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and Nano-Optoelectronics
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This review will give a brief introduction to the growth and characterization methods of both
binary and ternary compounds, in particular those exhibiting one-dimensionality, of the family
to orient the readers about the material system to be discussed. A section will deal with the size
and shape selection in group III nitride nanomaterials with a stress on intriguing morphologies
such as nanowires, nanotips, and nanobelts. Complex structures, such as hierarchical and
core-shell structures, will be introduced. Optical, electrical, and mechanical property, such as
hardness, will be discussed in a greater detail, distinguishing the bulk from the nano wherever
possible. Available models of electrical conduction and photoconduction in nanomaterials and
their dependence on the actual size of the objects will be presented and compared. Optical
properties of ensemble and single nanostructures, wherever possible, will be addressed in detail.
The section on application will focus mainly on the sensor applications, including chemical
sensors, gas sensors, and biosensors, with a thrust on DNA sensing. Because popular applications
such as light-emitting diodes (LEDs) and field effect transistors (FETs) have already been
reviewed extensively, only major contributions to this field—for example, nano-LEDs—will be
discussed. Some recent advances in the group III-nitride materials family will be presented that
will indicate future directions of research in this area.
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1. INTRODUCTION

Group II-nitride semiconductors have been pivotal in tech-
nology enrichment, especially in the optoelectronics field. The
vast potential for this group of semiconductors is not fully real-
ized in terms of resultant devices apart from the light-emitting
diodes (LED). However, the process set into motion some 70
years ago to produce gallium nitride (GaN),' an important mem-
ber of this class of semiconductors, is still evolving. The sim-
ple growth of GaN during 1932-1938,!2 by passing ammonia
(NH3) over hot gallium, to study its crystal structure and lattice
constants was followed by its photoluminescence (PL) property>
20 years later. Large area growth of GaN was demonstrated an-
other 10 years later.* The pace of development or understanding
of the material quickened with zinc (Zn) doping producing the
first blue LED in 1972.% The subject needed no further encour-
agement. Applications of the material or at least its potential
were soon reported for field effect transistors (FET), bipolar
transistors, phototransistors, thyristors, LEDs,7 laser diodes
(LD),} ultraviolet (UV) and X-ray detectors, memory devices,
piezoelectronics, surface acoustic wave (SAW) generators, and
so on. This is only a part of the story in a sense that indium
nitride (InN), aluminum nitride (AIN), and boron nitride (BN)
materials were also developed simultaneously, although at a
different rate. Among these, AIN and BN also fall in the ce-
ramic category and nanostructures of both have been reported.

Although AIN nanostructures will be discussed in this article,
the readers are referred to the literature for BN nanostructures,
especially nanotubes and nanocones.”!!

The emergence of the materials and physics in the nanodi-
mension also saw hectic activity involving the group III-nitride
semiconductors, because the distinctive features of nanodimen-
sion lay in optoelectronics, for which the group II-nitrides are
the front runners.

2. OBJECTIVE

Exhaustive reviews are available on different aspects of
the group Il-nitride materials, including their growth and
properties.'”~!7 Here, we will only present a brief summary
of these basic aspects as background information. However,
complex structures that may require some additional knowl-
edge will be introduced. Key technical advancements related
to the size and shape selection in this class of nanomateri-
als will be outlined with property comparison in the bulk and
the nanoscale. In the applications part, although breakthrough
techniques in LED and FETs will be reviewed, sensor appli-
cations will be highlighted. An exhaustive review of litera-
ture material is not intended; only the basic concepts or ideas
will be introduced, with examples and illustrations as far as
practicable.
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3. SYNTHESIS OF BINARY GROUP I1I-NITRIDE
NANOSTRUCTURES

3.1. Confined Chemical Reaction (Template-Based
Methods)

Templates offer confined nanometer-scale space for chemi-
cal reactions. Templates, for the synthesis of nanostructures, can
be categorized broadly into two groups: (1) hard and (2) soft
templates. Hard templates constitute the inorganic mesoporous
materials such as zeolites, anodic aluminum oxide (AAQO), poly-
mer membranes, carbon nanotubes (CNTSs), and so on. Soft
templates, on the other hand, include liquid crystals, surfac-
tant assemblies, vesicles, micelles, and so on. However, most
synthesis of group IIl-nitride materials was carried out in hard
templates. GaN nanowires (NWs) were prepared using a CNT
template that confines the reaction of volatile oxides within its
nanodimensions.'® A reaction of gallium oxide (Ga,O) with
NH; produced GaNNW with similar radial and longitudinal di-
mensions as that of the template, in this case, CNT, used. In the
presence of CNT and at 900-1,000°C, the following reactions
occurred, sequentially, to produce GaNNW:

Gay03(s) + 4Ga(l) - 3Ga,0 (g) [1]
2Ga,0 (g) + C (s) + 4NH; (g) — 4GaN (s)
+H,0 (g) + CO (g) + 5H; (g) [2]

However, in the absence of CNT, only GaN powders were pro-
duced following the reaction

Gay0 (g) +2NH3 (g) = 2GaN (s) + H,0 (g) +2H, (g)
(3]
This underlined the importance of the CNT template in car-
rying out confined reactions to synthesize desired products.
AINNWSs were similarly generated using Al and aluminum
oxide (Al,O3) powders at 950-1,200°C.!*?° The temperature
required to reduce Al,O3 in the presence of Al or C via the
following reactions [4] and [5],

AL O3 (s) + 2C (s) — ALO (g) +2CO (g) (4]
AL O3 (s) + 4Al (s) — 3AL0 (g) [5]

comes from the highly exothermic reaction [6] that produces
substantial local heating to promote reactions [4] and [5].

2Al (s) +2NH3 (g) — 2AIN (s) 4+ 3H; (g) (6]

Reaction [6] proceeds at 950°C. After the reduction of Al,O3
is complete, the AINNWs can be synthesized from the following
reaction:

2A10 (g) + C (s) + 4NH3 (g) — 4AIN (s) + CO (g)
+H,0 (g) + 5Haz (2)[7]
The temperature required for the above reactions to occur is
around 950°C, but that is considerably lower than the 1,700°C

used for the production of AIN by the carbothermal reduction
and nitridation methods.?!

Another important template for this kind of nanomaterial
growth is the AAO. The AAO possesses hexagonal pores or
channels with nearly monodispersed dimensions of 10-200 nm
as diameter and several tens of micrometers as length. This kind
of AAO template is suitable for the growth of an ordered array of
1D nanomaterial. A direct reaction of metallic Ga under flowing
NHj; at a temperature above 900°C in the presence of the AAO
template resulted in GaNNWs?? along the channels of the AAO
following the reaction:

2Ga (g) + 2NH;3 (g) — 2GaN (s) + 3H, (g) [8]

At high reaction temperatures, when the reaction rate is also
high, the efficiency of the template, in general, is lost. For exam-
ple, Al and NH; would react directly to form AIN fibers of larger
diameters exceeding that of the template pores or channels.?
Isolation of the product after removing the template and still
maintaining the orientation alignment is not possible and that
limits the use of the templates.

3.2. Catalyst-Assisted Growth

The metal catalyst-assisted growth is widely known as the
vapor-liquid—solid (VLS) growth first proposed for the growth
of whiskers by Wagner and Ellis.>* It is basically a chemical va-
por deposition (CVD) method driven in the presence of a catalyst
that can accelerate the rate of a reaction, without itself taking any
part in the reaction. Most semiconductor nanomaterials of the
group II-nitrides class are synthesized by this technique. The
basic principle is to heat a foil or powder of the group III metal
such as Ga, In, or Al (source) in the presence of nitrogen (N,) or
NHj; at temperatures suitable for vaporization of the source and
dissociation of the nitriding gas. Transition metal and their ox-
ides were found to be efficient catalysts for the precipitation of
the group III-nitride material from a molten state of the catalyst
droplet supersaturated with the metal vapor. The easiest form of
catalyst used is a thin film of the transition metal (Fe, Ni, Co) or
its oxides on the substrate used. These can be patterned by litho-
graphic processes to obtain selected area growth of the group
II-nitride material.>> The catalyst can also be dispersed on the
substrate in solution form starting with the catalytic metal nitrate
or metal complexes including ferrocenes and phthalocyanines.?
Upon reduction, these solutions will leave catalyst particles dis-
persed on the substrate to be used in subsequent growth of the
nitride material. Because the catalytic particle size is a rough
measure of the dimension of the target nanomaterial that grows,
the former dictates the size distribution, specific or distributed,
of the latter. The length of the 1D nanomaterial, however, de-
pends on the reaction time and reactant flux. However, the choice
of catalyst remains of utmost importance. A schematic of the
VLS process is shown in Figure 1.

Although most of the CVD processes involving catalysts
followed the VLS route, there are some that followed the
solution-liquid—solid (SLS) path.?’-? Notably, InNNWs and
InN nanorods (NRs) were grown by this process.>” A narrow
process temperature window is available for the growth of InN
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FIG. 1. A schematic representation of the vapor—liquid—solid
(VLS) growth mode.

by the VLS process because the dissociation of the reactant gas
and the product, InN, occur at similar temperatures. The SLS
method overcomes this problem and can grow InN below 250°C.
Azido-indium precursors used in this technique are iPr,InNj
and tBu,InNj3. Thermolysis of the above precursors with 1,1-
dimethylhydrazine, H,NNMe,, produced InN crystallites. Ther-
molysis of iPr,InN3 in the presence of diisopropylbenzene and
H,;NNMe, produced InN crystallites at 203°C. Apart from its
role as a hydrogen donor, H,NNMe,, also plays an important
role to generate metallic In that was found at the tip of the
InN fibers. This liquid indium cluster provides the energetically
favored site to aid in precursor absorption and decomposition,
along with lattice reconstruction during the growth.

3.3. Vapor Solid Growth

When purity of products is a concern, the template or catalyst-
assisted growth is often undesirable because the removal of the
catalyst and template are by no means a trivial job. The vapor—
solid (VS) growth can be of assistance here.’® VS growth relies
on the vapor phase transport of the precursors to the deposition
zone. Adsorption, diffusion, desorption, and subsequent depo-
sition follow, giving rise to the growth. The catalyst is no longer
controlling the process or the resultant morphology of the mate-
rial here, as we saw in the VLS case; instead, it is the diffusion
coefficient and surface migration of the adatoms that is doing
the job. The adsorption and ultimate bonding of the adatoms on
the growth surface are dependent on the availability of dangling
bonds on the surface. Hence, the rate of VS growth is crys-
talline orientation dependent. Anisotropy in growth is hence a
consequence of the density of dangling bonds available at each
crystalline face.

3.3.1. Direct

A nice demonstration of a direct VS growth is available
for AIN nanostructures grown from Al vapors in the presence
of NH;.3!132 The reaction was carried out in a horizontal tube
furnace and the products were collected on metal-coated or
uncoated silicon substrates. AIN nanostructures ranging from

nanotips to tapered rods to perfect rods were grown only as
a function of the growth temperature (Figure 2). In this case
the metal catalyst could not be traced anywhere in the nanotip
and the nanotips could be fabricated even without the assistance
of the catalyst, indicating a VS process. The use of the metal,
however, produced an enhanced and uniform morphology.

Similarly, GaNNWs and GaNNRs have been produced by the
direct reaction of Ga and NH3, where the growth temperature
dictated the diameter of the wires.?3-3* In general, the diameters
increased with increase in growth temperature and NH; flow
rate.

As a special addition to this category of growth, let us dis-
cuss a new technique called the energetic neutral atom beam
lithography epitaxy (ENABLE), which allows growing group
III-nitride films at relatively low temperatures.> These thin
films are mostly grown on single-or nanocrystalline substrates
or cores. Moderate deposition conditions are often required
for thin-film overcoats on nanocrystals such that the crys-
talline property of the substrate is not adversely affected by
a high deposition temperature or pressure used. Semiconduct-
ing nitride films can be grown at <500°C without the use of
organometallic precursors. A beam of neutral N atoms with
tunable energies in the range of 0.5-5.0 eV (50-500 kJ/mol)
is used to react with electron beam—evaporated Ga atoms at
the substrate site. The N and Ga react via a nonthermal sur-
face chemical reaction, which is a key to the process. Mate-
rials such as GaN thin films grown by this process have struc-
tural quality equivalent to those produced by metalorganic CVD
(MOCVD).

3.3.2.  Oxide Assisted

Unlike the hexagonal crystals of group IlI-nitrides obtained
in the VS or VLS processes, the oxide-assisted growth produced
cubic or zinc blende structures of the group II-nitride materi-
als, such as GaN.3 Here, laser ablation of GaN targets contain-
ing about 25 mol.% of Ga,0; at 1,000°C produced GaNNWs,
whereas pure GaN targets did not yield the NWs. The growth of
the GaNNWs is believed to obey the following pathway: (1) de-
composition of GaN into constituent atoms by the high-energy
laser impact, (2) released Ga reacting with Ga,Oj3 in the target
to produce Ga, 0O, (3) Ga,O vapors and N are transported to the
growth zone by the carrier gas, (4) Ga,O and N react in the
following manner to produce GaN:

3Ga;0 + 4N — 4GaN + Ga, 04 [9]

Large-scale synthesis of INNNWs was demonstrated using
a thermal CVD of In metal and In,O3; powders under flow-
ing NH3 at 700°C.%’ The pathway to achieve the InNNWs
is similar to that in the case of GaNNWs. Here, molten In
reacting with In,O; produces In,O vapors, which then re-
acts with NHj to deposit the solid INNNWs on the substrate
following

In,O(g) + 2NH3(g) — 2InN(s) + H,O(g) + 2Hy(g)  [10]
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FIG. 2. Scanning electron micrographs (SEM) showing morphology evolution of AIN nanostructures grown by thermal CVD at
different growth temperatures: (a) nanotips at 950°C, (b) truncated nanotips at 1,000°C, (c) tapered nanorods at 1,100°C, and (d)
perfect nanorods at 1,200°C. (Reprinted with permission from Shi et al.3> Copyright 2006 Elsevier.)

3.3.3.  Chloride Assisted

The presence of a chloride salt of a group III metal can accel-
erate reactions leading to nanoparticle or NWs of the metal ni-
tride under suitable conditions. For example, nanocrystalline Al
metal reacting with N at 1,000—1,100°C will produce AINNWs
or equiaxed AIN nanoparticles (NPs).>%3° However, the pres-
ence of AICl; promotes the growth of AINNWs instead of the
AINNPs. The yield of AINNWSs increased from 50 to 90% as
the AICI; was increased from 10 to 90 wt.% in the reaction.
Relatively long NWs (>30 pum) with small diameters (20-100
nm) resulted from this process. The nonreactive AlCl; is be-
lieved to be the source for reactive AICI(g) and AlCl,(g), which
reacts with the N-species forming the AIN at the high reaction
temperatures. This suggests that although the AIN equiaxed NPs
grew from a liquid-phase Al, the AINNWSs grew from Al vapors
where AICI; acts as the vapor transport agent and supplier of
the volatile mono- and dichlorides. Rapid heating was, how-
ever, necessary to dissociate AlCI; before nitridation actually
occurred.

3.3.4. Combustion

This process relies on the uniform heating of the reactants
to their ignition temperature, triggering simultaneous reaction
throughout the zone. Micrometer-size Al powders reacting with
AIN diluent and 3 wt.% of MgCl, powder, as the vapor transport

agent, produced AINNWSs with large diameters, >100 nm, and
extraordinarily long length of ~2 mm.***! Submicrometer-size
Al powders with ammonium fluoride and ammonium chloride
(NH4Cl, 26 mol.%) as the solid N, source and diluent also pro-
duced AINNWSs. In the latter case, ammonium halides broke
down to NH;3 and HX (X = Cl or F) at ~400°C.*! These com-
ponents reacting with Al form intermediate products and finally
AIN(s), HX, and NH3;.

3.3.5.  Sublimation

GaN powders obtained from gaseous reactions constitute the
starting material for the production of GaNNRs through the
sublimation process.*” These powders were ball-milled with
hardened agate balls for 18 h to result in 60—200 nm spherical
particles of GaN. Heating these particles at 930°C for several
hours under flowing NH; resulted in GaNNRs with diameters
of 10-45 nm. The milling process was indispensable for the
GaNNR growth. The particle surface was rendered unstable,
allowing sublimation at high temperatures, and subsequent con-
densation into NRs.

3.4. Reactive lon Etching

Reactive ion etching (RIE) provides a classic example of the
top-down approach for the formation of nanostructures. Here,
micrometer thick films grown on suitable substrates form the
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starting material to be etched. Yu et al. produced GaNNRs of
controllable diameters and densities using inductively coupled
plasma RIE (ICP-RIE) on MOCVD-produced GaN epi-film on
sapphire (001) substrates.*> The ICP is composed of Ar and Cl
in the flow ratio of 5:2. The etching is crucially dependent on the
chamber pressure and could result in GaNNRs only at pressures
exceeding ~3 mTorr. GaNNRs density increased and diameters
decreased as the chamber pressure was increased. Typically,
for an etching time of 2 min, the NR density increased from
10% to 3 x 10'° cm~2 and the diameter decreased from 100 to
<50 nm as the pressure was increased from 10 to 30 mTorr.
However, the density and diameter of the NRs depend heavily
on the ease of etching of the starting material, which again is a
function of the quality of the starting material. In other words,
the starting film may have a large density of defects, such as
dislocations, to the tune of 10® to 10° ¢cm—2, which favors the
Ga-N bond dissociation and production of nearly defect-free
NRs of similar densities.

4. SIZE, SHAPE, AND ORIENTATION CONTROL OF
GROUP I1I-NITRIDE NANOMATERIALS

With the basic information on growth mechanism and defect
information in place, we may discuss the size and shape con-
trol in 1D nanomaterials. As discussed, the VLS process forms
one of the major growth modes of 1D nanomaterial where a
catalyst is chosen such that (1) it is in the liquid phase at the
growth temperature and (2) it does not form a solid solution
with the nanostructure being precipitated out. This metal droplet
serves as the preferential site for gas-phase precursor adsorp-
tion. In the VLS growth mode one can control the size of the 1D
nanostructure by (1) catalyst particle size, (2) flux of reactants,
(3) reaction time, and (4) precursor source. Although the catalyst
particle size cannot be used to predict the specific diameters of
the VLS grown 1D nanostructure, a trend can be predicted. For
example, GaNNWs grown on gold (Au) NPs of different sizes
clearly show an increase in GaNNW diameter as the AuNP size
is increased.** However, instances where the catalyst particle
size can be either smaller or bigger than the resulting diameters
of the 1D nanostructure do exist. But a larger catalyst particle
will usually produce a larger diameter nanostructure. The con-
trol of catalyst particle size and their distribution is essential for
the size distribution of the nanostructures (Figure 3). The pro-
cess temperatures for nanostructure preparation are generally
high, which allows for considerable self- and surface diffusion.
This may result in severe agglomeration of the catalyst par-
ticles during the heating process. Introduction of a diffusion
barrier material with the catalyst will prevent such agglomera-
tions. Pursuing such ideas, GaNNWs were prepared from Co,
Ni, Fe catalysts using TiO, as a diffusion barrier matrix.* Sim-
ilarly, Fe,O3 catalysts supported on Al,O3; matrix were used
to produce GaNNW.#6 The presence of SiO, was believed to
reduce the melting of the Fe,O; catalyst and aid the reaction
between Ga and NH3.%6 The presence of Al,Os led to the re-
duction of the diameter of the GaNNWs to 10-50 nm compared

200nm

[ i2 16 18 21 24 27
Diameter (nm}

FIG. 3. SEM image of nanostructures with catalyst particles at
the end: (a) ZnO nanowire and nanobelt of different size sharing
the same Sn catalyst particle. (Reprinted with permission from
Ding et al.** Copyright 2004 American Chemical Society.) (b)
Diameter distribution of GaN nanowire (black bars) growing on
gold nanoparticles (hatched bars). (Reprinted with permission
from Kuo et al.** Copyright 2006 Institute of Physics.) (c) InN
nanotip with a catalyst at the tip. (Reprinted with permission
from Shi et al.>* Copyright 2005 American Institute of Physics.)

to 80200 nm using Fe,O; alone. The catalyst preparation is
an elaborate affair and can affect the size of the nanostructure
dramatically.

