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Abstract. The effect of a gradual reduction of the fiber diameter on the acousto-optic (AO) interaction is reported.
The experimental and theoretical study of the intermodal coupling induced by a flexural acoustic wave in a bicon-
ical tapered fiber shows that it is possible to shape the transmission spectrum, for example, substantially broad-
ening the bandwidth of the resonant couplings. The geometry of the taper transitions can be regarded as an extra
degree of freedom to design the AO devices. Optical bandwidths above 45 nm are reported in a tapered fiber with
a gradual reduction of the fiber down to 70 μm diameter. The effect of including long taper transition is also
reported in a double-tapered structure. A flat attenuation response is reported with 3-dB stopband bandwidth
of 34 nm. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.55.3.036105]
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1 Introduction
In-fiber acousto-optic (AO) devices based on flexural acous-
tic waves have been investigated for years because of their
applications as frequency shifters,1 tunable filters,2 and
modulators.3 Recently, the AO has been investigated as a
powerful tool for measuring axial inhomogeneities along
optical fibers.4 When the fundamental flexural acoustic
mode propagates along an uncoated single-mode optical
fiber (SMF), the acoustic fields produce a periodical pertur-
bation of the fiber, both refractive index changes and geomet-
rical effects, which leads to an intermodal resonant coupling
between the fundamental core mode and some specific clad-
ding modes of the SMF.1–3 This AO interaction can be seen
as the dynamic counterpart of a conventional asymmetric
long period fiber grating (LPG), whose transmission charac-
teristics can be controlled dynamically by the amplitude and
frequency of the acoustic wave. At the output fiber, only the
light that remains guided by the core is transmitted, showing
a transmittance spectrum with one or several attenuation
notches at the wavelengths of the resonant couplings.

The effect of including tapered fibers to improve the AO
response has been reported in previous works.3–8 However,
these works paid attention first to the enhancement of the
acoustic intensity by reducing the cross section of the fiber
and second to the shift of the resonant wavelength in uniform
tapered fibers. Thus, the use of a thin optical fiber produces
a more efficient intermodal coupling that enables shorter and
faster devices, as well as a reduction of the required acoustic
power. This fiber tapering can be carried out either by chemi-
cal etching or by a fusion and pulling technique.

It is possible to adjust the wavelength of the resonant cou-
pling between two specific modes by changing the frequency
of the acoustic wave. However, the spectral bandwidth of a

given resonance is determined by the dispersion curves of the
involved modes and it is not straightforward how to develop
techniques to control such a bandwidth. Kim et al.9 explored
the simultaneous excitation of the acoustic wave generator
with two frequencies, while Jung et al.10 concatenated differ-
ent fibers. Feced et al.6 concatenated three fibers with differ-
ent sections to demonstrate a gain flattening filter and
pointed out the interest of exploiting the taper radius as a new
degree of freedom in the design of AO filters. Jin et al.11 dem-
onstrated an enhancement of the bandwidth of the AO
notches by using uniform fibers with a reduced diameter pre-
pared with chemical etching. Complimentarily, Li et al.12

investigated fibers with different dispersion curves in order
to narrow the optical notches.

Here, we investigate how tapering can be exploited to
control the spectral bandwidth of the transmission notches.
It is known that the dispersion curves of both the acoustic
and optical modes change with the radius of the fiber.3 Thus,
smooth and long tapered fibers can effectively control the
bandwidth of a given coupling by slightly shifting the
resonance wavelength, enabling a geometrical design tech-
nique, since the shape of fiber tapers can be controlled accu-
rately using a fusion and pulling technique.13 In Sec. 2, we
start with the numerical modeling of acoustically induced
LPG formed in a tapered structure. Then, in Sec. 3, we
describe the experimental results and the comparison with
the theory, in order to demonstrate the effects of the taper
transitions on the spectral response of the AO device.
Finally, our conclusions are summarized in Sec. 4.

2 Numerical Modeling of the Acousto-Optic
Interaction in a Tapered Fiber

In this section, we present the numerical technique that we
have implemented to simulate the spectral response of the
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Abstract— A detailed experimental study of a simple and
compact fiber optic sensor based on a fused biconical fiber
coupler is presented, in which the sensitivity is improved by
operating the coupler beyond the first coupling cycle. The
sensor is demonstrated to perform high sensitivity measurements
of refractive index changes by means of variation of sugar
concentration in water. The device is operated to achieve a linear
transmission response, allowing a linear relation between the
sugar concentration and the output signal. The initial sensitivity
was measured as 0.03 units of normalized transmission per unit
of sugar concentration (g/100 mL), with a noise detection limit
of a sugar concentration of 0.06 wt% of sugar concentration.
Improvements in sensitivity were studied by operating the cou-
pler beyond their first coupling cycles; achieving an improved
sensitivity of 0.15 units of normalized transmission per unit of
sugar concentration, and a minimum detection limit of 0.012 wt%
of sugar concentration. From this result, the minimum detectable
refractive index change is estimated as 2 × 10−5 refractive
index unit.

Index Terms— Fiber optic sensor, fused biconical fiber coupler,
refractive index sensor.

I. INTRODUCTION

F IBER-OPTIC couplers have attracted considerable
attention in recent years for their ability to detect small

changes in the refractive index (RI) of liquid solutions.
A fiber coupler is a four-port device with a transmission
spectrum that is strongly affected by the refractive index
of the surrounding medium due to the evanescent field that
is generated along the coupling region [1]. This effect has
proven to be useful for sensing applications [2]. Recent
approaches of fiber-coupler based RI sensors include fused
biconical fiber couplers [3]–[7], optical microfibers [8]–[12],
photonic crystal fibers [13], [14], and specially designed
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two-core optical fibers [15], [16], all of them offering
the advantages of high sensitivity, in situ measurements,
compact size, and immunity to external electromagnetic
interference. Most of these sensors are codified in wavelength
and the achieved sensitivities are in the range of 1,125 to
30,100 nanometer (nm) per refractive index unit (RIU), with
a minimum detection limit of 4×10−4 to 4×10−7 RIU,
respectively.

From the point of view of implementation, the necessity
of expensive equipment, such as optical spectrum analyzers,
for measuring the shift in wavelength heavily affects the use
of fiber-coupler based RI sensors. Thus, it is worthwhile to
consider an alternative scheme based on the dependence of
the power coupling on the surrounding medium. The two
complementary outputs of a fiber coupler enable a straight-
forward normalization, i.e. the ratio between the difference
and the addition, which automatically compensates for power
fluctuations. In earlier works the dependence of the power
coupling of traditional fused biconical tapered couplers on the
external RI has been presented and it has been proposed that
it is possible to use such a structure to develop a fiber based
refractometer [1], [17]. Tazawa et al. [2] have implemented
this power measurement approach to demonstrate a biosensor
with estimated 4×10−6 RIU detection limit. Recently, it
has been demonstrated that modal interferometers based on
integrated waveguides provide one of the best resolutions ever
reported (2.5×10−7 RIU) [18]. A fused biconical couplers
is, in fact, a modal interferometer in which the phase differ-
ence between the symmetric and antisymmetric supermodes
determine the power distribution at the output fibers. Small
changes of the external RI do not modify substantially the
coupling coefficient, but they generate a significant phase
difference between supermodes. In terms of fiber-coupler
based RI sensors, this last point deserves particular attention
for the detection of slight changes in the refractive index of
aqueous solutions. Although several schemes have reported
this effect [1], [2], [17], they did not study the conditions
for an optimal performance of the reported device. Here our
purpose is the experimental analysis of a fused biconical fiber
coupler, operated beyond the first coupling cycle, with a power
transmission that depends on the surrounding medium.

The objective is not only to gain insights into the dynam-
ics of this kind of device, but also looking forwards an
improvement of its performance. Based on this motivation, the
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H I G H L I G H T S

• Biofilm structures occur as compact
micro-colonies.

• Surface transformation reactions con-
trol arsenopyrite and cell interactions.

• Toxic arsenic does not limit biofilm for-
mation but damage its evolution.

• Biofilm adhesion forces are lowered in
the presence of supplementary arsenic.

• Synthesis of protein is mitigated in the
presence of supplementary arsenic.
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Bioleaching of arsenopyrite presents a great interest due to recovery of valuablemetals and environmental issues.
The current study aims to evaluate the arsenopyrite oxidation by Acidithiobacillus thiooxidans during 240 h at dif-
ferent time intervals, in the presence and absence of supplementary arsenic. Chemical and electrochemical char-
acterizations are carried out using Raman, AFM, SEM-EDS, Cyclic Voltammetry, EIS, electrophoretic and adhesion
forces to comprehensively assess the surface behavior and biooxidation mechanism of this mineral. These anal-
yses evidence the formation of pyrite-like secondary phase on abiotic control surfaces, which contrast with the
formation of pyrite (FeS2)-like, orpiment (As2S3)-like and elementary sulfur and polysulfide (Sn2−/S0) phases
found on biooxidized surfaces. Voltammetric results indicate a significant alteration of arsenopyrite due to
(bio)oxidation. Resistive processes determined with EIS are associated with chemical and electrochemical
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Printed circuit antennas have been used for the detection of electromagnetic radiation at a wide range of frequencies that go from
radio frequencies (RF) up to optical frequencies.Thedesign of printed antennas at optical frequencies has been done by using design
rules derived from the radio frequency domain which do not take into account the dispersion of material parameters at optical
frequencies. This can make traditional RF antenna design not suitable for optical antenna design. This work presents the results
of using a genetic algorithm (GA) for obtaining an optimized geometry (unconventional geometries) that may be used as optical
regime antennas to capture electromagnetic waves. The radiation patterns and optical properties of the GA generated geometries
were compared with the conventional dipole geometry. The characterizations were conducted via finite element method (FEM)
computational simulations.

1. Introduction

Printed circuit antennas which have been extensively used
in the radio frequency (RF) spectrum have also been used
to detect electromagnetic radiation at optical and infrared
frequencies. The use of these types of antennas at optical
frequencies provides several advantages over traditional opti-
cal and infrared detectors; among these advantages are low
profile, low cost, faster response times, compatibility with
integrated circuit technology, and wavelength and polariza-
tion selectivity [1, 2].

Even though several RF antenna designs have been
successfully used at optical and infrared frequencies [3], the
design of antennas at optical frequencies by using traditional
RF antenna design rules can result in nonoptimized antennas
due to the dispersion of material properties that can be
neglected at lower frequencies [4, 5].

Evolutionary algorithms imitate nature, where all living
organisms possess specific genetic material which contains
information about each organism that can be transferred

to new generations via reproduction. The other organism
involved in reproduction also transfers some of its char-
acteristics [6]. These characteristics are encoded in genes
stored in chromosomes, which together constitute the genetic
material known as a genotype [7]. Genes are modified
during the characteristic transfer process as a consequence of
the crossover between maternal and paternal chromosomes.
Mutation may also occur, altering the information contained
within the genes of a given chromosome. Although the newly
created individual possesses the information of its parents,
the combination of two different organisms makes the indi-
vidual unique. This organism begins life in an environment
that is not significantly different from that of its parents. The
new organism develops in a manner that allows it to survive
and transfer its genome, permitting the species to persist in
a given environment. An individual that cannot adapt to its
environment will struggle to survive and transfer its genes to
new generations.

These evolutionary processes can be used to optimize
the solution of nonanalytical problems assuming that the
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AlGaAs:Si/GaAs heterostructures were grown on (631) and (100) GaAs substrates and

studied as a function of the As cell beam equivalent pressure. High-resolution x-ray diffrac-

tion patterns showed that the highest quality AlGaAs epitaxial layers were grown at

PAs¼ 1.9� 10�5 for (100)- and PAs¼ 4� 10�5 mbar for (631)-oriented substrates. Raman

spectroscopy revealed higher crystalline quality for films grown on (631) oriented substrates.

The GaAs- and AlAs-like modes of the AlGaAs(631) films exhibited increased intensity

ratios between the transverse optical phonons and longitudinal optical phonons with increas-

ing PAs, whereas the ratios were decreased for the (100) plane. This is in agreement with the

selection rules for (631) and high-resolution x-ray diffraction observations. Anisotropy and

surface corrugation of the AlGaAs(631) films also were characterized using atomic force

microscopy and Raman spectroscopy.VC 2016 American Vacuum Society.
[http://dx.doi.org/10.1116/1.4944452]

I. INTRODUCTION

The III–V compound semiconductors are very important

in electronics and optoelectronics applications. For example,

AlGaAs/GaAs heterostructures have been widely used in the

fabrication of visible light-emitting diodes,1 laser diodes,

and solar cells.2 Additionally, a great deal of research is

focused on low-dimensional systems such as quantum wires

(QWRs) because they are essential for enhancing the proper-

ties of such optoelectronic devices. Self-assembly on high-

index (HI) substrates is a promising technique that has been

used in the last few decades for achieving QWRs with high

density and high optical quality. In this technique, the planes

that are energetically unstable tend to break up into low-

index facets to minimize their surface energies.3 The most

investigated HI planes that partially sustain favorable QWR

characteristics include the (311)A, (331), (775)B, and (631)

surfaces.4–9 Recently, we have demonstrated that under

appropriate growth conditions, uniform nanoscale step arrays

can be synthesized in the homoepitaxial growth of

GaAs(631)A.9 The large-order-correlated nanoscale facets

of GaAs(631)A further can be used as nanotemplates for the

self-assembly of QWRs. In this direction, the homoepitaxial

growth is not enough to produce QWRs because no electron

confinement is achieved. Thus, more research is needed on

heteroepitaxial growth.

In the present work, we studied the synthesis and charac-

teristics of corrugated AlGaAs/GaAs(631) heterostructures

as a function of the As-cell beam equivalent pressure.

Growth was conducted simultaneously on the GaAs(100)

plane for comparison. The results showed improved crystal-

line quality and surface corrugation order of the

AlGaAs(631) film as the arsenic pressure, PAs, increased.

However, for (100)-oriented surfaces, no surface corrugation

was observed within the explored PAs range.

II. EXPERIMENTAL METHODS

Prior to loading into the molecular beam epitaxy (MBE)

system, semi-insulating GaAs(631)A substrates were etched

in a “Semico Clean” (Furuuchi Chemical Corp., Japan) solu-

tion and then predegassed at 380 �C under ultrahigh vacuum

for 20min. Oxide desorption was then conducted in the

growth chamber at 640 �C for 15min under As4 flow. A 100-

nm-thick GaAs layer was grown as a buffer layer at a tem-

perature of 660 �C and growth rate of 0.3 lm/h. Following

deposition of the GaAs layer, the substrate temperature was

set to 700 �C to deposit a 1-lm-thick Si-doped AlGaAs layer

at a growth rate of 0.3 lm/h. The nominal Al concentration

of the ternary alloy was 30%. The Si-effusion cell tempera-

ture was set to obtain a doped Si carrier concentration of

1� 1018 cm�3 in the GaAs(100)-oriented samples. Finally, a

25-nm-thick undoped GaAs layer was grown at 700 �C to

avoid oxidation of the samples. Samples were prepared with

the As4 beam equivalent pressure PAs varying in the range of

0.5–4� 10�5mbar. The morphology of the nanostructures

was studied using atomic force microscopy (AFM) operated

in the contact mode. The crystalline quality and structural

properties were analyzed by high-resolution x-ray diffraction

(HRXRD) and Raman scattering (RS) measurements with a

532-nm photomodulation source.a)Electronic mail: victor.mendez@uaslp.mx
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a b s t r a c t

Light emission in the three primary colors was achieved in cubic GaN/InGaN/GaN heterostructures grown
by molecular beam epitaxy on MgO substrates in a single growth process. A heterostructure with four
quantum wells with a width of 10 nm was grown; this quantum wells width decrease the segregation
effect of In. Photoluminescence emission produced four different emission signals: violet, blue, green-
yellow and red. Thus, we were able to tune energy transitions in the visible spectrum modifying the In
concentration in cubic InxGa1�xN ternary alloy.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

In the past decades, nitride semiconductors have been used to
fabricate electronic and optoelectronic devices [1–17]. Among the
most important applications is solid-state lighting. Using α-GaN
and α-InGaN it was possible to build a blue light-emitting diode
(LED) [1]. Since this major breakthrough, the development of
methods to improve growing conditions has brought remarkable
results in light emitting devices [2–6]. Theoretically, due to band
gap energy values of α-GaN (3.4 eV) and α-InN (0.7 eV), the
ternary InGaN alloy can be used to cover the electromagnetic
spectrum from UV to near infrared. Growing conditions that result
in more than a 30% concentration of In may lead to high defect
density because of the large lattice mismatch between GaN and
InN (11%). Furthermore, high indium content leads to a strong
quantum confinement stark effect, which reduces the radiative
recombination efficiency of carriers and hinders the long wave-
length range transitions. Recent reports have studied the optimi-
zation of green-yellow emission in hexagonal InGaN-based devi-
ces [3–5]. Nonetheless, red wavelength transitions with planar

InGaN heterostructures remain difficult to obtain. Thus, to produce
white light emitting diodes, a blue or UV LED is covered with a
phosphor, which absorbs the light and reemits it with a longer
wavelength. However, using phosphors such as Ce3þ:Y3Al5O12

(one of the most common phosphors) reduces the long-term
reliability and lifetime of the device [6]. Different approaches
have been made to overcome this issue. One of them is to syn-
thesize quantumwells by varying the In mole fraction in the active
layer to obtain the long wavelength emission without phosphors
[7]. Another approach to produce white light is to use the struc-
tures such as quantum dots in wells [8], dots in wires [9], nanorods
[10], nanopyramids [11] and other nanostructures [12]. Typically,
these nitride semiconductors crystallize into a hexagonal phase.
Therefore, most of the previous work is based on the InGaN
wurtzite phase. Nevertheless, the cubic phase has some advan-
tages over the hexagonal phase, such as the lack of spontaneous
and piezoelectric polarization [9]. Moreover, β-GaN has a lower
band gap energy (3.28 eV) than α-GaN. Thus, low energy emis-
sions in the ternary β-InGaN alloy can be obtained with a smaller
In concentration than in α-InGaN.

