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Introduction: The investigators have undertaken several efforts underlying the enhancement of
the performance of nanostructure-based sensors and electronic-optoelectronic devices. These
include: initial designs of novel single-well--double-well photodetectors that significantly
enhance the signal-to-noise ratio of photodetectors relying on phonon-assisted transitions as well
as photon absorption events; the use of colloidal quantum dots as optoelectronic elements;
investigating novel nanostructures (including graphene and CNTSs as contacts) as components of
quantum-dot based optoelectronic devices; investigating confined phonon effects in novel
components of the integrated nanostructure-based optoelectronic structures; investigating full-
tensor piezoelectric properties of nanostructures including nanowires; and the investigation of
photodetector structures from these nanostructures and conducting polymers. This research
includes modeling and theory of quantum wires and quantum dots for opto-electronic,
piezoelectric, and electronic applications including sensors and piezoelectric components.

This research program addresses systematic theoretical and experimental investigations of
nanostructure-based electronic and optoelectronic structures with the goal of facilitating major
improvements in the performance levels of nanodevices beyond the current state-of-the-art. In
particular, this program focuses on research thrusts with objectives including: model, design,
fabricate, and experimentally characterize robust multi-functional nano-device structures for
enhanced charge transport & collection; model, design, fabricate, and experimentally
characterize such nanodevices to optimize device structures with quantum-engineering and
phonon-assisted transitions in nanostructures. Quantum engineering of nano-structures is
emphasized. Related quantum-wire structures — including piezoelectric quantum wires are
included.

Important results obtained during effort include: electrical and optical studies of components of
devices and systems of quantum-dot-based optoelectronic devices; electronic and optical
properties of quantum dots and quantum wires; characterization of phonon modes and
piezoelectric interaction in quantum wires; and extending a theory band formation in an array of
colloidal quantum dots embedded in conductive polymer; extending a theory band formation in
an array of colloidal quantum dots embedded in conductive polymer; initial design of a novel
single-well double-well heterostructure photodetectors with dramatically enhance signal-to-noise
based on resonant interface-phonon-assisted transitions; role of interface optical phonon modes
in wurtzite quantum heterostructures; and interface phonon modes of dual-gate MOSFETS.

Specific results were obtained on the following topics:

Design of a Novel Heterostructure Photodetectors with Dramatically Enhance Signal-to-Noise
based on Resonant Interface-Phonon-Assisted Transitions and Engineering of Energy States to
Enhance Transition Rates;



Effect of the Size and the Separation of Metal Nanodots on the Electromagnetic Enhancement to
Surface-enhanced Raman Spectroscopy;

Interface Optical Phonon Modes in Wurtzite Quantum Heterostructures;
Interface Phonon Modes of Dual-Gate MOSFET Systems;
Phonon bottleneck effects in rectangular graphene quantum dots;

Theoretical study on the effect of piezoelectric charges on the surface potential and surface
depletion region of ZnO nanowires;

Modeling the effect of nanowire size on the piezoelectric effects;
Interface phonon modes in wurtzite heterostructure systems;

Effect of the size and the separation of metal nanodots on the electromagnetic enhancement to
surface-enhanced Raman spectroscopy;

Annealing-induced morphological changes in nanocrystalline quantum dots and their impact on
charge transport properties;

Photoluminescence and Raman Spectroscopy of Polycrystalline ZnO Nanofibers Deposited by
Electrospinning;

Piezoelectricity in Wurtzite Polar Semiconductor Nanowires: A Theoretical Study;
Electronic Properties of Y-junctions in SnO, Nanowires;
Tailoring the Surface Properties and Carrier Dynamics in SnO, Nanowires;

Charge Transport in Two Conductive Polymer and Semiconducting Quantum Dot
Nanocomposite Systems;

Piezoelectricity in Zinc Blende Polar Semiconductor Nanowires: A Theoretical Study;
Piezoelectricity in Lead Zirconate Titanate Semiconductor Nanowires: A Theoretical Study;
Electronic properties in surface passivated SnO, nanowires with Schottky contacts;

Phonon bottleneck effects in rectangular graphene quantum dots;

Piezoelectric Fields in Quantum Wires;

Optoelectronic Applications of Colloidal Quantum Dots.
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Enhanced Signal-to-Noise in Photodetectors due to
Interface Phonon-assisted Transitions

Yi Lan, Nanzhu Zhang, Junxia (Lucy) Shi. M. Dutta and M. A. Stroscio
Department of Electrical and Computer Engineering
University of Illinois at Chicago
Chicago 60607, United States
ylan3(@uic.edu

Abstract—Herein, we consider examine the possibility of
photodetectors with reduced signal-to-noise based on a three
quantum well structure with one single well and one double well.
This structure facilitates photon detection through the following
sequence of events: photon absorption, phonon emission, and
then photon absorb of a photon having the same wavelength as
the first one. Even though this design two photons a phonon-
assisted transition, it is demonstrated that greatly enhance signal-
to-noise is obtained.

Keywords—single-double quantum wells; photon; phonon;
photoderector)

I. INTRODUCTION

This paper addresses novel photodetectors with dramatic
enhancement in detectivity. based on rapid interface phonon-
assisted transitions combined with quantum engineering of
phonon and electron states in nanostructures. Based on the
concepts we introduced previously [1-2] for heterosturcture
lasers. which have resulted in extremely large enhancements
m the optical gain of quantum-well-based lasers. this work
examines dramatic enhancement of photodetectivity in novel
quantum-well based photodetectors in the first known
embodiment that facilitates the detection of photons over a
wide range of frequencies. Herein, we consider a triple
quantum-well structure with one single well and one double
well: the relationship between the energy levels should be. as
m Fig. 1.

E3 =E2.
E;-E;=Es- E> = Eppoten
EZI - E2 = Ephmon

This energy-level structure facilitates the absorption of a
photon. emission of a phonon. and the absorption of a photon
with the same wavelength as the original photon. E; is the first
energy level of the single well. and E; is the second energy
level of it. In addition. E,. E;". E4. and E4" represent the first,
second. third. and forth energy levels for the double quantum
well.

With reference to Fig. 1, it is straightforward to see that
there will be a dramatic signal-to-noise enhancement in the
current, I, g from the deepest state E;. relative to I, g. from
the deepest state E, (without phonon-assisted transition and
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second photon absorption). as given by the Richardson
formula:
2Ephoton—Ephonon

- B _E
Isngy _ e —“photon—"phonon |
= B =e kT
Isn g, _ Ef;(?rtﬂﬂ
e

In this equation. E5 - E; = E4- E; = Eppgron and Ey” - E =

Ephonorn-
.. Epnoton—Fpnoman _ g
For example 1t kT

reduction can be realized.

a dramatic 1/3.000

II. THEORETICAL MODEL

A. Single-Double quantum well Structure

Design a three quantum wells structure with one single
well and one double well as Figure 1.

The relationship between the energy levels should be E;
equals to E;’, and the difference between E; and Es, which is
also the first splitting of the double quantum well, equals to
one phonon energy. The difference between E; and E;, and the
difference between E;” and E; should be the same and equal to
one photon energy.

<
o
E
= Ed
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°
e
E T E2'
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E1
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Figure 1. Structure of photodetector.

Therefore. we can have it absorbing a photon. emitting a
phonon. and then absorbing a same wavelength of photon. E4
is the first energy level of the single well, and Ej is the second
energy level of it. At the meanwhile. E,. E;’. Ey and Ey°
represent the first, second. third, and forth energy level for the
double quantum well.
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B. Transfer Efficiency
Considering the ftransfer efficiency. from the Fermi’s
Golden Rule [1].
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Fig. 2 Wavetunctons of photodetector.

To have large transfer efficiency. we would like the
multiplication of wave functions at initial and final state, and
the phonon/photon energy to be even. Therefore, we could
have them (even odd odd) or (even even even). As we know,
photon energy is odd, and phonon energy is asymmetric (odd)
as well. We need one energy level having wave function to be
even, and another one to be odd.

From figure 2. it shows that E; E; E, are even, but E; E;’
E4 are odd.

We pick E; to Es, and E; to E4” as the photon absorbing
levels; the splitting of E;” to E; as phonon emitting levels.

C. Energy Levels

For calculating the energy levels in the quantum wells,

we use the Scluddinger equation with effective mass

mismatch at heterojunctions [2].
W a2

Ly

T WD HVE@ =BG, zs—
~EZ g =mie) ,  -Esrsk O

~ran WOV =B, Fsz

Then we need to compute the interface phonon modes of
our structure cause we need to make sure E;’-Ey=Ejoncn in OUr
structure.

IT1. MODEL EXAMPLES

Detector designs have been considered using several
different materials, and herein designs based on GaAlAs,
InGaAs, and InAlAs/InP are considered.

A. GadlAds Design

For GaAs/GajAl;As, band Gap, Eg= (1.426+1.247x)
eV: band alignment: 33% of total discontinuity in valence

band, i.e. AVyp=0.33; AVg=0.67: and electron effective mass,
m*= (0.067+0.083x) my[1].

According to the GaAlAs design as figure 3. we got the
first photon absorbing by the single having the energy of
211.193 meV, and the second photon absorbing by the double
well having the energy of 206.23 meV. And the error is
2.407%.

We want E; equals to E;” as well. The difference here is
0.23 meV.

The phonon energy in Figure 3 is 33.79 meV, but after
calculating the interface phonon in this structure, we can find
one phonon at 33.812 meV. The error is only 0.067%, which
is very small.
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Figure 3. GaAlAs structure with E;=0.07117 meV, E;=0.28231
meV, E>=0.24852 meV, E,’=0.28225 meV, E;~0.38471 meV,
E4'=0.45475 meV. Potential for the single quantum well is
457 .849meV, and for double well is 241.457 meV.