The diameters of the 1D nanostructures were strong functions
of the reactant flux.?® NWs synthesized by the thermal CVD
technique using a horizontal quartz tube in a furnace showed
smaller size NW when the separation between the metal (Ga,
Al, In) source and the substrate increased. In this technique the
Ga metal source is kept in a boat upstream and the catalyst-
coated substrate in another boat downstream, with respect to the
flow of NHj. The diameters of the GaNNWs were 50—150 nm
when the boats were 1 cm apart and then reduced to 20-50 nm
when they were 10 cm apart. The reduction of the NW diameter
with increasing separation between the boats was probably due
to the depletion of reactants at the catalyst site as a result of poor
vapor transport in the tube.

The effect of the total reaction time was also seen to influence
the 1D nanomaterial size.?® Other deposition conditions being
the same, the variation of only the deposition or reaction time
can modify the morphology of the GaNNW prepared by the
thermal CVD technique. At a low reaction time <3 h, short
GaNNRs with diameters of several hundred nanometers were
produced, which increased in length and decreased in diameter
to produce GaNNW as the time increased to 3—12 h. Over this
reaction time GaN bulk crystals were observed.



02:29 19 August 2010

Downl oaded By: [ CAS Chi nese Acadeny of Sciences] At:

230 S. CHATTOPADHYAY ET AL.

The observation of NW diameter reduction due to a depletion
of reactants® at the catalyst site indicates the usefulness of
gaseous or liquid precursors instead of a solid inorganic one
as used in the work.*’ Ga metal having a low vapor pressure
of ~10~* Torr at 900°C can be substituted with an organic
source such as Ga dimethylamide (Ga,[N(CH3),]6)*" or Ga
acatylacetonate ((CH;COCHCOCH;);Ga)*® for the formation
of GaNNWs. In the latter case GaNNWs can be grown at a lower
temperature of 620°C because Ga acetylacetonate decomposes
at a lower temperature of 196°C. GaNNWs of 15- to 60-nm
diameters and lengths of several tens of micrometers can be
formed.

The shape control of 1D nanostructures, in general, is more
complicated and intriguing. Which morphology among wire,
tube, tip, or belt is selected during a growth process remains a
question, the answer to which may lie in the energetics of the
process. Opposed to the popular belief that the catalyst being
in liquid state does not influence the NW crystalline structure,
Y, Ding et al.*’ showed in a model ZnO system that it does.
Although the local temperature may exceed the melting point
of bulk tin, a region of order or partial crystallinity exists at the
interface of the tin catalyst and the growing ZnONW. The crys-
tallographic orientation of the growing NW will select the least
lattice mismatch structure between itself and what exists at the
interface to grow. A single tin particle can produce ZnONWs
and nanobelts (NBs) of different sizes (Figure 3) and growing
along [0002] for the former and [0110] and [2110] for the latter.
The NWs and NBs have different crystalline orientation rela-
tionships with the tin particle. The crystalline orientation of the
tin particle may select the growth direction of the NWs and NBs
depending on the least lattice mismatch. The completeness of
this argument is debatable and may or may not extend to the
group III-nitrides case. This is because the difference in orienta-
tion selectivity may have something to do with the minimization
of surface energy. For instance, the close-packed planes (002)
might be the preferred belt surface for the case of NBs. Lattice
mismatch is a major factor for epitaxial films where a large area
of interface is concerned. Even so, there is some tolerance of
accommodating a mismatched interface. For NWs and NBs, the
interface between the catalyst and wire/belt is relatively small.
The interfacial energy is probably negligible in comparison to
the surface energy of NWs/NBs.

Single-crystalline INNNBs were reported on Au-coated sili-
con substrates by using a guided-stream thermal CVD process
at a temperature of 560°C (Figure 4).>° The NH; gas was deliv-
ered in the reaction zone by a separate coaxial quartz tube that
opened at the substrate held at the center of the outer quartz tube
(Figure 5). This variation of the conventional thermal CVD was
responsible for the NB formation, without which it produced
InNNWs and InNNRs.’' This again proves that the reactant
flux and temperature gradient along the growth zone can help
select the shape of the nanostructure produced. However, the
production of the NBs is again governed by energetics of the

0.308 nm

[110] >\/

[100] |

0.177 nm
[110]

FIG. 4. (a) and (b) Low-magnification TEM images of InN
nanobelts. (c) High-resolution TEM image of the InN nanobelt
growing along [110] and corresponding SAED pattern.
(Reprinted with permission from Hu et al.>® Copyright 2006
Wiley-VCH Verlag GmbH & CoKG.)
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FIG. 5. Schematic diagram of the guided stream thermal chem-
ical vapor deposition (GSTCVD) system showing a modified
delivery of the NHj right over the source metal position. Con-
ventional TCVD systems have the NH3 delivered at the entrance
of the quartz tube.
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(c)

(d)

FIG. 6. Unit cell model of h-InN constructed using CERIUS2
software: (a) (001), (b) (110), and (c) (110). (d) Schematic di-
agram of the nanobelt crystallographic directions. (Reprinted
with permission from Hu et al.>® Copyright 2006 Wiley-VCH
Verlag GmbH & CoKG.)

process as discussed previously for the tin-ZnO NBs system. In
this case, the growth direction and the enclosing facets of the
belts are [110], £(001), and £(110), respectively. This can be
explained in terms of surface energy (y) and growth kinetics.>?
Unit cells of InN along [110], [001], and [110] were constructed
using the CERIUS2 software package (Accelrys Software Inc.,
CA, USA) where the cleaved planes correspond to the structure
of the NB as shown (Figure 6). The number of broken bonds per
unit cell along the three directions is 4, 1, and 2, respectively,
indicating number of broken bonds per unit area on the crystal
plane to be 1.14 nm 2 for (110), 0.92 nm~2 for (001), and 0.99
nm~2 for (110). This indicates that ypo1) < Yaio) < Yaio) and
that (110) have the highest growth rate followed by (110) and
(001), the latter two forming the width and thickness of the belt.

InN nanotips (NTs) were reported by the MOCVD
process>>>* that grew on Au-coated quartz substrates via the
VLS route by the reaction of tri-methyl indium (TMIn) and
NH; at a temperature of 550°C. Analogous to the radius that
characterizes a wire or tube, the apex angle characterizes a tip.
For InNNTs a distribution of apex angles was observed. Apex

angles as low as 3 degrees and as high as 54 degrees were
observed (Figure 7) with a frequency distribution as shown in
Figure 8.4

Interestingly, AINNTs grown by thermal CVD by a VS pro-
cess using Al powders and NH; at a temperature of 950°C
only exhibited an apex angle of 18 degrees and showed no
distribution.’!:3* The AINNTSs were ~1 wum in length and 200
nm in base diameters. It is not clear at this moment whether
the growth process was responsible for the marked distinction
in the dispersion of the apex angles in AINNTs and InNNTs.
Upon close inspection of the AINNTS by electron microscopy it
was observed that the slant surface of the NT is not continuous
but actually stepped in nature (Figure 9).>* That is, hexagonal
platelets of AIN of diminishing size were stacked on top of
each other (Figures 9a, 9b) as growth proceeded along the [002]
direction.??

The hexagonal close-packed structures have the highest num-
ber of dangling bonds on the metal polarity surface, either [001]
or [001] direction, so the growth rate is highest along that direc-
tion. The lateral growth in the AINNTSs, which are orthogonal to
the above directions, is comparatively prohibited. This is more
so at temperatures of 950°C, because it was observed that for
AIN that increasing the growth temperature destroyed the tip
shape and NRs were produced at 1200°C. There was a system-
atic variation in the shape of the AIN nanostructure as the growth
temperature increased from 950°C. As the growth temperature
was increased (1,000°C), the stepped nature of the slant surface
was smoothed out and some rounding of the apex was observed.
With further increase in the growth temperature, tapered NRs
were observed instead of NTs. The hexagonal cross section was
still maintained, but the morphology resembled a shape as if the
tip has been truncated and the stepped nature fully smoothed
out. At 1,200°C, perfect AINNRs with hexagonal cross section
were observed (Figure 10).

This is believed to be a diffusion-limited process because of
the observed temperature activation. Diffusion of the imping-
ing precursors as a function of temperature is the key to the
morphology evolution.?? The increase in growth temperature
also saw thickening of the nanostructures perpendicular to the
growth direction, whereby the NTs and NRs are the smallest and
the widest at the base, respectively. This is expected because the
diffusion length of the precursors on the growing surface is
higher at higher temperatures. The VS growth in this case is
a layer-by-layer growth, with growth islands demarcated sig-
nificantly from each other along the growth direction at lower
temperatures creating the stepped morphology. The impinging
precursors did not have sufficient energy at lower temperatures
to move down a step to the lower island due to the presence of
the Ehrlich-Schoebel (ES) barrier’>3® present at the edges. The
smoothening of the stepped nature occured at higher tempera-
tures when the impinging precursors overcame the ES barrier
to contribute to the growth in a direction perpendicular to the
axis. In short, the ES barrier restricted the lateral growth at
low temperatures and produced thin NTs, whereas at higher
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FIG. 7. (a)—(f) TEM of InN nanotips showing different apex angles; inset in (e) shows the electron diffraction of the marked area
in (e); same scale bar for (c)—(f) shown in (f); (g) XRD pattern of the nanotips with the dotted lines marking the bulk InN position
for reference; (h) HRTEM image of the narrow apex angle InN nanotip, with inset showing the diffraction pattern. (Reprinted with

permission from Chattopadhyay et al.>*

temperatures the lateral growth was promoted, giving thicker
NRs. This is a very good example of shape selection by growth
temperature only in a VS process.

The apex angle determination was achieved by the platelet
stacking model. A step height (#) and step spacing (A) were
defined from the microscopic evidence of the AINNTs (Figure
9c). Both the step height and spacing must be some integer
multiples of the lattice spacing along the axial growth direction
[002] and the lateral direction of [110]. The apex angle, ¢, is
then defined as
A mxdggg  n

tan(%) = -

_ %D [11]
h nm xdeoy m

where d(;x;) represents the interplanar spacings. For a particular
material the ratio of the interplanar spacing is a constant D.
Hence, the ¢ of an NT of that material is only a function of
the n /n, ratio. For AINNTS, this ratio was found to be 0.2857,
which generated ¢ ~ 18 degrees. For AINNTs, & exhibited a
distribution but A only had values of 1 or 2 lattice units (Figure
9d). Following this platelet stacking formulation, a set of ¢ could

Copyright 2006 American Institute of Physics.)

be generated for the INNNTSs described above. Each ¢ calculated
using Equation [11] matches the experimental result shown in
Figure 8. The rationale behind the generation of particular slant
surfaces that defined the tip is again minimization of the surface
energy. It has been shown in AIN that the slant surfaces are
actually non-growth surfaces having a mimimum number of
dangling bonds, unlike the growth plane along the axial direction
of the NT.3! Atomic arrangements in an AIN crystal showing the
nongrowth stable surfaces of (221), (111), and (112), making
angles of 9, 29, and 47 degrees, respectively, with the c-direction
of [0001] are depicted in Figure 11.

Orientation control in one-dimensional nanostructures is a
challenging issue. Growth of epitaxial III-N films, which might
assist in orientation control of NWs or NRs, were difficult due
to lack of lattice matched substrates. However, sapphire (001)
substrates were used for the growth of GaN (001). On one of
these substrates, oriented GaNNRs were produced.57 GaN thin
film grown on sapphire substrates was patterned with a 5 um
X 5 um nickel square mesh. A chlorine and Ar plasma was
used to etch the exposed GaN in an inductively coupled plasma
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FIG. 8. (a) Histogram of occurrence (%) of InN nanotips with
different apex angles; (b) averaged distribution centered at ob-
served peaks in apex angles shown in (a). (Reprinted with per-
mission from Chattopadhyay et al.>* Copyright 2006 American
Institute of Physics.)

system for 10 min. The residual nickel was removed by a mixture
of nitric and hydrochloric acid (1:3 volume ratio), thus leaving
square trenches of the GaN (001) on the sapphire substrates. A
coating of Au (catalyst) was deposited on this to assist in the
VLS growth of NWs at 850°C for 3 h. Interestingly, GaNNRs
grew perpendicular to the sidewalls of the GaN film and par-
allel to the substrate as if to bridge the trenches between the
square posts on which Ni was deposited. Sometimes, two par-
allel sets of GaNNRs grew from the sidewalls of the GaN film,
which is along [100], making an angle of 60 degrees between
them. These two sets of GaNNRs grew along [100] and [110].
These directions are equivalent for the hexagonal symmetry and
include an angle of 60 degrees between them. An epitaxial re-
lationship between the substrate and the GaNNRs was evident
from the directionality of the growth.

Kuykendall et al.’® gave a nice demonstration of the sub-
strate’s crystalline orientation controlling the growth direction
of the GaNNWs growing on them. They used (100) y-LiAlO,
and (111) MgO substrates to grow GaNNWs by a metal-initiated
MOCVD process using tri-methyl gallium (TMGa) and NHj3 as
the Ga and N source, respectively. The logic behind the critical
selection of the LiAlO, and MgO substrates lay essentially in
both the symmetry and lattice match with that of the material to
be grown, in this case GaN. The oxygen sublattice in the (100)
plane of y—LiAlO, has a twofold symmetry matching with the
(100) plane of #-GaN. The lattice constants a = 5.17 Aandc =
6.28 A of y-LiAlO, match closely with the lattice constants

¢ =5.19 A and 2a = 6.38 A of GaN, respectively. Again, the
threefold symmetry of the (111) MgO and its 2.98 A interatomic
spacing matches with the threefold symmetry of (001) plane of
GaN and the a = 3.19 A lattice constant. Indeed, the growth
directions of the GaNNWs were found to be [110] and [001] on
the (100) y-LiAlO, (Figures 12a, 12c) and (111) MgO (Figures
12b, 12d) substrates, respectively. The X-ray diffraction (XRD)
data (Figures 12e, 12f) clearly show the preferred orientation
of the GaNNWs grown on y-LiAlO, and MgO with peaks for
the (100) and (002) planes, which corresponds to the orthogonal
[110] and (002) growth directions, respectively.

5. HIERARCHICAL, CORE-SHELL, AND COMPLEX
NANOSTRUCTURES

Hierarchical nanostructures are simply a sequential mul-
tistage growth of nanostructures, one following the other.
Complex assemblies of nanomaterials can be achieved us-
ing this strategy. Oxide-based systems, particularly ZnO, have
demonstrated two-, four-, and eightfold symmetric hierarchical
structures.>® This category of nanostructures is an ideal system
for the demonstration of homo- and heterojunctions that carries
tremendous device potential. Fabrication of such homo- and
heterojunctions in the GaN system has been reported.®’ Here,
nanoribbons of Ga,O3; were first fabricated using Ni catalyst
on an Si substrate in a CVD system. Evaporated Ga reacted
with water vapors brought about by passing Ar through water
in a horizontal tube reactor held at 950°C for 2 h. The Ga,O3
nanoribbons formed on the Si substrate were heated in a hori-
zontal quartz tube held inside a furnace at 950°C for 3 h under
a 10 sccm flow of NH3. The white Ga, O3 nanoribbons were
reduced to yellowish GaNNWs. For the homojunctions, GaN-
NRs were fabricated on the GaNNWs. The starting GaNNWs
were coated with a thin layer (~5 nm) of Au by ion beam sput-
tering deposition for a further catalytic CVD process. These
Au-coated GaNNWs on the Si substrate were then loaded in-
side the horizontal reactor, which carried at its center the molten
Ga as the source precursor. The temperature inside the reactor
was ramped up to 850°C under flowing NHj3 and kept for 3 h.
Branches of GaNNRs were formed on the starting GaNNWs,
yielding a brush-like structure with two- and fourfold symme-
tries (Figure 13a). Three (4S, 4M, and 4M*!; Figures 13b—13d)
and one (2S) subsymmetry (Figure 13e) were observed for the
fourfold and twofold major symmetry, respectively.

For the heterojunctions, INNNRs were grown on the starting
GaNNWs. Here, the Au-coated GaNNWSs on Si substrate were
put on the BN heater held inside a vertical tube reactor that did
not have a furnace. This is basically an MOCVD system with
tri-methyl indium (TMI) being the indium precursor carried by
1 sccm of pure N, gas. Another 200 sccm of N, was intro-
duced for efficient flow. Another 1,000 sccm of NH; was then
mixed with TMI and introduced on the substrate held at 500°C.
Again, brush-like InNNWs were formed on the GaNNWs
(Figure 13g).
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FIG. 9. (a) Top-view SEM image of AINNTSs showing the hexagonal platelet stacking; (b) HRTEM image of the surface of the
nanotip depicting the stepped edge morphology; (c) schematic of the platelet stacking model; (d) distribution of step spacing
(top) and step heights (bottom) in units of dj; 74, and |01, respectively. (Reprinted with permission from Chattopadhyay et al.>*

Copyright 2006 American Institute of Physics.)

Hierarchical structures involving InNNWs on InNNBs can
also be formed. The growth strategy is a similar two-stage pro-
cess. First, the INNNBs were formed on Si substrates by an Au-
catalyzed CVD process in an MOCVD reactor at 540°C. Next,
these InNNNBs were coated with Au again for further growth of
the INNNW again at 540°C. Brush-like structures were formed
on the parent INNNBs (Figure 13f).

Another member of the complex morphological group is the
core-shell structure. Here, a shell of a certain material is growing
on another material that constitutes the core. Generally, systems
with contrasting bandgaps form a nice material to study optical
properties. The property of the whole core-shell structure varies
depending on the nature of each layer but is predominantly
dictated by the shell if it is thick. In other cases, a thin shell
is used to passivate the surface and consequently enhance the
optical property of the thick core.

Core-shell structures of GaN and GaP demonstrate a system
with contrasting bandgaps of 3.39 eV for the former and 2.3 eV
for the latter. GaN and GaP also have contrasting bandgap na-
tures, direct and indirect, respectively. Core-shell nanostructures

have been reported with both #—GaN and cubic GaP serving as
the core and shell.®! GaN@GaPNWs, where GaP is the shell,
were prepared by the thermal CVD technique discussed pre-
viously in Section 3.3.1 and detailed later in Section 7. Here,
GaNNWs were prepared on an Si substrate from the reaction
of Ga and NH;3 at 950°C in the presence of iron phthalocya-
nine. The substrate with the GaNNWs was then transferred to
another horizontal reactor carrying a boat with Ga, Ga,0Os3, and
red phosphor. The temperature in the reaction zone was raised
to 1,000°C for 30 min under flowing Ar gas to obtain the GaP
shell (Figure 14a). Similarly, for the fabrication of GaP@GaN
core-shell structure, the GaPNWs were first fabricated from the
reaction of molten Ga, red phosphor, and iron phthalocyanine at
1,000°C for 30 min. Then the GaPNWs were introduced in an-
other reactor containing Ga and Ga; 03 and heated to 950°C for
3 h under flowing NHj3. This resulted in the GaN shell (Figure
14b). The temperature and time of reaction are crucial for the
formation of the shell. Typically, the shell is around 4-20 nm in
thickness, whereas the core is around 10-100 nm in diameter.
High resolution transmission electron microscope (HRTEM)
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FIG. 10. (a)-(d) HRSEM images of AIN nanostructures pro-
duced at different growth temperatures; (¢) HRTEM image of
the edge of the AIN nanotip showing the step edges, including
the step heights (#) and step spacing (1); a schematic aiding
in the semi-apex angle (¢/2) is also shown; (f) HRTEM image
of the edge of the AIN nanorod showing uniform diameter with-
out the tapering and step edges as in (e). (Reprinted with per-
mission from Shi et al.3> Copyright 2006 Elsevier.)

studies reveal a misfit dislocation loop at the interface of the
core and shell (Figure 14b).

Other complex NW structures, such as the barcode ones, were
also fabricated to study the photon confinement effects. These
NWs are made of alternating materials, say InAs and InP,%2
of controlled thicknesses that resembles the barcode for iden-
tifying customer commodities. Such structures have also been
obtained in the group Ill-nitride system.®> GaN quantum discs
embedded in aluminum gallium nitride (AlIGaN) nanocolumns
with good crystalline quality and high luminescence efficiency
were self-organized on AIN-buffered silicon (111) substrates
by plasma-assisted Molecular Beam Epitaxy (MBE) (PAMBE)
under nitrogen-rich conditions (Figure 15a). The N,-rich envi-
ronments were required to reduce Ga mobility on the substrate
and nucleate the nanocolumn growth. The growth temperature
was 760°C. The 2- and 4-nm-thick GaN quantum discs were in-
corporated in the AlIGaN nanocolumn, with AlGaN spacer thick-
ness of ~10 nm, by simply shutting of the Al flux for different
lengths of time during the growth of the AIGaN nanocolumn.®?