Although it is more difficult to synthesize InGaN and GaN cubic
films, it has been possible to grow them using the Metal-Organic
Chemical Vapor Deposition (MOCVD), Metal-Organic Vapor Phase
Epitaxy and Molecular Beam Epitaxy (MBE) techniques on the 3C-
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Selection for distinct gene expression properties favours the
evolution of mutational robustness in gene regulatory networks
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Abstract

Mutational robustness is a genotype’s tendency to keep a phenotypic trait

with little and few changes in the face of mutations. Mutational robustness

is both ubiquitous and evolutionarily important as it affects in different ways

the probability that new phenotypic variation arises. Understanding the ori-

gins of robustness is specially relevant for systems of development that are

phylogenetically widespread and that construct phenotypic traits with a

strong impact on fitness. Gene regulatory networks are examples of this

class of systems. They comprise sets of genes that, through cross-regulation,

build the gene activity patterns that define cellular responses, different tis-

sues or distinct cell types. Several empirical observations, such as a greater

robustness of wild-type phenotypes, suggest that stabilizing selection under-

lies the evolution of mutational robustness. However, the role of selection

in the evolution of robustness is still under debate. Computer simulations of

the dynamics and evolution of gene regulatory networks have shown that

selection for any gene activity pattern that is steady and self-sustaining is

sufficient to promote the evolution of mutational robustness. Here, I gener-

alize this scenario using a computational model to show that selection for

different aspects of a gene activity phenotype increases mutational robust-

ness. Mutational robustness evolves even when selection favours properties

that conflict with the stationarity of a gene activity pattern. The results that

I present support an important role for stabilizing selection in the evolution

of robustness in gene regulatory networks.

Introduction

Across the evolutionary tree, many phenotypic traits

have a tendency to change little or remain unaltered

after new random mutations (de Visser et al., 2003;

Kitano, 2004; Wagner, 2005; Whitacre, 2012; F�elix &

Barkoulas, 2015). Such mutational robustness occurs in

many scales of biological organization, from the folding

of macromolecules such as RNA and proteins (Ancel &

Fontana, 2000; Xia & Levitt, 2002; Ferrada & Wagner,

2008) to the behaviour of molecular networks (von

Dassow et al., 2000; Eldar et al., 2002; Meir et al., 2002;

Espinosa-Soto et al., 2004; Manu et al., 2009; Noman

et al., 2015) to cell lineages (Yang et al., 2014), morpho-

logical traits (Braendle & F�elix, 2009) or even fitness

(Kitano, 2004; Eyre-Walker & Keightley, 2007).

Mutational robustness has important effects on a sys-

tem’s variability (Wagner & Altenberg, 1996; Pigliucci,

2008), and hence in its potential to evolve. When we

consider a single organism, a first glance suggests that

mutational robustness obstructs evolutionary change

because it decreases the probability of producing new

phenotypic variation. Nonetheless, when we consider

evolving populations, we find that robustness may

increase evolvability. The reason is that mutational

robustness favours that a population accumulates ‘cryp-

tic’ genetic variation that lacks phenotypic effects

(Rutherford & Lindquist, 1998; Gibson & Dworkin,

2004; Dworkin, 2005; Schlichting, 2008; Paaby & Rock-

man, 2014). Then, distinct organisms in the population

may have access to very different phenotypic variants

after new perturbations (Flatt, 2005; Masel & Trotter,
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Dynamical and Tuneable Modulation
of the Tamm Plasmon/Exciton–Polariton Hybrid States

Using Surface Acoustic Waves
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In this work, we discuss theoretically the formation of the Tamm plasmon/exciton–polariton hybrid states
in an (Al,Ga)As microcavity and their modulation by surface acoustic waves. The modulation of the Tamm
plasmon/exciton–polariton states origins in the change of the excitonic band gap energy and the thickness change
of the sample structure layers due to the induced strain fields by surface acoustic waves. The frequency fSAW of
the acoustic modulation of the Tamm plasmon/exciton–polariton states is limited by the thickness of the upper
distributed Bragg reflector. For the Tamm plasmon/exciton–polariton states in AlxGa1−xAs/GaAs structures fSAW

is in the range of 370 MHz while fSAW in GHz range is possible for the parametric Tamm plasmon/exciton–polariton
states. In both cases, the acoustic modulation is several meV for typical acoustic power levels.

DOI: 10.12693/APhysPolA.129.A-26
PACS: 71.36.+c, 42.55.Sa, 85.50.–n

1. Introduction

The development of new optoelectronic devices op-
erating at low threshold powers and at high switching
frequencies is a complex and challenging task, which
can only be overcome by exploiting new physical phe-
nomena [1–4] and applying them to device implementa-
tions [5, 6]. One of such new promising physical phe-
nomenon are exciton–polaritons in semiconductor micro-
cavities (MCs). Exciton–polaritons are unique bosonic
half-light half-matter quasiparticles that result from the
strong coupling between the photonic mode of a MC and
quantum well (QW) excitons embedded in the active
MC region (cf. Fig. 1a, [7]). The inter-excitonic inter-
actions between polaritons give rise to optical nonlinear-
ities several orders of magnitude higher than in purely
photonic systems. Due to the photonic component po-
laritons have a very low effective mass (10−5−10−4 mass
of a free electron) leading to a de Broglie wavelength λdB

of a few µm and thus to the possibility to form macro-
scopic coherent quantum phases at low densities and at
elevated temperatures (on the order of a few K) as well
as to be manipulated by micro-scale potentials [8, 9].
Various polariton-based device concepts, like polariton-
based transistors and logic gates, as well as their imple-
mentation in quantum information processing have been
proposed [10, 11].

The fabrication of polaritonic devices requires re-
liable and practical potentials for controlling, confin-
ing and guiding exciton-polaritons in MC structure.
One interesting option is provided by dynamic strain

∗corresponding author; e-mail: buller@pdi-berlin.de

potentials [12] induced by a surface acoustic wave
(SAW) [13, 14]. SAWs are mechanical vibrations prop-
agating along a surface (cf. Fig. 1c): the strain field
of a SAW with wavelength λSAW smaller than λdB cre-
ates a tuneable acoustic lattice for the control of the po-
lariton properties. Since the SAW penetration depth is
comparable to λSAW, an efficient acoustic modulation re-
quires that λSAW is larger than the thickness of the up-
per MC distributed Bragg reflector (DBR). In this con-
tribution, we demonstrate that this limitation can be
overcome by exploiting plasmonic resonances induced by
thin metallic stripes deposited on the top of the MC
structure. In this case, new quasiparticles called the
Tamm plasmon/exciton–polaritons (TPEP) form by the
superposition of the Tamm plasmons (TPs) at the metal-
semiconductor interface and the exciton–polaritons in the
MC [10]. The aim of this work is to explore the dynam-
ical and tuneable modulation of TPEP modes by SAW
at frequencies close to and in the gigahertz range.

2. Sample design

The proposed sample structure supporting TPEP
states consists of a gold layer on top of a DBR con-
sisting of AlxGa1−xAs layers with a thickness λ/(4ni)
(i = Al15Ga85As, Al80Ga20As), where ni is the re-
fractive index and λ the MC resonance wavelength
(cf. Fig. 1a). The structure supports TP modes at the
metal–semiconductor interface only when the DBR layer
adjacent to the metal has a higher refractive index than
its following DBR layer [16]. The energy ET of the TP
mode can be tuned by changing the thickness of the metal
and/or of the adjacent DBR layer. When ET is in res-
onance with the MC mode and the QW exciton energy,
the resulting coupled system can be described using the
three level coupled oscillator model given by

(A-26)
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Exciton-polariton gap soliton dynamics in moving acoustic square lattices
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The modulation by a surface acoustic wave (SAW) provides a powerful tool for the formation of tunable
lattices of exciton-polariton macroscopic quantum states (MQSs) in semiconductor microcavities. The MQSs
were resonantly excited in an optical parametric oscillator configuration. We investigate the temporal dynamics
of these lattices using time and spatially resolved photoluminescence (PL). Photoluminescence images of the
MQSs clearly show the motion of the lattice at the acoustic velocity. Interestingly, the PL intensity emitted by
the MQSs as well as their coherence length oscillate with the position of the lattice sites relative to the exciting
laser beam. The coherence length and the PL intensity are correlated. The PL oscillation amplitude depends on
both the intensity and the size of the exciting laser spot and increases considerably for excitation intensities close
to the optical threshold power for the formation of the MQS. The oscillations are explained by a model that takes
into account the combined effects of SAW reflections, which dynamically distort the amplitude of the potential,
and the spatial phase of the acoustic lattice within the exciting laser spot. This paper could pave the way to tailor
polariton-based light-emitting sources with intensity variations controlled by the SAWs.

DOI: 10.1103/PhysRevB.94.125432

I. INTRODUCTION

Exciton-polaritons result from the strong coupling between
photons confined in a microcavity (MC) and excitons in
quantum wells (QWs) inserted in it. They are half-light, half-
matter quasiparticles with bosonic character. The excitonic
component gives rise to strong nonlinear interactions between
exciton-polaritons, while the photonic component leads to
a very low effective mass meff (10−4−10−5 mass of the
electron) and, consequently, de Broglie wavelengths λdB of
a few microns [1,2]. The latter enables the formation of
macroscopic quantum states (MQSs) of exciton-polaritons
at particle densities considerably lower and at temperatures
considerably higher than in atomic systems [3,4]. These
remarkable properties of exciton-polaritons in semiconductor
optical MCs have opened the way for several device function-
alities such as polariton-based lasers [5,6], transistors [7,8],
and logic gates [9,10].

In analogy to optical lattices of cold atoms [11], tunable
lattices for exciton-polariton MQSs can be formed via the peri-
odic spatial modulation introduced by a surface acoustic wave
(SAW). Surface acoustic waves are mechanical vibrations
that can be electrically excited using interdigital transducers
(IDTs) deposited on the MC surface [12] [cf. Fig. 1(a)]. The
moving strain field of the SAW creates regions of tension and
compression in the MC, thus spatially modulating the MC
optical resonance energy as well as the band gap energy of
the embedded QWs [13]. By superimposing two orthogonal
SAW beams, one can create the two-dimensional square lattice
potential illustrated in Fig. 1(a). For small SAW amplitudes
�SAW, λdB can become comparable to or even longer than the
SAW wavelength λSAW. Under this condition, the acoustic

*buller@pdi-berlin.de

modulation creates a folded band structure for exciton-
polariton MQSs with dispersion and energy gaps controlled by
�SAW. The mini-Brillouin zones (MBZs) formed by the lattice,
which are illustrated in the inset of Fig. 1(b), have dimensions
kSAW = 2π/λSAW determined by the SAW periodicity.

As for the polariton dispersion, the symmetry and spatial
coherence of MQSs in an acoustic lattice also depend on
the lattice amplitude �SAW. Large �SAW flattens the lowest
dispersion branch and inhibits the tunneling of exciton-
polaritons between lattice sites, thus fragmenting the extended
phase via the formation of independent MQSs localized at
the minima of the SAW potential [14]. Phases with extended
coherence appear, in contrast, for moderate �SAW, where the
lowest dispersion branch exhibits considerable energy disper-
sion [15]. Interestingly, the most robust MQS under a moderate
�SAW does not form at the � point of the lowest dispersion
branch but rather at the M points, where the effective mass of
exciton-polaritons is negative [cf. Fig. 1(b)]. Recently, we have
demonstrated that these phases are gap-soliton-like conden-
sates (GSs) [16]. Gap-soliton-like condensates are metastable
self-localized excitations originating from the compensation of
the repulsive interparticle interactions by their negative kinetic
energy. Gap-soliton-like condensates have also been observed
in other physical systems [17] and may prove to be of relevance
for quantum information processing [18,19].

Previous investigations on exciton-polaritons and GSs in
acoustic lattices have been carried out using optical spec-
troscopy in the continuous wave (cw) domain and were,
therefore, unable to capture the GS temporal dynamics in
the moving acoustic lattice. In this paper, we address this
issue via photoluminescence (PL) studies carried out with
time and spatial resolutions which are much shorter than the
temporal and spatial SAW periods, respectively. We start by
describing the experimental techniques employed to prepare
the MC sample and to map the time-dependent GS wave

2469-9950/2016/94(12)/125432(8) 125432-1 ©2016 American Physical Society
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Abstract
Exciton-polariton systems can sustainmacroscopic quantum states (MQSs)under a periodic potential
modulation. In this paper, we investigate the structure of these states in acoustic square lattices by
probing their wave functions in real andmomentum spaces using spectral tomography.We show that
the polaritonMQSs, when excited by aGaussian laser beam, self-organize in a concentric structure,
consisting of a single, two-dimensional gap-soliton (GS) state surrounded by one dimensional (1D)
MQSswith lower energy. The latter form at hyperbolical points of themodulated polariton dispersion.
While the size of theGS tends to saturate with increasing particle density, the emission region of the
surrounding 1D states increases. The existence of theseMQSs in acoustic lattices is quantitatively
supported by a theoreticalmodel based on the variational solution of theGross–Pitaevskii equation.
The formation of the 1D states in a ring around the central GS is attributed to the energy gradient in
this region, which reduces the overall symmetry of the lattice. The results broaden the experimental
understanding of self-localized polariton states, whichmay prove relevant for functionalities
exploiting solitonic objects.