B. InGads Design

For Iny.,Al:Ga,As/AlAs, total band discontinuity,
AV =[2.093x + 0.62%y +0.577x" + 0.436y% + 1.013xy —
20 —x—y)l eV

Band alignment: 47% of total discontinuity in valence
band, i.e. AVyp=0.47; AVp=0.53: and electron effective mass,
m*= (0.0427+0.0685x) mp [1]. Therefore. for Iny ,Ga,As/AlAs,
AV = [(0.629y +0.436y7) % 0.53] &V in conduction band.
Effective mass=, m*= (0.0427) my.

According to the InGaAs design as Figure 4, we got
photon absorption by the single well having the energy of
170.566 meV, and the second photon absorbed by the double
well having the energy of 177.4 meV. In experiment, error less
than 5% is acceptable. And the error in this case is 4%.

The difference between E; and E,™ is 0.23 meV.

The phonon energy in this case is 33.9 meV, but after
calculating the interface phonon in this structure, we can find
one phonon at 33.619 meV. The error is only 0.83%.
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Figure 4. InGaAs structure with E;=0.061614 meV, E;=0.23218
meV, E;=0.19828 meV, E,'=0.23195 meV. E,=0.30754 meV,
and E;"=0.37568 meV. Potential for the single quantum well is

381.371 meV. and for double well is 205.845 meV.

C. InAlds/InP Design

From the parameters of Iny, Al,Ga/As/AlAs we
mentioned at part B, for In; Al As/AlAs,
AV = [(2.093x — 1.423x* + 2x%) x 0.53] eV i the

conduction band. Effective mass=, m*= (0.0427+0.0685x) my.

i N
0.53 |
JE— .
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nP Ings3GaparAs  IngszAlnssAs InP

Figure 5. Calculated valence-band offsets are combined with
measured low-temperature band gaps to yield the energy
band diagram (in eV) for the heterointerface in the
InGaAs/InAlAs/InP family [3].

The information from Figure 5 is used to calculate the
relationship of energy levels between InAlAs and InP.

For the InAlAs/InP design as Figure 6, the first photon is
absorbed in the single well having the energy of 239.525 meV,
and the second photon is absorbed in the double well having
the energy 0f 236.81 meV. And the error is 1.136%.

The difference between E; and E," is 2.17 meV.

The phonon energy in this case is 30.2 meV, but after
calculating the interface phonon in this structure, we can find
one phonon at 29.19 meV. The error is only 3.46%.
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Figure 6. InAlAs/InP structure with E;=0.085365 meV,
E;=0.32489 meV, E,=0.0.29469 meV, E,’=0.32272 meV,
E,=0.4623 meV, E,;’=0.5315 meV. Potential for the single
quantum well is 542.981meV, and for double well is
298.113 meV.

IV. PHONON ENERGY CALCULATION

The interface phonon modes of our structure produce a
rapid phonon-assisted transfer of electrons [4. 5, 6] when
E»"-E>=Ephonon il OUr structure.

For the photodetector modeled here, there are five
interfaces. In order to calculate the potential in our system,
we then write the potentials of the seven regions as the
following:

D= 4% z=0
@ = Be¥ + Ce® 0<z<d
@ =D L Fem?d) di<z=<d:

@ =Fe + Ge ™ d<z<ds @

D = Hp?2 %) | Jo 9=

ds<z<ds
_ Je9(r-ds) —q(z-d})
D =Je +Ke de<z<ds
D :e—q(l—‘fs)
z>ds

Where A, B. C. D, E, F, G, H. I, J and K are constants. At
the heterointerfaces of the six regions, the following two
conditions have to be satisfied [5]:

D,(2)=D,(2)

®)
. dg . O,
1 - =2
0z o0z (6)
Then we can get the secular equation of our system,
Jet?(d;-*d.i } T Ke*(?(ds’dﬂ =
(d—d.) “eld—dy) -— M
Jet T —Ke 1T &

1

Where & is the dielectric function of the substrate, & is the
dielectric function of the double quantum well.

Solving this equation yields the interface phonon
modes of our system.



As long as we have the interface phonon modes, we
can then calculate the potential by using the following
normalization condition:

A _s 1 1 dse) ) 2 éO(qz)
ﬁ" ar 20 éw Idz(q |0,(q.z)| ) ®

Substituting the polemials into  this condmon. it
becomes:

Here we substitute the relationship between these
constants we obtained from the previous boundary
conditions into this condition we can get an equation

Which has just one unknown A. The Frohlich potential for
%s(@) af:) gd'+ —l—a;:'”) (B @™ -1+ C - ")+

65(0) q(Dx(‘am.-u 1)+ EXQ-e7r44Y)
0: (0) R G(FP (M) —1) + G (1 -7 04 4))
+—a"a:,”‘) QU (@4 1)+ P (- 0%%Y)) )

+—J—"‘a (@) oS (@ _1)+ x’(n-c"“-""))-—‘l—"a("’q =‘LLf
@ @

the phonon-assisted transitions follows straightforwardly.
These families interface LO phonons have facilitate
achieving rapid (ca. 0.1 ps as in Ref [6]) resonant phonon-
assisted transitions between the single-well and double-well
regions of Figures 1-6.

V. DISCUSSION

In conclusion, we have employed quantum engineering of
electronic states and phonon dispersion conditions to engineer
single-well—double-well photodetector heterostructures that
have signal-to-noise ratios enhanced by several orders of
magnitude by using phonon-assisted transitions. Using this
model, we have identified several different structures — with

specific materials, compositions -- suitable as photodetectors
incorporating phonon-assisted transitions: one based on
GaAlAs/GaAs matenial system, one based on InGaAs/InAs
material system and the other one base on InAlAs/InP material
system. These designs bear simuilanities to phonon-assisted
quantum cascade lasers [7-9].

Work supported. in part, under AFOSR Grant FA9550-11-
1-0271.
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Characterization of CdS Nanowires Self-Assembled
in a Nanoporous Alumina Template

SHRIPRIYA PODURIL' MITRA DUTTA,*?>* and MICHAEL STROSCIO"*#
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CdS nanowires were self-assembled in a thin film (~200 nm) anodiec aluminum
oxide template on an indium tin oxide-coated glass substrate via de electro-
deposition. Raman spectral studies were done to probe the vibrational prop-
erties of scattering CdS phonons. Stron%I longitudinal optical (LO), 2 LO, and
3 LO peaks were observed at 302 cm ™}, 603 em 7, and 906 cm ! having an
energy separation of 37 meV, which is in accordance with the CdS bulk values.
The photoluminescence spectra showed improved intensity of emission on
annealing of the CdS nanowires. Field-emission scanning microscopy confirms
the growth of nanowires of diameters ranging from 10 nm to 25 nm for these
templates. These diameters agreed with those extracted from the lumines-
cence emission energies.

Key words: CdS nanowire, longitudinal optical, anodic aluminum oxide

INTRODUCTION

Semiconductor nanoscale structures have gener-
ated a great deal of interest owing to their strong
confining potentials for electrons and holes and the
associated quantum effects. Semiconductor nano-
wire devices are being widely used as sensors, light-
emitting diodes (LEDs), photon emitters, and
lasers.” " In order to grow free-standing nanowire
arrays and to achieve standing nanowire arrays,
large periodic arrays of nanoporous structures need
to be fabricated. Anodic aluminum oxide (AAQ)
templates are used for growing nanowires by elec-
trochemical deposition since this nanoporous
structure is uniform and has an almost regular
array of nanopores. The diameters of the nanopores
can be easily varied by changing the experimental
parameters of anodization. One of the prototypical
II-IV semiconductor compounds, cadmium sulfide
(CdS), was selected because of the possible use in
optical devices due to its direct band gap in the
visible spectral range and the excellent semicon-
ducting properties. Although there are different

(Received November 22, 2013; accepted June 27, 2014;
published online July 29, 2014)

methods reported for the synthesis of CdS nano-
wires, such as chemical vapor deposition and vapor—
liquid-solid growth,*® template-based synthesis of
nanowires via dc or ac electrodeposition is attractive
due to its low cost, and easy fabrication process.

CdS nanowires were self-assembled in an anodic
aluminum template of 200 nm thickness on indium
tin oxide (ITO)-coated glass. In this paper, Raman
and photoluminescence spectral studies were per-
formed to probe the vibrational and electronic states
of the CdS nanowires grown via de electrodeposit-
ion. The topographical features of these CdS nano-
wires were also studied using field emission
scanning electron microscopy.

EXPERIMENTAL DETAILS

Commercially available ITO-coated 1" x 17
(c. 25 mm x 25 mm) glass substrate (1 mm thick)
were ultrasonicated in acetone and isopropanol to
clean the substrate to remove the organic residues,
followed by the deionized water rinse and air gun
blow dry. A thin layer of aluminum (~200 nm thick)
was deposited at a rate of 0.2 nm/s using e-beam
evaporation. Prior to the deposition of aluminum, an
interlayer of titanium of 5 nm thickness was

3979
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deposited between the Al and ITO. This was to
prevent the poor connectivity and delamination of
aluminum during anodization from the ITO-coated
glass.’®!! The interlayer of the Ti layer was depos-
ited using e-beam evaporation and there was no
vacuum break between the Ti and Al layers.'? These
templates were anodized at a potential of 30 V and
current of 0.2 A to develop the nanopores in oxalic
acid. The anodized template was heated in a mix-
ture of phosphoric acid (5 wt.%) and chromic acid
(10 wt.%) at 60°C to remove the aluminum oxide
layer and excess of aluminum. Since the pores that
appeared during the first anodization step were
poor and non-uniform, the anodized template was
again anodized at a potential of 40 V and 0.2 A in
0.3 M oxalic acid at 2—-8°C. The nanopores produced
in the template were 10-60 nm in diameter. The
diameters of the pores were controlled by varying
the anodization parameters such as temperature
and also with the pH of the acid used according to
the protocol of Ref. 13.