The AlGaN nanocolumns were 30—150 nm in diameter. The cor-
responding PL spectrum of the GaN quantum disc embedded
AlGaN nanocolumn is shown in Figure 15b. The PL spectrum
clearly shows three peaks at 3.5, 3.62, and 3.81 eV (Figure 15b).
The strong 3.81 eV PL peak originates from the matrix of the
AlGaN nanocolumn and the Al content has been estimated to be
20 £ 1% from the PL peak position. The emission at 3.62 and
3.51 eV was attributed to two confined hole states of GaN quan-
tum dots (QD). The emission energies could be tuned and show
a blue shift with decreasing quantum disc thickness. However,
at low disc thicknesses (e.g., 2 nm), only one quantum confined
hole state is sustained.

The same group then reported the self-assembled growth of
AlGaN/GaN nanocavities with active GaN quantum discs em-
bedded in the AlGaN nanocolumn as discussed before.** The
difference for the nanocavities is that the nanocolumn is cladded
on the top and bottom by AIN/GaN-distributed Bragg reflec-
tors (DBR; Figure 15¢). The nanocavity was achieved by the
AIN/GaN cladding such that their thickness obeys n;d; = A/4,
where A is the emission wavelength from the active GaN quan-
tum discs, and d; is the GaN quantum disc thickness. Five GaN
quantum discs of 3 nm thickness were incorporated in the Al-
GaN nanocolumn and cladded with the DBRs (Figure 15d).
Six and 11 periods of AIN/GaN (32/40 nm) bilayer cladding
were applied at the top and bottom of the active region to
give reflectivities (R) of 50 and 90%, respectively. Extended
defects and cracks in the sample are avoided by lattice and ther-
mal relaxation at the sample—substrate interface and the DBR
built-in strain is released through the high surface area of the
nanocolumn structure. However, the growth of the nanocavity
is highly complicated, with disorder introduced during the DBR
growth that enhances the nanocolumn diameter, which could
ultimately coalesce two nanocolumns. The nonoptimized DBR
growth conditions that destroy its periodicity will in fact affect
the optical properties of such complex nanocavity structures
made from group III-nitride systems.

6. SYNTHESIS OF TERNARY GROUP III-NITRIDE
SEMICONDUCTORS

Ternary group Il-nitride systems are studied for the inter-
esting tunable emission that it could generate (Figure 16). For
example, indium gallium nitride (InGaN) has been the active
layer for most high-brightness LED devices reported so far. The
intrinsic bandgap of AIN could be reduced systematically with
increasing Ga incorporation in the network.® Al,Ga,_,N/GaN
heterostructures formed by radio-frequency plasma-assisted
MBE exhibited a two-dimensional electron gas (2DEG) sys-
tem als0.%® The electron mobility of the Al,Ga;_,N/GaN het-
erostructure was found to decrease with increasing Al content
and thickness of the Al,Ga;_,N layer. However, a high electron
mobility of 51,700 cm?/Vs was achieved at 13 K using a 16-
nm layer of Al g9Gago;N. In short, both optical and electrical
properties could be tuned in the ternary systems that make it so
attractive for recent advances in optoelectronics.
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FIG. 11. Atomic arrangement in an AIN crystal showing the stable nongrowth surfaces of (a) (221), (b) (111), and (c) (112)
making angles of 81, 61, and 43 degrees, respectively, with the basal plane. The c-axis shown in the figure is the [001] direction.
(Reprinted with permission from Shi et al.3' Copyright 2005 Wiley-VCH Verlag GmbH & CoKG.)

There has been a recent report on the growth of AIGaNNWs
by the MOCVD technique.®” Tri-methyl aluminum (TMALI) and
TMGa was used as the source precursor and NH3 as the nitriding
gas. The ratio of TMAI/[TMGa+TMALI] was varied between 0%
(GaN) to 100% (AIN). Polycrystalline alumina with 0.4-0.8 nm
of Ni was used as the substrate. Long NWs (4-5 um) with low
density and clean background and short (1-2 pm) rod-like mor-
phology with nanocrystallites in the background were observed
at high and low gas-phase Al vapor content, respectively. The
absence of TMAI or TMGa resulted in short GaNNRs and AIN

nio)

film, respectively. The AIGaNNWs growing along the [1010] di-
rection have a dark core and a light sheath contrast as observed
from transmission electron microscopy (TEM) measurements
(Figure 17a). The composition profile suggests that the NWs
are Al rich on the outside and Ga rich on the inside (Figure
17b). AlIGaAsNWs were tried by different techniques,®®% and
phase segregation was observed in the growth of AIGaNNWs’°
by hot wall chloride vapor epitaxy.

However, the incorporation of InN in GaN or AIN is difficult.
Valence force-field model calculations’' showed the existence
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FIG. 12. SEM images of GaNNWs grown on (a) (100) y-LiAlO; and (b) (111) MgO substrates. Space filling structural models
of the GaNNWs with the (c) triangular and (d) hexagonal cross sections corresponding to (a) and (b), respectively. XRD patterns
of the GaNNWs (e) as shown in (a) and (f) as shown in (b). The insets show the crystal structure of the substrates at the interface
between the substrate and the NW that dictate the selective GaNNW growth. The grey boxes indicate the respective orientation of
the GaN crystal planes at the interface. (Reprinted with permission from Kuykendall et al.>® Copyright 2004 Nature Publishing

Group.)
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FIG. 13. (a) Medium magnification FESEM image of homojunction (GaN on GaN) nanobrushes showing the presence of two-
and fourfold nanostructures. (b)—(e) High-magnification images showing (b) 4S-fold, (c) 4M-fold, (d) 4M*!-fold, and (e) 2S-fold
subsymmetries. (f) FESEM image of InN nanobrushes, INNNWs on InNNB, prepared by MOCVD. (g) FESEM image of a
heterojunction nanobrush, InNNRs on GaNNW, showing 2S-fold subsymmetry. (Reprinted with permission from Lan et al.®

Copyright 2004 Wiley-VCH Verlag GmbH & CoKG.)

of a solid-phase miscibility gap due to the large difference in
the interatomic spacing between InN and GaN. There are other
concerns about the growth of the ternary phase arising out of
a narrow temperature window for the growth of InN and GaN.
GaN, or AIN in that sense, grows at high temperatures exceeding
800°C, whereas InN can be grown around 540°C to prevent InN
dissociation. However, InGaN is an indispensable part of the
high-efficiency LEDs performing in the red to UV range of
the spectrum. The use of high nitrogen and indium source flow
rate enabled the deposition of relatively good quality In-Ga-N
film by MOCVD.”? But strong band-to-band emission at room
temperature was demonstrated by Nakamura et al. in InGaN
film”? and multi-quantum-well (MQW) structures.” The reason
that these InGaN films emit so strongly despite having a high
density of threading dislocations from 1 x 10% to 1 x 10'? cm~2
is not clear.

Recently there has been a report of InGaNNRs grown on Si
by hydride vapor-phase epitaxy (HVPE) that are nearly defect
free.”> The source precursors resulted from reactions of high-
purity In (6N) and Ga (7N) metal with HCl gas (5N) in the

presence of Nj at 750°C and then transported to the substrate
region and reacted with NH; (6N4) at 510°C. In and Ga, were
varied between 10 and 100 sccm and 100 and 300 sccm, respec-
tively, and NH3 flow rate was kept between 4000 and 5000 sccm
for the growth time of 5 h. A yellowish product was obtained
on the Si substrate, which was found by electron microscopy to
be InGaNNRs with 50 nm diameter and 10 um length. TEM
studies revealed that the growth direction was [0001] for the
NRs. The same technique can also produce aligned InGaNNRs
arrays growing along [0001] on sapphire substrates.”®”’
InGaNNWs with straight or helical shapes were prepared by
a thermal CVD technique using Au-coated silicon substrates.’®
A temperature of 600°C and pressure of 3.5 Torr were used for
the growth. The formation of the coiled or helical InGaNNWs
with an In-rich core could not be easily explained. However,
following other similar coiled structures, the authors opined that
it may be due to lateral displacement of the catalyst particle with
respect to the central axis of the NW during growth. Another
school of thought is that the different growth rates for the core
and the shell could probably give the helical shape for the NWs.
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GaP and GalN

FIG. 14. HRTEM image of a single core-shell (a)
GaN@GaPNW and (b) GaP@GaNNW. The misfit dislo-
cation is marked by an arrow in (b). (Reprinted with permission
from Lin et al." Copyright 2003 American Chemical Society.)

Vertically aligned InGaNNTs were grown on InGaN thin
films grown on sapphire substrate.”” A 30-nm low-temperature
GaN buffer layer was grown at 500°C on sapphire substrate on
which a 2-pm-thick undoped GaN buffer was grown at 1,000°C.
Subsequently, a 3-nm InGaN was grown at 730°C. Thermal
annealing of the InGaN film at 740°C at atmospheric pressures
for 20 min in a quartz furnace produced the NTs.

A complicated core-multishell NW heterostructure is re-
ported for the ternary system for use in multicolor, high-
efficiency nanoscale LEDs.%° The structure of the core (n-GaN)-
multishell (i-InGaN/i-GaN/p-AlGaN/p-GaN) NWs is shown
schematically (Figure 18a). The NW was synthesized by a
catalyst-assisted MOCVD process for the core wire and sub-
sequent shell deposition onto the core. NiNOj; solution—coated
sapphire substrate was used for the core n-GaN (Si-doped) NWs
grown at 950°C, using TMGa and NH3 with SiH, in H; for the
doping purpose. An intrinsic InGaN layer, of 8 nm thickness,
was deposited on the GaN core by the same MOCVD process
using TMIn and TMGa in N, at 600—800°C. By controlling the
growth temperature, the In content and hence the bandgap of
the InGaN can be systematically tuned. The intrinsic GaN (28

nm) and p-AlGaN (33 nm) layers were subsequently deposited
with TMAIl used as the Al source at 860 and 940°C, respectively.
The final p-GaN shell was deposited in H, at 960°C using biscy-
clopentadienylmagnesium as the p-type dopant. The NWs have
a triangular cross section and grow along [1120] direction. The
NW is nearly dislocation free, which suggests epitaxial shell
growth. The energy band diagram of the core multishell NW is
shown in Figure 18b and the LED application of this structure
will be discussed in Section 11.2.

An attempt to grow InGaNNWs by a VLS process using In,
Ga, and NHj as precursors and Au as catalyst always produced
Ga-rich and In-rich InGaNNWs at high and low growth tem-
peratures, respectively.®! TEM studies revealed that the NWs
are either predominantly binary GaN or InN with some ternary
self-assembled quantum dots (SAQD) embedded in them. The
strain in the inhomogeneous structure and the low miscibility of
GaN and InN are probable reasons for the formation of SAQDs
in NWs. The optical properties of the NWs were dominated
by the SAQDs that phase separated from the bulk of the NW.
The PL spectra show peaks inconsistent with the binary com-
position and can only arise due to a ternary In,Ga;_,N phase.
This study also underlines the difficulty in growing defect-free
ternary materials without phase separation.

7. STRUCTURE AND BONDING

The purity and quality of the material are often judged by
its structure and nature of bonding. Structural characterizations
such as XRD, TEM, and Raman and infrared spectroscopy are
essential for this purpose.

7.1. Defect/Strain

XRD patterns are often used as basic signatures for the qual-
ity of the nanomaterial in contrast to the bulk. Typical XRD
spectra of GaNNWs or GaNNRs will show similar features as
that of the bulk. But a change in the intensity ratio of the peaks
will show any preferred growth directions present in the NW's or
NRs. For example, the GaNNWs grown by thermal CVD using
Co-TiO, catalyst* showed the hexagonal fingerprints similar to
bulk GaN, but the intensity ratios of the (100), (002), and (101)
triplet (72:100:84) is clearly different than the 70:50:100 ob-
served for the bulk phase (JCPDS file No. 2-1078). This might
signify a preferential growth along [002] direction. However, the
(111) signature of cubic GaN could overlap with the (002) of
hexagonal GaN, complicating the analysis. Growth directions
could also be directly affirmed from TEM measurements as
shown for the GaNNWs growing along [100]. However, the
growth direction is highly system dependent and reports of
[1001%? and [110]3® growth directions are not scarce. The strain
in the GaNNW5s can also be estimated from the XRD spectrum.
GaNNWs prepared by catalytic CVD at 900-1,050°C using Fe
NPs? show an ensemble XRD spectrum that is shifted toward
higher 26 values with respect to the GaN epilayer or GaN bulk
powders (Figures 19a, 19b). Here, the XRD reflects the separa-
tion of lattce planes that are along the growth direction but not
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FIG. 15. (a) Cross-sectional TEM image of the 4-nm-thick GaN quantum disc embedded AlGaN nanocolumn; (b) PL spectrum
measured at 8.5 K for the nanocolumn described in (a). (c) The scheme of the nanocavity structure is shown on the left. The white
color disc within the AIN/GaN distributed Bragg reflectors (DBR) means “and so on.” On the right is cross-sectional TEM image
of the nanocavity structure; (d) High-resolution TEM image of the cavity area surrounded by the AIN/GaN DBR. (Reprinted with
permission from Ristic et al.®*®* Copyright 2003, 2005 American Physical Society.)

perpendicular to it. Hence, the (100), (002), and (101) diffraction
peaks come from different NWs that have the (100), (001), and
(101) planes along the growth direction. The amount of up-shift
(positive with respect to bulk) was A(26) = 0.07, 0.15, and 0.1
degrees for the (100), (002), and (101) diffraction peaks, respec-
tively (Figure 19b). The shift toward higher 26 indicates smaller
lattice spacing in GaNNWs than that of the bulk. This indicates
a biaxial compressive stress in the radial direction of the NWs

Ultraviolet Visible Light

Near Infrared

with a resultant uniaxial tensile stress along the length (Figures
19¢c—19e). The uniaxial tensile stress that would show a higher
separation of adjacent planes, perpendicular to the growth di-
rection, and hence a downshift (negative with respect to bulk) of
26 values, was not picked up in the XRD measurement. These
stresses could be accompanied by a change in the bandgap of
the material because it is closely related with the bond length in
the material.

Far Infrared

-
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FIG. 16. Various ternary and quaternary materials used for LEDs with the wavelength ranges indicated.
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FIG. 17. TEM image of AIGaNNWs on alumina templates with
Al gas-phase ratio x 7, g5 = 50%, (b) normalized composition
profile across the nanowire. (Reprinted with permission from
Su et al.%” Copyright 2005 American Institute of Physics.)

Apart from stress, other kind of defects such as point defects
and stacking faults can also be seen through high-resolution
TEM. A particularly interesting series of study was performed
in this direction by Dhara et al. and Datta et al.®®® They
compiled a report of self-ion (Ga™) implantation on catalytic
CVD-grown GaNNWs by a focus ion beam (FIB) technique. A
50-keV Ga* ion beam with a fluence ranging from 1 x 10
to 2 x 10'® ions/cm? was used for the purpose. Unlike a bulk
amorphization observed in epi-GaN film under heavy ion irradi-
ation, the GaNNWs demonstrate a resistance to amorphization
at intermediate fluence. Only at the highest fluence was a com-
plete amorphization of the subsurface region (~15 nm) of the
GaNNW observed. At intermediate fluence an enhanced dy-
namic annealing of point defects, such as vacancies, takes place
that resists the amorphization.®> This is due to the trapping of
highly mobile interstitials by the vacancies, resulting in the re-
moval of the defect. The high diffusivity of the interstitials is
unique in the confined geometry of the GaNNWs, unlikely to be
observed in epi-GaN films. Such self-ion implantation was also
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FIG. 18. Cross-sectional view of a core/multishell (CMS)
nanowire radial heterostructures and the corresponding energy
band diagram. The dashed line in the energy band diagram in-
dicates the Fermi level. (Reprinted with permission from Qian
et al.3% Copyright 2005 American Chemical Society.)

found to bring about a hexagonal-to-cubic phase transformation
in the #-GaNNWs at optimum fluence of 5 x 10'> ions/cm?.5
Interesting observations, such as blister formation in the GaN-
NWs, were also observed under self-ion implantation.3”-3% Dis-
integration of lattice atoms, mostly Ga, and its accumulation at
the subsurface in the form of metallic «-Ga resulted in the blis-
ters (Figure 20). Nitrogen blisters observed in epi-GaN films
under heavy ion implantation were not observed in the GaN-
NWs probably due to the enhanced defect mobility in the NW
geometry as discussed before.

In the AINNTS system,’! the XRD spectrum gave evidence
of stress present in the material (Figure 21). A description of
these NTs will be given later. The slant face of the NT showed a
stepped nature and a continuous tapering along the length of the
NTs, making them smaller and smaller toward the apex. This
indicated a restriction in the growth along the radial direction
of the NT, whereas the axial growth proceeded unrestricted.
This kind of limited growth, however, indicates the presence of
stress in the material, which was elucidated by the XRD spec-
trum. The XRD spectrum clearly showed a shift of the (002)
and (100) peaks toward lower and higher 26, respectively, as
compared to bulk AIN powders. As discussed above for GaN,
this shift indicated a compressive stress along the radial direc-
tion of the AINNTSs and a tensile stress along the [002] growth
direction.



02:29 19 August 2010

Downl oaded By: [ CAS Chi nese Acadeny of Sciences] At:

ONE-DIMENSIONAL

GROUP HI-NITRIDES 241

Growth direction

{100)

g 02
4=0.07 _“5"1\_-0.15

Intensity(Arb.)

Epilayer

30 32 34 36 38 40
20 (degree)

Growth direction
y
Compressive z

stress

—— Uniaxial —
tensile
stress

)

m oo | -
) (100)
< 002 l
=
5
€ [ (102) (”0){103‘
20 30 40 50 60
20 (Degree)
z
V4
y X
X
y
3 —
‘— _...
.‘;.'
(9) =t ="
\..___________/
(100) unit cel
Ac>0, Aa<0

£
| (001) unit cell
Ac<0, Aa>0

FIG. 19. (a) A full-range XRD pattern taken from the strained GaNNWs. (b) The (100), (002), and (101) peaks for the strained

GaNNWs, epilayer, and powders. Schematic diagrams for (c)

a hexagonal unit cell with the lattice constants a and ¢, (d)

the (100) unit cell that the z-axis is aligned to the growth direction of NW, and (e) the (001) unit cell that the z-axis is
perpendicular to the growth direction of NW. (Reprinted with permission from Seo et al.®* Copyright 2002 American Institute of

Physics.)

7.2. Raman/Infrared Spectroscopy

The chemical identity and bonding microstructure of a mate-
rial can be probed by both Raman and Fourier transform infrared
(FTIR) spectroscopy complementarily. These techniques can ef-
fectively distinguish between a bulk and nanomaterial because
some phononic excitation would not be observable in the former
because of symmetry restrictions. However, in the nanomateri-
als, due to exceptionally small dimensions and high surface-to-
volume ratio, the phonons may be confined, their symmetries
broken, and surface phonons observable with proper excitations.
The Raman line shapes carry information about atomic bonding
and so does the frequency of infrared absorption bands.

A comparison of Raman spectra for NRs and films of InN,
GaN, and AIN has been reported (Figure 22).5° The films have

stronger and sharper Raman signals compared to the NRs. The
Raman signals from the NRs have asymmetric line shapes and
some of the modes are shifted toward lower wavenumbers, ex-
cept for AIN. These differences are often attributed to size ef-
fects. A comparison between the Raman spectra of GaN film
and NWs can be found in Liu et al.”® and the set of vibrations
observed in bulk, film, and NW GaN has been tabulated by
Chen et al.”’ Significant broadening and asymmetry in certain
phonon modes marked the presence of nanocrystalline GaN
in the NWs. However, higher order longitudinal optic (LO)
phonons could be observed in GaNNWs with diameters smaller
than ~3 nm.”! Stronger electron—phonon interaction in ionic-
bonded GaN could enhance the LO phonons so that they can be
observed up to the fourth order. This is only possible when the
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50 nm

100 nm

FIG. 20. FESEM images of the nanoblisters formed at 50 keV
Ga*' implantation on GaNNWs with a fluence of 2 x 10'¢
ions/cm?. Inset shows a large nanoblister of 200 nm diameter.
(Reprinted with permission from Dhara et al.3” Copyright 2005
American Institute of Physics.)

defect luminescence from the GaN is small, implying very good
quality of the crystals. For InN epitaxial films and NWs, the
A (TO), E,, and A{(LO) modes can be observed in the Raman
spectra. However, the line shapes for the INNNWSs are broader
and asymmetric compared to their thin-film counterpart. A large
A (LO) phonon softening was also observed in the INNNWs?>
compared to the film, which is similar to what was observed
in the GaN system. InN nanostructures even show distinction
between NWs, NBs, and NRs as revealed by Figure 23. In ad-
dition to the symmetry allowed modes, such as E;, Aj, and E;
(high), InNNNWs and InNNBs also demonstrated surface optic
(SO) modes, which are generally not observed in the Raman

Intensity (arb. units)

33 34 35 36 37 28
20 (degree)

FIG. 21. XRD spectra for the AIN (a) nanotips (b) nanorods.
The vertical dashed line represents the bulk AIN positions
for (100) and (002) reflections (JCPDS Card No. 25-1133).
(Reprinted with permission from Shi et al.>! Copyright 2005
Wiley-VCH Verlag GmbH & CoKG.)
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FIG. 22. Comparative Raman spectra for films and nanorods of
InN, GaN, AIN. The spectra show different A;(TO), A;(LO),
E,, and zone boundary (ZB) phonons in these systems. The
strongest signal from the Si substrate has been cut off. (Reprinted
with permission from Pao et al.®* Copyright 2006 American
Institute of Physics.)

spectrum due to symmetry considerations.”?> Surface nanotex-
turization sometimes excites these otherwise forbidden Raman
modes.