1. Introduction

Themanipulation ofmacroscopic quantum states (MQS), systemswhere a collection of particles share a single
macroscopic wave function, is a fascinating topic that has been investigated in diverse research fields [1, 2]. The
possibility to engineer artificial periodic potentials to shape the properties of aMQShas allowed the simulation
of solid-state quantumphase-transitions [3], the implementation of quantum computation protocols [4] and
the exploration of the cross-over ofMQS physics with nonlinear optics concepts [5]. Notable examples ofMQS
systems are atomic Bose–Einstein condensates (BECs) in optical and/ormagnetic traps and supercurrents in
superconducting circuits. Another type ofMQS exists in semiconductor planarmicrocavities (MC) [6, 7],
where, in contrast to atoms in BECs orCooper pairs in superconductors, the components are photonic states
dressed by excitons called exciton-polaritons. Exciton-polaritons are bosonic light–matter quasi-particles that
formwhen photons couple strongly with quantum-well (QW) excitons in a semiconductorMC.While the
inter-excitonic interactions provide an optical nonlinearity which is several orders ofmagnitude stronger than
in purely photonic systems, the smallmass arising from the photonic component gives polaritons a de Broglie
wavelength of a fewmicrometres. The latter enables them to generateMQSs at lower densities and higher
temperatures (on the order of a few kelvin) than in atomic systems as well as to be coherentlymanipulated by
micrometric potentials [8–15]. Of particular interest are tuneablemodulation schemes, which can produce
potentials for polaritons analogue to optical lattices for cold atoms. Such potentialsmay be provided by the
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temperature of (0 0 1) GaAs substrates by plasma-assisted molecular
beam epitaxy
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ABSTRACT

Gallium nitride films were synthesized on GaAs (0 0 1) substrates at temperatures lower than the

congruent sublimation temperature of GaAs. By controlling isothermal desorption of the substrate and setting experimental

parameters in the early growth stage, the authors obtained cubic GaN films. No nitridation process or growth of a buffer layer

was necessary prior to GaNgrowth of GaN. In situ reflection high-energy electron diffraction (RHEED) and ex situ high-

resolution x-ray diffraction were used to study the crystalline qualities of the films. The measured pole diagram of

cubic GaN at 2θ = 34.5° was consistent with RHEED results and confirmed the crystalline structure.Photoluminescence

measurements showed a strong emission only at 3.21 eV.
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a b s t r a c t

Ga2O3 were synthesized by controlled thermal oxidation of GaAs substrates at atmospheric pressure. The
crystalline structure and vibrational modes were studied as a function of growth temperature within a
range of 750–950 °C. Samples grown in the range of 750–850 °C present nanostructured surface and the
samples obtained at higher temperature are oriented to the (004) β-phase. Crystalline structure was
confirmed by X-ray diffraction, and Raman scattering studies. The evolution of the surface morphology
was analyzed by atomic force microscopy, and scanning electron microscopy.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, wide band gap oxide semiconductors such as
CuAlO2 (3.2 eV), In2O3 (3.6 eV), ZnO (3.3 eV), SnO (3.6 eV) and
Ga2O3 (4.9 eV) have attracted considerable attention due to their
great potential in technological applications. For example, these
materials are used in spin-transport electronic devices, metal-
oxide-semiconductor field effect transistors and short wavelength
optoelectronic devices [1–5]. Among them, Ga2O3 has received
considerable attention because of its thermal stability, as well as
its optical and electrical properties. These properties make Ga2O3 a
desirable material for the development of high temperature gas
sensors [6], efficient transparent conducting layers [7] and short-
wavelength light-emitting devices [5].

The five modifications of Ga2O3 are known as α, β, γ, δ, and ε
phases [8]. Among these modifications, β-Ga2O3 is the most stable
modification with a melting point of 1780 °C. It has a base-cen-
tered monoclinic crystal structure, where the oxygen ions are in a
distorted cubic packing arrangement and the gallium ions are in
distorted tetrahedral and octahedral sites [9]. Various synthesis
techniques have been employed to grow β-Ga2O3 films and na-
nostructures, using either a physical or a chemical deposition
technique. The characteristics of the deposited films will vary

depending on the experimental conditions such as pressure,
growth temperature, deposition rate, annealing conditions, and
reactants [10–19]. They will also depend on the deposition method
employed, whether it is sputtering [11,12], thermal evaporation
[13,14], pulsed laser deposition [15], molecular beam epitaxy
[16,17], metal-organic chemical vapor deposition [18], ultrasonic
spray pyrolysis [19], or atmospheric pressure chemical vapor de-
position [20]. These works also reported the structural and optical
properties of β-Ga2O3 thin films. However, the results indicate
poor crystalline quality, and high costs.

In this work, we report the synthesis and characterization of
Ga2O3 samples, grown by Controlled Thermal Oxidation of GaAs
substrates in dry oxygen environment. In contrast with other
methods reported, this technique does not use an external gallium
source. Controlled thermal desorption of the GaAs substrates were
realized in order to obtain a gallium rich surface, which was used
as native source of gallium. The studied samples were grown at
different temperatures, in order to study the crystal structure,
surface morphology, vibrational modes, compositional analysis
and ultra-violet emission. The results obtained are analyzed and
discussed here.

2. Experimental procedure

Ga2O3 samples were synthesized in a CVD reactor at atmo-
spheric pressure. The CVD equipment features a custom-built
horizontal system with two gas inlet lines. Pure N2 is introduced
through one of the inlet lines, to maintain a controlled environ-
ment in the growth chamber. Through the other inlet, at 80/20%
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a b s t r a c t

Light emission in the three primary colors was achieved in cubic GaN/InGaN/GaN heterostructures grown
by molecular beam epitaxy on MgO substrates in a single growth process. A heterostructure with four
quantum wells with a width of 10 nm was grown; this quantum wells width decrease the segregation
effect of In. Photoluminescence emission produced four different emission signals: violet, blue, green-
yellow and red. Thus, we were able to tune energy transitions in the visible spectrum modifying the In
concentration in cubic InxGa1�xN ternary alloy.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

In the past decades, nitride semiconductors have been used to
fabricate electronic and optoelectronic devices [1–17]. Among the
most important applications is solid-state lighting. Using α-GaN
and α-InGaN it was possible to build a blue light-emitting diode
(LED) [1]. Since this major breakthrough, the development of
methods to improve growing conditions has brought remarkable
results in light emitting devices [2–6]. Theoretically, due to band
gap energy values of α-GaN (3.4 eV) and α-InN (0.7 eV), the
ternary InGaN alloy can be used to cover the electromagnetic
spectrum from UV to near infrared. Growing conditions that result
in more than a 30% concentration of In may lead to high defect
density because of the large lattice mismatch between GaN and
InN (11%). Furthermore, high indium content leads to a strong
quantum confinement stark effect, which reduces the radiative
recombination efficiency of carriers and hinders the long wave-
length range transitions. Recent reports have studied the optimi-
zation of green-yellow emission in hexagonal InGaN-based devi-
ces [3–5]. Nonetheless, red wavelength transitions with planar

InGaN heterostructures remain difficult to obtain. Thus, to produce
white light emitting diodes, a blue or UV LED is covered with a
phosphor, which absorbs the light and reemits it with a longer
wavelength. However, using phosphors such as Ce3þ:Y3Al5O12

(one of the most common phosphors) reduces the long-term
reliability and lifetime of the device [6]. Different approaches
have been made to overcome this issue. One of them is to syn-
thesize quantumwells by varying the In mole fraction in the active
layer to obtain the long wavelength emission without phosphors
[7]. Another approach to produce white light is to use the struc-
tures such as quantum dots in wells [8], dots in wires [9], nanorods
[10], nanopyramids [11] and other nanostructures [12]. Typically,
these nitride semiconductors crystallize into a hexagonal phase.
Therefore, most of the previous work is based on the InGaN
wurtzite phase. Nevertheless, the cubic phase has some advan-
tages over the hexagonal phase, such as the lack of spontaneous
and piezoelectric polarization [9]. Moreover, β-GaN has a lower
band gap energy (3.28 eV) than α-GaN. Thus, low energy emis-
sions in the ternary β-InGaN alloy can be obtained with a smaller
In concentration than in α-InGaN.

Although it is more difficult to synthesize InGaN and GaN cubic
films, it has been possible to grow them using the Metal-Organic
Chemical Vapor Deposition (MOCVD), Metal-Organic Vapor Phase
Epitaxy and Molecular Beam Epitaxy (MBE) techniques on the 3C-
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Abstract
We introduce a method for estimating the complexity function (which counts
the number of observable words of a given length) of a finite symbolic
sequence, which we use to estimate the complexity function of coding DNA
sequences for several species of the Hominidae family. In all cases, the
obtained symbolic complexities show the same characteristic behavior:
exponential growth for small word lengths, followed by linear growth for
larger word lengths. The symbolic complexities of the species we consider
exhibit a systematic trend in correspondence with the phylogenetic tree. Using
our method, we estimate the complexity function of sequences obtained by
some known evolution models, and in some cases we observe the character-
istic exponential-linear growth of the Hominidae coding DNA complexity.
Analysis of the symbolic complexity of sequences obtained from a specific
evolution model points to the following conclusion: linear growth arises from
the random duplication of large segments during the evolution of the genome,
while the decrease in the overall complexity from one species to another is due
to a difference in the speed of accumulation of point mutations.

Keywords: symbolic complexity, symbolic dynamics, genome structure

(Some figures may appear in colour only in the online journal)

1. Introduction

Nucleotide sequences carry information about an individual’s life as well as their evolutionary
history. A lasting problem in modern genomics is how this information is organized in the
genome or, in other words, what the structure of the genome is from an information theory
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ABSTRACT

Ternary III-N-V semiconductor alloys are interesting and complex materials. GaNAs is one such material that has been

studied extensively; however, the accurate determination of the N content within this material in which the growth conditions

significantly increases the amount of interstitial N has not yet been reported. To address this problem, GaNAs layers (100 nm)

were prepared using molecular beam epitaxy at temperatures between 400 and 600 °C with a high nominal N concentration

(3%). The N content was determined using high resolution x-ray diffraction (HRXRD), secondary ion mass

spectrometry (SIMS),and low-temperature photoluminescence (PL). The N concentration determined using these techniques

was compared. Additionally, the relationship between the growth temperature and N concentration is discussed. The

incorporation of N into interstitial sites resulted in significant variations in the N content as estimated by SIMS, HRXRD,
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New orientations in the stereographic triangle
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Energetically unstable crystalline surfaces, among their uses, can be templates for the
growth of periodic arrays of one-dimensional (1D) nanoscale structures. However,
few studies have explored self-assembled faceting on high-index (HI) planes inside
the stereographic triangle, and extant studies have not produced any criteria for
encouraging the formation of one-dimensional periodic arrays. In this Letter, by
analyzing the MBE growth of homoepitaxial facets on (631)A GaAs, a HI plane
inside the triangle, we present a criteria to produce highly uniform 1D periodic
arrays on unexplored surfaces. These families of planes are those belonging to the
lines connecting the energetically stable HI GaAs (11 5 2) plane with any of the
(100), (110), and (111) planes at the corners of the stereographic triangle. This
novel strategy can lead to new possibilities in self-assembling 1D structures and
manipulating physical properties, which in turn may result in new HI- and 1D-based
experiments and devices. C 2016 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4954998]

INTRODUCTION

Energetically unstable crystalline surfaces, which tend to break up into facets of low free
energy, can be used as templates for growing nanoscale one-dimensional periodic arrays (1DPAs)
such as quantum wires.1–4 Ultra-high-vacuum techniques such as molecular beam epitaxy (MBE)
and metalorganic vapor phase epitaxy have been used to grow periodic corrugated structures
with remarkable uniformity on surfaces with an unstable high Miller index (HI) or vicinal GaAs
substrates (VSs).5–8 In addition to its potential for promoting self-assembled structures, epitaxial
growth on HI substrates has exhibited many interesting features. For example, HI planes have many
characteristics that make them important in basic and applied research, such as the amphoteric
nature of Si impurities,9,10 atypical piezoelectric effects,11 high degree of light polarization in arrays
of quantum wires,4 observation of anisotropic topological surface states,12,13 and the enhancement
of (In,Ga,Al)P-GaP light-emitting diodes.14

By convention, the HI and VSs are chosen to be oriented along the edges of the stereographic
triangle (ST), whose corners are the (100), (110), and (111) low-index (LI) planes (which are
energetically stable), as shown in Fig. 1. Such surfaces on the sides of the ST are chosen
because only the LI corners can form low-energy reconstructions, and because any given HI
or VS on it should decay into facets composed of combinations of two of the corner planes.
By contrast, the HI planes in the ST likely have a very complex structure because it should
comprise combinations of the three LI planes. For these reasons, there have been very few studies
on HI planes inside the ST, and they are chosen without following specific criteria for 1DPA
formation.

aElectronic mail: esteban.cruz@uaslp.mx
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III-V semiconductorsThin film growthEpitaxySemiconductor growthPhonons

ABSTRACT

AlGaAs:Si/GaAs heterostructures were grown on (631) and (100) GaAs substrates and studied as a function of the As cell

beam equivalent pressure. High-resolution x-ray diffraction patterns showed that the highest quality AlGaAsepitaxial layers

were grown at P  = 1.9 × 10  for (100)- and P  = 4 × 10  mbar for (631)-oriented substrates. Raman spectroscopy revealed

higher crystalline quality for films grown on (631) oriented substrates. The GaAs- and AlAs-like modes of the AlGaAs(631)

films exhibited increased intensity ratios between the transverse optical phonons and longitudinal optical phonons with

increasing P , whereas the ratios were decreased for the (100) plane. This is in agreement with the selection rules for (631)

and high-resolution x-ray diffraction observations. Anisotropy and surface corrugation of the AlGaAs(631) films also were

characterized using atomic force microscopy and Raman spectroscopy.
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a b s t r a c t

Structures of Al0.047Ga0.953Sb layers on GaSb (100) substrates were studied by high resolution X-ray
diffraction (HRXRD) using reciprocal space maps (RSM) and rocking curves around the (004) and (115)
reflections. The layers were grown at 450 °C with a supersaturation of 10 °C in a conventional Liquid
Phase Epitaxy (LPE) system varying the growth time from 1 to 4 min resulting in an increment of
thickness. It was found that tilt, relaxation and dislocation density of the layers can be calculated using its
rocking curves and reciprocal space mapping and it is found that these characteristics are influenced by
the thickness of layer.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

The AlxGa1�xSb alloy is an attractive material because of its
optoelectronic properties with potential applications in devices
operating in the infrared region, such as photodetectors, lasers and
light emitters [1–3]. The direct bandgap of this alloy can be tuned
between 0.72 and 0.93 eV by changing its composition from x¼0
to x¼0.4. With x¼0.047 the alloy can operate around the wave-
length of less attenuation in optical fibers at 1.55 μm [4]. However,
in order to fabricate efficient optoelectronic devices is essential to
have a material with high crystalline quality with a low point
defects concentration and that absorbs or emits light efficiently
[5]. Unfortunately, in many cases the AlGaSb layers grown on GaSb
are strained owing to their mismatch, showing structural defects.

By controlling the growth conditions one may grow epitaxially
a pseudomorphic AlGaSb layer on a GaSb substrate until the
thickness of the layer reaches a critical value, hc, which depends

upon both the aluminum content, x, and the growth temperature,
TC [6,7]. If this critical thickness is exceeded, it becomes en-
ergetically favorable for the stress in the epilayer to be relieved
through the formation of 60° a/2 misfit dislocations at the AlGaSb/
GaSb interface.

Reciprocal space mapping is often used to investigate the
structural properties of epitaxial thin films (layer tilt, lattice re-
laxation, composition and quality of structures) [8], and the tran-
sition from the fully strained to the relaxed state can also be in-
vestigated with the help of reciprocal space maps (RSMs) [9,10].
However, to our knowledge this technique has not been applied to
the characterization of AlGaSb layers on GaSb.

Based on the theory developed by Kaganer et al. [11] and
geometrical calculations of Chauveau et al. [12] it is possible to
find, quantitatively parameters such as layer tilt, from high re-
solution RSMs. In this paper we analyze by means of HRXRD, the
microstructure of partially relaxed Al0.047Ga0.953Sb epilayers on
GaSb (100) substrates. Four epitaxial samples of the same com-
position and different thickness were investigated to analyze the
structural parameters such as the relaxation, tilt and composition.
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h i g h l i g h t s

� GaInAsSb PN junctions with high and abrupt breakdown voltages by LPE.
� The structures have been submitted to annealing processes just after epitaxial growth.
� The diffusion of Te from GaSb towards the epi-layer produces this behavior.
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a b s t r a c t

p-GaInAsSb/n-GaSb junction with breakdown voltages as high as 38 V and abrupt breakdown character-
istic have been fabricated by Liquid Phase Epitaxy. To obtain these characteristics the structures have
been submitted to annealing processes just after epitaxial growth. The diffusion of dopant from the n-
GaSb substrate towards the epitaxial layer separates the electrical junction from the epitaxial interface
and produces junctions with better inverse polarization behavior.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

GaInAsSb is a very interesting material for the development of
near and mid infrared devices such as LED’s, laser, photodetectors
and thermophotovoltaic devices that could be suitable for
applications like air pollution measurement and gas monitoring,
night vision, and energy conversion [1–10]. The bandgap of
In0.15Ga0.85As0.14Sb0.86 is well suited for detection at 2.2 lm, also
GaInAsSb alloys are interesting for avalanche photodetectors
because their electron and hole impact ionization properties [6].

