation of the dark current and photocurrent as a
function of the measurement atmosphere. The photocurrent is excited
by illumination with ~0.2 W/cm? of UV light (A=244 nm). (Reprinted
with permission from Ref. 44, Copyright © 2013 Institute of Physics)

Single Nanowire Photodetector

A wider range of absorption wavelength, a several-fold increase
in the dipole matrix element, and higher absorption probability for
nonpolar Ill-nitride based QW structures than those for a polar
variant of it was predicted due to the absence of polarization-
related electric fields in the former.** PA-MBE grown undoped
single GaN NWs showed a dark current three-orders of magnitude
lower and a photocurrent gain of about one-order of magnitude
higher with respect to those for n—i-n single NWs based
photodetectors where n-GaN was achieved using Si as dopant.*
Accomplishment of the single GaN/AIN/GaN core-shell NWs as
photodetectors was reported with photocurrent gain in the range of
10°-10° and a UV to visible contrast ratio >10° (Figure 23). The
single-wire photodetectors using n-i-n MQW junctions of
nonpolar [Ing 1sGaggsN/GaN]s undoped radial QWs (i-layer),
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Figure 23. (a) FESEM image of sample 2 illustrating typical back
gated FET configuration. (b) Image of typical MESFET sample. (c)
Photocurrent 17 recorded under vacuum on sample 15 for Vg = 20
mV and 40 pW cm? < P32, < 390 W cm2. The dark level prior to any
UV excitation is also shown. (d) Extremal values p* calculated from
saturated photocurrent ISy as described in the text. (Reprinted with
permission from Ref. 93, Copyright © 2013 American Institute of
Physics)
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grown using catalyst free MOVPE (Figs. 24(a-c)), were found to
be sensitive to energy >2.6 eV with a high photoconductive gain
of 2x10%*® The scanning photocurrent microscopy (SPCM) maps
confirmed that the detector response was in the n-i-n junction,
which was localized at the edge of NW containing the QWs for
both below and above GaN bandgap at 488 and 244 nm,
respectively (Figs. 24(d-g)). Photoconductive parameters of
different I11-nitride NWs are tabulated (Table 1).

Joule self-heating and high photocurrent were thought to be an
important performance parameter for NW based photodetectors in
the perspective of operational reliability.” Thermal transport and
effect of Joule-heating in GaN NWs were reported,® using a
combination of micro-PL and in-situ TEM studies. A very low
thermal conductivity <80 W/m-K, substantially lower than the
bulk GaN value, leads to a breakdown at ~ 1000 K due to thermal
decomposition. Ultrahigh photocurrent gain and fast responses in
I1-nitride based single nanowire devices make them prominent
candidates for on-chip optical detection for a wide range of
wavelengths.
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Figure 24. (@) SEM image of the as-grown NWs on sapphire
substrate; (b) scheme of the heterostructure and of the doping profile;
(c) 1-V curves of a single-NW device at RT in air, in the dark (black
solid line), and under illumination at A=360 nm and Pinc=30 mwW/cm?
(red dashed line). In the inset, SEM image of the corresponding
device. The NW length is 20 um. (d) Normalized PC spectrum of W1
at 1 V bias (green solid line) and of a NW from a reference n-i-n GaN
sample without QWs (blue dashed line); p-PL spectra from the top
(black dotted line); and from the base (red dash-dotted line) of W1; all
spectra have been collected at RT in air. (€) UV micrograph
visualizing the area containing the contacted W1 analyzed by means
of SPCM. The red arrow points to the NW top. [(f) and (g)] SPCM
images collected exciting the sample with laser light at (f) A=488 nm
and (g) A=244 nm. The scale reported on the right-hand side is linear
from 0 to the maximum PC recorded within each image. (Reprinted
with permission from Ref. 45, Copyright © 2011 American Institute
of Physics)

Nanowires for Coupling of Light and Use as Detectors

Intrachip optical interconnects using nano-devices is proposed
with the advantages of increased bandwidth, free of
electromagnetic interference, and voltage isolation over
interconnected electrical devices. It is ultimate to design an optical
source, and a detector integrated on-chip paving the path for an
all-optical device for the future. Optical coupling of two single
NW based devices, comprising of axial p-n junction GaN NWs
(Figure 25) working as LED and an n-GaN based photoconductive
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Table 1: Comparison of photoconductive parameters of different I11-nitride NWs.