8. OPTICAL PROPERTIES

Optical properties of nanomaterials are interesting and rich
in information because they carry the quantum mechanical phe-
nomenon of photon confinement with them. PL.% cathodolu-
minescence (CL),>* thermoluminescence (TL), and optical ab-
sorption measurements form the basic characterization tools for
the optical properties. Piezoreflectance (PzR) spectroscopy®
has also been used in a limited way. These techniques, except
CL, although suitable for the thin-film system, are not uniquely
conclusive for the nanosystems in a sense that the large probe
size often obscures the signal of the nanomaterial from a host
of backgrounds. Even a size distribution of NWs or particles
would result in a broadening of the PL signal being collected
from several hundreds of those. The narrow electron beam used
in the CL technique, however, can perform single nano-object
spectroscopy and is relatively error free.



02:29 19 August 2010

Downl oaded By: [ CAS Chi nese Acadeny of Sciences] At:

ONE-DIMENSIONAL GROUP III-NITRIDES 243

[ -3
[
s

MNanowire

Intensity (a.u.)
g

3 8

g

300 400 500 600 700
Raman shift (cm™)

FIG. 23. Representative Raman spectra for InN nanowires,
nanobelts, and nanotips. The position of the Si Raman line at
520 cm~! is indicated.

The optical properties of the dimensionally limited nanoma-
terials are vastly different from their bulk counterpart. Limiting
the electron motion in any one of the three degrees of freedom
will alter the electronic density of states, especially near the
band edges. Excitonic transition energies can also shift, usually
to the blue, if the material dimension is close to the Bohr ra-
dius of the exciton. This is the quantum confinement regime.
The Bohr radius for GaN is within 2.8—11 nm.!7-%7 The shift
in the transition energy (AE) can be calculated by solving the
Schrodinger equation for electrons in a quantum wire. Assum-
ing the NW of diameter d as an infinite potential well, AE was
found to be

AE = (0*/2m,)(j; + j3) 7> /d? [12]

where h is the Planck’s constant, m. is the effective electron
mass, and j, and j, represent integers.”® GaN having m, = 0.22
m,, where m, is the rest mass of electron, can have energy
shifts of ~1-100 meV when the NW diameter is reduced from
100 to 10 nm. Most GaNNRs or GaNNWs having a band edge
transition at 3.4 eV do not show any such shifts due to their
large diameters compared to the Bohr radius. But a 200 and
60 meV blue shift of the transition edge energy was observed
for GaNNWs (d & 10-40 nm) by Chen et al.”® and GaNNRs
(d ~ 80120 nm) by Kim et al.'” However, concern remains
about the cause of the blue shift because the synthesis of NWs
within the limit of the small Bohr radius is extremely difficult.
One possible origin of such blue shifts beyond the confinement
regime may be the surface states. An anomalous blue shift was
observed in ZnONRs that was explained by the existence of a
few surface layers that had a bandgap exceeding the bandgap
of the rest of the sample.!”' Hence, transitions occurring at the
surface may show a blue shift in the emission spectrum. This
argument may be extended to GaN as well. A quantum confine-
ment effect in the NWs can, however, be corroborated from the

CL spectrum showing a comparison of GaN thin film and sin-
gle GaNNW of different diameters.'%> The cause of broadening
of the line width of the CL signal is, however, more unani-
mous and attributed to the crystallite size distribution in the
nanomaterials.

However, nominally doped n-GaNNWs have, along with the
blue band edge emission, another band at 2.2 eV popularly
known as the yellow band. This yellow band was found to blue
shift with increasing fluence of self (Ga*)-ion implantation.'®
The chemically clean implantation was done by an FIB ma-
chine using a 50-keV Ga* beam using a fluence of 1 x 10
to 2 x 10'® ions/cm?. The yellow band shifts to ~2.8 eV at
the highest fluence. The blue shift of the yellow band is be-
lieved to be due to shallow donors introduced by nitrogen va-
cancies in the GaNNW. These vacancies created by the im-
plantation process behave as point defect clusters. A two-step
high-temperature annealing of the GaNNWs, first at 650°C for
15 min and then at 1,000°C for 2 min in nitrogen ambient, re-
stores the position of the yellow band by removing the nitrogen
vacancies. Contributions from the deep acceptors, created by
Ga interstitials, cannot be ruled out as a source of the blue shift
also.

Optical properties of InN are also shrouded in controversy
with both infrared and visible bandgaps being reported. How-
ever, the IR bandgap enjoys greater support recently with the
visible bandgap being attributed to an indium oxide phase in
the material,'® quantum size effect,'®> Burstein-Moss shift,!%
or nitrogen excesses in InN.'%7 Oxide-assisted InNNRs grown
by a catalytic thermal CVD process showed a bimodal size
distribution with optically black and brown NRs demonstrat-
ing diameters of 50-100 and 30-50 nm, respectively.’! The
optically black and nearly defect-free INNNRs showed a PL
emission at 0.76 eV (at 20 K) that blue shifted to 1.9 eV
(at 300 K) for the brown InNNRs. This shift of ~1.1 eV
cannot be explained on the basis of indium oxide formation,
Burstein-Moss shift, or quantum size effect alone. For exam-
ple, the InN crystals should have a size less than 5 nm to have
a shift of 1.1 eV according to quantum confinement, whereas
the brown InNNRs were 30-50 nm. The Burstein-Moss effect
can cause a shift of only 0.5 eV for a carrier concentration
increase of over 2 orders in magnitude. Hence, this result in-
dicates a convoluted contribution of quantum confinement and
Burstein-Moss shift toward the blue shift of the PL emission in
InNNRs.

Recently, a unique NT structure of InN has been reported by
the resistively heated MOCVD process.>* PL measurements on
these NTs supported the IR band edge emission at 0.77 eV with
a full width at half maxima of 18 meV. A side peak at 0.754 eV
was observed and attributed to a 20 meV donor level in InN
(Figure 24a). But the striking feature in the temperature-
dependent PL of these InNNTs is the absence of quenching
near room temperature (Figure 24b). When the measurement
temperature was varied from 15 to 300 K, the emission inten-
sity decreased by only 14%. An Arrhenius plot of the normalized
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FIG. 24. (a) Temperature-dependent photoluminescence (PL)
spectrum of InNNTs measured with 100-mW incident laser
power and 3-mm slit width. (b) Two sets of Arrhenius plots of
the normalized integrated PL intensity as a function of inverse
temperature: (0) 15-300 K with 488 nm laser and 3 mm slit
width; (e) 15-320 K with 514 nm laser and 0.5 mm slit width.
(Reprinted with permission from Shi et al.>3> Copyright 2005
American Institute of Physics.)

PL intensity with inverse temperature should show two distinct
slopes with low and high activation at low and high temper-
atures, respectively. However, for the InNNTs the quenching
of the PL intensity near room temperature was very weak and
hence the high activation region of the Arrhenius plot was miss-
ing altogether. This reduced temperature quenching suggests
high internal quantum efficiency, low defect losses, and low
thermal escape of carriers in the InNNTs.

InNNWs or InNNRs showed an anomalous temperature evo-
lution of their PL peak energy (Epp) that does not follow the
trend of common nondegenerate semiconductors. InN has been
shown to be degenerate, with high intrinsic carrier density, and
demonstrates a blue shift of the Ep; with increasing tempera-
ture. This finding puzzled scientists until a report from Shen et
al.'® claimed that it might be due to a surface band bending
occurring in degenerate InNNRs as a result of the high surface
charge density. In sufficiently thin (small radius) InNNRs, such
band bending can be pronounced to open up the bandgap. This
is true for nanostructures of different radii. However, InN thin
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FIG. 25. (a) Cross-sectional scanning electron microscope im-
age of vertically quasi-aligned InN nanocolumns; (b) plot of PL
peak energies as a function of temperature for samples S1-S8
(hollow symbols) from this study and from published references
(thin film, ¢; nanorods, e, m). Estimated carrier concentration
values (in units of cm™3) are marked for each sample (S1-S8).
(c) Variation of the quasi-Fermi level, Eg,, with temperature,
obtained by fitting the temperature-dependent photolumines-
cence spectra for each sample (S1-S8) according to published
equation. (d) Schematic band diagram showing the change in
the intrinsic bandgap (AEg), defined as the separation between
the conduction band minima and valence band maxima, and
the quasi-Fermi level AEg, = Epp — —Ep,1, with tempera-
ture for (d) low- and (e) high-carrier-density InN nanocolumns.
The optical bandgap, Epy, is also shown. (Reprinted with per-
mission from Wei et al.'% Copyright 2009 Optical Society of
America.)

films also showed the blue shifting of the Ep with increasing
temperature. The extent of surface charge accumulation in the
thin films is not as high as in the case of nanostructures. In a
quest for a more fundamental answer to this issue, Wei et al.!?”
proposed that this effect may be due to a change in the electron
effective mass as a function of temperature in InN. This is true
because InN has a nonparabolic conduction band edge whose

shape—i.e., dE/dK—can change significantly with temperature,
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affecting the effective mass of electrons. An approximate 10%
reduction in effective mass with 280 K change in temperature is
possible in degenerate InN. InN nanocolumns (Figure 25a) stud-
ied by Wei et al.!” showed that samples with Epp ~ 0.73 eV
showed temperature invariance of Ep;, whereas samples with
Ep, lower and higher than this value show conventional red
shift and anomalous blue shift of Epy, with increasing tempera-
ture (Figure 25b). After confirming that the individual Epp, val-
ues do increase with increasing carrier density (Burstein-Moss
shift), Wei et al.!%’ came to the conclusion that the temperature
evolution of Ep is the result of a competition between the con-
ventional red shift from lattice dilation, dominant for low carrier
density samples, on one hand, and a blue shift of the electron
and hole quasi-Fermi-level separation, dominant for the high
carrier density samples, on the other. The electron quasi-Fermi
level is shown to blue shift strongly with temperature (Figure
25¢) for the high-carrier-density samples and dominates over
the competing conventional red shift of Epp.. A schematic for
such temperature-dependent change of Epy, in low- and high-
carrier-density samples is also shown (Figure 25d). This sug-
gests that such anomalous temperature dependence of Epy, has
more to do with carrier concentration, in general, for samples
with similar crystal sizes. Additional effects of surface charge
density'® have to be incorporated if the size distributions of
the samples are largely different. This is supported by a re-
cent report that demonstrates a larger blue shift of Ep;, in InN
nanobelts, in comparison to thin films, with increasing exci-
tation intensity.!'® The reason attributed to such blue shift of
Epp. in the nanobelt system is again the surface charge accu-
mulation and the band bending at the surface. Hence, surface
band bending is a critical parameter in InN systems with large
disparity in crystal size; however, the carrier density is a more
fundamental parameter controlling the temperature evolution
of EpL.

There has been a report on random lasing from InNNBs with
cw laser pumping at 20 K.!'! A superlinear dependence of the
PL intensity vs. excitation power density could be observed with
significant gain in the intensity and concomitant decrease in the
FWHM (from 33 to 2.3 nm) of the PL band around 1,600 nm. At
powers higher than 77 kW/cm?, the INNNBs underwent struc-
tural damage and lasing could not be observed. These InNNBs,
with rectangular cross section, were not vertically aligned, so
the possible cavity to sustain the lasing action should come from
the longitudnal walls of the belt that are nearly parallel to the
substrate. The InNNBs grown on a-SiNy-coated Si substrates
must have contrasting refractive indices (RI) on both sides of
this cavity to form the waveguide. The authors claim that this
function could be achieved with a 2.9 index InN sandwiched
between lower RI air (RI = 1.0) and SiNy (RI = 1.9).!11

A nanotip morphology was also observed for AIN and was
discussed in Section 4.2 AIN is a direct, wide-bandgap, 6.2
eV, hexagonal, close-packed (hcp) material. This is in marked
contrast with other III-V compounds containing Al that show
indirect and lower bandgap values such as AlAs with 2.16 eV,
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FIG. 26. (a) PL and PLE spectrum of AINNTs measured at
room temperature. PL was measured with (a) 5.0 and (?) 3.5eV
excitation, respectively. PLE was measured with a detection at
(0) 2.1eV. (b) Temperature-dependent CL spectra from AINNTs
grown on Si substrate measured between 4 and 300 K. The inset
shows the near band edge transition, which can be resolved
into two peaks. (Reprinted with permission from Shi et al.!'?
Copyright 2006 American Institute of Physics.)

AISb with 1.5 eV, and AIP with 2.45 eV. However, these Al-
containing compounds have zinc blende structures, whereas
AIN has a wurtzite structure. The PL measurements of the
AINNTSs showed two defect-related transitions around 2.1 and
3.4 eV (Figure 26a) and a well-resolved excitonic feature at 6.2
eV (inset, Figure 26b).!'? According to Youngman et al.,!'3 the
3.4-eV peak is related to the defect created when oxygen substi-
tutes for nitrogen in the AIN lattice. Interestingly, the position of
the oxygen-related defect luminescence in AIN can vary from
3.3t0 4.0 eV as the concentration of oxygen is changed. Based
on Strassburg et al.!'* it is presumed that nitrogen vacancies
and Al interstitial point defects are responsible for the 2.1 eV
emission band. Temperature-dependent CL studies (Figure 26b)
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FIG. 27. Thermoluminescence (TL) spectrum of AINNTs mea-
sured at different temperatures between 66 to 145°C with 6.0
eV preexcitation. TLEs were observed at very near band edge.
(Reprinted with permission from Shi et al.!'?> Copyright 2006
American Institute of Physics.)

also show two broad emission bands at 3.4 and 2.1 eV. The peak
at 3.4 eV dominates the spectral range from 1.8 to 6.2 eV. A
broad emission ranging from 1.7 to 4.1 eV can be observed in
the TL spectra (Figure 27) within the temperature range of 66—
145°C with a preexcitation of 6.0 eV. The observed spectra are
in good agreement with the results of CL and PL, with defect
peaks arising around 3.0 eV (slightly shifted to lower energy)
and 2.1 eV. Thermoluminescence excitation (TLE) data suggest
that the source of the emission around 3.0 eV is the near host-
lattice absorption (~6.2 eV). The peak around 2.1 eV, however,
is unaltered and no optical excitation could be made responsible
for this emission, presumably due to the extremely low intensity,
which is below the detection sensitivity of the detector used in
the TLE measurement system. A significant TL intensity even
at high temperatures of 145°C suggests possible ultraviolet de-
tector and dosimetric applications of these AINNTs. Compared
to the bulk AIN macropowders, the AINNTs show a marked
blue shift (+0.2 eV) in the ~3.2 eV peak (Figure 28).

Ternary group Ill-nitride systems are ideal to practice
bandgap engineering. The low-bandgap InN could be alloyed
with the wide-bandgap AIN or GaN to tune the resultant bandgap
of the alloy material depending on the concentration of mixing
or the molar fraction. A good example of the bandgap engineer-
ing can be found in Brunner et al.®> where the transmission edge
was shown to shift to higher energies with increasing Al content
in AlyGa; 4N thin films grown by plasma-induced molecular
beam epitaxy (PIMBE). The effective bandgap of AlyGa;_xN
at room temperature shifted toward higher energies following

ExGal—xzy) = XE@amy + (1 — X)Egany — bx(1 —x)  [13]
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FIG. 28. PL spectrafor AIN(--—-- ) ceramics and (—) nanotips,
under an excitation of 6.05 eV. (Reprinted with permission from
Shi et al.!'? Copyright 2006 American Institute of Physics.)

where Eany and Egany were found to be 6.13 and 3.42 eV
(energy at which the absorption coefficients in AIN and GaN
are 10*® cm™!; E can be treated as bandgap or absorption edge),
respectively. The term b is referred to as the bowing parameter
and can be determined from a plot of E(aixGa1—xn) as a function
of x. For the Al,Ga;_,N thin films b = 1.3 & 0.2 eV.
InGaNNRs discussed earlier’> showed a CL spectrum cen-
tered at 428 nm with a full width at half maximum ~30 nm.
These NRs have a composition of Ing;GagoN. The same
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FIG. 29. PL spectrum of the InGaN/GaN MQW nanorod arrays
(NRAs) sample with excitation energy of 3.82 eV and PLE
spectrum of detection energy at 2.57 eV at 15K. (Reprinted
with permission from Sun et al.''> Copyright 2005 American
Institute of Physics.)
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FIG. 30. Temperature-dependent PL spectra from 15 to 300 K
excited by 325-nm He-Cd laser and (b) the Arrhenius plot for
the InGaN/GaN MQW NRAs sample. (Reprinted with permis-
sion from Sun et al.!'> Copyright 2005 American Institute of
Physics.)

In,Ga;_xN NRs show a tunable CL emission from 380 nm
(3.26 eV) t0 470 nm (2.64 eV) as the In content was varied from
x = 0.04-0.2.”7 The low-temperature PL spectrum of the In-
GaN/GaN MQW NR arrays'!3 with an excitation of 3.82 eV and
the PL excitation (PLE) spectrum with the detection at 2.57 eV
are shown in Figure 29. The intensity ratio from the InGaNQW's
to that of the GaN barrier is more than three orders of magni-
tude. The oscillation seen in the spectrum is due to microcavity
effects in the NRs. The temperature-dependent (15-300 K) PL
of the MQW NR arrays demonstrate substantially reduced PL
quenching of the 477-nm (2.6 eV) peak in the NR arrays as tem-
perature was increased (Figure 30a). An internal quantum effi-
ciency of 55.4% was estimated assuming 100% efficiency at 15
K. The Arrhenius plot of the integrated PL intensity shows two
distinct activation energies of 16.3 and 171.1 meV in the low-

temperature and high-temperature regimes, respectively (Figure
30b). The activation at high temperature is significantly higher
than that obtained for InGaN MQW reported in the literature.''
The high activation energy of 171.1 meV can be attributed to
the thermal escape of holes/electrons from the InGaN QW:s into
the barriers.

9. ELECTRICAL PROPERTIES

With the avenues for selective doping in nanomaterials open-
ing up, electrical measurements are becoming increasingly im-
portant and fundamental for the understanding of the nanoma-
terial. However, making a proper contact to the nanomaterial
is a concern and the choice of a contact material is extremely
complex and mostly relies on trial-and-error principles. The
electrical characterization of the group IlI-nitride bulk and nano-
material is discussed in the following paragraphs.

GaN is intrinsically n-type with a carrier concentrations of
10'® cm™3, but which defects are responsible for their n-type
behavior is controversial.!'”~!!” One theory is that the nitrogen
vacancy acts as shallow donors and infuses the n-type conductiv-
ity in them.!!7 Another school shows that the formation energy
of Ga vacancies is low and they give rise to the yellow band in
the optical measurements.'?® The fact that the yellow band is
suppressed under Ga-rich conditions lends support to this the-
ory. There are other experimental observations that oxygen or
other impurities such as Si and Ge are responsible for the n-type
conductivity and the yellow band observed in nominally un-
doped GaN.'2!:122 Inconclusive experimental evidence suggests
that the n-type conductivity and the yellow band may be origi-
nating out of different centers in different samples produced by
different techniques.