However, the lack of good GaInAsSb PN junctions hinders the
marketing of competitive devices for application in the real world.
A quick review [6–18] of the Current-Voltage (I-V) characteristics
of GaSb and/or GaInAsSb diodes reported show that reverse
current has no saturation value, it always increases smoothly as
the reverse applied voltage increases and there is not an abrupt
breakdown voltage, these behavior could be attributed to tunnel
currents via deep levels ([13] and references therein). In all these
reports the electrical PN junction coincides with a metallurgical
interface between epitaxial layers.

It has been shown [19] that GaAlSb PN junctions fabricated
from epitaxial structures subjected to baking at 380 �C during
different times show an improvement of the inverse I-V character-
istics. The growth technique used was Liquid Phase Epitaxy (LPE)
and the improvement was attributed to a spatial separation
between the electrical and metallurgical junctions due to the
diffusion of Te during the baking time.

In this work GaInAsSb/GaSb PN junctions showing low satura-
tion currents and abrupt breakdown voltages as high as 38 V have
been fabricated by Liquid Phase Epitaxy. The grown structures
were baked during 1–3 h at 500 �C just after the growth process.
We describe here the growth process of the epitaxial layers, their
characterization by High Resolution X-ray Diffraction (HRXD) and
Photoluminescence as well as the measured I-V properties.

LPE is a very old technology, not used anymore for the
commercial production of optoelectronic devices and confined
only to research laboratories for basic studies; it was used in this
work because it allows the growth of very pure materials and
layers several microns thick in a few minutes. Thick layers are
needed in some devices where the light has to be almost
completely absorbed such as solar cells, PIN and avalanche
photodetectors or if the device has to support high breakdown
voltages.
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Abstract

A  small  card  used  for  detecting  hydrogen gas  in  a crystal  growth  system  by  the  liquid  phase  epitaxy  technique  was designed  and  built.  The

small  size  of  the  card  enables  its  portability  to  other  laboratories  where  leakage  detection  of hydrogen or  other  flammable  gas  is  required.  Card

dimensions  are  approximately  10  cm  long  and  5  cm  wide  enabling  easy  transportation.  The  design  is  based  on  a microcontroller  which  reads  the

signal  from  the  hydrogen sensor  and  internally  compares  the  read  value  with preset  values.  Depending  on  the  signal  voltage  a red,  yellow  or green

LED  will  light  to  indicate  the  levels of concentration  of the  flammable  gas. The  card  is  powered  by  a  9  V  battery.

All  Rights  Reserved  © 2016  Universidad  Nacional  Autónoma  de México,  Centro  de  Ciencias  Aplicadas  y Desarrollo  Tecnológico.  This  is  an

open  access  item  distributed  under  the  Creative  Commons  CC  License  BY-NC-ND  4.0.

Keywords: Hydrogen; Microcontrollers; Sensors; LPE; USB

1. Introduction

The liquid phase epitaxy  technique  used  to  fabricate  opto-

electronic devices  is  performed  under  a hydrogen atmosphere.

This is  done  to prevent oxidation  of  the substrates  and the  liq-

uid solutions;  otherwise,  the  quality  and characteristics  of  the

components would  be affected.

Once  the  materials  have  been  introduced  to  the growth

system, it  is evacuated  to remove gaseous pollutants.  After evac-

uation, a  flow of hydrogen is used  to  drag  the remaining  gases and

thus  purify  the  system.  Furthermore,  when  the system  is heated,

oxygen  reacts  with  the  hydrogen and prevents  the oxidation

problems mentioned  earlier.

The  problem  with using  hydrogen is that  it is highly

flammable and,  at concentrations  in  the atmosphere  above  4%,

it becomes  dangerous  because  it can cause  explosions  of  dif-

ferent  magnitudes.  Thus it  is necessary  to  monitor  the levels  of

hydrogen concentration  in  the  liquid  phase  epitaxy  laboratory.

When a hydrogen concentration  higher  than  normal is detected,

it is  necessary  to  find  the source  that  gives  rise to  such  con-

centration (Mishournyi,  Hernández del  Castillo, Gorvatchev,  &

Lastras Martínez,  2002).
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The  system  reported here  allows the  detection  of  abnormal

concentrations  of  hydrogen in  the  laboratory  and  locating  the

sources  or  points  where  the hydrogen is leaking  (Sánchez-Niño

& De  Anda Salazar, 2015).

2.  Portable  card design

The  design  of  this  card  is based  on  a  PIC12F1572  microcon-

troller whose  main features  are:

• A 49-instruction  set  and  a  16  levels stack.

• Internal  clock  speed  of  31  kHz  to  32  MHz.

• Three  pulse-width-modulation  (PWM)  modules  16-bit, com-

plementary  waveform  generator  (CWG)  and four  internal

10-bit analog–digital  converter (ADC) modules.

• One  digital–analog  converter (DAC)  of  5 bits  and  one  com-

parator.

• Two  8-bit  timers,  timer 0 (TMR0), timer 2 (TMR2)  and one

16-bit timer,  timer  1  (TMR1).

It  is a new  generation  8-pin plastic  dual  in-line  package

(PDIP) encapsulated  microcontroller  used  in  a variety  of  appli-

cations such  as  light  emitting  diodes  (LED)  lighting  systems,

control stepper motors,  direct  current (DC)  motors,  power  sup-

plies, and general  purpose  applications.  In  Figure 1,  the  pinout

and the  encapsulation  of  the  PIC  are shown  (Microchip,  2004).

http://dx.doi.org/10.1016/j.jart.2016.03.003
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Printed circuit antennas have been used for the detection of electromagnetic radiation at a wide range of frequencies that go from
radio frequencies (RF) up to optical frequencies.Thedesign of printed antennas at optical frequencies has been done by using design
rules derived from the radio frequency domain which do not take into account the dispersion of material parameters at optical
frequencies. This can make traditional RF antenna design not suitable for optical antenna design. This work presents the results
of using a genetic algorithm (GA) for obtaining an optimized geometry (unconventional geometries) that may be used as optical
regime antennas to capture electromagnetic waves. The radiation patterns and optical properties of the GA generated geometries
were compared with the conventional dipole geometry. The characterizations were conducted via finite element method (FEM)
computational simulations.

1. Introduction

Printed circuit antennas which have been extensively used
in the radio frequency (RF) spectrum have also been used
to detect electromagnetic radiation at optical and infrared
frequencies. The use of these types of antennas at optical
frequencies provides several advantages over traditional opti-
cal and infrared detectors; among these advantages are low
profile, low cost, faster response times, compatibility with
integrated circuit technology, and wavelength and polariza-
tion selectivity [1, 2].

Even though several RF antenna designs have been
successfully used at optical and infrared frequencies [3], the
design of antennas at optical frequencies by using traditional
RF antenna design rules can result in nonoptimized antennas
due to the dispersion of material properties that can be
neglected at lower frequencies [4, 5].

Evolutionary algorithms imitate nature, where all living
organisms possess specific genetic material which contains
information about each organism that can be transferred

to new generations via reproduction. The other organism
involved in reproduction also transfers some of its char-
acteristics [6]. These characteristics are encoded in genes
stored in chromosomes, which together constitute the genetic
material known as a genotype [7]. Genes are modified
during the characteristic transfer process as a consequence of
the crossover between maternal and paternal chromosomes.
Mutation may also occur, altering the information contained
within the genes of a given chromosome. Although the newly
created individual possesses the information of its parents,
the combination of two different organisms makes the indi-
vidual unique. This organism begins life in an environment
that is not significantly different from that of its parents. The
new organism develops in a manner that allows it to survive
and transfer its genome, permitting the species to persist in
a given environment. An individual that cannot adapt to its
environment will struggle to survive and transfer its genes to
new generations.

These evolutionary processes can be used to optimize
the solution of nonanalytical problems assuming that the

Hindawi Publishing Corporation
International Journal of Antennas and Propagation
Volume 2016, Article ID 3156702, 7 pages
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Optical Tuning of Nanospheres Through Phase
Transition: An Optical Nanocircuit Analysis

Alexander Cuadrado, Johann Toudert, Braulio García-Cámara, Ricardo Vergaz,
Francisco J. González, Javier Alda, and Rosalía Serna

Abstract— Plasmonic nanostructures can be described by
equivalent impedance, allowing the analysis of their properties
and performance by an RLC circuit equivalent model. In this
letter, the equivalent impedance has been obtained from a power
budget calculation that considers the dielectric functions of
the matrix and the nanostructured material, the nanostructure
geometry (in this case, spheres), the light wavelength, and its
polarization. When Bi or Ga nanospheres are considered, the
equivalent circuit undergoes a switching from a capacitive to
and inductive response when the materials change their phase
from solid to liquid. Finally, this approach is applied to the design
of reconfigurable metamaterials.

Index Terms— Plasmonics, nanophotonics.

I. INTRODUCTION

NANOPARTICLES and nanostructures are at the core of
nanophotonic devices due to their unique properties to

focus light on subwavelength dimensions, and to selectively
scatter optical radiation at different frequencies. These
properties have been used to propose devices with applications
in telecommunications and sensing [1], [2]. In addition, it
has been shown that engineered materials, or metamaterials,
built with nanoparticles show a great potential to manipulate
the light response, paving the way for the development of
nanoscale optical circuits for on-chip signal processing [1],
[3], [4]. In this context it is necessary to develop strategies
to design the basic units of such devices. The analogy
between optical and electric circuits makes possible to define
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nanoresitors, nanoinductors, and nanocapacitors [5]–[8].
Through these principles, some works have experimentally
studied the optical response of metamaterials and antenna
coupled devices [9]–[12]. Also, by using an analytical model
that considers the voltage and current values inside these
structures, it is possible to obtain the impedance of metal
nanoparticles [6], [13]. Accordingly, the impedance of the
nanoparticles is related to the dielectric functions of their
constituent material. This contribution analyzes this issue,
and studies how the impedance of the system can be tuned by
the geometry of nanoparticles, and by varying the dielectric
permittivity function of the system by an external excitation
that produces a solid-liquid phase transition.

Typically, the variation of the optical response of metal
nanoparticles embedded in a medium (i.e. a plasmonic
structure) has been demonstrated by modifying the dielectric
function of the medium. For example, this can be done by
exploiting the non-linear properties of Lithium Niobate [14],
or the solid-solid phase transition of Vanadium Oxides, V2O5
and V2O [15]. Another interesting option is to modify the
dielectric response of the nanoparticles by inducing a phase
transition in the material [16], [17], that also changes its
impedance. Phase transition triggered by temperature has been
used to modify the electromagnetic response of superconduc-
tor materials including plasmonic structures in nanostructured
metamaterials [18], [19]. In this letter, we show that the optical
impedance of Bismuth (Bi) or Gallium (Ga) nanoparticles
can be tuned thanks to the solid-liquid transition. The low
temperature phase transition of Bi and Ga facilitates the
embedding of these nanoparticles within a dielectric matrix
that remains solid across the phase transition [20], [21]. Using
this, we evaluate the response of a simple metasurface built
from nanospheres.

II. IMPEDANCE CALCULATION

The impedance of the spheres has been calculated using a
power budget model [8] by means of a Finite Element Method
tool (Comsol Multiphysics). The study is made for Bi and
Ga nanospheres with two different diameters (30 and 300 nm),
both in solid and liquid phase. The resonant wavelength
and the reactive and resistive power distributions have been
evaluated spectrally in the visible and near infrared. In order
to fit with common experimental cases, these nanospheres
have been immersed in Aluminum Oxide, Al2O3, as sur-
rounding medium. This is a highly transparent media in the
UV-VIS-NIR range of this study (0.3−1.65 μm).

1041-1135 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Clinical Study
Pain Measurement through Temperature Changes in
Children Undergoing Dental Extractions

Eleazar S. Kolosovas-Machuca,1 Mario A. Martínez-Jiménez,2

José L. Ramírez-GarcíaLuna,2 Francisco J. González,1 Amaury J. Pozos-Guillen,3

Nadia P. Campos-Lara,3 and Mauricio Pierdant-Perez2

1Coordinación para la Innovación y Aplicación de la Ciencia y la Tecnologı́a, Universidad Autónoma de San Luis Potośı,
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Background andObjective.Pain evaluation in children can be a difficult task, since it possesses sensory and affective components that
are often hard to discriminate. Infrared thermography has previously been used as a diagnostic tool for pain detection in animals;
therefore, the aim of this study was to assess the presence of temperature changes during dental extractions and to evaluate its
correlation with heart rate changes as markers of pain and discomfort.Methods. Thermographic changes in the lacrimal caruncle
and heart rate measurements were recorded in healthy children scheduled for dental extraction before and during the procedure
and compared. Afterwards, correlation between temperature and heart rate was assessed. Results. We found significant differences
in temperature and heart rate before the procedure and during the dental extraction (mean difference 4.07∘C, 𝑝 < 0.001, and 18.11
beats per minute, 𝑝 < 0.001) and no evidence of correlation between both measurements. Conclusion. Thermographic changes in
the lacrimal caruncle can be detected in patients who undergo dental extractions. These changes appear to be stable throughout
time and to possess very little intersubject variation, thus making them a candidate for a surrogate marker of pain and discomfort.
Future studies should be performed to confirm this claim.

1. Introduction

Pain evaluation in small children can be a difficult task, since
it is a multidimensional experience that possesses sensory
and affective components that are often hard to discriminate
by the existing scores [1, 2]. Previous experiences, fear,
anxiety, and discomfort may alter pain perception; thus, poor
agreement between different instruments and different raters
is often the norm [3, 4]. It has been suggested that, in children
younger than 7 years of age and in cognitively impaired
children, evaluation of pain intensity through self-report
instruments can be inaccurate due to poor understanding
of the instrument and poor capacity to translate the painful
experience into verbal language; therefore, complementary
observational pain measurements should be used to assess

pain intensity [4]. Observational pain measurements focus
on behavioral clues, such as facial expressions, movement,
cry, and sleeping cycles, that allow identification of the
presence of pain and its quantification in a qualitative basis
[2, 4, 5]. These measurements have been shown to possess
higher degrees of agreement between raters and among
different instruments [4] and can be complimented with
surrogate markers based on physiological changes that occur
in response to pain, like heart rate changes and cortisol serum
levels [6, 7]. Although these markers have high degree of
intra- and intersubject variability, they have been included in
some observational pain measurements scores [4, 8].

Infrared thermography has been used for the evaluation
of temperature distribution in different anatomical locations
[9], as well as a diagnostic and therapeutic tool to guide
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Background: Melasma is an abnormal acquired hyperpigmen-

tation of the face of unknown origin, it is considered a single

disease and very little has been found regarding its pathogene-

sis. It is usually assumed that melasma is due to excessive

melanin production, but previous work using Raman spectros-

copy showed degraded molecules of melanin in some mel-

asma subjects, which may help to explain the success or

failure of the standard therapy.

Methods: We perform Raman spectroscopy measurements on

in vivo skin from melasma patients before treatment to identify

the molecular structure of melanin within every melasma

lesion. The Raman spectra were grouped according to the

treatment response from patient, and the Raman spectra were

analyzed.

Results: Raman spectroscopy measurements showed a differ-

ent molecular structure of the patients who did not respond to

treatment, those patients shows atypical Raman skin spectrum

with peaks associated with melanin not well defined, which is

consistent with molecular degradation and protein breakdown.

Conclusion: Our results are consistent with our previous work

in the sense that melasma patients who do not respond to

treatment have an abnormal melanin. We believe it will eventu-

ally help to decide the treatment of melasma in clinical derma-

tology.

Key words: melasma – Raman spectroscopy – solar elastosis

– melanin

� 2015 John Wiley & Sons A/S. Published by John
Wiley & Sons Ltd
Accepted for publication 17 May 2015

MELASMA IS an abnormal acquired hyperpig-
mentation of the face of unknown origin.