Growth strategy; Single Size (nm) Photo current Photo Current  Responsivity Refs.
Type of NWs /Ensemble (A) Gain (A/W)
MBE; GaN Single >100, 10°-10°, o
<100 10%2-10°
@150 KW/m?
& 1 V/um
CVD; GaN single 20-60 10°-10° ~10? 4
@1V& @1W/m?
CVD; GaN Ensemble 20-60 10510 ~10%10° 3
@1lv @ 4eV
MBE; GaN/AIN Single ~50 ~10® ~10°108 4
@3V @2 Wim?
MOVPE; Single >500 10° ~10° ~10* 45
InGaN/GaN @5V @300 W/m? @ 3.1-3.4eV
MBE; GaN Single 107 4
@ 10V, 10W/m?
MOVPE; Single >700 ~10* 8
InGaN/GaN @ 3.1-3.4eV
CVD; GaN 40-150 107 ~10%10° 8
@ 0.1V @10W/m?
MBE; GaN Single 50-80 108-107 ~10°108 87
@1V @ 2KW/m?
CVD; GaN Single 65-100 107 ~10%10° 89,92
MBE; GaN Single 10°® ~10%-10*
@1V @1-102W/m?
MBE; GaN Single 10°® %
@02V

receptor, was realized recently for the first time.*” The optical
coupling demonstrated in this device may provide new
opportunities for integration of optical interconnects between on-
chip electrical subsystems. With a further stretch of imagination,
on-chip fabrication of nano-photonic devices consisting of single
wire LED and photodetectors optically coupled by waveguides
was demonstrated.*” Core—shell p—InGaN/n-GaN NWs on Si/SiO,
templates and connected by ~100 pm long nonrectilinear SiN
waveguides were used for realizing these devices with a
communication wavelength of 400 nm (Figure 26). A fast
transition time below 0.5 s was reported for the LED on/off

My TV Vwsaryh (o
Figure 25. LED NW characteristics: (a) |-V characteristics, (b)
electroluminescence spectra, and (c) image of electroluminescence
(EL) emission. (Reprinted with permission from Ref. 47, Copyright ©
2013 American Chemical Society)

Journal of Materials NanoScience

switching and photodetector current variation with it.® Light
emission and detection by single nanowire devices based on Ill-
nitride nanostructures demonstrate first experimental evidence of
all optical devices in electronic processing, which may increase
the speed of the electronic devices by many folds.

PHOTOELECTROCHEMICAL PROPERTIES AND ARTIFICAL
PHOTOSYNTHESIS

Cocatalyst Decoration and Bandgap Engineering of I11-
Nitride Nanowires

A schematic view of the PEC process of water splitting under
light illumination is depicted in Figure 27. The use of solar energy
in generating H, from water splitting process is one of the
important sustainable technologies for a renewable source of clean
and storable energy. Thus, the development of efficient photo-
electrode material sensitive to the major part of the solar
spectrum, including visible light, has been of immense
significance. The photocatalytic activity for water splitting by
cocatalytic Rh/Cr,0; core-shell nanoparticles decorated MBE
grown GaN NWs photo-electrode was reported.”® The H,
evolution was promoted by the Rh noble metal core with the

J. Mat. NanoSci., 2018, 5 (1), 1-22 14
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Figure 26. (a) SEM image of a detector/emitter couple. (b) Optical
microscope image of the detector/emitter couple under operation. The
inset to (b) shows a close-up on the LED. (It should be noted that the
microscope camera filter changes the color rendering toward green
tone). (c) Current temporal trace of the detector when the LED is
repeatedly switched on and off. (d) Detail of current variation
between on and off states. (Reprinted with permission from Ref. 48,
Copyright © 2014 American Chemical Society)