Undoped GaN produced by MOVPE (metal organic vapor
phase epitaxy) on GaN buffer/sapphire substrates shows a strong
dependence of the electron Hall mobility and electron concen-
tration on the thickness of the buffer layer.!?> The mobility
increases with the buffer layer thickness upto 20 nm, decreasing
thereafter. The highest value of mobility for these samples was
600 cm?/V's at room temperature and 1,500 cm?/Vs at 77K. The
actual thickness of the GaN layer also affects the mobility and
electron concentration. These GaN layers can be doped by Si
and Ge during growth.!?* The carrier concentrations increased
linearly with the molar flow rate (mol/min) of the dopant gases
(SiH4, GeHy). Good quality Si-doped GaN surfaces with carrier
concentrations of 2 x 10' cm~3 can be obtained. However, the
Ge-doped GaN surface degraded at a lower carrier concentra-
tion of 1 x 10" cm™3. A plot of decreasing electron mobility as
a function of increasing electron concentration can be obtained
from Jain et al.!>> Annealing temperature-dependent activation
energy of 130 and 11 meV for the Si in GaN was obtained by
using Hall effect measurements.'?® Other measurements, how-
ever, indicate the existence of two donor levels at depths of
12-17 and 32-37 meV where the density of the former exceeds
that of the latter by more than a factor of 3.'?” The activation
energy obtained from PL measurements was ~22 meV.!?’
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Amano et al. reported p-type GaN by doping with Mg.!?8 The
MOCVD grown GaN layers on AIN buffer/sapphire substrates
were doped by 10%° Mg atoms/cm? and a resistivity of 35 Qcm
and carrier concentration of 2 x 10'® cm™3 were obtained.!?®
Nakamura, however, obtained p-type GaN with hole concen-
trations of 3 x 10'™ cm™3 and resistivity of 0.2 Qcm upon
low-energy electron beam irradiation (LEEBI).'** Hole con-
centrations in the range of ~10'® cm™ can be obtained at
room temperature. By heating the Mg-doped GaN layers in
hydrogen atmosphere the dopants can be deactivated. From the
temperature-dependent PL measurements of Mg-doped GaN
layers grown by MOVPE and posttreated, ionization energy of
Mg around 155-165 meV was obtained.'>* Apart from LEEBI,
rapid thermal annealing (RTA), carried out over >600°C, can
also lower the resistivities of MOCVD-grown Mg-doped GaN
layers by 6 orders of magnitude (from 10’Qcm for as-grown
films to 10 Qcm for annealed films).'?!

GaNNWs synthesized via a laser-assisted catalytic growth
process was used for an FET device preparation and measured
for its current-voltage characteristics.'*> Free-standing NWs
were dispersed from a solution onto an oxide (600 nm)-covered
silicon substrate that served as a global gate. Source and drain
electrodes of Ti/Au (50/70 nm) were defined by electron beam
lithography and deposited by electron beam evaporation (Figure
31a). The conductance modulation of the GaNNW FET device
exceeded 3 orders of magnitude as the gate voltage spanned —8
to +6V (Figure 31b). Carrier concentrations estimated from the
total charge, with geometrical dimensions of the NW inserted
in the calculation, yielded a value of 10'® to 10! cm™3 for the
device. The mobility of the n-type GaNNWs measured from the
transconductance ranged from 150 to 650 cm?/V's. This mobility
value is at least equal, if not more, than GaN thin films having
similar carrier concentrations. The mobility only shows a weak
dependence on the carrier concentration, which suggests that
a dopant-independent scattering process controls the mobility
in the GaNNW FET device. Mg-doped p-type GaNNWs in a
similar measurement showed a mobility of 12 cm?/Vs.!3 The
mobilities reported for GaNNWs, demonstrating diffusive trans-
port, are mostly in the range of 1-65 cm?/V.s'3*~13¢ compared
to that of the bulk crystal (u = 900 cm?/V.s).'¥’

InN films are also intrinsically n-type with high electron
concentrations exceeding 10?° cm~3.13 Mobility and carrier
concentrations range from 30 to 100 cm?/Vs and 7 x 10%° to 2
x 10?° cm™3 as the growth temperatures increased from 400 to
525 K. Alow carrier concentration at high temperature dismisses
the idea of the nitrogen vacancy being responsible for the n-
type conductivity, because at high temperature InN dissociation
should result in nitrogen reduction in the material. Residual
oxygen or impurities are probably responsible for the n-type
conductivity in InN. Transport properties of INNNWs grown by a
catalytic (Au) thermal CVD were measured.'?® These NWs had
0.76 eV feature in the PL spectrum. The diameters of the NWs
ranged from 35 to 120 nm and lengths from 7 to 10 wm. Using
shadow mask, Pd/Ti/Pt/Au (5/20/20/100 nm in thickness) was

Silicon oxide

Silicon back gate

FIG. 31. (a) A schematic of a NW FET and (inset) FESEM
image of a GaNNW FET. Scale bar is 2 um. (b) Gate-dependent
I — Vg4 data recorded on a 17.6-nm diameter GaNNW. The gate
voltages for each I — Vg curve are indicated. (¢) I — V,; data
recorded for values of Vg3 = 0.1-1.0 V. (inset) Conductance,
G, vs. gate voltage. (Reprinted with permission from Huang
et al.!3 Copyright 2002 American Chemical Society.)

evaporated to make ohmic contacts at the end of the NWs (Figure
32a). Current-voltage (I-V) characteristic was measured at 300
K (Figure 32b). A contact resistivity of 1.09 x 10~7Q-cm? and
sheet resistivity of (4 = 1.5) x 10~*-cm were obtained from
the fit of the total resistance as a function of the ratio of length to
area of the NWs (Figure 33). The specific contact resistivity was
obtained from a transmission line method analysis and its value
confirmed with reported values. A comparison of the resistivity
values of InN thin film and NWs show that it is around one
order less in the NWs (4 x 107*Q cm), although the contact
resistivities are similar.'*’

A diameter-dependent resistivity study of InNNWs was
performed!3* in which the total measured resistance of the wire
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FIG. 32. SEM image of InNNW contacted at both ends by
Pd/Ti/Pt/Au (top) and 300 K I — V characteristics (bottom).
(Reprinted with permission from Chang et al.'* Copyright 2005
American Institute of Physics.)

was plotted as a function of the ratio of its length/radius?. Above
a NW diameter of 100 nm, the resistance showed a classical
ohmic behavior; i.e., the resistance increasing with decreasing
diameter of the wire. However, for NWs in the diameter range
of <90 nm, a decrease of resistance was observed as the wire
diameter decreased. This is an anomaly, which was later ex-
plained by Yin et al.!*? In a regime of diffusive transport, if the
wire diameter is smaller than the carrier size or scatterer poten-
tial, the resistance is not inversely proportional to the square of
the radius of the wire but in fact is proportional to the number
of scattering centers. Each scattering center contributes equally
to the resistance as if they are connected in series (neglecting
parallel combinations). The electron mean free path (£) is of the
order of the impurity—impurity distance and is given by

Loo(1/n)'7? [14]

where n; is the impurity concentration, and for the InN under
consideration it was 10'7 to 102 ¢cm—3. Hence, ¢ ~ 2.2-22
nm is the carrier De-Broglie wavelength or the carrier—carrier
distance. For INNNWs with radius < 45 nm, the NW dimension
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FIG. 33. Contact geometry for measuring the nanowire resis-
tance as a function of length (top) and plot of total resistance vs.
length/(radius)? for nanowires of diameter > 100 nm (bottom).
(Reprinted with permission from Chang et al.'3° Copyright 2005
American Institute of Physics.)

~ {, and hence the resistance R is given by
R = RC + R()IliAL [15]

where Rc is the contact resistance, n; is the impurity (scatterer)
concentration per unit volume (area [A] x length [L]) of the
NW, and Ry is the resistance per scatterer. This expression of
resistance, in place of the usual ohmic form, can then explain
the anomaly observed by Chang et al. for thin InNNWs. 134
Field emission (FE) of electrons is an important property
of 1D nanomaterials. GaNNWs and AINNTSs exhibit informa-
tive FE properties. GaNNWs with diameters of 10-50 nm and
lengths of several micrometers were measured in a diode con-
figuration for their FE properties, where the GaNNWs served
as the cathode and the conducting glass served as the anode.?®
Substantial emission was observed from the NWs and a linear
Fowler-Nordheim plot indicated the quantum mechanical tun-
neling behavior underlying the electron emission mechanism.
A turn-on field (in many cases user defined), defined as the
field that would extract an emission current density of 0.01
mA/cm?2, of 12 V/um was observed. The low turn-on field for
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the GaNNWs suggested promise for these materials as field
emitters.

Fundamental information on the field emission mechanism
was obtained while studying the FE properties of AINNTSs.3!:141
AIN is an insulating, wide-bandgap ceramic material, so good
FE properties were not expected. This was indeed true when
the AINNTs were grown on n-type silicon substrates. Hardly
any emission current was observed. However, the FE properties
were dramatically improved when the AINNTSs were grown on
p-type silicon substrates. The best emission was obtained on p™
silicon substrates with a turn-on field of 6 V/um. A maximum
emission current density of 0.22 A/cm” was obtained at a field
of 10 V/um. This phenomenon was explained with the help
of an Si-AIN heterojunction band structure. The band diagram
clearly showed a potential barrier at the n-Si-AIN interface
that prevented electron transport required for the FE, whereas
there was a clear potential well as a result of band alignment
at the p-Si-AIN interface that encouraged electron transport
across the interface. This phenomenon, of a better FE from
wide-bandgap materials when grown on p-type substrates, and
low-bandgap materials grown on n-type substrates, was put
forward by Chang et al.'+?

Compared to GaN or AIN, InN in NTs structure exhibited
exceptionally superior field emission properties, as observed by
Wang et al.'** Single-crystalline, well-aligned, and unidirec-
tional InNNTs were fabricated through a dry-etching process,
on MBE-grown InN(0002)/AIN(0002)/Si(111) substrates, with
an Art plasma system. These InN nanoemitters with a density
of ~107 cm~? showed excellent FE properties with a turn-on
field (in this case defined as voltage required for an emission
current density of 1 wA/cm?) as low as 0.9 V/um, which is
lower by almost one order compared to single-crystalline and
polycrystalline nanostructural forms of InN.!44~146 In addition
to the geometry of NTs that will affect the enhancement factor
(~69,000), the low turn-on field represents lower electron tun-
neling barrier as a consequence of the downward band bending
near the InN surface caused by the surface electron accumula-
tion layer and the inherent degeneracy of the InN semiconductor
with Fermi-level lying above the conduction band minimum.

9.1. Photoconductivity

Photoconductivity (PC) in 1D group IlI-nitrides has also
drawn research interest, particularly in the application of pho-
todetectors. GaN showed great potential for UV detection for
wavelengths <365 nm, due to their primary direct bandgap (E,)
of 3.4 eV. An additional advantage with GaN is that the E,
can be modulated over a wide range depending on its alloy for-
mation with InN, thus leading to devices with different cutoff
wavelengths. Although study on PC of GaNNWs was reported
recently,'#7-1* PC for GaN epilayers has been an interesting
academic issue for many years. 49151

Han et al.'¥’ have first revealed the promising candidature
of a single GaNNW for nanoscale UV light sensors. The ther-
mal CVD-grown NW in FET structures exhibited a substantial

photocurrent upon UV light exposure (Figure 34a), along with
the selectivity between two different UV wavelengths of 365
and 254 nm. The enhancement in zero-bias conductance from
23.4 to 258.3 nS under the illumination of 365 and 254 nm
UV light, respectively, is attributed mainly to the larger pho-
togenerated carriers by the latter having 4.88 eV energy. The
effect of bias (gate) voltage, V,, on PC (Figure 34b) reveals
that the latter is mainly dominated by the increase in carrier
concentrations, as evident from the increase in threshold volt-
ages. The change in mobility has a rather limited role because
no difference could be observed in the slopes (linear sections)
of I — V, curves. The single NW exhibited great reversibility in
PC activity (Figure 34c) with extremely fast response (81.9% of
the saturation value within 2 s) and recovery time. The advan-
tage of using quasi-1D structure of NWs has been realised in
Figure 34d, where GaNNWs showed pronounced polarization
anisotropy of conductance. The anisotropy arose because the
incident electric field perpendicular to the NW-axis would be
effectively attenuated due to the confinement in the radial di-
rection of the GaNNW with diameters (~15 nm) much smaller
than the excitation wavelength (254 nm). In contrast, electric
fields parallel to the NW axis can be readily adsorbed because
no confinement exists along this longitudinal direction.

In 2004, Kang et al.'*® reported the PC study on a bun-
dle of as-synthesized GaNNWs, which exhibited the “persis-
tent” photocurrent similar to what was observed in various GaN
epilayers.!**~15! Tt is interesting to note that this study con-
tradicted the observation of fast photoresponse on 15-nm thin
GaNNW reported by Han et al.'*’ The device, an ensemble
of as-synthesized GaNNWs on the alumina substrate with Ti-
electrodes, exhibited ohmic characteristics both in the dark and
under UV light.'*® Despite the GaNNWs length (20 to 70 «m)
being too short to connect directly to the pair of Ti-electrodes
(with a ~1-mm separation), a significant dark current and pho-
tocurrent could be observed, and the substrate was confirmed
to be electrically insulated. Dark current (of the order of mA)
was observed to be significantly high in magnitude compared
to GaN epilayers (in the order of 0.1 nA).!3? In addition, both
dark current and photocurrent exhibited temperature invariance,
in contrast to the strong temperature-dependent conductivity
observed for GaN epilayers.!>3 The observations would imply
the presence of degenerate electronic states in the NWs. Such
degeneracy in NWs was expected to lead to the electrical net-
working of GaNNWs bundle, which allows electron transport
from one NW to another between the electrodes.

The photoresponse spectra revealed the persistent phenom-
ena: upon exposure to the light, the photocurrents slowly in-
creased (rise duration: >2,000 s), and when the light was turned
off, the photocurrents decayed for at least one day. The photocur-
rent decay was found to be more rapid in air than in vacuum. By
correlating the PC behavior with PL spectra, Kang et al. found
that the photoresponse characteristics of GaNNWs were similar
to the green-band luminescence (GL), rather than the yellow-
band emission (YL).!4°~15! The latter has been attributed to
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FIG. 34. (a) I — V curve of single GaNNW before and after exposed to 254 nm and 365 nm UV light, at zero-bias (gate voltage,

Vg = 0). (b) I — V, curve at fixed drain source bias V = 0.1

V. Inset: SEM image of a GaNNW transistor, showing an NW

(diameter = 15 nm) contacted by two Au/Ti electrodes (source and drain) with a channel length of 2 ywm using Si substrate as a
back gate. (c) Current vs. time (V = 0.1 V and V, = 0.1 V) with UV light repeatedly turned on and off. The red curve (offset by
20 nA) is measured with illumination of 254 nm UV, and the blue curve corresponds to 365 nm UV light. (d) Photoconductance
vs. polarization angle () under UV illumination (254 nm): the dots are experimental data and the solid curve is a fit following a
function of cos?@. Inset: Schematic of the experimental setup for polarization anisotropy measurements. (Reprinted with permission

from Han et al.'*’ Copyright 2004 Elsevier.)

intrinsic structural defects and is commonly suggested as an
origin for the well-known persistent photocurrent observed in
GaN epilayers. The morphology study could not reveal any no-
ticeable dislocations or grains in the free-standing NWs, and
the observation of GL characteristics suggested its origin could
be the nitrogen vacancy-related complex existing near or on
the surfaces of NWs, which also could be responsible for the
persistent behavior of photocurrent.

The persistent photocurrent has also been reported by Calarco
et al.'’>* in an investigation on MBE-grown GaNNWs, which
exhibit anomalous dimension-dependent characteristics. The
study established a model based on the effect of surface Fermi-
level pinning and its interplay with the NW dimensions on the
electron-hole recombination behavior in PC through these wires.
From the I-V characteristics, they observed that post-UV illu-
mination, the relatively thick wires (diameter, d = 500 nm)
exhibited a photocurrent (I,) higher than the dark current (Ig)
by an order of magnitude, which decayed after switching off
the light but still retained approximately double the I4 value (in

1073 A range) after 120 s (Figure 35a). This persistent pho-
tocurrent was observed for all the NWs with d > 100 nm. In
contrast, thinner NWs with d < 100 nm exhibited no persistent
photocurrent effect, similar to that observed by Han et al.'¥’
on 15-nm thin GaNNW. The general pattern of size-dependent
photocurrents (Figure 35b) clearly exhibits a kink in the fit-
ting curve at ~85 nm, indicating a critical diameter d.;. For
thicker wires (d > d.;), the photocurrent is proportional to the
NW-diameter, whereas those below d. exhibited a sharp but
exponential decrease in the photocurrent.

Previous photoemission spectroscopy studies'>> on GaN sur-
faces revealed surface Fermi-level pinning (at about 0.5-0.6 eV
below the conduction band edge, E¢) within the forbidden band.
As a consequence, the electronic bands are bent upward at the
surface of GaNNWs, exhibiting a depletion space charge layer
at the surface (Figure 36a). Electrons prefer to move to the core
and holes toward the surface. The effect of surface depletion was
evident from the V2 to V3 dependence of I3 (vs. bias voltage).
This is the characteristic for space charge—limited currents in
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FIG. 35. (a) I-t characteristics of individual GaNNW: Current
transient after 1 min of UV illumination (~15 W/cm?) of NW
with diameter 500 nm at a bias voltage of ~2 V. (b) Photocurrent
versus NW diameter (d): the kink (~85 nm) in the fitting curve
indicates the critical diameter d., where the surface depletion
layer just completely depletes the NW. (Reprinted with permis-
sion from Calarco et al.'>* Copyright 2005 American Chemical
Society.)

insulators. Assuming an n-type background doping in the 107
cm™3, the depletion space charge layers should have extensions
of 50 to 100 nm into the bulk. For d > d.;;, NWs would have a
tight open conducting channel (right image, Figure 36a), provid-
ing easy access for spatial separation of photoexcited electrons
and holes. The recombination of nonequilibrium carriers would
thus be reduced or may even be impossible if recombinations
via surface traps in the forbidden band dominate, and hence the
effect of a persistent photocurrent would be obvious for thick
NWs. A decrease of the NW diameter (from right image to
middle one, Figure 36a) would lead to the complete depletion,
with unchanged surface barrier height ® for electrons. Down
to the d, the recombination rate and hence the photocurrent
would not change significantly. Further shrinkage (d < ds)

would cause less band curvature and therefore a reduction in
the barrier for surface electron-hole pair recombination (left im-
age, Figure 36a). The recombination process becomes strongly
enhanced and the photocurrent decays strongly with decreasing
®; i.e., with decreasing NW diameter.

In a subsequent report, Cavallini et al.">® revealed the pres-
ence of an exponential tail below the energy gap, in the UV
spectral region, and its strong dependence on the NW diameter
for GaNNWs by surface photovoltage spectroscopy (SPS) and
spectral photoconductivity (SPC) measurements. The absorp-
tion tail may be due to structural disorder, defects or impurities,
doping fluctuations, as well as broad excitonic, phononic, or
plasmonic absorption or the presence of a strong electric field
(Franz-Keldysh effect).!>’=15° Because the free-standing NWs
are near perfect crystals, the tail may not be due to defects or
disorders. As a matter of fact, the specific energy of the band tail
(~0.1 eV) and its diameter dependence (increasing with d) for
GaNNW:s with low carrier concentrations (10'” cm~3) can only
be explained by the Franz-Keldysh effect due to the internal
electric field in the depletion region induced by Fermi-level pin-
ning at the NW surface. Under a constant electric field, the free
electron wave function modifies into an Airy function, which
exponentially decreases in the bandgap region. As a result, a
sub-E, optical absorption occurs, which can be interpreted as
a photon-assisted tunneling through the forbidden band region
(Figure 36b). The experimental values of the band tail energy,
AFE, are in good agreement with the results obtained by simulat-
ing the electric field in the depletion region of the NW surface
using a cylindrical model (Figure 36c). For wires with d > dit,
containing a tight core conductive channel, the barrier ® is
equal to the Fermi-level pinning energy relative to the unper-
turbed conduction band, whereas for d < d, because NWs are
completely depleted, @ decreases with d (Figure 36a), as evident
from the sharp fall of AE below d.it = 80 nm (Figure 36¢).