Poduri, Dutta, and Stroscio

After the two-step anodization, very uniform
pores of 10-60 nm developed, but growth was
accompanied by a barrier layer of oxide at the
interface of the Al and Al,O3. This aluminum oxide
barrier layer and non-uniformity in barrier layer
thickness causes some problems affecting the
growth and quality of the nanowires electrodepos-
ited in the pores, resulting in much lower filling of
nanowires in these pores. The barrier layer can be
removed by dipping the substrate in 5% by weight
phosphoric acid (HzPOy) for 34 min. The barrier
layer which is formed at the bottom of the template
can be removed by either 5% by weight phosphoric
acid or dry etch with chlorine-based gases,'>'* but,
as shown in the referenced work, the barrier layer
can be removed with the phosphoric acid etch
without damaging the template.

It has been reported that ac electrodeposition in
an AAO template is the most efficient process to
fabricate aligned CdS nanowires.’®® In this paper,
however, CdS nanowires were cathodically depos-

Fig. 2. (a) Top view, (b) side view SEM micrograph of CdS nanowires of 10-20 nm in diameter after annealing.
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Fig. 3. (a) PL spectra of as grown CdS nanowires with peak at
506 nm. (b) PL spectra of CdS nanowires which were annealed at
500°C for 1 h with peak at 514 nm.

ited via dc electrodeposition DC electrodeposition of
CdS nanowires is not very commonly done for
samples with very narrow pore diameters.® How-

ever, in our work, CdS nanowires were grown by
using a simple de electrodeposition process into the
narrow pores of 10-60 nm diameter. While it has
been stated in Ref. 13 that DC electrodeposition was
not an easy process for growing nanowires in nar-
row pores, we were able to achieve the growth of
CdS nanowires of decent quality. The electrolyte for
CdS electrodeposition was composed of 0.055 M
CdCl; and 0.19 M elemental sulfur, dissolved in
dimethyl sulfoxide (DMSOQ).'"-'® The temperature of
the electrolyte was maintained at 120—150°C and a
constant current density of 15 mA/em? was apphed
for 7-10 s with the deposition rate at 25-30 nm/s.

After the electrodeposition, the samples were rinsed
in hot DMSO followed by acetone and deionized

water rinse. The CdS nanowires were liberated by
dissolving the AAO templates in 1 M NaOH solu-
tion at room temperature for 8 min after which they
were completely dissolved. These nanowires were
annealed at 500°C for 1 h for improving their erys-
tallinity.

Field emission scanning electron microscopy
(FESEM) imaging was performed using a JEOL
7500 FESEM to study the morphology and ascertain
the growth of the nanowires. Raman scattering and
photoluminescence spectral studies were employed
to investigate the longitudinal optical phonon modes
and the electronic states of the CdS nanowires.

RESULTS AND DISCUSSION

Fabricating CdS nanowires using an AAQO tem-
plate is a complicated procedure due to the presence
of a barrier layer of aluminum oxide which is diffi-
cult to remove completely, thus ecausing non-
uniformities in the growth of the nanowires, and
also the template must be free of cracks and de-
fects.'%2° The electrodeposition of CdS nanowires
comprises three steps.

Firstly, the elemental sulfur in the solution dis-
sociates into §° mns Secondly, the CdClz also
dissociates into Cd ions. Thirdly, these S?~ ions
react with the Cd** ions in the solution to form CdS
crystallites inside the nanopores of the template,
thus forming the nanowires.”” These crystallites
nucleate on the walls of pores initially forming
nanotubes, and gradually these nanotubes get filled
up with cds crystallites forming nanowires 22

The surface morphology of these CdS nanowires
grown in the AAO template were investigated using
the JEOL FESEM after the dissolution of the AAO
template in 1 M NaOH solution for 5-8 min. The
SEM micrographs of CdS nanowires before and
after the annealing are shown in Figs. 1 and 2,
respectlvely, which confirms the growth of nano-
wires of average diameter of approximately
10-25 nm.

The photoluminescence (PL) of the as-grown CdS
nanowires were investigated using a He-Cd laser of
wavelength 325 nm for excitation at room temper-
ature. The PL spectra for the as-grown CdS nano-
wires after dissolution of the AAO template in 1 M
NaOH solution isshown in Fig. 3a where there is an
emission peak at 506 nm attributed to some of the
CdS nanowires. This emission is somewhat weak.

However, after annealing in nitrogen gas for 1 h
at 500°C, the emission became substantially stron-
ger and broader and the emission peak moved closer
to the bulk value of 2.42 eV, and the intensity of the
emission (the area under the PL peak) also
increased by a factor of 4.36 as shown in Fig. 3b.
The narrow peak at higher energy before the
annealing is due to the confinement in the few
narrow wires that are of better quality. After
annealing, the total intensity is increased but the
line width is broader and encompasses both narrow
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Fig. 4. (a) PL spectra of CdS nanowires with different laser excitation power using neutral density filters before annealing. (b) PL intensity area
variation versus different laser excitation power using neutral density filters before annealing.
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Fig. 5. (a) PL spectra of CdS nanowires with different laser excitation power using neutral density filters after annealing. (b) PL intensity area
variation versus different laser excitation power using neutral density filters after annealing.

and wider wires which were likely not luminescent
earlier due to defects which were annealed out.
Thus, after annealing, the peak moved to a lower
energy where the PL is centered at the value for
wider wires. It is also possible that some of the
increased signal can partially be from the bulk re-
gion where there are no wires, but mainly the
luminescence must still be from nanowires since the
feature is broad and the SEM pictures show distinct
nanowires.

In other work, however, after annealing the
sample at 500°C for 1 h in nitrogen, the shifting of
the emission peak to the higher wavelength has
also been observed.”' This change in luminescence
emission indicates that the array has a distribution
of nanowire diameters and that there are more
nanowires of different diameters becoming
involved in the emission process after annealing.
Also, the photoluminescence power dependence
was studied for the identification of underlying
recombination methods. PL was performed before
and after annealing with different neutral density
filters (purchased from Thorlabs) to evaluate the
crystal quality.”® The PL spectral intensity for

various transmission laser power density percent-
ages before and after annealing is shown
in Fig. 4a, b, and the plot for the PL intensity with
respect to various transmission laser power density
percentages is in Fig. 5. The plot of PL intensity
area under the curve with respect to different
excitation power is a near linear plot with a posi-
tive slope which improves in linearity on anneal-
ing, thus showing that the recombination was
mainly band to band. From the plots one can see
that there were some defect states prior to
annealing, but after the annealing the linearity
with intensity improved. We thus see a slight shift
of peak from 506 nm to 514 nm.

Assuming the nanowires as an infinite one-
dimensional quantum well of width a, which is the
diameter of the nanowire, the excitation caused by
the 325-nm laser is explained by Eq. 1*:

2
Ef“:E"““‘-}-h—(l - 1). (1)

s 8mya® \m, my

After solving the equation with ES4S at 506 nm
and 514 nm, EM* as 24 eV and afso taking the
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Fig. 6. Raman peaks observed at 302 cm™', 603 cm™", 906 cm™'
corresponding to 1LO, 2LO, and 3LO of CdS nanowires, respec-
tively.

effective mass of CdS as reported in Ref. 25, we get
the diameter of nanowires as 7.01 nm for those with
a peak at 506 nm and 16 nm for those with a peak
at 514 nm, respectively, which is approximately
very close to the actual diameter range (10-25 nm)
of the nanowires, as can be seen in Fig. 2b. The very
simple model and the likely depletion layer can
cause the calculated values to be somewhat smaller
than the actual observed nanowire diameters.

The Raman spectrum of these annealed CdS
nanowires was recorded using an Ar* ion laser of
514 nm wavelength. The Raman characteristics of
these nanowires before and after annealing are
shown in Fig. 6. Raman peaks were observed at
302 ¢cm 7, 603 em ', and 906 ¢m ! corresponding to
the longitudinal optical phonon (LO) modes 1LO,
2L.0, and 3LO, respectively, analogous to the peaks
of pure CdS crystalline structure.®2® Strong 1LO,
2L.0, and 3LO peaks were observed with stronger
peaks after annealing.

CONCLUSION

To grow nanowires in na anoporous template is a
complicated procedure in a nanoporous AAQ thin
template of 200 nm because of its susceptibility to
crack and its poor connectivity to the substrate. We
have employed a simple dc electrodeposition proce-
dure to self-assemble CdS nanowires in a thin AAO
template and briefly describing the fabrication
issues at each fabrication step. It is a highly
advantageous procedure to grow nanowires in an

AAO template because of its ability to withstand
high temperature, high reproducibility, and easy to
fabricate large arrays of nanowires of high aspect
ratios. CdS nanowires grown with this method were
characterized using scanning electron microscopy,
photoluminescence, and Raman spectra showing
good crystallinity of CdS nanowires before and after
annealing.
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Abstract: Cadmium sulfide (CdS) nanowire (NW) arrays were prepared using two different
processes: electrodeposition and vapor liquid solid (VLS) growth. In the first process, the
nanowires were self assembled in the anodic alumina matrix (AAM) template deposited on an
Indium Tin oxide (ITO) coated glass template by dec electrodeposition growth. On the other
hand. in the second process, the nanowires were grown by VLS growth with gold (Au)
nanoclusters acting as catalyst on ITO coated glass substrate. Energy dispersive X-ray
spectroscopy studies on these nanowires confirm the growth of CdS nanowires on these
substrates. Photoluminescence and Raman spectral studies were performed to study the
electronic and vibrational properties of semiconductor nanowires. The photoluminescence
spectra show green emission due to the presence of CdS nanowires and also strong 1 LO
(longitudinal optical), 2 LO and 3 LO peaks were observed at 302, 603 and 906 em’™ having an
energy separation of 37 meV, demonstrating that the CdS nanowire had good crystalline
properties.