exposure of Xe lamp. At the same time the Cr,Oj3 shell, acting as
an O, diffusion barrier, prevented water formation in the back
reaction over Rh (Figure 28). A highly stable photocatalytic
process was established for the decomposition of pure water by
GaN NWs electrode, with the higher turnover number per unit
time than that reported for GaN powder samples.” Multiple QD
and QW heterostructures of InGaN/GaN NWs grown with the RF
PA-MBE technique, decorated with Rh/Cr,0; core-shell
nanoparticles was shown (Figure 29) by the same group to
produce H, using pure water (pH ~ 7.0) under UV-Vis light up to
~560 nm, which was the longest wavelength ever reported for this
purpose.® The stable photocatalytic activity of the NW
heterostructures with the highest internal quantum efficiency of
~13% at 440-450 nm was recorded in the visible spectrum with a
high turnover number.
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Figure 27. Schematic view for the PEC process of water splitting
under light illumination.
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Figure 28. (a) Low magnification TEM image shows uniform
distribution of the Rh/Cr,O3 nanoparticles on GaN NW surfaces. (b)
HRTEM image and (c) HR-HAADF image clearly show the
Rh/Cr,05 core-shell nanostructures deposited on GaN NWs. (d) H,
and (e) O, evolution half-reactions in the presence of respective
sacrificial reagents over GaN NWs under a 300W full arc xenon lamp
irradiation. The corresponding reaction processes are schematically
illustrated in the insets. (f) GaN surface defects pin the Fermi level at
the surface and bend the bands upward, thereby driving holes to the
NW sidewall and electrons into the bulk. (Reprinted with permission
from Ref. 96, Copyright © 2011 American Chemical Society)

- l - |- :
Figure 29. TEM characterization of Rh/Cr,0; decorated InGaN/GaN
NWs. (a) High resolution TEM of Rh/Cr,0O; nanoparticles on the
lateral surfaces of NW. (b) Electron energy loss spectroscopy (EELS)
spectrum image of Rh/Cr,0; deposited InGaN/GaN NW. (c-h)
Elemental maps of the nanoparticle deposited InGaN/GaN NW,
derived from the selected area in EELS spectrum image (b) with
MLLS fitting. (i) RGB elemental mixing (red, Rh; green, Cr; blue, O)
image showing the core-shell Rh/Cr,0O;. Overall water splitting and
apparent quantum efficiency. (j) Schematic of the photocatalytic
overall water splitting reaction mechanism. (k) Overall pure water
splitting on Rh/Cr,O4decorated InGaN/GaN NW arrays under full arc
(>300 nm) 300 W xenon lamp irradiation. (I) Apparent quantum
efficiency (AQE) (red line and solid square symbol, left axis) and H,
evolution rate (blue columns, right axis) as a function of wavelength
of the incident light. The horizontal error bars represent the full-
width-half maximum of the optical filters. The H, evolution rate was
derived from ~2 h of overall water splitting under each optical filter.
The solid red line is a guide to the eye. The inset shows a typical NW
sample used for overall water splitting. (Reprinted with permission
from Ref. 98, Copyright © 2013 American Chemical Society)
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The enhanced efficiency of H, generation is possible by
effectively absorbing photons within a wide range of the solar
spectrum. By applying bandgap engineering and geometry
optimization, photocurrent density of CVD-grown 3-D
hierarchical Si/InGaN NW arrays was enhanced by five times
compared to that for InGaN NW arrays on planar Si (Figure 30).”°
Bandgap engineering by In incorporation in the 3D epitaxial GaN-
In,Ga,«N core-shell rod arrays was further allowed to match the
visible absorption with the solar spectrum as well as to align the
semiconductor bands close to the water redox potentials to
achieve high efficiency for visible light driven water splitting.” In
fact, CVD-grown GaN NWs as photo-electrode, without any
catalyst decoration showed PEC conversion efficiency of 1.09 %
in contrast to 0.58 % of GaN thin film counterpart under similar
experimental conditions.'® The efficiency of H, generation has
been further enhanced by adaptive multijunction photoelectrode
architecture by integrating narrow bandgap planar Si solar cell
(n+-p Si) wafer at the bottom and wide bandgap p-InGaN (600
nm) NWs array grown on n-GaN (150 nm) at the top of the
photoelectrode.”® A polarization-enhanced tunnel junction (n**-
GaN (20 nm)/Ing,GageN/p™-GaN(20 nm)) was incorporated
between n-GaN and p-InGaN for the transport of photoexcited
holes within every single NW.  The architecture of the
photoelectrode is enabled to absorb the ultraviolet and a large
portion of the visible and infrared solar spectrum (280-1100 nm),
thus generating a saturated photocurrent density of -40.6 mA/cm?
at normal hydrogen electrode potential Vyse = 0.26 V. The
photoelectrode also exhibited a maximum applied bias photon-to-
current efficiency (ABPE) of 8.7% at Vyue = 0.33 V.' These
studies establish the wuse of Ill-nitride NWs as viable
photoelectrodes for the production of H, as solar-fuel in the
artificial photosynthesis process.