In some patients, it has been associated with
pregnancy and with estrogen administration (1).
Melasma rather than being a cosmetic nuisance
(2) can be considered as a disorder of the nor-
mal pigmentation mechanisms and can be used
to study the biological process of skin pigmen-
tation.
Recently, new developments have arisen that

shed light in the pathogenesis of melasma,
among others solar elastoses, basal membrane
damage as well as increased presence of mast
cells and stem cell factor in biopsies of melasma
(3–5).
The application of Raman spectroscopy in the

field of dermatology dates back to 1992, when
the first Raman spectrum of human skin was

published (6). Since then, the use of Raman
spectroscopy in the skin has been diversified
from characterization of skin components (7) to
many other uses such as percutaneous skin
absorption of drugs and metabolism of active
ingredients (8, 9) interaction of water with other
skin cell compounds (10, 11) and medical diag-
nosis (12, 13).
Raman spectroscopy has demonstrated to be

a useful tool in the diagnosis of skin diseases
(14). The potential use of Raman spectroscopy
in medical diagnosis prompted many research-
ers to focus their attention on major skin condi-
tions, one of them compared Psoriatic skin (15,
16) and healthy skin using Raman spectroscopy
in vitro and ex vivo. Other studies involving the
use of Raman spectroscopy were performed in
the early diagnosis of skin cancer on biopsies
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Abstract. Seebeck nanoantennas, which are based on the thermoelectric effect, have been pro-
posed for electromagnetic energy harvesting and infrared detection. The responsivity and fre-
quency dependence of three types of Seebeck nanoantennas is obtained by electromagnetic
simulation for different materials. Results show that the square spiral antenna has the widest
bandwidth and the highest induced current of the three analyzed geometries. However, the geom-
etry that presented the highest temperature gradient was the bowtie antenna, which favors the
thermoelectric effect in a Seebeck nanoantenna. The results also show that these types of devices
can present a voltage responsivity as high as 36 μV∕W for titanium–nickel dipoles resonant at
far-infrared wavelengths. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0
Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of
the original publication, including its DOI. [DOI: 10.1117/1.JPE.6.024501]

Keywords: Seebeck nanoantennas; thermoelectric nanoantennas; solar energy harvesting.
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1 Introduction

Optical antennas and resonant structures provide electrical field enhancement that can be used in
several nanophotonic applications.1,2 These types of devices have been used in several fields of
science and technology due to their advantages in terms of polarization sensitivity, tunability,
directionality, and small footprint.3

In the last decade, thermoelectric or Seebeck nanoantennas have been proposed as potential
solar energy harvesters due to their tunability and the possibility of harvesting the electromag-
netic portion of the solar spectrum, which cannot be converted into electrical energy through
current photovoltaic technology.4,5 The theory of operation of Seebeck nanoantennas consists of
converting thermal energy induced by Joule heating in the nanoantenna into electrical energy by
generating a voltage proportional to the difference in temperature between hot and cold bimetal-
lic junctions.4 Numerical simulation predicts that this technology can harvest solar energy with a
higher efficiency than direct rectifiers coupled to optical antennas.6 Also single-metal Seebeck
nanoantennas have been proposed, which would simplify the fabrication process and allow the
large-scale production of these devices using fabrication technologies such as nanoimprint
lithography.5,7

Even though there have been numerous reports on the design and characterization of thermo-
electric nanoantennas by several groups, a key figure of merit for these types of devices, the
responsivity, has not been reported yet. In this work, a numerical evaluation and comparison
of the responsivity for three types of Seebeck nanoantennas using different materials and geom-
etries is presented.
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Detectors, photo-emitter, and other high order radiation devices work under the principle of direc-

tionality to enhance the power of emission/transmission in a particular direction. In order to under-

stand such directionality, it is important to study their coupling mechanism of their active elements.

In this work, we present a crystalline orientation analysis of ZnO nanorods grown epitaxially on the

pentagonal faces of silver nanowires. The analysis of the crystalline orientation at the metal-

semiconductor interface (ZnO/Ag) is performed with precession electron diffraction under assisted

scanning mode. In addition, high resolution X-ray diffraction on a Bragg-Brentano configuration has

been used to identify the crystalline phases of the arrangement between ZnO rods and silver nano-

wires. The work presented herein provides a fundamental knowledge to understand the metal-

semiconductor behavior related to the receiving/transmitting mechanisms of ZnO/Ag nanoantennas.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4964719]

Metal-semiconductor materials with highly ordered

matched interfaces have become more attractive in opto-

electronic applications because of the unique directionality

that exhibit when used as an active element.1,2 Crystalline

phases matching at the interface junction is a key feature that

both metal and semiconductor should exhibit for a controlled

epitaxial growth. Most of the metal-semiconductors junc-

tions are designed with the aim of growing the semiconduc-

tor material epitaxially from the substrate, which acts as both

nucleation center and metal-linked support for electrical

applications.3,4 Although epitaxial growth normally requires

sophisticated pieces of equipment, chemical methods using

microwaves can be employed with a high precise control at

the nanoscale level. This is done by controlling parameters

such as the deposition rate, temperature, and concentration

of the species.5,6 Furthermore, perfectly aligned nanostruc-

tures can be monitored in real time within a transmission

electron microscope as demonstrated in a previous work.5

Recently, microwave irradiation processes (MIPs) have been

employed as an alternative in the chemical synthesis of

metallic nanoparticles, quantum dots, and assembled nano-

structures.7–9 The chemical synthesis using MIP reduces the

reaction time and can produce a controlled growth with a

good alignment of the crystalline nanostructures.10 In the

present work, the crystalline orientation analysis at the ZnO/

Ag interface is reported. ZnO rods grown on lateral faces

of the pentagonal cross sectional area of silver nanowires (Ag

NWs) are assembled in a hierarchical nanoantenna. The char-

acterization at the interface has been described by precession

electron diffraction (PED) through the assisted crystal ori-

entation phase determination system (ASTAR) using trans-

mission electron microscopy (TEM).11 The PED-ASTAR

analysis provides crystal phase orientation maps locally at

individual ZnO nanorods (ZnO NRs) and Ag NWs assem-

bled epitaxially at the interface. In addition, X-ray diffrac-

tion under grazing angle mode has been performed by

analyzing the peaks related to the hexagonal ZnO nanorods

(ZnO NRs) and cubic Ag NWs.

Ag NWs have been synthesized using the polyol method

as described by Sun et al.12 However, in the present study,

the time reaction has been modified in order to control the

length and distribution of Ag NWs ranging from few minutes

to approximately one hour. The nanowires dimensions were

monitored at different times and studied by scanning electron

microscopy (SEM). Subsequently, for the self-assembled pro-

cess to synthesize ZnO NRs on the Ag NWs, 5–25mM of

zinc acetate dihydrate (Zn(Ac)2, 98% reagent Sigma-Aldrich)

and 5–25mM of Hexamethylenetetramine (HMT) are mixed

in a solution. Finally, a multi-mode cavity ETHOS EZ micro-

wave digestion system has been employed to obtain the hier-

archical structure of ZnO/Ag nanoantennas. The density of

ZnO NRs distributed along the Ag NWs as well as their

length has been controlled by changing the three main varia-

bles in the chemical process: temperature, power, and reac-

tion time as we reported in detail previously.5

In order to understand the mechanism through which the

ZnO NRs are coupled to the active faces planes (001) of the

Ag NWs, a series of different reaction times were monitored

by SEM. Figure 1 shows that the distribution of the ZnO

NRs increases as a function of the reaction time. By analyz-

ing the SEM micrographs, we observed that the initial ZnO

nanorods are distributed randomly at different locations

along the (001) planes of the Ag NWs until they reach the

saturation, in which no more empty spaces are available to

insert any additional ZnO NRs on the Ag NWs.

The well-defined 3D penta-arrangement shows that

the ZnO NRs are similar to an aerial antenna configuration,a)Electronic mail: arturo.ponce@utsa.edu
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Theuseof sunscreens is essential for preventing skindamage and thepotential appearance of skin cancer inhumans.
Inorganic active components such as zinc oxide (ZnO) have been used commonly in sunscreens due to their ability
to block UVA radiation. This ultraviolet (UV) protection might be enhanced to cover the UVB and UVC bands when
combined with other components such as titanium dioxide (TiO2). In this work we evaluate the photoprotection
properties of organic nanoparticles made from lignin in combination with ZnO nanoparticles as active ingredients
for sunscreens. Lignin nanoparticles were synthesized from Agave tequilana lignin. Two different pulping methods
were used for dissolving lignin from agave bagasse. ZnO nanoparticles were synthesized by the precipitationmeth-
od. All nanoparticles were characterized by SEM, UV–Vis and FT-IR spectroscopy. Nanoparticles were mixed with a
neutral vehicle in different concentrations and in-vitro sun protection factor (SPF) values were calculated. Different
sizes of spherical lignin nanoparticles were obtained from the spent liquors of two different pulping methods. ZnO
nanoparticles resulted with a flake shape. Themixture of all components gave SPF values in a range between 4 and
13. Lignin nanoparticles showed absorption in the UVB and UVC regions which can enhance the SPF value of sun-
screens composed only of zinc oxide nanoparticles. Lignin nanoparticles have the added advantage of being of or-
ganic nature and its brown color can be used to match the skin tone of the person using it.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Daily exposure to sunlightmakes the use of a UV radiation screen es-
sential. UV rays can damage the skin by sunburn [1], premature aging
[2], photo-allergies [3], and can ultimately produce skin cancer [4]. UV
radiation ranges from 200–400 nm and is classified into UVC (100–
280 nm), UVB (280–315 nm) and UVA (315–400 nm). UVA has been
subdivided intoUVAI andUVAII (315–340 nmand340–400nm, respec-
tively) [5]. Thewhole range of UV radiation is, up to some extent, harm-
ful to the skin. However, UVC radiation may be neglected because it is
absorbed by the ozone layer. On the other hand, over 95% of the UV ra-
diation reaching the Earth's surface is UVA and only 5% is UVB radiation,
the latter being the main cause of damage to the skin due to its greater
amount of energy. This is why sunscreens are usually limited to the care
and protection against UVB.

There are two types of active ingredients in sunscreens that provide
protection against UV radiation. They are classified as chemical or or-
ganic, and physical or inorganic [5]. Chemical ingredients absorb UV ra-
diation and convert it into heat; other pathways for excited state decay
are radiative decay (fluorescence), isomerization (i.e. octinoxate) and

photodegradation (i.e. avobenzone) [5–6]. On the other hand, physical
or inorganic active ingredients create a layer on the skin that screens
solar radiation by scattering and/or reflecting UV radiation. Common
physical shields are ZnO and TiO2 (titanium dioxide) [7]. Regardless of
the type of active ingredient that sunscreens contain in any case, the
bottom line is to protect and help to prevent skin damage fromUV radi-
ation. The ability to avoid erythema (sunburn) by a sunscreen is indicat-
ed by the SPF, which is a measure of how much more sun exposure it
takes to undergo sunburn. Erythema ismainly caused by UVB radiation;
however, it is necessary to cover the UVA and visible regions because
they also damage the skin [8]. This fact has spurred research on inorgan-
ic components, such as TiO2 and ZnO, which reflect or scatter UV radia-
tion, besides absorbing, because they also provide protection against
light in the visible range.

There are natural organic substances that absorb UV radiation. A
clear example of this type of substance is lignin, which is an aromatic
polymer from vascularized plants, whose absorbance region is exactly
in the UVC and UVB regions [9]. Lignin is a highly complex biopolymer
considered the second biggest source of carbon in the planet after cellu-
lose. It performs vital functions for the structural strength of terrestrial
plants, the conduction of water and the defense against pathogens. De-
spite these roles, the study of lignin has been limited by its own nature.
The fact that the macromolecular pattern can vary from species to
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It is very well-known that there are precisely two minimal non-
planar graphs: K5 and K3,3 (degree 2 vertices being irrelevant 
in this context). In the language of crossing numbers, these 
are the only 1-crossing-critical graphs: they each have crossing 
number at least one, and every proper subgraph has crossing 
number less than one. In 1987, Kochol exhibited an infinite 
family of 3-connected, simple, 2-crossing-critical graphs. In 
this work, we: (i) determine all the 3-connected 2-crossing-
critical graphs that contain a subdivision of the Möbius 
Ladder V10; (ii) show how to obtain all the not 3-connected 
2-crossing-critical graphs from the 3-connected ones; (iii) show 
that there are only finitely many 3-connected 2-crossing-
critical graphs not containing a subdivision of V10; and 
(iv) determine all the 3-connected 2-crossing-critical graphs 
that do not contain a subdivision of V8.

© 2015 Elsevier Inc. All rights reserved.
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Raman Spectroscopy an Option for the
Early Detection of Citrus Huanglongbing

Moisés Roberto Vallejo Pérez1,2, Marı́a Guadalupe
Galindo Mendoza2, Miguel Ghebre Ramı́rez Elı́as3,
Francisco Javier González4, Hugo Ricardo Navarro Contreras5,
and Carlos Contreras Servı́n2

Abstract

This research describes the application of portable field Raman spectroscopy combined with a statistical analysis of the

resulting spectra, employing principal component analysis (PCA) and linear discriminant analysis (LDA), in which we

determine that this method provides a high degree of reliability in the early detection of Huanglongbing (HLB) on

Sweet Orange, disease caused by the bacteria Candidatus Liberibacter asiaticus. Symptomatic and asymptomatic plant

samples of Sweet Orange (Citrus sinensis), Persian Lime (C. latifolia), and Mexican Lime (C. aurantifolia) trees were collected

from several municipalities, three at Colima State and three at Jalisco State (HLB presence). In addition, Sweet Orange

samples were taken from two other Mexican municipalities, one at San Luis Potosı́ and the other at Veracruz (HLB absent).

All samples were analyzed by real-time PCR to determine its phytosanitary condition, and its spectral signatures were

obtained with an ID-Raman mini. Spectral anomalies in orange trees HLB-positive, were identified in bands related to

carbohydrates (905 cm�1, 1043 cm�1, 1127 cm�1, 1208 cm�1, 1370 cm�1, 1272 cm�1, 1340 cm�1, and 1260–1280 cm�1),

amino acids, proteins (815 cm�1, 830 cm�1, 852 cm�1, 918 cm�1, 926 cm�1, 970 cm�1, 1002 cm�1, 1053 cm�1, and

1446 cm�1), and lipids (1734 cm�1, 1736 cm�1, 1738 cm�1, 1745 cm�1, and 1746 cm�1). Moreover, PCA–LDA showed a

sensitivity of 86.9 % (percentage of positives, which are correctly identified), a specificity of 91.4 % (percentage of negatives,

which are correctly identified), and a precision of 89.2 % (the proportion of all tests that are correct) in discriminating

between orange plants HLB-positive and healthy plants. The Raman spectroscopy technique permitted rapid diagnoses,

was low-cost, simple, and practical to administer, and produced immediate results. These are essential features for

phytosanitary epidemiological surveillance activities that may conduct a targeted selection of highly suspicious trees to

undergo molecular DNA analysis.

Keywords

Spectroscopy, Citrus greening disease, Chemometrics, Citrus species

Date received: 2 July 2015; accepted: 16 December 2015

Introduction

Huanglongbing (HLB) or citrus greening disease is caused

by the bacteria Candidatus Liberibacter spp., than is classi-

fied according to the strains origin: Candidatus

Liberibacter africanus from Africa, Candidatus Liberibacter

asiaticus from Asia,1 and Candidatus Liberibacter ameri-

canus from America.2 These days, HLB is considered to

be one of the most destructive diseases that threaten

global citriculture.1,3 Candidatus Liberibacter asiaticus

(CLas) in Mexico is present and transmitted by the

Asian citrus psyllid Diaphorina citri Kuwayama and cur-

rently the disease is found in orchards and backyards of

250 municipalities in 16 states, equivalent to 6.1% of
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5Laboratorio Nacional de la Coordinación para la Innovación y Aplicación

de la Ciencia y Tecnologı́a (CIACyT), Universidad Autónoma de San Luis

Potosı́, San Luis Potosı́, México
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Resumen

En este artículo se realiza la instrumentación de un impulsor para una lám-
para de LED. Se busca controlar la intensidad luminosa de la lámpara LED 
a través de la técnica PWM, con circuitos RC y Mosfet. Se realiza la instru-
mentación de la propuesta eléctrica a través del empleo del concepto de 
reactancia capacitiva para limitar la corriente de entrada proveniente de la 
línea de CA.

Abstract

This article describes the implementation of an LED lamp driver. It seeks to control 
the brightness of the LED lamp through PWM technique, RC and MOSFET cir-
cuits. An electrical instrumentation proposal is made by using the concept of ca-
pacitive reactance to limit the input current mains AC.