Introduction:

Recently. nanowires and nanorods of metallic and semiconducting materials have generated a lot
of interest because of their unique physical properties [1]. Nanowires have two quantum-
confined dimensions and one unconfined dimension due to which these nanowires behave very
differently than their bulk counterpart. Due to their high density of electronic states, diameter-
dependent band gap. increased surface scattering of electrons and phonons, and high aspect ratio,
semiconductor nanowires possess unique electrical, optical, and chemical properties compared to
their bulk parent counterparts. These unique properties of nanowires make them very attractive
for the applications of electronic devices. optical devices. and sensor devices etc [2-6]. CdS is a
semiconducting material [7] with a direct band gap of about 2.5 eV which makes it suitable for
many optoelectronic devices. One-dimensional CdS nanostructures are being used for a wide
range of applications such as photoconductor [8], solar cell [9], photon emitters and lasers [10].
In recent years. these optoelectronic applications of CdS nanorods and thin filims have generated
a lot of interest and are widely being used owing to its excellent semiconducting properties.
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Various nanowire growth methods like molecular beam epitaxy (MBE) [11], chemical vapor
deposition [12], and physical vapor deposition have been reported for the fabrication of CdS
nanowires, but growing of C'dS nanowires in porous template such as anodic alumina membrane
(AAM) is aftractive because of its low cost, easy fabrication process and high throughput. The
synthesis of CdS nanowires [13-15], nanotubes [16-19] and quantum dots [20] on porous
alumina templates have been reported. It’s best to grow nanowires in anodic alumina membranes
(AAM) because of their large aspect ratio, easy fabrication and low cost. They are durable and
can withstand high temperatures (up to 800 or 1000 ° C) [21]. [22]. The length and diameter of
the pores can also be controlled by changing the experimental conditions [21-25]. CdS nanowires
were self assembled in an anodic alumina template of 200 nm thickness on indium tin oxide
(ITO) coated glass by dc electrodeposition. Also, CdS nanowires were grown by VLS technique
with Au nanoclusters as the catalyst on ITO coated glass substrate. Energy dispersive X-ray
(EDS) analysis was performed to ascertain the growth of CdS nanowires. Photoluminescence
(PL) and Raman spectral studies were performed on these substrates to probe electronic and
vibrational properties of these grown nanowires.

Experimental details:

The ITO-coated 171" glass substrates (lmm thick) were cleaned first in acetone and then in
isopropanol by ultrasonicating them for 30 minutes to remove the organic residues. These
substrates were then rinsed in deionized water and dried in dry air. A thin layer of aluminum
(~200 nm thick) was deposited using e-beam evaporation. Prior to the deposition of aluminum,
an interlayer of titanium of 5 nm thickness was grown using e-beam evaporation so as to prevent
the poor connectivity between the ITO glass substrate and the aluminum layer and it also
prevents the delamination of aluminum during anodization [26.27]. These templates were
anodized at 40 V and 0.2 A in 0.3 M oxalic acid to produce well arranged hexagonal nanopores
in the deposited aluminum layer. To remove the aluminum oxide layver and excess aluminum,
the anodized template was heated in a mixture of phosphoric acid (5 wt. %) and chromic acid
(10 wt. %) at 60 °C. The anodized template was again anodized at a potential of 40 V and 0.2 A
in 0.3 M oxalic acid at 2-8 °C to obtain better and uniform nanopores because the pores grown
during the first anodization step were poor and non uniform. The nanopores formed after the two
step anodization in the template were of 10-60 nm in diameter and were very uniform. The pores
were opened up after the two-step anodization, but also a bartier layer of oxide at the interface of
the Al and AlbO; was formed. The aluminum oxide barrier layer and non-uniformity in barrier
layer thickness affects the growth and quality of the nanowires electrodeposited in the pores. The
barrier layer prevents the filling of the CdS nanowires in the nanopores: hence this barrier layer
has to be removed. It can be removed by immersing the substrate in 0.1 M phosphoric acid
(H3POy) for 30-40 minutes. Our CdS nanowires were grown via dc electrodeposition in AAM
template on ITO coated glass substrate. The electrolyte used for CdS electrodeposition was 0.055
M CdCL and 0.19 M elemental sulfur, dissolved in dimethyl sulfoxide (DMSO) [15. 16]. The
temperature of the electrolyte was maintained at 120-150 °C and a constant current density of 2.5
mA/cm’ was applied for 7-10 s with the deposition rate at 25-30 nm/s. After the
electrodeposition, the samples were rinsed in hot DMSO followed by acetone and deionized
water rinse. The CdS nanowires were liberated by dissolving the AAO templates in | M NaOH
solution at room temperature for 8 min. However. after the two-step anodization. very uniform
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pores of 10-60 nm appeared but it also grew with a barrier layer of oxide at the interface of the
Al and AlOs. This aluminum oxide barrier layer and non-uniformity in barrier layer thickness
causes some problems such as affecting the growth and quality of the nanowires electrodeposited
in the pores resulting in very little filling of nanowires in these pores. The barrier layer can be
removed by dipping the substrate in 0.1M phosphoric acid (H3PO4) for 30-40 minutes. In this
paper. CdS nanowires are cathodically deposited via dc electrodeposition. The electrolyte used
for CdS electrodeposition was 0.055 M CdCl, and 0.19 M elemental sulfur, dissolved in
dimethyl sulfoxide (DMSOQ) [28. 29]. The temperature of the electrolyte was maintained at 120-
150 °C and a constant current density of 2.5 mA/cm?® was applied for 7-10 s with the deposition
rate at 25-30 nm/s [26]. After the electrodeposition. the samples were rinsed in hot DMSO
followed by acetone and deionized water rinse. The CdS nanowires were liberated by dissolving
the AAO templates in 1 M NaOH solution at room temperature for 8 min fo be completely
dissolved.

Additionally, CdS nanowires were grown using VLS technique with sputtered Au nanoclusters
as catalyst. For VLS growth of nanowires, the ITO coated glass substrate were cleaned by soap
water and then ultrasonicating them in acetone for 30 min followed by another 30 min
ultrasonication in isopropanol and dried in nitrogen. Gold of 5 nm thickness was sputtered on
these cleaned ITO glass substrate to catalyze the growth of nanowires. The CdS nanowires were
synthesized in a quartz tube finnace with dual zone furnace heating instrument. CdS powder
(~0.8 g, 99.999% pure, purchased from Sigma Aldrich) was placed in one heating zone and the
ITO glass substrate with the sputtered gold nanoclusters in the second heating zone. 5%
hydrogen was used as the transport gas with a flow rate of 100 sccm. The source and sample
were heated to 900 and 580 °C. respectively for 1 h.

Finally, Field emission scanning electron microscopy imaging was done using JEOL 7500
FESEM to study the morphology and ascertain the growth of nanowires. Raman scattering and
photoluminescence spectral studies were employed to investigate the longitudinal optical phonon
modes and the electronic states of the CdS nanowires.

Results and Discussion:

Growing CdS nanowires in an AAM template is a difficult procedure due to the presence of a
barrier laver of aluminum oxide which is difficult to etch out completely, thus causing non
uniformities in the growth of nanowires and also the template should be free of cracks and
defects [30, 31]. The elemental sulfur and CdCl; in the solution dissociates into $* ions and Cd*"
ions respectively. These S* jons react with Cd** jons to form CdS crystallites inside the
nanopores of the remplate, thus forming the nanowires [32]. These crystallites nucleate on the
walls of pores and gradually these pores get filled up with CdS crystallites forming nanowires
33]. The SEM images of the CdS nanowires grown after dc electrodeposition is shown in Figure
1.The diameter of the nanowires grown were approximately 10-25 nm.
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Figure 1: (a) top view (b) side view SEM micrograph of CdS nanowires of 10-20 nm in diameter
after annealing.

Energy Dispersive X-ray Spectroscopy EDS studies were done on these electrodeposited CdS
nanowires and the results are shown in Figure 2.
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Figure 2: EDS of the CdS nanowires grown by electrodeposition.

Peaks of Cd and S in Figure 2 confirm the growth of CdS nanowires. Also, there were peaks of
indium (In). oxygen (O). silicon (Si) due to the ITO coated glass substrate. Aluminum (Al) was
also detected because there were some ftraces of aluminum left after the dissolution of alumina
template in NaOH solution.

Furthermore, CdS nanowires were also grown using VLS growth mechanism. The ITO coated
glass substrates were cleaned and sputtered with 5 nm of thickness of gold which serves as a
catalyst for the growth of nanowire. CdS nanowires were grown in dual zone tube furnace having
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CdS powder (~1g. 99.9% Sigma Aldrich) as source in one zone at 900 °C and the ITO coated
glass with gold nanoclusters in the second zone at 580 °C for one hour and transport gas was 5%
hydrogen with 95% argon. In the case of VLS growth, a small metal particle like Au which acts
as a catalyst is deposited on the substrate and this forms a liquid/solid interface on heating. CdS

vapor enters the liquid metal particle allowing it to become supersaturated resulting in CdS
precipitation underneath the particle and thus forming a nanowire. The SEM images of these
CdS nanowires by VLS growth is shown in Figure 3.

Figure 3: SEM images after the VLS growth of CdS nanowires.