i
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Figure 30. Tilted (45°) SEM images of hierarchical Si/In,Ga;xN NW
arrays on Si(111) substrate with X = 0.08-0.1 (a-c). A fractured wire
reveals the cross section (d) showing that InGaN NWs grow vertically
from the six Si wire facets. Top down (e) and cross sectional (f) SEM
images of vertical In,Ga;,N NWSs grown on a planar Si(111)
substrate. Photoelectrochemical measurements on Si/In,Ga; N (X =
0.08—0.10) photoanodes. Photocurrent density plots (g) of hierarchical
Si/In,Ga; xN NW arrays (red) and planar Si/In,Ga; N (blue) under
100 mW/cm? without AM 1.5 filter show an increase in current for
the hierarchical geometry. A representative dark current density plot
is shown in black. Photocurrent density plots (h) of hierarchical
Si/In,Ga;xN NW arrays show a photocurrent dependence on
illumination condition: red (100 mW/cm? with AM 1.5 filter), blue
(100 mW/cm? without AM 1.5 filter), and green (350 mwW/cm?
without AM 1.5 filter). (Reprinted with permission from Ref. 49,
Copyright © 2012 American Chemical Society)
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Role of Doping in Nanowire Photo-Electrodes

The dark conductivity of GaN NWs photo-electrode can be
controlled by doping and external bias.® By applying an external
bias the electrochemical properties of the photo-electrode can be
modified due to the variations in SBB. In this context, a detailed
study has been conducted and analyzed the electrochemical
properties (surface capacitance (Cs) and surface resistance (Rs) at
the NW/electrolyte interface) of non-intentionally doped, Si-
doped, and Mg-doped GaN NWs grown on highly conductive
Si(111) substrates.’® Increase of the Si concentration in GaN
NWs leads to an increase of Cg and a simultaneous decrease of Rg
(conductive NWs). Whereas non-intentionally doped NWs, Mg-
doped, and moderately Si-doped GaN NWs (resistive) showed
low C; and high R values. The photoelectrochemical properties of
both undoped and Si-doped n-GaN NW arrays were reported
using HBr and KBr electrolytes.™ The role of SBB on GaN and its
variation with the dopant incorporation were studied in the context
of photocurrent generation with the variation of bias voltage.
Maximum efficiencies of ~15 and 18% were measured at 350 nm
light illumination for undoped and n-GaN NWs, respectively.
Hydrogen generation on a double-band photoanode of MBE
grown n-type InGaN/GaN core/shell NW arrays on Si substrate in
an acidic solution of HBr was reported.”* The n-type NWs were
used to reduce the surface depletion region and increase the
current conduction. The high conversion efficiency of ~27% was
measured under UV-Vis light irradiation along with a steady
evolution of H, under a solar simulator. Surface charge properties
of Mg-doped p-GaN and Si-doped n-GaN were reported in a
recent article.'” Based on this result, surface charge properties of
p-GaN NWs were controlled by tuning the surface Fermi level to
overcome the major impediments for achieving very efficient and
extremely stable overall water splitting over the emerging nano-
electrode based photocatalyst in a seminal report.>” The internal
quantum efficiency and activity on p-GaN NWSs were reported
~51% and ~4.0 mol hydrogen h™g™, respectively. The nano-
electrodes were decorated with Rh/Cr,O3 core-shell nanoparticles
for utilizing the catalytic activity also in achieving such an
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Figure 31. (a) Tilt top view SEM |mage of Mg- doped GaN nanorod
arrays. Inset shows cross-sectional SEM image. (b) HRTEM image of
GaN nanorod and its corresponding SAED pattern (inset). (c) AFM
image of GaN nanorod tips exposed above the photoresist layer. (d) A
schematic of the p-GaN nanorod/n-Si heterojunction photovoltaic
cell. (e) Current density vs voltage for the solar cell in the dark and
under simulated AM1.5G illumination with an intensity of 100
mW/cm? (f) Schematic energy band diagram of the heterojunction
diode showing the photogenerated carrier transfer process. (Reprinted
with permission from Ref. 61, Copyright © 2008 ACS)
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Table 2: Comparison of photoelectrochemical parameters of different 111-nitride NWs.