Keywords: 

• analog electronics
• LED Technology
• operational amplifiers
• RC circuit
• Mosfet
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Abstract— Multilevel converters have been widely accepted in medium and high power applications, their general function 

is to synthesize a desired AC voltage from several levels of DC voltages. For more levels, the total harmonic distortion of the 

output voltage, decreases, has better waveform quality, low stresses on switching devices and better performance. This paper 

presents the reconfiguration based software for a cascaded H-bridge multilevel converter of five levels used as active shunt 

filter, to obtain seven levels. The transformation of the model in terms of the sum and the difference of the square of the 

capacitor voltages is crucial for our developments. The reconfiguration depends on the difference of the capacitor voltages, 

the imbalance between each H-bridge voltage and the commutation frequency. 

Keywords— adaptive law, active shunt filter, multilevel converter, pulse width modulation, total harmonic distortion, 

software based reconfiguration. 

I. INTRODUCTION 

The multilevel converters are a power electronic device that synthesizes an AC output voltage from several levels of DC 

voltages. They are available in wide power ratings that range from few VA to several MVA, finding application particularly 

on renewable energies [1]-[4]. Because distributed power sources are expected to become increasingly in the near future, the 

use of a multilevel converter to control the voltage output, frequency, phase angle [5], from renewable energy sources, will 

provide significant advantages due to it fast response and autonomous control [6]. Some advantages of multilevel technology 

includes, improved output waveform quality, better electromagnetic compatibility (EMC), low switching losses and 

capability of management high voltages [7]. 

There are three multilevel converter classic topologies: diode clamped, flying capacitor and series cascaded H-bridge (CHB). 

Diode clamped and flying capacitor needs more complex PWM controls, because more capacitors and diodes are needed for 

more output voltage levels. In the case of CHB each H-bridge has an independent DC source. Control and operation of this 

converter are simple and have robust structure than mentioned converters. The number of output levels is defined by 

, where N represents the number of DC sources which may be obtained from batteries, fuel cells or 

photovoltaic solar cells [8]-[9]. 

The asymmetric multilevel converters with unequal DC sources have been gaining attention, because they can synthesize 

output waveforms with a reduced harmonic content, even using a few series connected cells. The main objective is to obtain 

more output voltage levels without increase the power semiconductor devices or DC sources, reducing the total harmonic 

distortion that eliminates output filters [10]. Some authors combine different voltages, different topologies or even switch 

converters and linear amplifiers for hybrid asymmetric multilevel converters [11]-[13]. By properly designing and controlling 

the converter, it is possible to modulate the low voltage cells at inverter pulse width modulation frequency [14]. The power 

devices managing high voltage, switch at reduced frequency, decreasing switching losses [15]. 

Multilevel converters employ different modulation techniques for getting a better output voltage with the minimum harmonic 

distortion. The carrier based pulse width modulation, selective harmonic elimination, space vector modulation are some of 

the commonly use modulation for multilevel converters [16]-[17]. 

This paper presents the mathematical model and control process for the software reconfiguration of a CHB multilevel 

converter used as active shunt filter in order to obtain more output voltage levels [18]. The work is organized as follows. On 

section two, the system description, its mathematical model and model transform are studied. Section three develops the 

reconfiguration for obtaining seven levels output voltage. On section four, the results of the reconfiguration are exhibited. 

Finally, section five concludes the paper. 
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Universidad Aut́onoma de San Luis Potosı́, Alvaro Obreǵon 64, 78000 San Luis Potosı́, SLP, Ḿexico.
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This paper analyzes the Chua’s circuit, considering it linear by parts in its internal representation model. This approach allows graduate
students to develop skills in matrix algebra and linear systems, using physics as a fundamental tool to model and simulate dynamic systems.
Through this approach, the student will understand the importance of the knowledge of state equations to form the matrices that represent the
circuit, where the main matrix dictates its values and eigenvectors, as well as its similar matrix. A physical simulation of the Chua’s circuit
is carried out, along with the corresponding experiments. The electric circuit is composed by resistors, capacitors, inductance, diodes and an
operational amplifier.

Keywords: Nonlinear systems; phase portrait; analog circuits; differential equation; Chua’s circuit.

Este trabajo analiza el circuito de Chua tomado lineal por partes en su modelo de representación interna. Este enfoque permite a los
estudiantes de ciencias desarrollar sus competencias en algebra matricial y sistemas lineales, con el uso de la fı́sica como herramienta
fundamental para modelar y simular sistemas dinámicos. El estudiante aprenderá que esta herramienta necesita del conocimeinto de las
ecuaciones de estado para formar las matrices que representan dicho circuito. Donde la matriz principal dicta sus valores y vectores propios,
aśı como su matriz similar. Posteriormente se procederá a simular f́ısicamente el circuito de Chua y finalmente se realizarán los experimentos
correspondientes. El circuito eléctrico esta constituido por resistencias, capacitores, bobina, diodos y amplificador operacional.

Descriptores: Sistemas lineales; retrato de fase; electrónica anaĺogica; ecuaciones diferenciales ordinarias; circuito de Chua.

PACS: 02.10.Yn; 02.30.Hq; 02.10.Ab; 84.30.Sk; 84.30.Le

1. Introduction

As students pass through their education at the undergraduate
and graduate level, there is a need to develop skills in various
disciplines; for instance, physics and mathematics are indis-
pensable tools to address and generate practical solutions to
current problems. Therefore, students must be able not only
to analyze theoretical and technical solutions, but also to ob-
serve their relation to the context and other aspects of pro-
fessional fields. Within this context, a linear systems course
is presented as an excellent opportunity to integrate the ac-
quired skills in the areas of physics and mathematics in order
to design, model and simulate linear systems. A topic of high
importance is the concept of state space resulting from the
use of matrices.

It is important to use software tools that allow us to model
and simulate such systems. Also, it is well known that the
use of software as an alternative in the search of a particular
numerical solution from a mathematical expression, is very
convenient. Once we have used the concepts of physics and
mathematics, as well as the technological resources through
software, it is essential to continue all the way to the experi-
mental realization; which leaves an unforgettable impression
on students.

In this paper, we take a chaotic system that has the partic-
ularity of being linear in sections. The study of chaotic phe-
nomena using tools from linear systems, gives students great
skill in handling the matrix language, and on the other hand
gives them the opportunity to deal with nonlinear systems.

In the last two decades, the study of chaos theory has been
of great interest in mathematics, physics and engineering ar-
eas; the erratic behavior represented by mathematical models
and their implementation across physical systems are studied.
Generally, these systems are modeled by a set of nonlinear
ordinary differential equations. In particular, one of the most
widely studied systems is the Chua’s circuit [1,2], considered
as the transition from practice to theory. In other words, this
system was the one that first hooked the attention of many
researchers because in terms of theoretical development, it is
relatively easy to physically implement different types of os-
cillators. One example is that different authors have shown
that for linear systems attractors parts can be generated with
multiscroll, as is the case of Suykens and Vandewalle [3, 4],
where they introduced a family of n-scroll attractors. We de-
cided to study the Chua’s circuit because it gives us the ease
of having a linear piecemeal approach, where each part is a
linear system.

To carry out the objectives mentioned above, some defini-
tions and explanations (grounded mathematically) are given,
to understand what is happening physically and theoretically.
After being in context follows the study in detail of the
Chua’s circuit from the equations of state, also we will show
that it is easier to study this circuit with a similar matrix than
with the original matrix.

Once the mathematical system is understood and solved,
the next step consists in making the correspondent simula-
tion with the help of a computer package. Later, details of
the performed experiments are given, where the behavior of
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Abstract Conventional approaches to bone regeneration

rarely use multiwall carbon nanotubes (MWCNTs) but

instead use polymeric matrices filled with hydroxyapatite,

calcium phosphates and bioactive glasses. In this study, we

prepared composites of MWCNTs/polycaprolactone (PCL)

for bone regeneration as follows: (a) MWCNTs randomly

dispersed on PCL, (b) MWCNTs aligned with an electrical

field to determine if the orientation favors the growing of

human dental pulp stem cells (HDPSCs), and (c) MWCNTs

modified with b-glycerol phosphate (BGP) to analyze its

osteogenic potential. Raman spectroscopy confirmed the

presence of MWCNTs and BGP on PCL, whereas the

increase in crystallinity by the addition of MWCNTs to PCL

was confirmed by X-ray diffraction and differential scanning

calorimetry. A higher elastic modulus (608 ± 4.3 MPa),

maximum stress (42 ± 6.1 MPa) and electrical conductiv-

ity (1.67 9 10-7 S/m) were observed in non-aligned

MWCNTs compared with the pristine PCL. Cell viability at

14 days was similar in all samples according to the live/

dead assay, but the 21 day cell proliferation, measured by

MTT was higher in MWCNTs aligned with BGP. Von

Kossa and Alizarin red showed larger amounts of mineral

deposits on MWCNTs aligned with BGP, indicating that

at 21 days, this scaffold promotes osteogenic differentia-

tion of HDPSCs.

1 Introduction

The interest in bone tissue engineering (BTE) and regener-

ation therapies has grown in parallel with the rise in trauma,

musculoskeletal disorders and oral diseases associated with

the increase in life expectancy [1, 2]. To fulfill the variety of

bone defects generated under these circumstances, the cur-

rent gold standard and the most successful treatment is the

use of autologous bone grafts. The success of these grafts is

associated with their osteoinductive properties through the

presence of growth factors, vascularization and cells with

osteogenic potential [3]. However, the main disadvantages

of bone grafts include their limited supply and the risk of

donor site morbidity and infections [4]. These limitations can

be overcome by developing a proper biodegradable scaffold,

seeding it with either differentiated or undifferentiated cells

and providing a proper biological environment that includes

mechanical stimulation and growth factors [5, 6]. In this

respect, conventional bioactive polycaprolactone (PCL)

scaffolds have been modified by incorporating different

types of fillers, such as hydroxyapatite (HA) [7],b-tricalcium

phosphate (b-TCP) [8], and tricalcium phosphate (TCP) [9]

as well as bioactive glasses [10].

As an alternative to these conventional materials, it is

possible to combine nanoscale structures, such as multiwall
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h i g h l i g h t s

• DFA is applied to pixel fluctuations of encrypted images.
• The scaling exponents of the encrypted images can be used as perceptual security criteria.
• Calculations are based on a wavelet-optimized DFA method.
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a b s t r a c t

The scaling behavior of the pixel fluctuations of encrypted images is evaluated by using
the detrended fluctuation analysis based on wavelets, a modern technique that has been
successfully used recently for a wide range of natural phenomena and technological
processes. As encryption algorithms, we use the Advanced Encryption System (AES) in RBT
mode and two versions of a cryptosystem based on cellular automata, with the encryption
process applied both fully and partially by selecting different bitplanes. In all cases, the
results show that the encrypted images in which no understandable information can be
visually appreciated and whose pixels look totally random present a persistent scaling
behavior with the scaling exponent α close to 0.5, implying no correlation between pixels
when the DFA with wavelets is applied. This suggests that the scaling exponents of the
encrypted images can be used as a perceptual security criterion in the sense that when
their values are close to 0.5 (the white noise value) the encrypted images are more secure
also from the perceptual point of view.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Data multimedia has become in recent years an important part of our daily lives. Either personal information such as
a mobile phone call, an online payment, an electronic transaction or classified information as military strategies, require
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Effect of the oxidation of aluminum bottom electrode in a
functionalized-carbon nanotube based organic rewritable
memory device
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In this work, a bistable switching between ON and OFF states in current–voltage (I-V) measurements in the Al/
AlOx/functionalized-multiwalled carbon nanotubes (f-MWCNTs) embedded in a PEDOT:PSS layer/Al devices is
shown. It is found that oxidizing the surface aluminum bottom electrode using UV ozone treatment enhances
the performance and stability in room conditions of these memory devices. A well-defined threshold voltage is
obtained, which allows the implementation of many write-read-erase-read cycles after the UV ozone treatment
for 1 min. The improvement of the rewritable memory characteristics due to the UV ozone treatment is related
with the increase of the thickness (and stabilization) of an aluminum oxide (AlOx) layer, with the change in
the hydrophilicity of the aluminum oxide surface as well as the creation of traps in the aluminum oxide layer.

© 2016 Published by Elsevier B.V.
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1. Introduction

In recent years, there has been a huge interest in the development of
new non-volatile resistive memories based on organic materials [1–4].
In general, these memories consist of semiconductor or insulating or-
ganic layer, which may contain metal nanoparticles or carbon nano-
structures, between two metal electrodes (MIM devices). The interest
in fabricating these non-volatile resistivememories using organicmate-
rials, also called resistive random access memory, is that they are very
easy to process, lightweight, flexible and low cost [1–2]. In addition,
there is interest in developing new types of nonvolatile organic resistive
memories, which may have the advantages of memories of dynamic
random access memory (DRAM), flash memories and hard-disk drives
[3]. Among the non-volatile organic resistive memories, one of the
most interesting is that inwhich the responsiblemechanism of the elec-
trical current bistability comes from the formation of filaments. In these
kind of memories have been reported that is necessary the application
of a voltage pulse to the pristine devices in order tomodify permanently
the electrical response of the device. This process has been called electri-
cal forming or ‘electroforming’ [5–7]. After the forming process, the re-
sistance of the devices can be switched between a high-resistance OFF
state and a low-resistance ON state by a voltage pulse power supply.
The electroforming of the device is related with the breakdown voltage
of the Al2O3 film. Verbakel et al. [8] found this phenomenon applying a

pulse of +5 V at Al/Al2O3/Au devices. Moreover, they reported that the
breakdown voltage of Al2O3 film is directly related to the thickness of
the oxide film. The electroformingmechanism has beenwidely studied:
Chen et al. [9] showed the existence of traps in the metal-organic inter-
face in Al/Al2O3/polymer/Ba/Al memory devices due the electroforming
by electro-optical methods. Yang et al. [10] proposed that the
electroforming is due an oxygen vacancy creation via electro-reduction
in a TiO2 film in inorganic memory devices. Henisch et al. [11] proposed
that the electroforming step changes the Schottky barrier contact resis-
tance due to a drift of charged oxygen vacancies toward the bottom
electrode, which narrows the depletion layer at the oxide-polymer in-
terface. At narrow depletion widths, electron tunneling occurs reducing
the contact resistance. In contrast, several organicmaterials whose elec-
trical resistivity can change by the application of voltage pulses have
been used as active materials in these memory devices [12–15]. In
many of these memories, it has been proposed that an interfacial
oxide is the responsible mechanism of the conductive switching [6–8]
and great efforts have been conducted to use this effect in a controlled
way [8,16–17].

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is a very attractive polymer because shows high conduc-
tance and stability [18–20]. It has been used as activematerial in several
resistive memory devices [21–25], which present irreversible [21–22]
or reversible resistance switching characteristics [23–25]. In addition,
PEDOT:PSS has been used in combination with carbon nanostructures
for the fabrication of write-once-read-many times organics memories
[26] or rewritable memories [27]. On the other hand, the presence of
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1. Introduction

Extensive studies have demonstrated that magnetite (Fe3O4) 
and maghemite (γ-Fe2O3) nanostructures are very promising 
candidates for their use in environmental and biomedical 
applications or as an electrode in lithium ion batteries due 
to their low cost, environmental benignity, biocompatibility, 
high density energy and long cycling performance [1–16]. 
Despite the existence of several methods to synthesize magn-
etic nanoparticles, the spray chemical vapor deposition 
(CVD) is very attractive because this is a one-step method that 
has important advantages over other methods with respect to 
factors such as cost, speed and adaptability [17, 18]. Using 
this method, magnetic nanoparticles of small size can be syn-
thesized through thermal decomposition of organometallic  
compounds in organic solvents [19]. In particular, pyrolysis 
using ferrocene as a carbon source has been used to obtain 
carbon-encapsulated iron nanoparticles [20–22]. In the CVD 
method, the precursors turn into mist that is carried out by a gas 
into a furnace, then the solvent is evaporated and the precursors 

cause a decomposition reaction to generate nanocrystals  
[17, 18]. It is well established that the magnetic iron nanostruc-
tures without any surface modi!cation tend to agglomerate, 
due to the magnetic interactions between them. In addition, 
they present a hydrophobic surface [1–3] and cannot maintain 
their integrity as electrodes during several discharge/charge 
cycles [12–14]. For speci!c applications, then, the surface 
of these magnetic nanostructures must be tailored. This has 
been carried out using covalent bonding or physical coating 
[23, 24] which also gives them thermal stabilization [25, 26] 
and can be used to compensate for their shortages without 
reduction of their magnetic, physical and chemical properties. 
Furthermore, covering iron nanostructures with inert mat erials 
such as carbon nanostructures is very important in applica-
tions as a data storage system, for inks for xerography, for 
corrosion prevention [27], and for cellular delivery [28]. In the 
case of the magnetite nanostructures, carbon coatings protect 
them from being oxidized in external atmospheres while the 
magnetic properties remain unchanged [29]. Carbon-coated 
magnetic nanoparticles are receiving more attention at present 
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Abstract
Magnetite nanostructures coated with carbon layers have been synthesized using spray 
pyrolysis of ferrocene dissolved in mixtures of alcohol and de-ionized (DI) water. It was found 
that the type of alcohol (methanol, ethanol or 2-propanol) used in the synthesis process is 
an important parameter of the thickness and type of carbon (graphitic or amorphous carbon) 
layers surrounding the iron oxide nano"akes. The magnetite hexagonal nanocomposites 
synthesized using methanol showed lower thermal stability than those obtained by using 
2-propanol or ethanol, in which the quantity of carbon layers surrounding the magnetite 
nanostructures is large. The magnetic properties at room temperature of the three types of 
samples were very similar and the differences between them can be attributed to different 
carbon fractions and the type of carbon layer covering the magnetite nanostructures.