To know the elemental composition of these samples Energy Dispersive X-ray Spectroscopy
(EDS) were performed. The EDS result for the VLS grown nanowires are shown in Figure 4.
Figure 4 shows that the Cd, S are present in the sample confirming the growth of CdS nanowires
In and O are due to the ITO coating on the glass. Si is probably present because of the glass
substrate.
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Figure 4: EDS result for VLS grown CdS nanowires.
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Further studies like photoluminescence and Raman spectral studies were done to probe the
electronic and optical properties of these nanowires. The photoluminescence characteristics of
the grown CdS nanowires were investigated using a He—Cd laser of wavelength 325 nm for
excitation at room temperature. The PL spectroscopy was performed on the electrodeposited CdS
nanowires after dissolution of the AAO template in 1 M NaOH solution. The PL emission peak
was observed at 506 nm (2.45 eV) for electrodeposited CdS nanowires and the peak for VLS
grown nanowires was at 510 nm (2.43 eV) as shown in Figure 5 (a) and 5(b) respectively. The
luminescence spectrum shows a strong green emission.
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3 3
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2 =
& 1000 - & 1000 -
o i =4
= 500 - = 500 -+
0 T 1 0 T T T T 1
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Wavelength (hm) Wavelength (nm)
(a) (b)

Figure 5: (a) PL spectra for electrodeposited CdS nanowires with peak at 506 nm (b) PL spectra
for VLS grown nanowires with peak at 510 nm.

The Raman spectrums were recorded using Ar™ ion laser of 514 nm wavelength of these CdS
nanowires. The Raman characteristics of these nanowires for VLS and electrodeposited
nanowires are shown in Figure 6. Raman peaks were observed at 302 cm™. 603 cm™ and 906 cm™

corresponding to the longitudinal optical phonon (LO) modes 1LO, 2LO and 3LO,
respectively. analogous to the peaks of pure CdS crystalline structure [12,34].
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Figure 6: Raman spectra of (a) electrodeposited CdS nanowires (b) VLS grown nanowires.
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Strong 11O, 2LO and 3LO peaks and the photoluminescence emission observed were in
accordance with the phonons and the electronic band structure of the CdS material.

Conclusion:

CdS nanowires were grown using VLS growth and dc electrodeposition mechanism. It has been
reported that the growth of CdS nanowires in porous alumina template via ac electrodeposition is
the most efficient process due to the presence of barrier layer which cannot be completely
removed. However we have employed dc electrodeposition for growing nanowires in a thin film
(~200 nm thickness) of porous alumina template which is a quite difficult due to the thin film’s
suscepfibility to crack and the poor connectivity to the ITO coated glass substrate. CdS
nanowires were also grown using VLS growth mechanism to compare the results with the
electrodeposition growth of CdS nanowires in a template. The Raman and luminescence
spectrum of the CdS nanowires grown by electrodeposition and VLS mechanism show good
crystallinity of CdS nanowires.
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The effect of the Ar plasma during metal deposition on the photoluminescence
(PL) of metal-coated ZnO nanowires (NWs) has been investigated. Strong
enhancement of near-band-edge emission (NBE) is observed for ZnO NWs
coated with Al and Ni nanoparticles (NPs) by radiofrequency magnetron
sputtering, while the samples coated with NPs by e-beam evaporation show
quenching of the PL intensity. A model is proposed that satisfies the observed
experimental results and assigns the strong enhancement of the NBE PL of
Zn0O NWs to excitons bound to structural defects in the surface layer of the

Zn0 NWs.

Key words: Photoluminescence, zine oxide nanowires, surface traps,

sputtering

INTRODUCTION

Zine oxide (ZnO) is a II-VI compound semicon-
ductor with a wide direct bandgap (3.37 eV), large
exciton binding energy (60 meV), and stable ther-
mal and mechanical properties, making it a prom-
ising candidate for optoelectronic applications such
as short-wavelength semiconductor lasers and light-
emitting diodes. 3 Zn0O nanowires (NWs) have
additional functionality arising from their size
which allows for further flexibility in bandgap
engineering. Since ZnO NWs have weak near-band-
edge emission (NBE), numerous studies have been
carried out to enhance the NBE and photolumines-
cence (PL) efficiency of ZnO NWs. Different methods
such as polymer coating of ZnO NWs™" and hydro-
gen plasma treatment® are seen to boost the NBE
and PL efficiency of ZnO NWs. Recently, the effect
of metallic nanoparticles (NPs) on the PL properties
of ZnO NWs has been the focus of much research.®’
In most studies an enhancement of NBE was
observed and the results were interpreted in terms

(Received May 28, 2013; accepted November 20, 2013;
published online December 25, 2013)
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of surface plasmons,® unintentional hydrogen
incorporation,” and the nature of the contact formed
between the metal and ZnO NWs.” In this work we
investigated the effect of the presence of Ar plasma
during metallic NP deposition on the PL intensity of
Zn0O NWs. A strong enhancement of the NBE and a
relative reduction of visible emission from the gap
are seen for ZnO NWs on which metallic NPs were
sputtered. By considering the nature of the contact
formed between the ZnO NWs and metallic NPs, the
concentration of ambient hydrogen during metal
sputtering, and comparison of the PL intensities
from ZnO NWs with NPs deposited by sputtering
versus e-beam evaporation, a model is proposed that
satisfies the observed strong enhancement of NBE
and related reduction of the visible peak.

EXPERIMENTAL PROCEDURES

Zn0O NWs were grown by the vapor-liquid—solid
method in a horizontal quartz tube at atmospheric
pressure on n-type, 100-plane silicon wafer as sub-
strate. Previously, the substrates were cleaned
using acetone and dried in a nitrogen stream, then
coated with a 3-nm layer of gold thin film using
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e-beam evaporation. ZnO powder (99.99%; Sigma-
Aldrich Company, USA) mixed with graphite (powder
<20 um; Sigma-Aldrich Company, USA) at weight
ratio of 1:1 was used to carry out the carbothermal
reaction process. The coated substrates and ceramic
boat with the ZnO and graphite powders were placed
in the middle of a 2-inch quartz tube. The system was
heated to 900°C to 910°C with a constant (350 scem)
flow of Ar for 30 min to 50 min, then cooled down to
room temperature. The grown ZnO NWs were char-
acterized using a variable-pressure Hitachi S-3000N
scanning electron microscope (SEM) and x-ray pho-
toelectron spectroscopy (XPS). Figure 1a shows SEM
images of as-grown ZnO NWs with average length of
about 20 ym and diameter in the range of 50 nm to
200 nm. Aluminum (Al) and nickel (Ni) metal NPs
were deposited on the ZnO NWs using a radiofre-
quency (RF) magnetron system with the correspond-
ing metal target at room temperature. A schematic
diagram of the RF magnetron system used for deco-
rating the ZnO NWs is shown in Fig. 2. For all sam-
ples, before starting the plasma and metal deposition,
the experimental chamber was pumped down to a
high vacuum (~10® Torr) and the sputtering process
was carried out under a constant (45 scem) flow of
ultrapure Ar at power of 100 W. XPS spectra of
as-grown ZnO NWs and coated ZnO NWs measured

using a Kratos AXIS-165 spectrometer are shown in
Fig. 1b. Transmission electron microscopy (TEM)
images of as-grown ZnO NWs and of ZnO NWs coated
with Al NPs are shown in Fig. 1c and d. As seen in
Fig. 1d, the metallic NPs have an island-like mor-
phology consisting of a network of sputtered metallic
NPs on the surface of ZnO NW. Room-temperature PL
was excited using a 325-nm HeCd laser, and the PL
emission was collected using an Acton 2500i spec-
trometer. Low-temperature PL. measurements were
performed in a closed-cycle helium cryostat at 8.5 K.

RESULTS AND DISCUSSION

Room-temperature PL spectra of as-grown ZnO
NWs and of those coated with RF magnetron sput-
tered Al and Ni NPs are compared in Fig. 3a, b. The
contacts between the semiconductor and metal will
induce bending of the energy band of the semicon-
ductor at the interface. It is also well known that the
PL spectra of ZnO NWs mainly reflect their energy
band information at the NW surface. Hence, it is
anticipated that the type of junction between the
deposited metals and the ZnO NWs will result in a
change of their PL properties.” Strong enhancement
of NBE is seen for both ZnO NWs decorated with Al
and Ni NPs. Since the junction between ZnO NW
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Fig. 1. (a) SEM image of as-grown ZnO NWs. (b) XPS spectra of as-grown ZnO NWs (red), Ni-coated ZnO NWs (blue), and Al-coated ZnO NWs
(black). (c) TEM images of as-grown ZnO NW and (d) Al-coated ZnO NW (Color figure online).
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Fig. 2. Schematic diagram of the RF magnetron system.

and Al is an ohmic contact and the junction between
the Ni and ZnO NW is a Schottky contact,” the
experimental results shown in Fig. 3a, b demon-
strate that this strong enhancement of NBE is not
mainly due to the nature of the contact formed
between the metallic NPs and ZnO NWs. However,
the type of contact formed between the ZnO and
metallic NPs may have a small effect as a higher
enhancement ratio of NBE is seen in the case of ZnO
NWs decorated with Al NPs.