In spite of several reports on PC studies on GaNNWs, quan-
titative studies of photocurrent gain (I") values, its underlying
mechanism and related advantages for 1D nanostructures were
not found until recently. The I" in a photoconductor is one of
the most important physical parameters related to photocar-
rier collection efficiency. GaN thin-film materials have been
reported to possess high I''6%:161 and good responsivity.!62~164
Chen et al.'® first reported an ultrahigh I' in GaNNWs, which
exhibited distinct characteristics unmatched by their thin-film
counterparts. The quantitative results on a single thermal CVD-
grown GaNNW, with m-directional long axis, revealed an onset
in the photocurrent response at around 3.2 eV. The photocur-
rent generation efficiency of the NW photodetectors, and hence
the I value, estimated from PC spectrum utilizing the defined
parameters like photon energy, incident intensity, and effective
illuminated area was found to be related to the wire diameter (d),
as shown in Figure 37a. For comparison, the I" values of GaN
film—based photoconductors measured under similar conditions
were also depicted. The NWs (d ~ 40-135 nm) exhibited I
values (5.0 x 10* to 1.9 x 10°) that are significantly higher than

156
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FIG. 36. (a) Schematic diagram of proposed model: dependence of depletion region (shaded), shape of conduction (E¢) and
valence band (Ey) edges, and recombination barrier (®) on the nanowire diameter (d). Barrier height 5 = ®+ (E¢c — Ep).
Right: the surface recombination mechanism of the photoexcited carriers. (b) Schematic band structure of an n-type semiconductor
surface: the wave function of an electron in the conduction band and a hole in the valence band are characterized by tails in the
forbidden band gap induced by the internal electric field (Franz-Keldysh effect): the band-to-band transition occurs at energy
lower than the energy gap. (c) The simulated values of Franz-Keldysh band tail widths AE as a function of d: the experimental
data (?) obtained from PC spectra. (Reprinted with permission from Calarco et al.">* and Cavallini et al.'>® Copyright 2005, 2007

American Chemical Society.)

their thin-film counterparts (5.2 x 10! to 1.6 x 10?). Moreover,
a size effect was also observed. As d increased from 40 to 100
nm, [" increased and reached a maximum. Beyond d ~ 100 nm,
I" did not further increase but decreased slightly.

The phenomenon of high ' in GaN films'6>!93 has been
attributed to the presence of hole traps that prolong the life-
time of excess carriers. On the other hand, Munoz et al.'®®
and Garrido et al.'®' have held the strong surface band bend-
ing in GaN responsible for the localization of the excess car-
riers and hence the resultant long lifetime and high T". In 1D
NWs, the high surface-to-volume ratio could lead to significant
spatial separation of charge carriers and surface band bending
(SBB) effects.!>* Though the influences of hole traps are dif-
ficult to neglect,'%® from the logarithmic plot (Figure 37b), the
intensity(I)-dependent behavior of I' revealed a clear inverse
power law (I" oc I7%) in the intensity range of 0.75-250 W/m?.
The power (k) value in the range k = 0.8-0.9 indicates strong
carrier localization effect induced by the electric field arising

due to the spatial charge separation.'®~16! In contrast, the con-
tribution of traps could be identified by the independency of I'
on I under low-level excitation.'92-193 However, for a small I
(<40 W/m?), T follows an inverse power law, I' 7%, with
k = 0.5. Hence, the observation (Figure 37b) strongly suggests a
surface-dominant rather than trap-dominant high I' mechanism
in GaNNWs.

Chen et al. observed persistent PC for NWs with d <
40 nm,'® and Calarco et al.'>* observed the same phenom-
ena only for thick MBE-grown GaNNWs (d > 100 nm). Al-
though the accurate reason for this discrepancy could not be
identified, two probable factors have been proposed:'% (1) The
dark conductivity (o) for the GaNNWs grown by the CVD pro-
cess ranged from 10 to 1,000 Q~! ¢cm~!, 135136167 implying a
higher carrier concentration (n) at 10'® to 10 cm~3, which
is reportedly higher than that (n = 10'7 to 10'® cm™) for the
MBE-NWs.!>* Hence, an approximate width (w o< n='/?) of
surface depletion region would be less (w = 10-30 nm) for
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FIG. 37. (a) The photocurrent gain as a function of effective
size for the GaNNWs (diameter, blue solid circles) and thin films
(thickness, open purple diamonds) at 400 V/cm applied field and
4.0-eV excitation with 10-12 W/m? power density. Three data
points of thin-film photoconductors are obtained from Munoz
et al.'® (size at 600 nm), Chen et al.'% (1,000 nm), and Shen
etal.'® (1,200 nm). (b) The optical intensity—dependent gain of
the GaNNWs at 325-nm excitation and bias of 1.0 V. The red
solid line shows a fitting to the power law I oc I7¥, revealed
with k = 0.9. (Reprinted with permission from Chen et al.!%
Copyright 2007 American Institute of Physics.)

CVD-grown NWs'% compared to the MBE-NWs (w = 50—
100 nm), assuming similar ® ( = 0.5-0.6 V).15* The narrower
w of the CVD-NWs probably explains the contrast in size-
dependent PC behavior with those grown by MBE. This also
explains why Han et al.'"*” could not observe any persistent pho-
tocurrent for the d = 15 nm thin CVD-NW because those are
completely depleted with d < w ( = 10-30 nm). (2) In addi-
tion, typical CVD-NWs always reveal m- or a-axial orientation,
which is strikingly different from the c-axial MBE-NWs; such
contrast might also provide a probable surface polarity effect
on the PC behavior of NWs. Nevertheless, the study by Chen

FIG. 38. Schematic band diagram illustrates the carrier recom-
bination by thermal activation and tunneling into the accumula-
tion layer of the INNNW surface (E¢ and Ey are conduction and
valence edges, F, is the Fermi level in the conduction band).
(Reprinted with permission from Stroica et al.'”® Copyright
2006 American Chemical Society.)

et al.'% clearly showed the importance of growth techniques

even if they follow the same growth mechanism (e.g., VLS) for
NW growth.

Instead of the usual depletion layer observed on most semi-
conductor nanostructure surfaces, an intrinsic electron accumu-
lation layer could be found on InN surfaces!®® that pins the
surface Fermi level at 0.5-0.9 eV higher than the conduction
band.'®® This accumulation layer, though only few nanome-
ters thick,'”" significantly influences the properties of the 1D
InN. As usual for narrow bandgap semiconductors, the elec-
tron accumulation layer at the INNNW surface leads to a sig-
nificant downward band bending,'”® which is just opposite to
what was observed for GaNNW.!3*165 Qptoelectronic proper-
ties of INNNWs revealed the effect of the narrow E, and sur-
face accumulation layer.!7%~174 The first report on optoelectrical
properties of INNNWs!73 demonstrated generation of IR emis-
sion through impact excitation under a high applied electric
field. Photogenerated holes in the valence band can be ther-
mally activated over the lowered potential barrier (due to band
bending) and recombine with the high-density electrons at the
surface accumulation layer (Figure 38), contributing to the low-
energy tail in PL spectra. Nanodevices using individual single-
crystalline INNNW:s also exhibited temperature-dependent con-
ductance with thermal activation as the dominating transport
mechanism.'7!174
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Lee et al.!”* demonstrated the performance of a photocur-
rent generation device using INNNWs. A sandwich-type photo-
electrochemical cell was assembled with an acceptor-sensitized
dyad with di-(3-aminopropyl)-viologen (DAPV) and an Ru
complex (RuL,(NCS);) on an InNNWs/ITO plate and Pt-
sputtered ITO substrate. The RuL,(NCS); could generate pho-
tocurrent, exhibiting fast response, under white light illumi-
nation (100 mW/cm?). The study revealed that, in presence
of InNNNWs layers (DAPV/INNNWSs/ITO cell), the photocur-
rent could be enhanced significantly by 62.7% compared to the
DAPV/ITO cell (without INNNWSs). The InNNWs layers could
improve the charge collection by minimizing the charge recom-
bination process.

10. MECHANICAL PROPERTIES

AIN (0001) bulk hardness is around 17.7 GPa and exceeds
those of GaN (0001) or InN (0001), which are 10.2 and 11.2
GPa, respectively.!”> A temperature dependence of hardness of
the group III-nitride materials has been presented.!”> However,
mechanical hardness measurement in nanostructures is a tough
task given the dimension of the indentor, which is nearly al-
ways larger than the nanostructure being measured. Molecular
dynamic simulations or ab initio and first principle calculations
have been carried out to understand the mechanical response in
metal NWs and III-nitride materials.'’*~!"8 Mechanical prop-
erties of NWs were also measured by mechanical resonant
methods,!”? 180 atomic force microscopy-based methods,'8!~183
and nanoindentation methods.'$* But each of these techniques
has problems of its own and extraction of hardness data is non-
trivial. Recently there was a report on the hardness of GaNNWs
by the indentation method.'®> These GaNNWs were prepared
on sapphire substrates and were 20-50 nm in radius. A single
NW was placed on a silicon substrate by an FIB Omni probe
(Omniprobe, Inc., USA). A nanoindentor XP (Agilent Tech-
nologies, USA) with Nano Vision scanning force microscope
was used to image the NWs (Figure 39a). A Berkovich tip was
used to do the indentation measurements. To prevent any move-
ment of the NW while scanning, the ends of the NW were fixed
to the substrate by a deposition of Pt using FIB. The indentation
of the NW may be modeled as that shown in (Figure 39b) for
small indentation depths. The indentation of the NW is a dual
contact situation under an applied force P, where contact 1 is
an elliptical between the spherical indentor and the cylindrical
NW and contact 2 is a receding contact between the cylindrical
NW and the elastic half space of the substrate (Figure 39b). The
cylinder is expected to recede from the half space when the load
is applied on the indentor. The two contacts are in series and
hence an equivalent contact stiffness (S) is given by

1/S =1/S1 +1/S, [16]

where S; and S, are the contact stiffness for contact 1 and
contact 2, respectively. With these formulations a model was
developed to analyze the indentation data because the conven-

FIG. 39. Typical SEM image for a fixed GaNNW on an Si
substrate by Pt deposition; (b) the corresponding scanning force
microscopy contour image scanned by a Berkovitch indentor
(10 nm/contour). (¢) The schematic of the indentation of an NW
on a substrate (half space). For very small indentation depths
the indenter can be modeled as a spherical indenter. (Reprinted
with permission from Feng et al.'®> Copyright 2006 American
Institute of Physics.)

tional Oliver-Pharr method was not suitable in the nanomaterials
case. The hardness of the GaNNW was found to be 46.7 + 5.6
GPa, which is much higher than the corresponding ZnONW
hardness of about 3.4 4= 0.9 GPa. This work is a significant step
forward in the measurement of the mechanical properties of
NWs, but validation of data on several other systems is required
for reliability and repeatability.

11. APPLICATIONS

Several applications, most prominently LEDs, of the group
[I-nitride materials, in general, have been reviewed.!86187 The
role of defects on the properties of these materials and how they
can be utilized in devices have also been reported.®?! Several
reviews have described the FETs using this class of binary or
ternary compounds. 381! But reviews on applications of one-
dimensional group III-nitride materials have been scarce.’”-!*?
This section will discuss primarily sensing applications and
nanoscale LEDs of these materials as an addition to what has
already been described in other reviews or books.

11.1. Nanoscale Sensors
The sensing principle is based on modifying various proper-
ties, optoelectronic, physical, or chemical, of a material M by
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the addition of an external agent A and then determining or in
some cases quantifying the changes with respect to the pristine
material by suitable technique. For example, the electrical resis-
tance R of M can be changed, preferably in a uniform manner,
by the chemical adsorption/absorption of an external molecule
A with uniform variation in concentration (c). If the change in
the differential resistance (AR) is specific to A, the molecule is
identified. The amount absorbed/adsorbed on the pristine mate-
rial is obtained from the plot of R as a function of c. Optically,
we may probe the shift of the luminescence band characteristic
of M upon chemisorption of A to sense the presence of A. A can
also trigger the appearance of an altogether new luminescence
signal whose intensity might be calibrated with the intensity of
the luminescence band. One classic example of electrical sens-
ing may be the modification of the gate electrode of a planar
FET (described in Section 9) with molecular receptors or selec-
tive membranes that can bind to specific analytes. Binding of
the charged species A will result in the depletion or accumula-
tion of charge carriers in the FET that can be directly monitored
from the change in conductance. Nanomaterial-based sensors
are being developed using particles, tubes, and wires.!91%
Not limited to group Ill-nitrides, the NW-based sensors have
a direct advantage over the planar sensors. Owing to the large
surface-to-volume ratio, the NWs offer much higher attachment
sites, which in turn increases the sensitivity of the device often
to the tune of single molecule detection. High density of NW
sensor arrays could be incorporated in a chip device. Lastly, the
1D elements of the sensor offer the least invasive of the in vivo
sensing techniques. However, there are concerns: (1) separat-
ing single NP or NW and establishing an electrical contact is a
gargantuan work, (2) single nanomaterial-based sensors suffer
from a low signal-to-noise ratio, (3) a nanomaterial sensor may
fail (sensor fouling) if the agent to be sensed is in the over-
whelming micrometer size. Work is in progress to use arrays
or assemblies of nanomaterials to increase the reliability of the
sensing process.

A hybrid structure made from AuNPs-decorated GaNNWs
has been used for methane and N, sensing.!”® The GaNNWs
were made by a conventional catalyst-assisted thermal CVD
setup at 950°C using Ga pellet and NH3. The random GaN-
NWs form a 10- to 20-um-thick mat on the sapphire substrate.
Five-nanometer AuNPs were deposited on the GaNNW mat by
PECVD. The schematic of the sensor device is shown where
the gold wires are 25 um thick and separated by 1 mm (Fig-
ure 40a). The entire device is sandwiched between two 10-mm
glass plates. After ensuring an ohmic contact, the device was ex-
posed to different gaseous environments of Ar, N, and methane.
Without AuNPs, the GaNNW mat demonstrated a linear ohmic
behavior insensitive to the environment, but with the Au parti-
cles the I-V is nonlinear with a drop of 5 orders in the current
value (Figure 40b). This suggests that the AuNPs do not of-
fer the primary transport path in the device. The I-V for the
Au coated GaNNW mat is now sensitive to the environment.
The I-V curves in presence of N, and Ar, although identical,
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FIG. 40. (a) A schematic of the gas sensor constructed from
a mat of GaNNWs. (b) Current-voltage curves of a sensor
constructed from bare GaNNWs (curve 1; right-hand vertical
axis) and a sensor constructed from AuNPs decorated GaNNWs
(curves 2-5; left-hand axis) for in vacuum (2) and atmospheres
of Ar (3), N, (4), and methane (5). The inset is an expanded
view of the I — V data in the first quadrant (¢— vacuum, e— N,
m— methane). (Reprinted with permission from Dobrokhotov
et al.'? Copyright 2006 American Institute of Physics.)

deviate from that observed in vacuum. The most reactive gas—
methane—however, produced a large response. As the methane
pressure fell below 10~° Torr, the signal returned back to its
original vacuum condition, proving that the device response
is reversible. The device is regenerative because the adsorbed
gases could be easily desorbed by thermal heating. The sens-
ing mechanism is still based on conductance of the device in a
manner similar to the NW FETs described in the earlier section.
The sensing mechanism can be visualized as follows (Figure
41): the conducting channel of the intrinsically n-type GaNNW
is reduced as the AuNP is formed on its surface (Figure 41a).
Charge transfer across the Au/GaN interface, required to have
the Fermi-level alignment, will create a depletion region within
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FIG. 41. A cross-section view of an NW showing the size of
the conducting region (grey) with no AuNP on the surface (a),
with a layer of AuNPs on the surface in vacuum (b), with gas
physisorbed on the surface of the NPs (c), and an equivalent
circuit diagram representative of the operation of the NW as a
gas-sensitive FET with V, representing the induced potential
by the absorbed molecules. Wy is the depletion depth due to
just AuNPs on the NW surface and W, is the depletion depth
when gas molecules have been physisorbed onto the AuNPs.
(Reprinted with permission from Dobrokhotov et al.'*® Copy-
right 2006 American Institute of Physics.)

the NW and the conducting channel in the GaNNW will shrink
(Figure 41b). This will lower the current drastically as observed.
Physisorption of the gases on the Au NP will induce a negative
potential (similar to a gate voltage in FET), which will further in-
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crease the depletion layer thickness and reduce the conductance
(Figure 41c).

Substrate-supported GaN layers can also serve as H-
sensors.'?” Here a vertical diode structure of Pt-GaN was used
and the I-V characteristics of the diode were measured in the
presence of H,. Different concentrations (10-500 ppm) of H; in
N, were used and change in the forward bias (0.5 V) current was
monitored. The percentage change of current was more in the
Pt-GaN diode compared to Pd-GaN diode probably because of
the higher catalytic activity of Pt. GaN resistive gas sensors were
also reported, using a 2-pum-thick silicon-doped GaN epilayer
grown by organometallic VPE on sapphire substrates.'*® Planar
metallic contact pads placed at separations of 0.5 and 1.0 mm
were deposited by e-beam (Ti) and thermal (Al, Au) evapora-
tion. An ohmic contact was ensured. The current was measured
after passing a mixture of H, in Ar with pure Ar forming the
reference point. The differential current (AI) at a constant DC
bias of 2 V and at 50°C measuring temperature was plotted as
a function of time for a pure H, flow. Al increased with the H,
pulses and decreased without it, showing the sensing behavior.
A similar result exists for AIN thin films in sensing Hy.

Detection of hydrogen has also been demonstrated via change
of resistance in an ensemble of thermal CVD-grown GaNNWs
on Si substrates.'? Both the uncoated and Pd-coated GaNNWs
were found to detect H, at concentrations from 200 to 1500 ppm
(in Ny) at room temperature, although the latter demonstrated
improved sensitivity by a factor of ~10 at low concentrations
(Figure 42a). The Pd-coated GaNNWs showed relative resis-
tance change, from ~7.4% at 200 ppm to ~9.1% at 1,500 ppm
H; in N, ambient. Upon removal of H;, almost 90% of the initial
resistance value could be recovered within 2 min (Figure 42b).
These sensors exhibited low power consumption (<0.6 mW) at
300 K, suitable for long-term applications. Study revealed that
these sensors perform better at elevated temperatures. The ad-
sorption activation energy of the sensor was estimated to be 2.2
kcal mol~! (0.097 eV), at 3,000 ppm H; in N,, which is smaller
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FIG. 42. (a) Room temperature hydrogen sensing: measured resistance at an applied bias of 0.5 V as a function of time from
Pd-coated and uncoated multiple GaNNWs exposed to a series of H, concentrations for 10 min. (b) Relative response of the sensor
at different H, concentrations (200—1,500 ppm) in N, ambient. (Reprinted with permission from Lim et al.'®® Copyright 2008

American Institute of Physics.)
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than that (0.12 eV) of Pd-coated ZnONRs,?%° under the same
operating conditions.

Following the sensitivity of GaN surface to H,, pH sensi-
tivity of GaN was also studied and reported.’”! GaN FET and
AlGaN/GaN high-electron-mobility transistor (HMET) struc-
tures were used to measure the response of nonmetallized GaN
gate regions to the pH of the electrolyte solution. These are also
known as ion-sensitive field effect transistors (ISFET). Conven-
tionally, the effect of the changes in the pH of the electrolyte
on the sensing surface (GaN) is monitored by adjusting the gate
voltage to compensate for the ion-induced changes in the chan-
nel current, Ing, at a constant Vpg ( = 250 mV).2%! The interface
potential change (in mV) was found to be a function of pH yield-
ing parallel straight lines, with a pH sensitivity between 56-57.3
mV/pH,?! almost independent of the presence of native oxide
on the gate surface. The GaN surface shows immediate response
to the change in the pH and good stability of the channel current.
Schottky diodes fabricated on GaN thin films also help in study-
ing electromechanical response as a function of strain frequency
and DC bias. These properties may well be extended to GaN
nanostructures and application possibilities exist in these areas.

InN has strong surface charge accumulation properties,
which stay within 4 nm of the surface and contribute to the
lateral conductivity of the film. This surface charge is sensitive
to the external environment and can be modulated by exter-
nal agents. Twenty- to 80-nm thin films of InN grown on GaN
buffer-coated sapphire substrates at 470°C by MBE have been
used for sensing purposes.?’? Standard Hall patterns with Van
der Pauw geometry were defined on the film using lithography
and plasma etching. The sample surface was exposed to solvents
for about 3 s via a cotton swab wetted with the solvent. The sam-
ple surface was then blow-dried with RT and hot air to take care
of any temperature decrease due to solvent evaporation. Ex situ
Hall measurements were then carried out with a small current
of 0.1 mA. The sheet carrier density and room temperature Hall
mobility both increase after treatment with water, methanol, and
isopropanol (IPA) for different thicknesses of InN films com-
pared to the equilibrium values (Figure 43). The increase in the
carrier density (Figure 43a) and mobility (Figure 43b) result in
the decrease in the InN sheet resistance after solvent treatment.
The surface and bulk electrons have different Hall mobilities in
the InN thin films, which is not assumed in the Hall measure-
ment and hence the data are a weighted average. The reason
for the larger intercept on the carrier density axis obtained by
extrapolating the linear fit (dashed line) to a zero thickness of
InN film for the treated sample compared to the untreated one
suggests a larger surface charge. However, both the enhanced
sheet carrier density and Hall mobility will decay in a time scale
of several hundreds of minutes. Nevertheless, the applicability
of the InN film in sensing has been demonstrated.