Keywords: magnetite nanostructures, carbon coating, nanocomposites, thermal stability
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Experimental investigation of pedestal suppression in a figure-eight 
fiber laser by including a polarization asymmetrical NOLM 
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c Departamento de Física Aplicada y Electromagnetismo, ICMUV, Universidad de Valencia, c/Dr. 
Moliner 50, Burjassot, 46100 Valencia, España.  

ABSTRACT  
A polarization asymmetrical nonlinear optical loop mirror (NOLM) is investigated to perform pedestal-free optical 
pulses in a figure-eight laser (F8L). The results demonstrate that in the low-power regime the NOLM operates as a half-
wave plate and the output polarization is orthogonal to the input one. However, at higher power level the polarization 
component parallel to the input appears, with a transmission that always begins from zero at low power, allowing the 
rejection of low-intensity components. Experimental results demonstrate that by employing this configuration we can 
obtain a contrast between the peak and continuous background higher that 40 dB.  

Keywords: Mode-locked fiber lasers, Passive modelocking, Nonlinear Optical Loop Mirror. 
 

1. INTRODUCTION 
The main characteristic of all-fiber lasers is the use of core-doped fibers with elements of rare-earths as gain medium. 

The Erbium-doped fibers are the most used, making possible to work in the region of the lowest attenuation for optical 
fibers1. Among its benefits we found high concentration of power at the output beam, high stability, and low-cost, among 
others. Based on these properties, various configurations and methods have been investigated for the production of 
ultrashort optical pulses in all-fiber lasers2. 

The passive mode-locking is a technique that exploits nonlinear effect as a saturable absorber to avoid the use of 
external modulators3. The mode-locked lasers have been very attractive for industrial applications as well in optics 
communications, nonlinear optics and biomedicine4-6. Typical configurations for mode-locked fiber lasers include rings 
cavities or figure-eight laser (F8L) configurations, which is the focus of this work. 

In a F8L the nonlinear effects play the most important role for ultrashort pulse generation3. The conventional scheme 
for a F8L is illustrated in the Fig. 1. The left loop is constituted by a ring cavity composed by an optical isolator and a 
polarization controller to ensure unidirectional operation. This loop is connected by a coupler with ratio α/(α-1) to a 
nonlinear amplifying loop mirror (NALM)7. The NALM is formed by a four port coupler, where the two out ports P3 and 
P4 are joined to form a loop of optical fiber8. In this configuration and an Erbium-doped fiber (EDF) is used to provide 
amplification. If the EDF is not placed into the NALM loop, it will be referred to as nonlinear optical loop mirror 
(NOLM). The polarization is a critical issue in the NALM, which is preserved by the use of polarization controllers (PC) 
within the cavity. Finally the light pulse generated in the F8L is taken through a fiber coupler. 

Fiber Lasers XIII: Technology, Systems, and Applications, edited by John Ballato, Proc. of SPIE
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1. Introduction

The great flexibility of fibre lasers has promoted their use in a 
broad range of applications that go from material processing, 

sensing, optical communications, to fundamental research [1].  
Although fibre lasers usually are used to generate stable 
pulses, they can be designed and tuned to operate in a regime 
known as noise-like pulsing. This regime has been attracting 
the attention of researchers for the potential applications in 
which this type of pulses can be used, such as sensing [2], 
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Abstract
We report on the dynamics of noise-like pulses at the ns scale in a passively mode-locked 
fibre laser, which grow in complexity as wave retarder adjustments are performed. We can 
observe that the laser operating in the fundamental mode can be tuned to get different shapes 
of the noise-like pulse. Following a regime of a very stable waveform, regimes characterized 
by a much more variable (but still compact) waveform are observed. Then we can get 
the fragmentation of the main bunch and expulsion of sub-packets and, finally, a variety 
of puzzling dynamics with increasing complexity are evidenced. Although the collective 
behaviour of the multiple waveforms is at first sight random we can observe some well-defined 
patterns in the kinematics of light bunches at the global cavity scale. These results may be 
useful to unravel the subtle mechanisms at play in complex dissipative nonlinear systems such 
as passively mode-locked fibre lasers.

Keywords: fibre lasers, passive mode locking, noise-like pulses, laser dynamics
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Acousto-optic interaction in biconical tapered fibers:
shaping of the stopbands
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Abstract. The effect of a gradual reduction of the fiber diameter on the acousto-optic (AO) interaction is reported.
The experimental and theoretical study of the intermodal coupling induced by a flexural acoustic wave in a bicon-
ical tapered fiber shows that it is possible to shape the transmission spectrum, for example, substantially broad-
ening the bandwidth of the resonant couplings. The geometry of the taper transitions can be regarded as an extra
degree of freedom to design the AO devices. Optical bandwidths above 45 nm are reported in a tapered fiber with
a gradual reduction of the fiber down to 70 μm diameter. The effect of including long taper transition is also
reported in a double-tapered structure. A flat attenuation response is reported with 3-dB stopband bandwidth
of 34 nm. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.55.3.036105]

Keywords: acousto-optic interaction; biconical tapered fiber; acousto-optic filter.
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1 Introduction
In-fiber acousto-optic (AO) devices based on flexural acous-
tic waves have been investigated for years because of their
applications as frequency shifters,1 tunable filters,2 and
modulators.3 Recently, the AO has been investigated as a
powerful tool for measuring axial inhomogeneities along
optical fibers.4 When the fundamental flexural acoustic
mode propagates along an uncoated single-mode optical
fiber (SMF), the acoustic fields produce a periodical pertur-
bation of the fiber, both refractive index changes and geomet-
rical effects, which leads to an intermodal resonant coupling
between the fundamental core mode and some specific clad-
ding modes of the SMF.1–3 This AO interaction can be seen
as the dynamic counterpart of a conventional asymmetric
long period fiber grating (LPG), whose transmission charac-
teristics can be controlled dynamically by the amplitude and
frequency of the acoustic wave. At the output fiber, only the
light that remains guided by the core is transmitted, showing
a transmittance spectrum with one or several attenuation
notches at the wavelengths of the resonant couplings.

The effect of including tapered fibers to improve the AO
response has been reported in previous works.3–8 However,
these works paid attention first to the enhancement of the
acoustic intensity by reducing the cross section of the fiber
and second to the shift of the resonant wavelength in uniform
tapered fibers. Thus, the use of a thin optical fiber produces
a more efficient intermodal coupling that enables shorter and
faster devices, as well as a reduction of the required acoustic
power. This fiber tapering can be carried out either by chemi-
cal etching or by a fusion and pulling technique.

It is possible to adjust the wavelength of the resonant cou-
pling between two specific modes by changing the frequency
of the acoustic wave. However, the spectral bandwidth of a

given resonance is determined by the dispersion curves of the
involved modes and it is not straightforward how to develop
techniques to control such a bandwidth. Kim et al.9 explored
the simultaneous excitation of the acoustic wave generator
with two frequencies, while Jung et al.10 concatenated differ-
ent fibers. Feced et al.6 concatenated three fibers with differ-
ent sections to demonstrate a gain flattening filter and
pointed out the interest of exploiting the taper radius as a new
degree of freedom in the design of AO filters. Jin et al.11 dem-
onstrated an enhancement of the bandwidth of the AO
notches by using uniform fibers with a reduced diameter pre-
pared with chemical etching. Complimentarily, Li et al.12

investigated fibers with different dispersion curves in order
to narrow the optical notches.

Here, we investigate how tapering can be exploited to
control the spectral bandwidth of the transmission notches.
It is known that the dispersion curves of both the acoustic
and optical modes change with the radius of the fiber.3 Thus,
smooth and long tapered fibers can effectively control the
bandwidth of a given coupling by slightly shifting the
resonance wavelength, enabling a geometrical design tech-
nique, since the shape of fiber tapers can be controlled accu-
rately using a fusion and pulling technique.13 In Sec. 2, we
start with the numerical modeling of acoustically induced
LPG formed in a tapered structure. Then, in Sec. 3, we
describe the experimental results and the comparison with
the theory, in order to demonstrate the effects of the taper
transitions on the spectral response of the AO device.
Finally, our conclusions are summarized in Sec. 4.

2 Numerical Modeling of the Acousto-Optic
Interaction in a Tapered Fiber

In this section, we present the numerical technique that we
have implemented to simulate the spectral response of the
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Abstract: Conventional mode locking is characterized by the generation of 
a stable train of optical pulses. Even in the noise-like pulsing regime, 
corresponding to partial mode locking of fiber lasers, a periodic train of 
waveforms is still generated. In this work we study the dynamics of a 
figure-eight fiber laser away from the stable noise-like pulsing regime. By 
analyzing sequences of time-domain measurements performed with ns 
resolution, we reveal a wide range of puzzling dynamics, in which sub-
structures emerge and drift away from the main bunch, decay or grow in a 
step-like manner, before vanishing abruptly. In some cases, sub-packets also 
concentrate in the central part of the period, forming one or multiple wide 
clouds that merge or split over time scales of seconds or minutes. 
Spontaneous transitions between these multiple states occur in a non-
periodic manner, so that no quasi-stationary behavior is found over long 
time scales. These results provide a dramatic illustration of the extremely 
rich dynamics taking place in fiber lasers at the frontier of mode locking. 
2016 Optical Society of America  
OCIS codes: (000.0000) General; (000.2700) General science. 
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Experimental Investigation of Fused Biconical Fiber
Couplers for Measuring Refractive Index

Changes in Aqueous Solutions
Marco V. Hernández-Arriaga, Miguel A. Bello-Jiménez, A. Rodríguez-Cobos,

and Miguel V. Andrés, Member, IEEE

Abstract— A detailed experimental study of a simple and
compact fiber optic sensor based on a fused biconical fiber
coupler is presented, in which the sensitivity is improved by
operating the coupler beyond the first coupling cycle. The
sensor is demonstrated to perform high sensitivity measurements
of refractive index changes by means of variation of sugar
concentration in water. The device is operated to achieve a linear
transmission response, allowing a linear relation between the
sugar concentration and the output signal. The initial sensitivity
was measured as 0.03 units of normalized transmission per unit
of sugar concentration (g/100 mL), with a noise detection limit
of a sugar concentration of 0.06 wt% of sugar concentration.
Improvements in sensitivity were studied by operating the cou-
pler beyond their first coupling cycles; achieving an improved
sensitivity of 0.15 units of normalized transmission per unit of
sugar concentration, and a minimum detection limit of 0.012 wt%
of sugar concentration. From this result, the minimum detectable
refractive index change is estimated as 2 × 10−5 refractive
index unit.

Index Terms— Fiber optic sensor, fused biconical fiber coupler,
refractive index sensor.

I. INTRODUCTION

F IBER-OPTIC couplers have attracted considerable
attention in recent years for their ability to detect small

changes in the refractive index (RI) of liquid solutions.
A fiber coupler is a four-port device with a transmission
spectrum that is strongly affected by the refractive index
of the surrounding medium due to the evanescent field that
is generated along the coupling region [1]. This effect has
proven to be useful for sensing applications [2]. Recent
approaches of fiber-coupler based RI sensors include fused
biconical fiber couplers [3]–[7], optical microfibers [8]–[12],
photonic crystal fibers [13], [14], and specially designed
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two-core optical fibers [15], [16], all of them offering
the advantages of high sensitivity, in situ measurements,
compact size, and immunity to external electromagnetic
interference. Most of these sensors are codified in wavelength
and the achieved sensitivities are in the range of 1,125 to
30,100 nanometer (nm) per refractive index unit (RIU), with
a minimum detection limit of 4×10−4 to 4×10−7 RIU,
respectively.

From the point of view of implementation, the necessity
of expensive equipment, such as optical spectrum analyzers,
for measuring the shift in wavelength heavily affects the use
of fiber-coupler based RI sensors. Thus, it is worthwhile to
consider an alternative scheme based on the dependence of
the power coupling on the surrounding medium. The two
complementary outputs of a fiber coupler enable a straight-
forward normalization, i.e. the ratio between the difference
and the addition, which automatically compensates for power
fluctuations. In earlier works the dependence of the power
coupling of traditional fused biconical tapered couplers on the
external RI has been presented and it has been proposed that
it is possible to use such a structure to develop a fiber based
refractometer [1], [17]. Tazawa et al. [2] have implemented
this power measurement approach to demonstrate a biosensor
with estimated 4×10−6 RIU detection limit. Recently, it
has been demonstrated that modal interferometers based on
integrated waveguides provide one of the best resolutions ever
reported (2.5×10−7 RIU) [18]. A fused biconical couplers
is, in fact, a modal interferometer in which the phase differ-
ence between the symmetric and antisymmetric supermodes
determine the power distribution at the output fibers. Small
changes of the external RI do not modify substantially the
coupling coefficient, but they generate a significant phase
difference between supermodes. In terms of fiber-coupler
based RI sensors, this last point deserves particular attention
for the detection of slight changes in the refractive index of
aqueous solutions. Although several schemes have reported
this effect [1], [2], [17], they did not study the conditions
for an optimal performance of the reported device. Here our
purpose is the experimental analysis of a fused biconical fiber
coupler, operated beyond the first coupling cycle, with a power
transmission that depends on the surrounding medium.

The objective is not only to gain insights into the dynam-
ics of this kind of device, but also looking forwards an
improvement of its performance. Based on this motivation, the

1530-437X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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a b s t r a c t

Light emission in the three primary colors was achieved in cubic GaN/InGaN/GaN heterostructures grown
by molecular beam epitaxy on MgO substrates in a single growth process. A heterostructure with four
quantum wells with a width of 10 nm was grown; this quantum wells width decrease the segregation
effect of In. Photoluminescence emission produced four different emission signals: violet, blue, green-
yellow and red. Thus, we were able to tune energy transitions in the visible spectrum modifying the In
concentration in cubic InxGa1�xN ternary alloy.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

In the past decades, nitride semiconductors have been used to
fabricate electronic and optoelectronic devices [1–17]. Among the
most important applications is solid-state lighting. Using α-GaN
and α-InGaN it was possible to build a blue light-emitting diode
(LED) [1]. Since this major breakthrough, the development of
methods to improve growing conditions has brought remarkable
results in light emitting devices [2–6]. Theoretically, due to band
gap energy values of α-GaN (3.4 eV) and α-InN (0.7 eV), the
ternary InGaN alloy can be used to cover the electromagnetic
spectrum from UV to near infrared. Growing conditions that result
in more than a 30% concentration of In may lead to high defect
density because of the large lattice mismatch between GaN and
InN (11%). Furthermore, high indium content leads to a strong
quantum confinement stark effect, which reduces the radiative
recombination efficiency of carriers and hinders the long wave-
length range transitions. Recent reports have studied the optimi-
zation of green-yellow emission in hexagonal InGaN-based devi-
ces [3–5]. Nonetheless, red wavelength transitions with planar

InGaN heterostructures remain difficult to obtain. Thus, to produce
white light emitting diodes, a blue or UV LED is covered with a
phosphor, which absorbs the light and reemits it with a longer
wavelength. However, using phosphors such as Ce3þ:Y3Al5O12

(one of the most common phosphors) reduces the long-term
reliability and lifetime of the device [6]. Different approaches
have been made to overcome this issue. One of them is to syn-
thesize quantumwells by varying the In mole fraction in the active
layer to obtain the long wavelength emission without phosphors
[7]. Another approach to produce white light is to use the struc-
tures such as quantum dots in wells [8], dots in wires [9], nanorods
[10], nanopyramids [11] and other nanostructures [12]. Typically,
these nitride semiconductors crystallize into a hexagonal phase.
Therefore, most of the previous work is based on the InGaN
wurtzite phase. Nevertheless, the cubic phase has some advan-
tages over the hexagonal phase, such as the lack of spontaneous
and piezoelectric polarization [9]. Moreover, β-GaN has a lower
band gap energy (3.28 eV) than α-GaN. Thus, low energy emis-
sions in the ternary β-InGaN alloy can be obtained with a smaller
In concentration than in α-InGaN.