In addition to the increase in intensity of the NBE
peak, we also see a related reduction of the visible
peak, as shown in Fig. 3a, b. The room-temperature
and low-temperature (8.5 K) PL spectra of as-grown
ZnO and after sputtering with Al NPs for a shorter
sputtering time (90 s) are presented in Fig. 4a, b,
where the first emission peak in Fig. 4b can be
assigned to the free exciton (FX) at 367.6 nm
(3.372 eV)*" and the second peak at 368.5 nm
(3.364 eV) is due to the surface-excitonic emission
band (SX)." On the low-energy side, contributions
from the recombination of excitons bound to neutral
donors (DX) are observed at 3.69 nm (3.359 eV)!’
and defects located in the NWs (A-line) give rise to a
PL peak at 373.5 nm (3.319 eV). Finally, the PL
peak located at 382.45 nm (3.242 eV) comes from
the first-order longitudinal phonon replica of
A-line.”'" As presented in Fig. 4b, the strong
enhancement of NBE is mostly related to SX peak
enhancement. Temperature-dependent PL spectra
of as-grown ZnO NWs and Al-sputtered NWs are
shown in Fig. 4c and d, and the inset figure shows
the peak energy versus temperature. The PL tran-
sitions are dominated by excitons bound to neutral
donors at low temperatures, with a very small free
exciton peak visible. As the temperature increases,
the free exciton thermalizes and cannot be seen at
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Fig. 3. (a) Room-temperature PL spectrum of as-grown ZnO NWs
(red) and PL spectrum of ZnO NWs coated with Al NPs for 120 s
(black). (b) Room-temperature PL spectrum of as-grown ZnO NWs
(red) and PL spectrum of ZnO NWSs coated with Ni NPs for 120 s
(black) (Color figure online).

higher temperature. It can be observed that all
peaks systematically shift to lower energy with
increasing temperature. The temperature depen-
dence of the PL intensity can be expressed by the
Arrhenius expression:'?

() To

1+ Aexp(z2)’ 0
where AE is the activation energy of the thermal
quenching process, Kg is the Boltzmann constant, I,
is the emission intensity at 0 K, T is the thermo-
dynamic temperature, and A is a constant. The
dependence of the integrated PL intensity of the
ultraviolet (UV) band on temperature is shown in
Fig. 4e. By fitting the PL spectra using the Arrhe-
nius expression, the activation energy of SX was
obtained as 17.32 meV for as-grown ZnO NWs and
14.47 meV for ZnO NWs decorated with sputtered
metallic NPs, in reasonable agreement with
reported values.'®"
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Fig. 4. (a) Room-temperature PL spectra of as-grown ZnO NWs and Al-sputtered (90 s) ZnO NWs. (b) PL spectra of as-grown ZnO NWs and
Al-sputtered NWs at 8.5 K. Temperature-dependent PL spectra (near-UV region) of (c) as-grown ZnO NWs and (d) Al-sputtered ZnO NWs;
insets show SX peak energy versus temperature. (e) Integrated intensity of the neutral donor-bound exciton of ZnO NWs as a function of

temperature with theoretical fitting curve.

To investigate the effect of metallic NPs unex-
posed to Ar plasma, the PL from ZnO NWs coated
with e-beam-evaporated Al NPs was studied. The
PL spectra of ZnO NWs before and after e-beam Al
evaporation for different deposition times are illus-
trated in Fig. 5, showing quenching of the NBE
which may be due to the formation of metal-induced
gap states on the NW surface layer.*

It has been reported that, when ZnO NWs are
coated with a thin layer of metal, a large number
of additional states within the bandgap will be
introduced.” These additional defects in the

surface region will result in a higher trapping rate
of electrons, therefore reducing the rate of excitonic
recombination in the surface layer. As seen in
Fig. 5, e-beam-evaporated Al thin film on ZnO
NWs resulted in a relative quenching of the NBE
pe ak.“

In the case of one-dimensional systems such as
ZnO NWs, where the ratio of surface area to volume
is high, surface defects, near-surface traps, and
surface-adsorbed species such as Oz molecules and
OH ™ offer alternative pathways for deexcitation of
photoexcited carriers and play a significant role in
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Fig. 5. Room-temperature PL spectra of as-grown ZnO NWs (red)
and ZnO NWSs coated with Al NPs by e-beam evaporation (black) for
different evaporation times: (a) 60 s and (b) 120 s (Color figure online).
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the carrier relaxation dynamics.'®® Typically, the
05 molecule, one of the most common adsorbates on
the surface of ZnO NWs, undergoes chemisorption
onto the NW surface by capturing a free electron
from the n-type ZnO in an oxidizing ambient as
shown in Eq. (2).1%°%8

O:(g) +e = 0;y(ad) (2)

It is well known that intrinsic defects such as
oxygen vacancies in as-grown ZnO NWs can be
reduced by O; or Ar annealing, resulting in a rela-
tive quenching of the visible emission peak whereas
the NBE peak is not changed in Os- or Ar-annealed
ZnO NWs.'"*" However, the focus of this study is
the reduction of surface defects and traps not
intrinsic defects.

At the growth temperature of 900°C and atmo-
spheric pressure, a major part of the species
adsorbed on the surface of ZnO NWs will be 05,
which acts as a surface trap. Upon illumination,
some photoexcited carriers will migrate to these
surface traps. As shown in Fig. 6, a part of the
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Fig. 6. (a) Schematic diagram of the band bending of ZnO NWs.
(b) Corresponding phenomenological model of the trapping pathways.

photoexcited holes are trapped by the adsorbed
oxygen species on the NW surface'® and other
photoexcited carriers are trapped by point defects
such as oxygen vacancies and are believed to be the
origin of the visible emission peak in the PL spec-
trum of ZnO NWs.'® It is well known that the PL
emission band at about 3.367 eV has its origin in the
surface region of ZnO NWs,*>1? and with decreasing
wire diameter its relative contribution to the NBE
increases continuously.'® Hence, fewer secreened
surface trapping sites lead to a lower density of
separated electrons and holes in the surface region,
which results in a higher density of excitons near
the NW surface. So, surface cleaning of ZnO NWs
from the trapping sites results in an increase of the
SX band intensity.” The relative reduction of visible
emission seen in ZnO NWs decorated with sputtered
metallic NPs can also be attributed to the trapping
sites at the NW surface.

Oxygen vacancies are believed to be the origin of
the visible emission peak in the PL spectrum of ZnO
NWs, and the mechanism of the visible emission
peak with a maximum at 2.45 eV originates from
single positively charged oxygen vacancies (V§)
located within the ZnO NW. Three different types of
oxygen vacancy can occur in ZnO NWs: doubly
ionized oxygen vacancies V{', singly ionized oxygen
vacancies V§, and neutral oxygen vacancies V§, as
shown in Fig. 6b."® These vacancies need to be
activated by a hole. So, the activation process

29



Strong Enhancement of Near-Band-Edge Photoluminescence of ZnO Nanowires 745

Decorated with Sputtered Metallic Nanoparticles

requires photoexcited holes which are trapped at
the surface. Then, the holes may tunnel into the
deep-level defects to create optically active oxygen
vacancies.” This model is based on the assumption
that surface-related processes are dominant for ZnO
NWs.®> Trapping sites such as 0?7, O~ or OH
located at the NW surface lead to separation of
electron—hole pairs in this region. Then, the holes
will be captured at the surface traps. By cleaning
the surface of ZnO NWs from trapping sites, fewer
holes are able to be captured at surface traps, which
quenches the visible emission peak.”

The experimental results demonstrate that deco-
rating ZnO NWs with metal NPs in the presence of
high-energy Ar atoms cleans the surface of ZnO
NWs from near-surface traps and surface-adsorbed
species, thus leading to strong enhancement of NBE
and a relative reduction of the visible peak. Com-
parison of the room-temperature PL spectra shown
in Figs. 3a and 4a also shows that increasing the
sputtering time can lead to better surface cleaning
and therefore stronger enhancement of NBE.

Ithas also been reported that hydrogen atoms can act
as shallow donors and occupy interstitial sites in addi-
tion to oxygen vacancies, which can result in enhance-
ment of NBE and quenching of the visible emission
peak.®?! However, since the metal deposition was
performed in high vacuum (10 ° Torr) before starting
the plasma, and ultrapure Ar was used, it is expected
that the presence of hydrogen is negligible during the
sputtering process and the strong enhancement of the
NBE and quenching of the visible peak cannot be
because of hydrogen incorporation.

CONCLUSIONS

Room- and low-temperature PL spectra of
as-grown ZnO NWs and those coated with metallic
NPs using different deposition methods were
investigated. It was shown that the PL spectra of
Zn0 NWs coated with sputtered metallic NPs
demonstrate strong enhancement of the NBE peak
and a relative reduction of the visible peak. Effects
of the type of contact formed between the metallic
NPs and ZnO NWs and unintentional hydrogen
incorporation have been investigated. The observed

experimental results reveal that decorating ZnO
NWs with metal NPs in the presence of high-energy
Ar atoms can decrease nonradiative relaxation
pathways and lead to strong enhancement of NBE
and a relative reduction of the visible peak.
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1. Introduction

Graphene has attracted a great deal of attention since it was first successfully made by
Geim [1,2] for its unique electronic, magnetic and thermal properties [3-8]. Carrier-phonon
scattering will affect the electrical properties of graphene, such as resistivity and Fermi level
shift [9-13]. It is important to study both the acoustic and optical phonons in graphene.
Phonon dispersion has been studied by Raman and neutron scattering in graphite [14-16] and
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Abstract For a graphene sheet with confining structures in
the orthogonal directions of zigzag- and armchair-edge, the
confined carrier states are determined. These wavefunctions
and eigenvalues are used to study carrier-longitudinal op-
tical (LO)-phonon interactions in these graphene gquantum
dots. The optical deformation potential is derived for these
graphene quantum dots as the basis for the study of these
carrier-LO-phonon interactions. Phonon bottleneck effects
are identified and the Fermi golden rule transition rates are
formulated.