InNNRs for H, sensing were produced by hydride metalor-
ganic vapor phase epitaxy on c-Al,O3 substrates by the reac-
tions of TMIn, hydrochloric acid, and NH3.203 The InNNRs
produced were sputter-coated with platinum to form a 10-nm
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FIG. 43. Room temperature (a) sheet carrier density and (b)
Hall mobility of a series of InN samples with different thick-
ness before and directly after (3 min) methanol, water, and
isopropanol (IPA) treatments. (Reprinted with permission from
Lu et al.?*? Copyright 2004 American Institute of Physics.)

thin film. Without the Pt, the InNNRs were ineffective for the
sensing. This is probably due to the fact that Pt acted as a catalyst
to dissociate H, to atomic H. Al/Ti/Au contacts were defined
by a shadow mask and then sputter-deposited. Au wires were
then bonded to the contact pads for electrical resistance mea-
surements. The ohmic contact for the as-grown and Pt-coated
InNNRs was confirmed from the linear current-voltage curves.
The current and hence the relative resistance change (Figure 44)
in the Pt-coated multiple INNNRs were seen to change with time
when exposed to different amounts of H, (10-250 ppm) mixed
in air at room temperature. The change in the relative resistance
was small at the beginning of the H, exposure but then rapidly
increased and ultimately saturated after about 15 min of expo-
sure (Figure 44). The initial native oxide on the metal can retard
its catalytic activity, which is regenerated by the removal of the
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FIG. 44. Hydrogen test by Pt-InN nanorods: |AR|/R(%)-time
plot at different H, concentrations (10-250 ppm). (Reprinted
with permission from Kryliouk et al.>*> Copyright 2005 Amer-
ican Institute of Physics.)

oxide by the H,. Again, after some time the Pt surface can be
saturated with H; to level off the current or resistance change.
After the removal of the Hj, the current dropped steadily at first
and then slowly. The reversible chemisorption of reactive gases
at the surface of nitrides can produce a large reversible change
in conductance of the nitride.?** Exchange of charges between
adsorbed gas species and the surface resulting in changes of the
depletion depth®® or change of surface conduction due to gas
adsorption/desorption®*® was believed to be controlling the sens-
ing mechanism, though the mechanism in this case is not clear.
Also, the Pt-coated InNNNRs were seen to be insensitive to O,.

Recently, hydrogen sensing at room temperature was also
demonstrated using an ensemble of InNNBs grown on SiN,-
coated Si substrates by MOCVD.?’7 Upon exposure to various
concentrations of H, (20-300 ppm in N, ambient), InNNNBs
exhibited an increase in the relative resistance change from 1.2%
at 20 ppm H; to 4% at 300 ppm H,. The recovery of the initial
InN resistance, upon the removal of H,, was faster compared
to single INNNR.?** InNNBs catalyzed with Pd revealed higher
relative response than Pt-coated ones.?’®

Biosensing is also an important area for clinical diagno-
sis, medicine, and bioengineering. Sensing single or a minute
amount of biomolecules needs a perfect integration of the highly
selective biorecognition with the unique electronic, photonic,
and catalytic features of nanomaterials. Interestingly, biomolec-
ular complexes, proteins, or nucleic acid fragments have nano-
metric dimensions comparable to the inorganic nanomaterials,
whose inherent surface-dictated characteristics offer the oppor-
tunity for efficient binding or bio-functionalization and superb
sensitivity in detecting them.??~2!12 Though various materials,
including metal, silicon, and II-VI semiconductors, have been
used in nanobiotechnology,?**=2?! the use of group IlI-nitrides,
such as GaN, have been scarce,???~2* though they are chemi-
cally robust, nontoxic, and biocompatible.

Initial studies??%-233 showed that GaN surface, even without

any surface modification, could promote reasonably good neu-
ronal cell attachment, differentiation, neuritic growth, and sur-
vival compared to Si, which is a common template for biochip
application.??3 Figure 45 represents the behaviors of cerebellar
granule neurons prepared from 7-day-old Wistar rats on GaN
thin film. After incubation for 6 days on the n- (Figure 45a) and
p-type (Figure 45b) GaN surfaces, neurons exhibited a dense
fiber network displaying features of differentiation. In com-
parison, neurons cultured on Si (Figure 45¢) or polystyrene sur-
faces (Figure 45d) showed scanty cell coverage of few immature
neurons with limited branching. Clearly, GaN surface provides
preferential cell aggregation, indicating stabilized cell-material
interface and biocompatibility.???

A bio-semiconductor coupling requires efficient and di-
rect transfer of charges between semiconducting templates and
bioorganic layers. This depends on the alignment of the rele-
vant electronic levels on both sides at the bio-semiconductor
hybrid interface.??* The study has pointed out that the classi-
cal semiconductors like Si and GaAs are not actually ideally
suited for direct electronic charge exchange with bioorganic
systems under physiological conditions, whereas the use of
large bandgap semiconductors like GaN or AIN, or their al-
loys like AlGaN, which can cover the entire range of highest
occupied molecular orbital (HOMO)-lowest unoccupied molec-
ular orbital (LUMO) positions of those bioorganic systems
(Figure 46), should be much more promising for bioelectronic
applications.??*

In spite of this, the potential application of group Ill-nitrides
in biotechnology is quite limited and mainly constrained to
their thin-film configuration. The promising candidature of
group IIl-nitrides has been truly realized on the AlGaN/GaN
heterostructures??>224=231 that support the spontaneous forma-
tion of a two-dimensional high-density electron gas (2DEG) at
the interface. For AlIGaN/GaN high-electron-mobility transis-
tors (HEMTs), the existence of a conducting 2DEG channel
very close to the surface provides the efficient transduction of
the surface adsorption of solution ions or charged biomolecules,
making the device extremely sensitive to the ambient.??4~2%7
Few groups, mainly Eickhoff and Ren et al., have established
an appreciable foundation for AIGaN/GaN based transistors
in biosensing application; e.g., a readout device for selective
ion transport across lipid membrane via transmembrane ion
channels,??? for sensing the catalytic activity of immobilized
enzymes,??® for the detection of protein adsorption,??° for de-
oxyribonucleic acid hybridization,>®* or for binding of anti-
gens with immobilized antibodies.?3*?3! The chemical inertness
and biocompatibility of GaN-based semiconductors provides an
easy way to directly deposit lipid membranes or cell cultures on
the gate surfaces of the FETs??? or direct functionalization of
surfaces via deposition of self-assembled organic monolayers
and subsequent immobilization of biomolecules.??®?2° General
practice is to functionalize the gate area with different organic
linkers depending on the analytes and/or sensing applications.??’
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FIG. 45. Photomicrographs of cerebellar granule neurons cultured, after 6 days in culture, on (a) n-type GaN, (b) p-type GaN,
(c) Si, and (d) tissue culture polystyrene plates (scale bar = 100 wm). (Reprinted with permission from Young et al.2% Copyright

2006 Elsevier.)

However, some reports>3°~232 state that the Au-coated gate could

provide easier functionalization of biomolecules and a more re-
producible result than using the native oxide on the GaN or
AlGaN gate surfaces (Figure 47).

Tonisch et al.,”3? utilizing the high specific surface area of
nanomaterials, have proposed a basic module for a novel NW-
based and A1GaN/GaN-based nanoelectromechanical (NEMS)
device. The device works via the mechanical coupling of NWs
to the polarization-induced 2DEG of AlGaN/GaN FET. In a
laminar flow system, the force applied to the NW decreases al-
most linearly toward the channel wall due to viscosity. Thus, a
tensile and an equally compressive strain would exist simulta-
neously at the opposite sides of the fixation point of the NW,
which in turn influences the piezoelectric polarization locally
(Figures 48a, 48b). Hence, the deflection of free-standing NWs
in a streaming liquid causes an additional strain in the AlGaN
barrier, which leads to a change in the resistance of the 2DEG.
Researchers 23423% have demonstrated the unique advantage of
nanomaterial-based AlGaN/GaN sensors for immobilization of
enzymes that could retain their bioactivity due to the desirable
microenvironment and the direct electron transfer between the
enzyme’s active sites. The huge difference in the isoelectric
points of glucose oxidase and ZnONRs, directly grown on the
gate region of AlGaN/GaN HEMTs, ensures a favorable elec-

trostatic interaction between the two to enhance the limit of
glucose detection®** (Figures 48c, 48d).

However, 1D IIl-nitride nanostructures have not been uti-
lized until recently in biosensors.?*¢~23% Surface-induced spa-
tial charge separation (discussed before) in GaNNW leads to a
higher surface conductivity compared to its naturally high resis-
tive planar film counterparts. Interestingly, such surface speci-
ficity can provide an enhanced sensitivity to the ambient, and
hence to the surface-immobilized biomolecules, where neigh-
boring charges could alter the electronic behavior of NWs. Very
recently, Chen et al. have successfully demonstrated a rationale
for using GaNNWs for improved charge transfer efficiency and
biobinding to enhance the sensitivity to surface-immobilized
DNA molecules.??”-238 This study revealed the potential of GaN-
NWs to be an attractive material for dual-sensing (optical and
electrical-based) applications.

For the requirement of stable and efficient DNA recogni-
tion interface/surface, it is preferable to have covalent binding
rather than simple adsorption. GaNNWs surfaces can be chemi-
cally functionalized by self-assembled organosilane monolayers
of MPTS (3-mercaptopropyl trimethoxysilane), which can pro-
vide covalent linkage between the probe ssDNA strands (pDNA)
and the NW surface (Figure 49a).?3” Interestingly, such MPTS
modification also significantly improves the electrochemical
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FIG. 46. A comparative study: reference values of the absolute
positions of valence (Ey) and conduction (E¢) band edges for
selected inorganic semiconductors, in comparison to the highest
occupied (HOMO) and lowest unoccupied (LUMO) molecular
orbitals of some organic materials (small molecules, polymers,
and DNA). The data for water, as a common solvent in inor-
ganic/organic hybrid heterojunctions, are also included. These
data have been deduced from photoemission spectroscopy in
conjunction with electronic transport, optical absorption, or lu-
minescence measurements or have been calculated with state-of-
the-art theoretical models (Stutzmann et al.22* and the references
therein). Typical error bars of both experimental and theoreti-
cal values are of the order of 0.5 eV. For the case of DNA as
a prototypical biomolecule, largely varying results have been
published, ranging from metallic to completely isolating char-
acteristics, as indicated by the vertical arrows. (Reprinted with
permission from Stutzmann et al.?* Copyright 2006 Wiley-
VCH Verlag GmbH & CoKG.)

characteristics of the GaNNWs.>*® The modified GaNNWs
exhibit a wide potential window of 4.5 V with very low back-
ground current (Figure 49b). This is an advantage for the sen-
sitive detection of surface-immobilized analytes,?*~2* espe-
cially those (e.g., nucleic acids) having high oxidation/reduction
potential. >*>243 The MPTS-modified GaNNWs have revealed
promising candidature as an electrode for in situ detection of
DNA hybridization phenomena, down to sub-pM concentra-
tion of target DNA (tDNA), via simply monitoring the electro-
chemical oxidation of adenine (A) and guanine (G), by using
cyclic voltammetric (CV) techniques.?3® The control voltam-
mograms of the pDNA (polyA-polyC)-immobilized GaNNWs
reveal a broad peak around 0.837 V (vs. reference electrode
[RE]), which has been attributed to the A-oxidation (Figure 49c,
ssDNA). Upon hybridization with the tDNA (polyT-polyG),
a well-defined oxidation peak appears with a little blue shift

around 0.88 V (vs. RE), attributed to the G-oxidation (Fig-
ure 49¢, dsDNA). The peak current Ip exhibited an increasing
trend with the increase in tDNA concentration (Figure 49d);
however, around 10 nM it reached the saturation level, indi-
cating the limitation of DNA-binding sites on the nanometric
surface of GaNNWs. In Figure 50, the first segment exhibits the
CV responses over the time scale for in situ DNA hybridiza-
tion phenomena, revealing a complete hybridization within ~2
h. The second segment represents the reproducibility of sen-
sor response via hybridization-dehybridization-rehybridization
(HDR) cycles. This reveals that instead of Ip (Figure 50a), the
peak potential Vp (Figure 50b) would be a suitable parameter
for confirmation of DNA hybridization phenomena.

Though the CV technique can provide direct detection of
DNA via electrochemical oxidation of DNA bases, it suffers
from the irreversible redox activity of DNA bases, which
leads to the consumption of analytes, as evident from the
degradation of Ip with time (Figure 50a). Simultaneously, large
potential scan may cause the “etching” or “passivation” of
the electrode surface. These effects can impede stability and
performance of the DNA-modified electrode. On the other hand,
electrochemical impedance spectroscopy (EIS) can provide
an alternative safer platform for in situ biosensing, because
it is sensitive to the changes in interfacial impedance of the
electrodes (conductor or semiconductor) upon biorecognition
events occurring at the surface-electrolyte interface. The study
by Chen et al.?*” demonstrated in situ DNA sensing without
the use of any redox marker, employing a constant potential
at low positive value (0.3 V vs. RE) at the GaNNWs electrode
in order to prevent the oxidation of the oligonucleotides. As
evident from EIS results (Nyquist, Figure 51a, and Bode plots,
Figure 51b), on immobilization of pDNA (pLF), there appeared
an additional semicircular region at the lower frequency range
or higher impedance value over the typical Faradaic spectrum
of pristine GaNNWs. The additional impedimetric element (P2
in Figure 51b) could distinguish the GaNNWs electrode with
the conventional metallic electrodes, which do not exhibit such
Faradaic nature unless redox markers are used.

A hypothesis has been drawn by considering that the immobi-
lization of negatively charged DNA molecules on NWs surface
would create an additional capacitive element in series with
GaNNWs, exhibiting their own individual electrical character-
istics with an impedance comparable to GaN. Consequently,
the electron would face two interfaces, GaN/DNA (GD) and
DNA/electrolyte (DS) interfaces, in series, while transferring
from electrolyte to electrode (Figures 51c, 51d). With the cap-
ture of target DNA (LF), as more negative charges accumulate
on GaN surface, the electron transfer resistance Rpg of the DS
interface increased marginally (Figure 52a) with LF concentra-
tion (Crp) due to electrostatic repulsion. However, the resistance
Rgp of the GD interface was found to be decreased rapidly with
increase in Cpg (Figure 52a), serving as a fingerprint for DNA
modification on GaNNWs. Experimental observations led to the
fact that DNA modification on GaNNWs surface resulted in the



02:29 19 August 2010

Downl oaded By: [ CAS Chi nese Acadeny of Sciences] At:

262 S. CHATTOPADHYAY ET AL.

el AT o (@ (©

o 4 5l 5 .| ® ;e A, Al
YYY =

lipid bilayer
/

|- ion channel

e - - - - -

sapphire substrate

optical analysis

300 400 500 600 700 800 900 1000

& [nm]
FIG. 47. (a) Schematic design of AIGaN/GaN heterostructure FET biosensor devices for kidney injury molecule-1 (KIM-1), an
important biomarker for early detection of kidney injury. The gate area is Au-coated to functionalize with KIM-1 antibody on
thioglycolic acid. (b) Planar-view photomicrograph of a complete device with a 5-nm Au film on the gate region. (Reprinted with
permission from Wang et al.?*> Copyright 2007 American Institute of Physics.) (c) Schematic of a transparent AlGaN/GaN FET
as the readout device for selective ion transport across a lipid bilayer membrane via transmembrane ion channels. Inset: the optical
density of a 1-um GaN layer on a sapphire substrate, representing the optical transparency of the device, enabling it to benefit
from the possibility of simultaneous optical and electronic analysis of lipids. (Reprinted with permission from Steinhoff et al.?*2
Copyright 2003 Wiley-VCH Verlag GmbH & CoKG.)

(@)

d
flow velocity viz) P 3 7.5%x10™ -( )
b > 1Y
o
(c) "
h —
2 7.4x10%f
o 3.3nM
- PBS J 125 pM
y = l
5 | 1378 EM
L [ —— AlGaN =, 7.3x107 ] 25 nM
- ‘ 7 _8 0.5nM
Iting comp rs"‘ain 2DEG L L L I L I L L
- GaN 0 200 400 600 800 1000 1200 1400 1600

FIG. 48. (a) Schematic drawing of the AlIGaN/GaN sensor structure with freestanding NWs on top. (b) Mechanical scheme used
for the theoretical calculations: the principle of the sensor is such that the flow deflects the NW (diameter d and height /) and
thus creates a strain in the 2DEG, in turn leading to a change in its resistance. (Reprinted with permission from Tonisch et al.>*
Copyright 2007 Elsevier.) (c) SEM image of ZnONRs-gated AlGaN/GaN HEMT. Inset: HRTEM images of ZnONRs arrays grown
on the gate area with different scales. (d) Plot of drain current versus time with successive exposure of glucose from 0.5 nM to 125
uM. (Reprinted with permission from Kang et al.>** Copyright 2007 American Institute of Physics.)
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FIG. 49. (a) Schematic diagram of dsDNA-modified GaNNWs represents the surface modification stages: hydroxylation (-OH),
MPTS modification (MPTS), DNA immobilization (Probe-ssDNA), and DNA hybridization (Target-ssDNA). (b) Typical cyclic
voltammograms (CV) of the pristine and MPTS-modified GaNNWs electrodes, in PBS (pH = 7.42), at a scan rate of 100 mV/s.
(c) In situ voltammetric detection of DNA hybridization (after background subtraction): typical CV of the MPTS-modified, probe-
ssDNA-immobilized, and dsSDNA-modified GaNNWs (at different target concentrations). (d) Variation of peak current of guanine
oxidation with target ssDNA concentration. (Reprinted with permission from Ganguly et al.>3® Copyright 2009 The Royal Society
of Chemistry.)
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Society of Chemistry.)
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FIG. 51. EIS-based in situ DNA hybridization detection: (a) Nyquist plots and (b) corresponding Bode plots of as-grown, pLF-
modified, and dsDNA-modified GaNNWs (at different LF concentrations). Proposed schematic illustration of lowering in surface
band bending (SBB) and enhanced charge transport at GD interface: (c) maximum SBB for as-grown GaNNWs, (d) lowering of
SBB with MPTS and pLF modification. CB and VB denote conduction and valence band, respectively; E represents the electric
field direction. (Reprinted with permission from Chen et al.>*” Copyright 2009 American Chemical Society.)

flattenning of surface band bending of NWs (Figure 51d), a
consequence of trap state passivation and charge redistribution,
suppressing Rgp (Figure 52a).

Employing the Rgp as a sensing parameter, the study demon-
strated the selectivity of the sensor employing two important

hotspot mutations related to human p53 tumor-suppressor gene.
The in situ selectivity experiment (Figure 52b) exhibited that
only the fully complementary wild-type sequence (WT) among
all targets could trigger a decrease in Rgp, even in pM concen-
tration, and in presence of noncomplementary (LF) and single
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FIG. 52. (a) Variation of Rgp and Rpg with target concentration (Cg). (b) EIS-based in situ DNA selectivity detection: variation of
the same Rgp with target concentration (C). Inset: Nyquist plots of p53-modified GaNNWs before and after the addition of target
DNA strands, in the order as follows: LF, Arg248, Arg249, and WT. (Reprinted with permission from Chen et al.??” Copyright

2009 American Chemical Society.)
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mismatched molecules. In parallel, GaNNWs systems have also
been employed for DNA detection via ex situ room tempera-
ture PL. The excitonic emission of pristine GaNNWs (~365
nm) was found to be quenched with subsequent pLF immobi-
lization. The luminescence quenching was treated as a sensing
parameter correlated to the DNA-induced surface modification,
because the phenomenon has become more pronounced with
increasing Cpp.