Growth strategy; Size Electrolytes Reference &  Photocurrent Incident- H, Refs.
Type of NWs (nm) Counter densities photon-to- Generation
electrodes (mA/cm? current- rate
conversion  (umol h™)
efficiency
(IPCE) (%0)
PECVD; ~ 700/ H,SO, + Ag/AQCl & 0.062 ®
Si/InGaN <100 Na,SO, Pt mesh @123V &
Core/Shell 350mW/cm?
MBE; GaN 30-110 HBr Ag/AQCl & a) 10 a) 18 a) ~38 %
a) Undoped Pt wire b) 14 b) 15 b) ---
b) Si doped @lV &
13.2mW/cm’
MBE; InGaN/GaN  80-140 HBr Ag/AQCl & 23 27.6 ~10 ot
core/shell Pt @1V
MBE; GaN 50-75 CH;OH in a)~45 a)”’
a) n-type H,O with Rh b) ~ 10 b) %*
b) p-type catalyst
MBE; InGaN/GaN 30-70 CH;OH in a) 3 (With *
H,O Pt catalyst)
b) 38
(Rh/Cr,05)
MOVPE; ~900 H,SO, 0.3mA/@ 1.3 »
GaN-InGaN V&
core-shell 100mW/cm?
CVD; GaN >50 nm HCI Ag/AQCl & 0.8@0.3V& 1.09 10
Pt 100mW/cm?
MBE; 50-150 HBr Ag/AgCI &  -406 @ 0.3V & 72.3 130 ot
p-InGaN/tunnel Pt 130mW/cm?
junctions/n-GaN
encouraging value. The study showed the essential role of Fermi- B
level tuning in balancing redox reactions and in enhancing the
efficiency and stability of the photo-electrode. Doping played a
crucial role in enhancing the hydrogen generation by Ill-nitride
nanostructures as photo-electrodes. Comparison of S
photoelectrochemical parameters of different Ill-nitride NWs is [c]_ - i c v

tabulated (Table 2).

PHOTOVOLTAIC CELL USING 1-D III-NITRIDE
NANOSTRUCTURES

An array of aligned 1-D IlI-nitride nanostructures are
prospective building blocks for optoelectronic devices, such as
solar cells, providing large surface area and direct conduction
paths for photogenerated carriers to transport across the junction
and external electrode leading to high carrier collection efficiency.
As compared to polycrystalline films, superior carrier diffusion
coefficient and electron recombination time of ordered 1-D
nanostructures is likely to increase the diffusion length of minority
carriers. Moreover, 1-D nanostructure arrays have low optical
reflectance over a wide spectral range."® Photovoltaic properties
of 1-D nanostructure arrays such as TiO,'™ ZnO nanotubes,'®®
and Si NWs'® demonstrated promising device characteristics as
compared to the corresponding 2-D film and bulk counterparts.