Keywords Graphene - Quantum dots - Confined phonons

1 Introduction

Graphene [1. 2], a plane of spl-bonded carbon atoms ar-
ranged in honeycomb lattices, has attracted vast attention
for its unique electronic properties [3-7]. The nanostruc-
tures based on graphene, such as nanoribbons [4, 8-10] and
quantum dots [11-13], have been considered as important
building blocks for future nanoelectronic devices. The elec-
tronic properties of graphene nanostructures strongly de-
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pend on the confined dimensions [4, 10, 13]. The effective-
mass approximation is widely used to study the electronic
states and the transport properties of the carbon based nano-
materials, such as carbon nanotube [14, 15], bulk graphene
[5. 15] and graphene nanoribbons [6, 8]. At room temper-
ature carrier-phonon scattering is the dominating source of
the resistivity in moderately doped graphene based nanos-
tructures [10, 16]. The long wavelength optical phonons,
which dominate for high-energy carrier states [10, 17], can
be described well by elastic continuum models in both car-
bon nanotubes and graphene [14, 18-21]. Confined opti-
cal phonon modes need to be carefully considered, espe-
cially in confined dimensions [22-24]. Thus, it is essential to
consider double quantization effects for both electrons and
phonons during the scattering process in each confined di-
mension of a graphene structure.

In this paper, we study the electronic states, the optical
phonon modes and the electron-longitudinal optical (LO)
phonon interactions in a two dimensional (2D) confined
graphene nanosheet having orthogonal zigzag (Z7)-edge
and armchair (AC)-edge. i.e. reclangular graphene quantum
dot (RGQD). The extreme gquantum limit is considered for
these as that infinite barriers are assumed at the boundaries.
as shown in Fig. 1.

Using the effective mass method [8, 15] we describe the
discrete electronic states near the K and K' Dirac point
with the adoption of hard wall boundary conditions [10].
The normalized optical phonon modes in RGQDs are cal-
culated using the elastic continuum model similar to our
previous calculation in graphene nanoribbons [22]. The
phonon bottleneck effect, which is very common in three-
dimensional confined quantum dots [25]. is Tound to exist
in most cases of RGQDs. As will be shown, the carrier-
LO phonon scattering, which generally dominates in bulk
graphene or graphene nanoribbons at room temperature
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Piezoelectricity in zincblende polar semiconductor nanowires:

A theoretical study
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A systematic evaluation of the piezoelectrically induced electric polarization vector and the
associated potential on the application of mechanical strain to charge-free semiconductor
nanowires with zincblende crystal structure is reported. It is found that the bending mode which is
easier to realize in practice over stable compressional modes generates maximum piezo energy for
these zincblende semiconductor nanowires. Also zincblende ZnO nanowires are found to be
superior over zincblende AIN and GaN wires for piezo energy harvesting. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3692604]

I. INTRODUCTION

Energy harvesting has been around for centuries in the
form of windmills, watermills, and passive solar power sys-
tems. The current frontier of energy harvesting is an array of
micro-scale technologies that scavenge milliwatts from solar,
vibrational, thermal, and biological sources; of which
vibration-based mechanical energy is the most ubiquitous
and accessible source of energy.'? Over the last decade
much research has been focused on nanodevices based on
nanoscale piezoelectric components to harvest energy on
micro-/nano-scale.>* However, the physics behind the elec-
tromechanical phenomena in semiconductors are still poorly
studied. On application of an external strain to a piezoelec-
tric crystal, macroscopic polarization depending on the
intrinsic properties of the crystal is produced as a result of
the displacements of ions. In view of this interest, this article
provides a detailed treatment of the piezoelectric effect in
zincblende nanowires based on the full piezoelectric tensor.

Il. THEORY

In order to determine the piezoelectric polarization in a
zincblende material it is necessary to consider the piezoelec-
tric tensor of the material under consideration and to deter-
mine the strain components corresponding to the
deformation under consideration. The piezoelectric tensor
relating the piezoelectric polarization vector and the acoustic
strain vector may be expressed in matrix notation for the
case of a zincblende crystal in Cartesian coordinates as

000 eq 0 O
z2=|0 00 0 e4 0} (1)
000 0 0 ey

“Electronic mail: bananisen@ieee.org.
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For the case of uniform plane wave propagation at an arbi-
trary angle # in the XZ plane of a zincblende crystal the pie-
zoelectric stress matrix transforms as

& = [a][e]M], @)

where the rotation transformation matrix [«] is given by

cosn 0 —sinpy
[a] = 0 0 1
siny 0 cosp

and the bond stress transformation matrix [M] is derived
from [a].™*

Therefore, the piezoelectric stress tensor ¢’ for propaga-
tion at an arbitrary angle # in the XZ plane of a zincblende
crystal is given by

7 0 0 0 €, 0 ¢
'=1¢, 0 €3 0 é€s 0 (3)
0 0 0 € 0

with

€}y = e cos 21,
€lg = —ey sin 2,
€, = —ey sin 21,
e;.3 = ey sin 2,
ef‘,s = €4 cOs 21,
ely = eyq sin 21,
elg = €xq cos 21,

In order to cast ¢’ into a more suitable form for cylindrical
quantum wires, we made a transformation from the Cartesian
coordinate system to the cylindrical coordinate system. In
the cylindrical polar coordinate system, the piezoelectric
stress tensor ¢’ for propagation at an angle # in the XZ plane
of a zincblende crystal transforms as

e = [a'][é’][ﬂl]. 4)
where the coordinate transformation matrix [¢'] is given by

© 2012 American Institute of Physics



JOURNAL OF APPLIED PHYSICS 110, 024506 (2011)
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By considering acoustic phonon mode displacements in nanowires, the piezoelectrically induced
electric polarization vector and the associated potential are calculated. For the case of charge-free
semiconductor nanowires, the piezo energies generated by strains applied in different directions are
compared. For the directions considered, it is found that the maximum piezo energy in these
nanowires is generated for strain applied in the vertical direction (i.e., along z-axis). Moreover, for
these nanowires, energy generation in AIN and ZnO are found to be superior to GaN, just as
expected based on past treatments of nanowires using phonons of bulk structures. © 2011

American Institute of Physics. [doi:10.1063/1.3603036]

I. INTRODUCTION

Energy harvesting has been around for centuries in the
form of windmills, watermills, and passive solar power sys-
tems. Among the different forms of energy harvesting, vibra-
tion-based mechanical energy being the most ubiquitous and
accessible energy source in the surroundings, harvesting this
type of energy exhibits a great potential for remote or wireless
sensing, charging batteries, and powering electronic devices.
Over the last decade, much research has been focused on
energy harvesting using piezoelectric semiconductor nano-
wires to harvest energy on the microscale and nanoscale.'
Owing to the small size and high flexibility of the nanowires,
the nanogenerators are very sensitive to small level mechani-
cal disturbances and are ideal for powering wireless sensors,
microrobots, nano/micro electro-mechanical systems (NEMS/
MEMS) and bioimplantable devices.™ Yet, the physics behind
the electromechanical phenomena of these semiconductors is
poorly studied. In this paper we have presented a detailed
study of the electromechanical phenomena in light of the
piezoelectric polarization of these materials.

The piezoelectric interaction occurs in all polar crystals
lacking an inversion symmetry. On application of an external
strain to a piezoelectric crystal, a macroscopic polarization is
produced as a result of the displacements of ions. Thus, an
acoustic phonon mode will drive a macroscopic polarization
in a piezoelectric crystal. The polar crystals are generally of
three types: the wurtzite, the zincblende and the rock salt.
The waurtzites are the most stable and therefore most com-
monly considered at ambient conditions. The zinc blende

Il. THEORY

In order to determine the piezoelectric polarization in a
wurtzite material, it is necessary to consider the piezoelectric
tensor of the material under consideration and to determine
the strain components corresponding to the deformation
under consideration. The piezoelectric tensor relating the
piezoelectric polarization vector and the acoustic strain vec-
tor may be expressed in matrix notation for the case of a
wurtzite crystal in Cartesian coordinates as

0 0 0 0 es 0
e=10 0 0 es 0 0]. (1)
€1 €z1 €z 0 0 0

For the case of uniform plane wave propagation at an ar-
bitrary angle # in the XZ plane of a wurtzite crystal, the pie-
zoelectric stress matrix transforms as

¢ =[d|[e] [M], @)
where the rotation transformation matrix [a] is given by
costy 0 —sing
la] = 0 0 1
siny 0 cospy
and the bond stress transformation matrix [M] is derived
from [a]A5
Therefore, the piezoelectric stress tensor ¢ for propaga-

tion at an arbitrary angle n in the XZ plane of a wurtzite
crystal is given by

I g I I
form can be stabilized using substrates with cubic lattice _ en €2 ea 0 e ?
T
structure and the rarely found rocksalt (NaCl-type) structure &= ? 9 0 e 0 g 3
is only observed at relatively high pressures. In this paper we e ey ez 0 e 0
have restricted ourselves to the most common type, i.e., the with
hexagonal wurtzite structure. s 5 5
€y = — €1 8iN HCOS 1 — €38N — e,5 Cos i sin 24,
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The piezoelectric coefficients for lead zirconate titanate (PZT) being an order of magnitude higher
than the piezoelectric semiconductors, it is expected that this piezoceramic would be very
promising for mechanical energy harvesting. This paper presents a systematic evaluation of the
piezoelectric potential generated in charge-free PZT nanowires upon application of mechanical
strain in different directions. Similar to wurtzite semiconductor nanowires, in case of PZT wires of
rocksalt crystal structure, it is found that the stretching modes generate higher potential than the
bending mode. However, in spite of high piezoelectric coefficients, the piezoelectric potential generated
from these piezoceramic wires is much lower than the semiconductor nanowires because of their high
dielectric constant. © 2012 American Institute of Physics. [hutp://dx.doi.org/10.1063/1.4737257]

I. INTRODUCTION

The decreasing power requirements for nanodevices
open the frontier of energy harvesting from otherwise wasted
energy from the environment. An intriguing possibility is the
utilization of work produced by the human body via daily
activities. Piezoelectric materials have attracted much inter-
est of researchers dealing with recent areas for electrome-
chanical energy conversion technologies. Lead zirconate
titanate Pb[Zr,Ti, ,]JOs; 0 <x <1, a ceramic perovskite
material is considered as a promising piezoelectric material
because of its relatively high piezoelectric coefficients.' ™ In
this paper, we have presented a detailed study of the electro-
mechanical phenomena in PZT in light of the piezoelectric
polarization of these materials.