Reports on sensing using AIN nanostructures are rare,
but there are few for AIN thin films. Due to its large elec-
tromechanical coupling coefficient, surface acoustic wave
(SAW) propagation velocity (~5,607 m/s), resistance to
humidity, and endurance to chemical etching, AIN-based SAW
devices are promising for high-frequency, high-sensitivity
applications,?**~2%8 over the conventional piezoelectric ma-
terials like quartz, lithium niobate, and lithium tantalate.
AIN films are flexible in designing a piezoelectric device
onto nonpiezoelectric substrates such as silicon. The opposite
temperature coefficients of delay in Si and AIN make these
materials particularly suitable to implement thermally stable
SAW devices. Caliendo et al.?* demonstrated a, AIN/Si
SAW resonator (SAWR)-based chemical sensor application,
operating at about 700 MHz. The microsensors, covered with a
polymer film sensitive to relative humidity (RH) changes, were
able to detect very low RH values (0.6-10%) with sensitivity
and detection limit better by 38% and one order of magnitude,
respectively, compared to the conventional SAW sensors.
Chiu et al.>*”-?*8 demonstrated a quantitative and ultrasensitive
biodetection utilizing enhanced-AuNPs AIN-SAW sensor. The
sensor is composed of self-assembled DNA-AuNPs conju-
gates onto functionalized AIN surfaces under physiological
conditions. Because of higher operating frequencies of SAW
sensors (typically >100 MHz) compared to 5-10 MHz for the
conventional quartz crystal microbalance (QCM) sensors, the
former’s SAW mass sensitivity (~15 Hz cm?/ng) was found to
be about two orders of magnitude larger than the latter.

Other than thin-film configuration, the only report on bio-
chemical sensing utilizing the surface sensitivity of 1D AIN
nanostructures could be found via metal nanoparticles—assisted
surface-enhanced Raman scattering (SERS) techniques.?*’
Hexagonal AINNRs and AINNTs have been used to self-
assemble metal (Ag, Au) particles on its surface (Figure 53).
These metal NPs of <10 nm can enhance the electric field at the
analyte position by the plasmon they generate under incident
laser excitation. The Raman scattering cross section, which is
a function of the electric field, is also enhanced and the Raman
signatures could easily be seen even at high dilutions. Sputtered
metal tends to self-assemble as NPs onto most nanomaterial,
such as carbon nanotube and NWs, owing to the high surface
area of the latter, but the choice of support, as such, is also
important. If the support is Raman active, then the signal from
the analyte may overlap with that of the support. Again, if the
support is not inert, it may sometimes react with the analytes
and degrade the Raman signatures we are looking for. Hence,

FIG. 53. TEM image of a single Ag-coated AINNR (the arrows
showing the nc-Ag); top and bottom insets show the SAED pat-
tern and the electron energy loss spectroscopy (EELS) spectrum
of the as-grown AINNR, respectively. (b) HRTEM image of the
as-grown AINNR lattice. (c) SAED pattern of the Ag-coated
AINNR. (Reprinted with permission from Chattopadhyay
et al.>*” Copyright 2005 American Chemical Society.)
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FIG. 54. Raman spectrum of (a) the as-grown AINNRs and (b)
the as-grown AINNRs with R6G and (c) SERS spectrum of Ag-
coated AINNRs with R6G. (Reprinted with permission from
Chattopadhyay et al.?*> Copyright 2005 American Chemical
Society.)



02:29 19 August 2010

Downl oaded By: [ CAS Chi nese Acadeny of Sciences] At:

266 S. CHATTOPADHYAY ET AL.

(@)

NifAu p-GaN

Transparent electode

(p-pad) Light electrode -
S0G SOG coated
ﬁ g E H - InGaN/GaN Nanorod Arrays
MQWs \
Light <G \l ‘ l ‘ ‘ l l ‘ ‘ V _’ Lighl mmm :
== TUAl
n-GaN n-GaN buffer layer electrode
(n-pad)
Sapphire
| , [T n
)| g curent | £ 480 (c)
300K —— 100 mA § 4655}
i oma| = .
— 80 mA § 4650
,ig M gm x 4645 I
= f 50 mA ,§ 464.0 .
o \ 35 mA - 4 ol
8 : f‘ 20 mA W 895640 80 80 100
- i 1\ - Current (mA)
= T i\ \ 1 =
< - 1\ !
' N \ .
= | N .
P |
L
400 450 o
Wavelength (nm) o Current (mA)

FIG. 55. (a) Schematic diagram and SEM image of cross-sectional MQW NR array LED. Scale bar 1 um. (b)—(d) Room
temperature electroluminescent (EL) characteristics of InGaN/GaN MQW NRA LEDs at various applied dc currents. EL peak
position at 20 mA was 466 nm. A significant blue shift is observed with increasing current. EL peak intensity increased directly
with injection current. (Reprinted with permission from Kim et al.>>> Copyright 2004 American Chemical Society.)

choice of a proper support is essential for molecular sensing
using SERS. Molecules of rhodamine 6G have been detected
by the SERS technique using AgNPs on AINNRs (Figure 54).
Other analytes such as bis pyridyl ethylene (BPE) have also
been detected at high dilutions of 10710 M.

11.2. Nanoscale Optoelectronic Devices

NWs form the building blocks for nanoscale electronics and
optoelectronic devices.?” The idea of nanoscale assembly of
an emissive III-V or II-VI n-type NW with a nonemissive
p-type silicon NW has been utilized to obtain ultraviolet to
near-infrared emission.>! Single or multicolor LEDs can be
fabricated with predictable emissions depending solely on the

bandgap of the emitting material. Again, a nanoscale transistor
can be used to turn the nanoscale LED on and off.

Inorganic semiconductor nanocrystal-based multicolor
LEDs using a GaN p-i-n architecture have also been demon-
strated. In this case, an intrinsic semiconductor nanocrystal
(CdSe) assembled (by Langmuir-Blodgett technique) on a p-
type GaN layer can have an overcoat of an n-type GaN by
the ENABLE technique.® The top n-type GaN becomes the
electron injection layer in the electroluminescence (EL) device
with injection efficiencies of >1%. Depending on the nanocrys-
tal emission, which is preserved by surface passivation, sin-
gle or multicolor LEDs can be obtained. However, the multi-
color emission bands may have a broad spectral overlap with
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FIG. 56. (a) TEM image of an Ing»5Gag75sN/GaN MQWs in a nanorod. The length and diameter of the nanorod are around 1 um
and 70 nm, respectively. Scale bar is 30 nm. Inset shows the SAED pattern. (b) Light output power forward current characteristics
of a six-period InGaN/GaN MQW NRA LED using an on-wafer testing configuration, compared to a conventional broad area LED.
Insets show the top-view photograph image (above) and schematic diagram (below) of a blue emission from the Ing ,5Gag 75N/GaN
MQW NRA LED at 20 mA DC current. (Reprinted with permission from Kim et al.>>> Copyright 2004 American Chemical

Society.)

each other depending on the nature and size of nanocrystals
used.

Application of 1D materials to high-efficiency LEDs has
been demonstrated.>> The dislocation-free NRs are produced
by a metal organic HVPE (MO-HVPE) on sapphire substrates.
The structure of the device is shown in Figure 55a. An unin-
tentionally doped n-GaN buffer (1.5 wm) layer was grown on
the sapphire substrate; 0.5 pm of Si-doped n-GaNNRs and sub-
sequently six periods of Ing,5Gag75N/GaN MQW (4.8 nm/12
nm) NR array (Figure 56a) were grown on the n-GaN buffer
layer. The NR array was completed with a 0.4-um Mg-doped
p-GaNNRs. The NR array was buried in spin-on-glass (SOG)
to isolate individual NR. A Ti/Al (20/200 nm) n-type contact
was defined on the n-GaN buffer layer, a thin Ni/Au (20/40 nm)
layer was deposited on the SOG for contact with each of the
NR, and finally a Ni/Au (20/200 nm) layer was formed for the
p-contact. The InGaN/GaN MQW structures show strong room
temperature EL with different current levels (Figures 55b-55d).
The light output power of the InGaN/GaN MQW NR array
was superior to the conventional broad area LEDs of the same
area (Figure 56b). In the MQW NR arrays the carrier transport
is physically confined along the length of the nanostructures.
This ensures efficient use of the injected carriers. The higher

light output in the MQW NR arrays compared to the broad area
LEDs prove an efficient light extraction from the sidewalls of
the NR array. A similar report of InGaN/GaN MQW grown on
sapphire with n- and p-GaN capping layers showed enhanced
luminescence when shaped into a nanotip morphology using a
specialized plasma etching technique.?>® This method involves
a strain relaxation in the MQWs and resultant tenfold increase in
the light emission. The use of nanostructures in high-brightness
LEDs has been proved to be more efficient compared to thin film.

The core-multishell NW heterostructure described in Sec-
tion 6 (Figure 18) has been used in multicolor, high-efficiency
nanoscale LEDs.%° Electrical properties were measured on an
FET structure after contacts were made on the p-type outer shell
and n-type core to simultaneously inject holes and electrons into
the NW heterostructure (inset, Figure 57a). The current-voltage
characteristics showed a typical p-n diode rectification property
(Figure 57a). This NW device shows strong EL response in
the forward bias. EL images taken from the NW device show
high brightness emission that red shifted (Figure 57b) as the
In composition was increased from 1 to 40%. Normalized EL
spectra (Figure 57c) collected from near the p-contact of five
NW devices, differing only in the In content of the InyGa;_xN
shell, show distinct emissions at 367,412,459, 510, and 577 nm
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FIG. 57. (a) Current-voltage data recorded on a core/multishell
(CMS) nanowire device. Inset shows the FESEM image of a
CMS nanowire device. Scale bar is 2 um. (b) Optical mi-
croscopy images collected from around p-contact of CMS
nanowire LEDs in forward bias showing purple, blue, green-
ish blue, green, and yellow emissions, respectively. (c) Normal-
ized electroluminescent spectra recorded from the representative
forward-biased multicolor CMS nanowire LEDs. (Reprinted
with permission from Qian et al.®® Copyright 2005 American
Chemical Society.)

corresponding to x = 1, 10, 20, 25, and 35, respectively. The
emission line widths also increased with In content, which is
believed due to increased strain and inhomogeneity in the ma-
terial. The absence of the broad emission around 550 nm or
GaN band edge at 365 nm proves injected carrier recombi-
nation only in the active InGaN layer. The estimated external
quantum efficiency (QE) of the NW device was 5.8% at 440
nm and 3.9% at 540 nm. These QE values are comparable to
the InGaN-based, single-quantum-well thin-film LED devices
at similar wavelengths.>3425

Most of the NWs-based studies have focused on single-NW-
based devices. However, the integration of individual NW into

the thin film—based microchip is a critical process for large-scale
industrial manufacturers. Kang et al.'*® have already demon-
strated that, instead of a single NW, a bundle of as-synthesized
NWs could be utilized, without requiring any manipulation, in
order to achieve more realistic and efficient platform for pho-
todetectors or sensors application. Chen et al.>%® have utilized
a new bridging NW concept®” to directly integrate an ensem-
ble of NWs on-chip. These NWs are laterally grown across a
trench and suspended between two film posts as nanobridges.
After the first demonstration of GaN nanobridges growth by
Kim et al.,>>® Henry et al.>>° further extended its application
in nanoelectromechanical resonator arrays. Chen et al. have
demonstrated a viable nanobridge device with ultrahigh pho-
tocurrent generation efficiency.>>® They reported an effective
approach for on-chip fabrication of aligned and contact-barrier-
free GaN nanobridge devices (Figures 58a, 58b). The top-view
Field Emission SEM (FESEM) images (Figure 58b) showed lat-
eral epitaxial growth of high-density NWs across the trench and
form bridges between the electrode posts. The total number of
integrated nanobridges in a single device could be adjusted by
controlling the post-width and the nanobridge growth density in
a CVD process.

A typical PC spectrum (Figure 59a) of the nanobridge de-
vice showed an observable increase in photocurrent above a
threshold excitation energy around 3.2 eV, the bandgap energy
of GaN, with remarkably high efficiency compared to the tradi-
tional thin-film photodetectors.!64260=263 The responsivity (R)
values, defined as the photocurrent generated per unit incident
power,2%* exhibited a nearly two orders of magnitude increase
beyond 3.2 eV (Figure 59b), revealing the potential of the GaN
nanobridge device as a visible-blind UV photodetector. Because
the effective sensing area increases with the number of bridg-
ing NWs, a higher nanobridge number could amplify the current
signal of the device, as evident from a near linear proportionality
of photocurrent values to the bridge numbers (Figure 59c¢). The
R values from the three samples with different nanobridge num-
ber exhibited nearly the same magnitude having the same slope
with applied bias (Figure 59d). However, the maximum R > 10°
A/W, is nearly three to six orders of magnitude higher than those
reported for GaN thin-film detectors,!60-163.164.260-263,265.266

In a recent report on GaN-based UV photodetector applica-
tion, Wu et al.>%’ introduced a new strategy to synthesize the
nitride nanofibers (NFs) by employing the electrospinning tech-
nique claiming low-cost, high-efficiency growth of extremely
long GaN nanofibers (GaNNFs) on a large scale. Controlled
assembly as well as precise doping with transition metal has
been realized using this solution-based, catalyst, or template-
independent method. The synthesized GaNNFs with a diameter
of ~40 nm and a length exceeding a centimeter, are polycrys-
talline in nature. In order to precisely pattern the GaNNFs in
a designated device (inset of Figure 60a), a specially designed
electrode, fabricated by putting two strips of conductive sili-
con in a side-by-side parallel arrangement, was used to col-
lect NFs. During the electrospinning process, the strips were
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FIG. 58. (a) Schematic architecture of the GaN nanobridge device. The arrows indicate the c-plane n*-GaN electrode posts with
[100] and [110] sidewalls. (b) Fabrication process of the device. (c) Top-view FESEM images focused on one pair of Ni/n+—GaN
electrode posts (left) and on the trench with NWs bridging between two posts (right). (Reprinted with permission from Chen
et al.>>% Copyright 2008 Wiley-VCH Verlag GmbH & CoKG.)
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FIG. 59. (a) Typical photocurrent spectrum and (b) the corresponding responsivity spectrum of a GaN nanobridge device with
nanobridge number (n) 1,500 at a bias of 1.0 V. Inset in (a): dark current to bias measurement; inset in (b): light source intensity
spectrum used for PC characterization. (c) Photocurrent and (d) responsivity versus applied bias for three devices with different n
under excitation at 4.0 eV. (Reprinted with permission from Chen et al.>>® Copyright 2008 Wiley-VCH Verlag GmbH & CoKG.)
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FIG. 60. (a) Gate-dependent I-V measurement of a GaN nanofiber (GaNNFs) FET device at room temperature. Inset: schematic
view of the GaNNF FET configuration. (b) Conductance response of a GaNNF FET device under pulsed illumination from a 254-

nm UV light with power density 3 mW/cm?. (c) Magnetization

loops of the Mn-doped GaNNFs measured at room temperature.

Inset: a typical SEM image of the samples (scale bar: 1 mm). (d) Magnetization in low-field region. (Reprinted with permission
from Wu et al.?” Copyright 2009 Wiley-VCH Verlag GmbH & CoKG.)

grounded, providing a driving electrostatic force to align the pos-
itively charged NFs between the two counterelectrodes. Typical
current-voltage (I,g — Vsq) characteristics (Figure 60a) revealed
an intrinsic n-type semiconductive nature of GaNNFs. These
polycrystalline GaNNFs showed a promising candidature for
high-performance UV photodetector, exhibiting superior per-
formance in sensitivity, response speed, and reversibility, as de-
picted by Figure 60b. The conductance of a single GaNNF FET

device increases by 800 times under UV excitation;?’ in con-

trast, a single-crystal CVD-grown GaNNW exhibited a smaller
response (~78) to UV light.'4’

Ultra-thin Mn-doped GaNNFs have been synthesized with
designed doping concentrations by adding a suitable amount
of Mn(NOs), into the precursor solution and a subsequent
electrospinning and annealing process. The Mn-doped GaN-
NFs (Gag9Mng N NFs) showed ferromagnetic characteristics

FIG. 61. (a) Tilt top-view SEM image of Mg-doped GaNNRs arrays. Inset shows cross-sectional SEM image. (b) AFM image
of GaNNRs tips exposed above the photoresist layer. (c) A schematic of the p-GaNNRs/n-Si heterojunction photovoltaic cell.
(Reprinted with permission from Tang et al.?”! Copyright 2008 American Chemical Society.)
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FIG. 62. (a) Current density vs. voltage for the p-GaNNRs/n-Si solar cell in the dark and under simulated AM1.5G illumination
with an intensity of 100 mW/cm?. (b) Schematic energy band diagram of the heterojunction diode showing the photogenerated
carrier transfer process. (Reprinted with permission from Tang et al.>”! Copyright 2008 American Chemical Society.)

at room temperature (Figure 60c), with clear indication of
magnetic hysteresis and remanence in low-field region (Figure
60d), exhibiting a new way to the facile synthesis of 1D diluted
magnetic semiconductor (DMS) nanostructures, which reveal
significant importance for constructing spintronic nanodevices
such as ultrasensitive magnetic field sensors and spin FETs.

For photovoltaic (PV) application, aligned 1D nanostructure
arrays possess the advantage of providing direct conduction
paths for photogenerated carriers from the junction to the ex-
ternal electrode, thereby resulting in high carrier collection ef-
ficiency, compared to polycrystalline films.?®%=270 A study by
Tang et al.”’! revealed the potential of a uniform array of ver-
tically aligned wide-bandgap Mg-doped GaNNRs epitaxially
grown on a low-bandgap n-type Si substrate for fabricating a
p-n heterojunction PV cell. The GaNNRs array on the top of the
heterostructure act as the optical window for suppressing the
minority carrier recombination and enhance short-wavelength
spectral response, as well as an effective antireflection layer to
reduce visible optical loss due to its low reflectance originating
from its high surface area and nanoscale subwavelength size.>’!
The direct growth of aligned Mg-doped GaNNR arrays on n-
Si substrates by the CVD method reveals their uniform size
distribution around 100 nm and preferential growth along the
[0001] direction (Figure 61a). To fabricate the heterojunction
solar cell, the spaces between the GaNNRs were filled with an
insulating photoresist (PMMA) via spin coating. The sample
surface was partially dissolved by acetone until the tips of GaN-
NRs were exposed for metal contact (AFM image, Figure 61b),
followed by conventional ohmic contacts Ni/Au (30/50 nm) and
Ti/Al (30/50 nm) electrodes onto the p-type GaNNRs and the
backside of n-type Si substrate, respectively (Figure 61c).

The current density-voltage characteristics (Figure 62a) ex-
hibited well-defined rectifying behavior in the dark with a large
rectification ratio. Under illumination from a calibrated solar
simulator with an intensity of 100 mW/cm? (equivalent to one
sun), a maximum power conversion efficiency (PCE) of ~2.73%

was achieved with a high open-circuit voltage (Voc) of ~0.95
V, a short-circuit current density (Jsc) of ~7.6 mA/cm?, and a
fill factor (FF) of ~0.38. The PCE increased with increasing
light intensity and is >2.0% under all tested illumination inten-
sities. Figure 62b shows the schematic energy band diagram of
the p-GaNNR/n-Si heterojunction diode at thermal equilibrium,
illustrating the possible explanation for the rectifying behavior
of the cell. A 1Large bandgap difference between Si and GaN
(Eg = 1.1 and 3.4 eV, respectively) would lead to an asymmetri-
cal energy barrier for electrons formed at the junction, reducing
the electron diffusion and electron-hole recombination in GaN-
NRs. Because the hole injection into the n-Si side is naturally
low due to the built-in field, GaNNRs array on the top of the
heterojunction was used as a wide bandgap semiconductor to
decrease the leakage current in the depletion region. Under illu-
mination from the top, photons with energy less than E,(GaN)
but greater than Eg(Si) would transmit through NRs, acting as
an optical window, and be absorbed by Si; light with photon en-
ergies larger than E;(GaN) will be absorbed by GaNNRs. The
holes and electrons generated in both sides of the heterojunction
are collected effectively due to the large built-in electric field at
the junction and thus yield the photocurrent.

12. CONCLUDING REMARKS

Growth and characterization of the group III-nitride semi-
conducting materials have been discussed with an effort to dis-
tinguish the bulk from the nanomaterials. The size and shape
selection in the nanomaterials and their correlation with the
growth kinetics are sketched to give a basic idea to the readers.
Optical properties, luminescence in particular, and structural
properties, Raman scattering in particular, have been discussed
to understand the effect of the nano size on them. The ternary
materials within this class of compounds have also been dis-
cussed with a stress on their growth and properties. Electri-
cal properties, under dark and illuminated conditions, of those
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nanostructured materials have been discussed in detail. Conduc-
tion mechanisms in size-controlled regimes have been explained
vis-a-vis thin films in many cases. Lastly, the cutting-edge
applications in biomolecular sensing and nanoscale light-
emitting diode applications of these materials is brought forward
in an attempt to complement the popular device and applications
that are reviewed and reported.
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