A vertically aligned photovoltaic cell was prepared by forming
p-GaN nanorod/n-Si heterojunction (Figs. 53(a-d)) in the Au
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Figure 32. Device fabrication and characterizations. (a) Schematics
of device fabrication: left, coaxial n-GaN/i-In,Ga;N/p-GaN NW
heterostructures; middle, exposed the n-core at NW end following
ICP-RIE etch; right, Ni/Au and Ti/Al/Ti/Au metal contacts deposited
on the p-shell and n-core, respectively. (b) SEM image of a
representative NW device. Scale bar is 2 um. (c) Dark I-V curves of
three heterojunction NWs (from left to right, denoted with green, blue
and purple color with increasing InGaN layer growth temperature
715, 745, and 775 °C) and one homojunction (x = 0) NW (denoted
with dark violet color). (d) Dark and light J-V curves of representative
ultraviolet, purple, blue, and green nanowire Photovoltaic devices. (e)
Light intensity dependent on Js. and V, for representative ultraviolet
(dark violet triangles) and green (green triangles) devices. Lines
through the V, and Jg data correspond to guides to logarithmic and
linear dependencies, respectively. (Reprinted with permission from
Ref. 62, Copyright © 2009 American Chemical Society)
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Table 3: Comparison of photovoltaic parameters of different I11-nitride NW devices.

Growth strategy; Single/ Size Short-circuit current Open-circuit Fill Maximum Power  Refs.
NWs device structure Ensemble  (nm)  density,Jsc (MA/cm?)  voltage Voc factor conversion
@ 1-sun (AM 1.5G) (V) (FF) efficiency (n) %
CVD; Ensemble  ~100 ~7.6 ~0.95 ~0.38 ~2.73 o
p-GaN NWs on n-Si @ 100 mW/cm?
MOCVD; Single a) 0.39 a) 1.0 a) 0.56 a) 0.19 6
a) n-GaN/i-In,Ga;.,N/p-GaN
core/shell/
shell
b) n-GaN/p-GaN
b) 0.059 b) 2.0 b) ---
MOCVD &ICP etching; Ensemble  ~400 1.0 05 0.54 0.3 o
p-InGaN/ InGaN/InGaN
MQW/ n-GaN

MOCVD &ICP etching; Ensemble a) 220 a)l1.14 a)l.9 a) 0.51 a)1.12 o
p-InGaN/InGaN MQW/n-

GaN b) 220 b) 1.37 b)1.9 b) 0.5 b) 1.28

a)Nanorods
b)Nanoholes
catalyst assisted halide CVD technique.®* The p-n junction, with a InGaN/GaN MQW layer in the basic module of p-

rectification ratio larger than 10" in the dark, showed a high short-
circuit photocurrent density of 7.6 mA.cm™ and energy conversion
efficiency of 2.73% under one sun air-mass 1.5 global spectrum
(AM 15G) illumination at 100 mW.cm? (Figs. 31(ef)).
Moreover, the nanorod array may be used as an antireflection
coating for solar cell applications. A study on the comparison of
photodiode characteristic of single and ensemble p-GaN NW/n-Si
heterojunction devices revealed the role of Mg defect states in the
photoresponse under below-bandgap excitation."” Photovoltaic
mode of the ensemble NW heterojunction device showed an
improvement in the fill-factors up to 60% over the single NW
device with fill-factors up to 30%. Coaxial group Ill nitride
photovoltaic devices made of a single n-GaN/i-In,Ga;.,N/p-GaN
NW was also realized.®® Variation of the In mole fraction was
used to control the active intrinsic i-layer bandgap (556-371 nm)
for the light absorption. With the decrease of In composition from
0.27 to 0 an increase in the open-circuit voltages (Voc) from 1.0 to
2.0 V and decrease in the short-circuit current densities (Js.) from
0.39 to 0.059 mA.cm™ was observed for simulated one-sun AM
1.5G illumination (Figure 32). Maximum efficiency of ~0.19%
was achieved in this process.® The demonstration of single core-
shell NWs device is a promising exponent for exploring
nanostructure based photovoltaic applications. In another unique
effort with similar configuration, a photovoltaic cell consisting of
a vertically aligned array of InGaN/GaN MQW core-shell NWs
which were electrically connected by a p-InGaN cover layer (Figs.
33(a-f)) was demonstrated.”® The hybrid structure was based on
standard planar device processing, while the advantages of 1-D
NW, with a strain free light absorbing layer of In rich InGaN
layers, efficient carrier collection in thinner layers, and enhanced
light trapping from nanoscale optical index changes, were
exploited. The cells showed photoresponse up to 2.1 eV, Jsc ~ 1
mA.cm? and a maximum efficiency ~ 0.3% under 1 sun AM1.5G
(Figure 33g). Most recently, photovoltaic cells made of
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GaN/[InGaN/GaN];¢/n-GaN operating at a wavelength of 520 nm
was reported.®* A periodic nanorod or nanohole array was
fabricated on the top p-GaN layer by means of modified
nanosphere lithography. Under one sun AM1.5G illumination, a
fill factor of 50% (0.5), and a V¢ of 1.9 V were achieved with In
rich InGaN layers which usually degrades the crystal quality by
introducing strain. Nanostructuring of the top p-GaN layer
significantly improved the photovoltaic cell performance with
more than 50% enhancement of the nanohole configuration as
compared to the 2-D film. It is too early to make comments, but
photovoltaic applications of hetero and homojunction IlI-nitride
nanostructures are promising particularly with the possibility of
such wide energy (0.7-6.2 eV) coverage for specific compositions.
Comparison of photovoltaic parameters of different Ill-nitride
NW devices are tabulated (Table 3).
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Figure 33. Scanning electron microscope images of (a) a
representative NW array after dry and wet etching, (b) a tilted cross-
section of the completed IlI-nitride NW structure, and (c) a top-view
of the p-InGaN layer showing the faceted surface. Scanning
transmission electron microscope images of (d) a row of NWs, (e) a
single NW, and (f) a close-up of the semi-polar and m-plane MQWs.
(g) Current density versus voltage characteristics of the Ill-nitride
NW solar cell under dark and 1 sun (AM1.5G) conditions. (Ref.
63@2012, Copyright © Institute of Physics; Applied for permission)
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CONCLUSIONS