Il. THEORY

Direct piezoelectricity may be defined as the electric
polarization produced by mechanical strain in certain classes
of crystals. The piezoelectric polarization is proportional to
the strain and changes sign with it." In mathematical nota-
tion, piezoelectrically induced electric polarization vector P
is given as

P=¢-5, (1)

where Z is the piezoelectric stress tensor and J is the acoustic
strain vector.

The piezoelectric stress tensor for a tetragonal crystal
system in matrix notation may be expressed as

0 0 0 0 es O
=10 0 0 es O 0. 2)

ey ey esz 0 0 0
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To cast Z into a form suitable for cylindrical quantum wires,
it is necessary to express ¢ in a more general form where the
co-ordinate axes are rotated with respect to the principal
axes of the crystal. Upon applying the rotation transforma-
tion matrices of Auld,” the piezoelectric stress tensor for
phonon propagation at an arbitary angle » in the XZ plane of
a tetragonal crystal in cylindrical polar co-ordinate system
[r, ¢, z] transforms as

e = [d)[@)M), (3a)
with

& = [a|[e)M), (3b)

where the rotation transformation matrix [a| and (o] are
given as

cosy 0 —siny cos¢p sing 0
[d={ 0o 0o 1 , ld]=| —sing cos¢ 0|,
sing 0 cosy 0 0 |

and the bond stress transformation matrices [M] and [M’] are
derived from [a] and [}, respectively.””

Therefore, the piezoelectrically induced electric polar-
ization vector P in cylindrical polar co-ordinates in terms of
the piezoelectric tensor ¢ and the acoustic strain vector S
may be written as

P=¢.5, )

where P is a three component vector and S is the six-
component strain vector. The six strain components in cylin-
drical polar co-ordinate system with v being the velocity
associated with the acoustic phonon displacement « and @
being the harmonic frequency assumed for the phonon field,
ie., v = iouare™’

© 2012 American Institute of Physics
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JOURNAL OF APPLIED PHYSICS 114, 054312 (2013)

Simple analytical expressions are derived, herein, for the interface phonon modes of complex SiC-
and GaN-based substrates. These analytical results are essential for studies of remote polar-optical
phonon phenomena in a variety of structures including heterostructures, in two-dimensional (2D)
structures such and graphene, BN, and MoS, on polar substrates, as well as in efforts to control the
bandgaps of such 2D structures through interactions with polar substrates. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4817528]

I. INTRODUCTION

Wide band-gap nitride materials has potential applica-
tions in UV lasing and sensing'? and high-power devices that
are able to work in extreme environments.”  So, they have
attracted interest in recent years. These group Il materials
belong to the hexagonal wurtzite crystal structure that has
lower symmetry compared to their zinc-blende counterparts.
Therefore, there exist more phonon branches in wurtzite mate-
rials (nine optical and three acoustic modes).*” These phonon
modes have distinct dynamics and interaction with carriers.

As is well-known, optical phonons make a dominant con-
tribution to scattering processes in polar semiconductor quan-
tum heterostructures. In these structures, they govem a number
of processes including hot-electron relaxation, electron inter-
band transition, room temperature exciton recombination, and
transport [JrD[Jerties.m ' Past theoretical investigations have
been performed on the interface optical-phonon modes for
cubic and wurtzite structures.'” > However, many of these
investigations were performed on the wurtzite cylindrical quan-
um wires,”* 7 symmetric structures® or periodic superlattice
structures.*”*° For asymmetric wurtzite structures, the phonon
dispersion relation is much more complicated due to its optical
am’s;otmpy?"32 A lot of work has been done on the one inter-
face wurtzite quantum heterostructure case.>>** Here we derive
the dispersion relation and phonon potential for a two-interface
wurtzite quantum heterostructures (Fig. 1) using Loudon’s uni-
axial and macroscopic dielectric continuum model.

The paper is organized as follows. In Sec. II, we give
the analytical solutions of the dispersion relation of interface
optical phonon modes and electrostatic potentials in the
structure. These solutions are applied to special cases of SiC/
GaN/vacuum and GaN/AIN/Vacuum heterostructures and
the results and discussions are given in Sec. III. We summa-
rize the paper and conclude in Sec. IV.

Il. THEORY

Waurtzite crystal structure has a c axis that is perpendicu-
lar to the hexagonal planes. We take the ¢ axis along the z

Ystroscio@uic.edu
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direction, which is perpendicular to the heterointerfaces, and
denote the direction perpendicular to ¢ axis as L. Due to the
optical anisotropy of wurtzite structure, the long wavelength
optical phonon modes can be divided into two groups, ordi-
nary and extraordinary phonons, based on the mutual orien-
tation between the c axis, the phonon wave vector q, the
electric field E, and the polarization field P. Following
Loudon’s theory for uniaxial crystals, only one group of
three optical phonon branches is infrared active. At the I
point in the Brillion zone of wurtzite crystal, only the
z-polarized phonon with A; symmetry and | -polarized pho-
non with E; symmetry are infrared active among the nine
optical-phonon modes. Within the macroscopic dielectric
continuum model, the field associated with the optical pho-
non modes in the non-retardation limit satisfies the classical
electrostatic equations%

E(r) = —V(r), ()
D(r) = E(r) + 47P(r) = £ (@)EL (r)p + e-()E.(r)2, @)
VD(r) =0, (3)

where E is the electric field, D is the displacement, P is the
polarization field, and @ is the electrostatic potential due to
the optical phonon mode. z and p denote the unit vector
parallel and perpendicular to z direction, respectively. We
assumed that there is no charge transfer between ions. &,
and &, are the frequency-dependent dielectric functions par-
allel and perpendicular to z directions. They are given
53738

Material 1 Material 2 Material 3

-d/2 0 d/z z—

FIG. 1. Schematic diagram showing a two-interface heterostructure com-
posed of three arbitrary wurtzite materials.

© 2013 AIP Publishing LLC
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system. These analytical results are essential for dies of ph SC g in MOSFET structures
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1. Introduction

In recent years, considerable research has been devoted to
means of increasing the gate capacitance so as to increase the drive
current of a MOSFET (metal-oxide-semiconductor field-effect tran-
sistor). As is well known, silicon dioxide (Si0;) is a widely used
insulator separating the gate and the semiconductor. However,
due to leakage current increases the thickness of SiO; cannot be
decreased below the 1.5-1.0 nm range which is required by device
scaling. This drawback of SiO, has motivated efforts to find new
materials to replace it. Recently, a considerable amount of effort
has been devoted to high-k dielectrics whose dielectrics constant
k is larger than that of SiO; in order to increase the overall capac-
itance and then increase the drive current. However, there is still a
problem that needs to be solved if SiO, is replaced with a high-k
dielectric. A high-k dielectric is a material with a high dielectric
constant k which results from both the ionic and the electronic
polarization. For an insulator, a higher dielectric constant can only
come from a large ionic polarization because the bandgap of the
insulator is too large to increase the electronic polarization. We
know that large ionic response dominates at low frequency which
result in a large static dielectric constant while large static dielec-
tric constant lead to large scattering strength because it is propor-
tional to Mo, [~ — %1, As a result of the large scattering strength

* Corresponding author. Tel.: +1 3123408868,
E-mail addresses: nzhang7@uicedu (N. Zhang ), stroscio®uic edu (MA. Stroscio).

http: //dx.dolorg/10.1016/j.5s¢ 2014.01.007
0038-1101)0 2014 Elsevier Ltd. All rights reserved.

associated with low frequencies, the effective electron mobility
in the inversion layer of the MOS system is reduced |1]. It is this
disadwantage of high-k dielectrics that prompts us to consider
using a dual-gate structure to avoid the scattering caused by the
phonon modes existing in the system.

The principal goal of this paper is to show that all of the inter-
face phonon modes - which are generally dominant in the elec-
tron-phonon scattering processes - make considerably reduced
contributions when metallic boundaries are selected appropriately.
This is of particular importance in nanoscale structures where the
interface phonon modes generally dominant in the scattering of
carrier from phonon modes. Indeed, in Ref. [2], it is demonstrated
that establishing metal-semiconductor interfaces at the hetero-
Jjunctions of semiconductor quantum wells with the semiconduc-
tor-metal boundary conditions dramatically reduces or
eliminates unwanted carrier energy loss caused by interactions
with interface longitudinal-optical (LO) phonon modes. Moreover,
in Ref. [3], study of the Hamiltonian describing the interaction of
both confined longitudinal-optical and surface-optical photons
with charge carriers, demonstrates that the interaction by the sur-
face-optical phonon modes is very strong and may dominate over
other scattering processes, especially with dimensions of about
100 A or less. Ref. |6] provides additional examples of the domi-
nance of carrier—interface-phonon scattering among the phonon
scattering mechanisms. Because of the typically dominant role of
the interface phonon modes among the phonon scattering pro-
cesses in nanostructures, and because of the frequent dominance
of phonon scattering processes in nanodevices, it is important to
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