We have tried to assimilate and present important research
results of one of the most important class of semiconducting
materials of 1-D IlI-nitride with direct bandgap and high mobility
for high speed all-optical device applications. The size and
distribution (single or arrayed, aligned or otherwise) effect of
these nanostructures on their optical properties is discussed. The
role of defects in the luminescence behavior and its influence in
the phonon properties are also discussed. Conventionally
forbidden surface optical modes (owing to conservation of
momentum of the surface atoms) are reported for the 1-D IlI-
nitride nanostructures in the presence of surface irregularities,
along with polarized Raman study, to understand the crystalline
orientation and antenna effect. Single and multiple quantum well
structures are also reviewed for its enormous capabilities in
manipulating the luminescence properties of 1-D [ll-nitride
nanostructures. Electroluminescence and light emitting diode
properties are also studied in the cases of axial and radial p-n
junctions of these Ill-nitride nanostructures. Optically pumped
lasing for single wavelength in single GaN NWs and tunable
wavelength in 1-D single InGaN/GaN multiple quantum well
nanostructures are also described in sufficient details.
Performances of 1-D IlI-nitride NWs as photodetectors are also
reviewed for persistence photoconductivity and responsivity along
with optical gain as basic detector parameters. As one of the most
astounding properties, coupling of optical emission and detection
are presented, in case of direct bandgap semiconducting materials.
Though the optical coupling of light in Ill-nitride nanostructure is
in its preliminary stage, it is a sensational achievement in the field
of all optical communication. In resourcing renewable energy,
both photoelectrochemical and photovoltaic properties are
reviewed in detail. Generation of hydrogen for the fuel cell
application is demonstrated for catalyst assisted and doped 1-D
Il-nitride nanostructures with the exposure of UV and visible
light. Even if it is in its infancy, the role of radial IlI-nitride
nanostructures in solar cell application is promising with the
possibility of heterojunctions covering a wide 0.7-6 eV range of
the electromagnetic radiation.

The use of the 1-D IlI-nitride nanostructure in all-optical
communication using its capability of efficient tunable emission
process and detection of light for a wide range of the
electromagnetic spectrum will be detrimental in dominating the
semiconducting technology. More studies, in multiple quantum
well structures as source of light and detector, are thus welcome.
Research on 1-D IlI-nitride nanostructures is also demanding in
resourcing renewable energy either in the fuel cell and solar cell
applications.
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