Although it is more difficult to synthesize InGaN and GaN cubic
films, it has been possible to grow them using the Metal-Organic
Chemical Vapor Deposition (MOCVD), Metal-Organic Vapor Phase
Epitaxy and Molecular Beam Epitaxy (MBE) techniques on the 3C-
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Acousto-optic interaction in biconical tapered fibers:
shaping of the stopbands
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Abstract. The effect of a gradual reduction of the fiber diameter on the acousto-optic (AO) interaction is reported.
The experimental and theoretical study of the intermodal coupling induced by a flexural acoustic wave in a bicon-
ical tapered fiber shows that it is possible to shape the transmission spectrum, for example, substantially broad-
ening the bandwidth of the resonant couplings. The geometry of the taper transitions can be regarded as an extra
degree of freedom to design the AO devices. Optical bandwidths above 45 nm are reported in a tapered fiber with
a gradual reduction of the fiber down to 70 μm diameter. The effect of including long taper transition is also
reported in a double-tapered structure. A flat attenuation response is reported with 3-dB stopband bandwidth
of 34 nm. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.55.3.036105]

Keywords: acousto-optic interaction; biconical tapered fiber; acousto-optic filter.
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1 Introduction
In-fiber acousto-optic (AO) devices based on flexural acous-
tic waves have been investigated for years because of their
applications as frequency shifters,1 tunable filters,2 and
modulators.3 Recently, the AO has been investigated as a
powerful tool for measuring axial inhomogeneities along
optical fibers.4 When the fundamental flexural acoustic
mode propagates along an uncoated single-mode optical
fiber (SMF), the acoustic fields produce a periodical pertur-
bation of the fiber, both refractive index changes and geomet-
rical effects, which leads to an intermodal resonant coupling
between the fundamental core mode and some specific clad-
ding modes of the SMF.1–3 This AO interaction can be seen
as the dynamic counterpart of a conventional asymmetric
long period fiber grating (LPG), whose transmission charac-
teristics can be controlled dynamically by the amplitude and
frequency of the acoustic wave. At the output fiber, only the
light that remains guided by the core is transmitted, showing
a transmittance spectrum with one or several attenuation
notches at the wavelengths of the resonant couplings.

The effect of including tapered fibers to improve the AO
response has been reported in previous works.3–8 However,
these works paid attention first to the enhancement of the
acoustic intensity by reducing the cross section of the fiber
and second to the shift of the resonant wavelength in uniform
tapered fibers. Thus, the use of a thin optical fiber produces
a more efficient intermodal coupling that enables shorter and
faster devices, as well as a reduction of the required acoustic
power. This fiber tapering can be carried out either by chemi-
cal etching or by a fusion and pulling technique.

It is possible to adjust the wavelength of the resonant cou-
pling between two specific modes by changing the frequency
of the acoustic wave. However, the spectral bandwidth of a

given resonance is determined by the dispersion curves of the
involved modes and it is not straightforward how to develop
techniques to control such a bandwidth. Kim et al.9 explored
the simultaneous excitation of the acoustic wave generator
with two frequencies, while Jung et al.10 concatenated differ-
ent fibers. Feced et al.6 concatenated three fibers with differ-
ent sections to demonstrate a gain flattening filter and
pointed out the interest of exploiting the taper radius as a new
degree of freedom in the design of AO filters. Jin et al.11 dem-
onstrated an enhancement of the bandwidth of the AO
notches by using uniform fibers with a reduced diameter pre-
pared with chemical etching. Complimentarily, Li et al.12

investigated fibers with different dispersion curves in order
to narrow the optical notches.

Here, we investigate how tapering can be exploited to
control the spectral bandwidth of the transmission notches.
It is known that the dispersion curves of both the acoustic
and optical modes change with the radius of the fiber.3 Thus,
smooth and long tapered fibers can effectively control the
bandwidth of a given coupling by slightly shifting the
resonance wavelength, enabling a geometrical design tech-
nique, since the shape of fiber tapers can be controlled accu-
rately using a fusion and pulling technique.13 In Sec. 2, we
start with the numerical modeling of acoustically induced
LPG formed in a tapered structure. Then, in Sec. 3, we
describe the experimental results and the comparison with
the theory, in order to demonstrate the effects of the taper
transitions on the spectral response of the AO device.
Finally, our conclusions are summarized in Sec. 4.

2 Numerical Modeling of the Acousto-Optic
Interaction in a Tapered Fiber

In this section, we present the numerical technique that we
have implemented to simulate the spectral response of the
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In this work, we discuss theoretically the formation of the Tamm plasmon/exciton–polariton hybrid states
in an (Al,Ga)As microcavity and their modulation by surface acoustic waves. The modulation of the Tamm
plasmon/exciton–polariton states origins in the change of the excitonic band gap energy and the thickness change
of the sample structure layers due to the induced strain fields by surface acoustic waves. The frequency fSAW of
the acoustic modulation of the Tamm plasmon/exciton–polariton states is limited by the thickness of the upper
distributed Bragg reflector. For the Tamm plasmon/exciton–polariton states in AlxGa1−xAs/GaAs structures fSAW

is in the range of 370 MHz while fSAW in GHz range is possible for the parametric Tamm plasmon/exciton–polariton
states. In both cases, the acoustic modulation is several meV for typical acoustic power levels.
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1. Introduction

The development of new optoelectronic devices op-
erating at low threshold powers and at high switching
frequencies is a complex and challenging task, which
can only be overcome by exploiting new physical phe-
nomena [1–4] and applying them to device implementa-
tions [5, 6]. One of such new promising physical phe-
nomenon are exciton–polaritons in semiconductor micro-
cavities (MCs). Exciton–polaritons are unique bosonic
half-light half-matter quasiparticles that result from the
strong coupling between the photonic mode of a MC and
quantum well (QW) excitons embedded in the active
MC region (cf. Fig. 1a, [7]). The inter-excitonic inter-
actions between polaritons give rise to optical nonlinear-
ities several orders of magnitude higher than in purely
photonic systems. Due to the photonic component po-
laritons have a very low effective mass (10−5−10−4 mass
of a free electron) leading to a de Broglie wavelength λdB

of a few µm and thus to the possibility to form macro-
scopic coherent quantum phases at low densities and at
elevated temperatures (on the order of a few K) as well
as to be manipulated by micro-scale potentials [8, 9].
Various polariton-based device concepts, like polariton-
based transistors and logic gates, as well as their imple-
mentation in quantum information processing have been
proposed [10, 11].

The fabrication of polaritonic devices requires re-
liable and practical potentials for controlling, confin-
ing and guiding exciton-polaritons in MC structure.
One interesting option is provided by dynamic strain

∗corresponding author; e-mail: buller@pdi-berlin.de

potentials [12] induced by a surface acoustic wave
(SAW) [13, 14]. SAWs are mechanical vibrations prop-
agating along a surface (cf. Fig. 1c): the strain field
of a SAW with wavelength λSAW smaller than λdB cre-
ates a tuneable acoustic lattice for the control of the po-
lariton properties. Since the SAW penetration depth is
comparable to λSAW, an efficient acoustic modulation re-
quires that λSAW is larger than the thickness of the up-
per MC distributed Bragg reflector (DBR). In this con-
tribution, we demonstrate that this limitation can be
overcome by exploiting plasmonic resonances induced by
thin metallic stripes deposited on the top of the MC
structure. In this case, new quasiparticles called the
Tamm plasmon/exciton–polaritons (TPEP) form by the
superposition of the Tamm plasmons (TPs) at the metal-
semiconductor interface and the exciton–polaritons in the
MC [10]. The aim of this work is to explore the dynam-
ical and tuneable modulation of TPEP modes by SAW
at frequencies close to and in the gigahertz range.

2. Sample design

The proposed sample structure supporting TPEP
states consists of a gold layer on top of a DBR con-
sisting of AlxGa1−xAs layers with a thickness λ/(4ni)
(i = Al15Ga85As, Al80Ga20As), where ni is the re-
fractive index and λ the MC resonance wavelength
(cf. Fig. 1a). The structure supports TP modes at the
metal–semiconductor interface only when the DBR layer
adjacent to the metal has a higher refractive index than
its following DBR layer [16]. The energy ET of the TP
mode can be tuned by changing the thickness of the metal
and/or of the adjacent DBR layer. When ET is in res-
onance with the MC mode and the QW exciton energy,
the resulting coupled system can be described using the
three level coupled oscillator model given by

(A-26)
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3Instituto de Fı́sica Universidad Autónoma de San Luis Potosı́, Avenida Manuel Nava #6, Zona Universitaria,

Codigo Postal 78290 San Luis Potosı́, México
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The modulation by a surface acoustic wave (SAW) provides a powerful tool for the formation of tunable
lattices of exciton-polariton macroscopic quantum states (MQSs) in semiconductor microcavities. The MQSs
were resonantly excited in an optical parametric oscillator configuration. We investigate the temporal dynamics
of these lattices using time and spatially resolved photoluminescence (PL). Photoluminescence images of the
MQSs clearly show the motion of the lattice at the acoustic velocity. Interestingly, the PL intensity emitted by
the MQSs as well as their coherence length oscillate with the position of the lattice sites relative to the exciting
laser beam. The coherence length and the PL intensity are correlated. The PL oscillation amplitude depends on
both the intensity and the size of the exciting laser spot and increases considerably for excitation intensities close
to the optical threshold power for the formation of the MQS. The oscillations are explained by a model that takes
into account the combined effects of SAW reflections, which dynamically distort the amplitude of the potential,
and the spatial phase of the acoustic lattice within the exciting laser spot. This paper could pave the way to tailor
polariton-based light-emitting sources with intensity variations controlled by the SAWs.

DOI: 10.1103/PhysRevB.94.125432

I. INTRODUCTION

Exciton-polaritons result from the strong coupling between
photons confined in a microcavity (MC) and excitons in
quantum wells (QWs) inserted in it. They are half-light, half-
matter quasiparticles with bosonic character. The excitonic
component gives rise to strong nonlinear interactions between
exciton-polaritons, while the photonic component leads to
a very low effective mass meff (10−4−10−5 mass of the
electron) and, consequently, de Broglie wavelengths λdB of
a few microns [1,2]. The latter enables the formation of
macroscopic quantum states (MQSs) of exciton-polaritons
at particle densities considerably lower and at temperatures
considerably higher than in atomic systems [3,4]. These
remarkable properties of exciton-polaritons in semiconductor
optical MCs have opened the way for several device function-
alities such as polariton-based lasers [5,6], transistors [7,8],
and logic gates [9,10].

In analogy to optical lattices of cold atoms [11], tunable
lattices for exciton-polariton MQSs can be formed via the peri-
odic spatial modulation introduced by a surface acoustic wave
(SAW). Surface acoustic waves are mechanical vibrations
that can be electrically excited using interdigital transducers
(IDTs) deposited on the MC surface [12] [cf. Fig. 1(a)]. The
moving strain field of the SAW creates regions of tension and
compression in the MC, thus spatially modulating the MC
optical resonance energy as well as the band gap energy of
the embedded QWs [13]. By superimposing two orthogonal
SAW beams, one can create the two-dimensional square lattice
potential illustrated in Fig. 1(a). For small SAW amplitudes
�SAW, λdB can become comparable to or even longer than the
SAW wavelength λSAW. Under this condition, the acoustic

*buller@pdi-berlin.de

modulation creates a folded band structure for exciton-
polariton MQSs with dispersion and energy gaps controlled by
�SAW. The mini-Brillouin zones (MBZs) formed by the lattice,
which are illustrated in the inset of Fig. 1(b), have dimensions
kSAW = 2π/λSAW determined by the SAW periodicity.

As for the polariton dispersion, the symmetry and spatial
coherence of MQSs in an acoustic lattice also depend on
the lattice amplitude �SAW. Large �SAW flattens the lowest
dispersion branch and inhibits the tunneling of exciton-
polaritons between lattice sites, thus fragmenting the extended
phase via the formation of independent MQSs localized at
the minima of the SAW potential [14]. Phases with extended
coherence appear, in contrast, for moderate �SAW, where the
lowest dispersion branch exhibits considerable energy disper-
sion [15]. Interestingly, the most robust MQS under a moderate
�SAW does not form at the � point of the lowest dispersion
branch but rather at the M points, where the effective mass of
exciton-polaritons is negative [cf. Fig. 1(b)]. Recently, we have
demonstrated that these phases are gap-soliton-like conden-
sates (GSs) [16]. Gap-soliton-like condensates are metastable
self-localized excitations originating from the compensation of
the repulsive interparticle interactions by their negative kinetic
energy. Gap-soliton-like condensates have also been observed
in other physical systems [17] and may prove to be of relevance
for quantum information processing [18,19].

Previous investigations on exciton-polaritons and GSs in
acoustic lattices have been carried out using optical spec-
troscopy in the continuous wave (cw) domain and were,
therefore, unable to capture the GS temporal dynamics in
the moving acoustic lattice. In this paper, we address this
issue via photoluminescence (PL) studies carried out with
time and spatial resolutions which are much shorter than the
temporal and spatial SAW periods, respectively. We start by
describing the experimental techniques employed to prepare
the MC sample and to map the time-dependent GS wave

2469-9950/2016/94(12)/125432(8) 125432-1 ©2016 American Physical Society
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Abstract. We present an alternative optical method to estimate the temperature during the cooling process of a
liquid using digital holographic interferometry (DHI). Wemake use of phase variations that are linked to variations
in the refractive index and the temperature property of a liquid. In DHI, a hologram is first recorded using an object
beam scattered from a rectangular container with a liquid at a certain reference temperature. A second hologram
is then recorded when the temperature is decreased slightly. A phase difference between the two holograms
indicates a temperature variation, and it is possible to obtain the temperature value at each small point of the
sensed optical field. The relative phase map between the two object states is obtained simply and quickly
through Fourier-transform method. Our experimental results reveal that the temperature values measured
using this method and those obtained with a thermometer are consistent. We additionally show that it is possible
to analyze the heat-loss process of a liquid sample in dynamic events using DHI. © 2016 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.55.12.121730]

Keywords: digital holographic interferometry; refractive index difference; liquids temperature; phase difference.
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1 Introduction
The thermal conditions of liquid samples are of interest in
many areas of science, and determining the temperature of
liquid substances is very important in engineering applica-
tions, such as the design of air-conditioning units, heat
transfer equipment, machines and industrial processes, and
thermal energy storage systems.1 The temperature values of
substances are commonly determined using devices that
must be in contact with the specimen. However, these devi-
ces often affect the dynamic evolution or the mechanical
properties of the fields of temperature in a substance. In con-
trast, common optical techniques are noninvasive, noncon-
tact, and nondestructive, and they have been developed for
this purpose using the thermo-optical effect,2 which is ther-
mal modulation of the refractive index n of a material.3

However, they only obtain temperature data over a small
region of the sample.4,5

New advanced optical techniques are more precise and
higher resolution, and yield stable full-field measurements
between optical fields; these techniques are generally pre-
ferred for monitoring the dynamic evolution of entire optical
fields. Some of these methods include the Schlieren, shadow-
graph, and interferometry techniques.6 Digital holographic
interferometry (DHI) is an optical metrology technique
based on holography that records and reconstructs wave-
fronts to interferometrically compare two or more wavefronts

obtained at different moments or states of an object using a
computer. Furthermore, DHI is a fast, simple, high-precision,
nondestructive, full-field optical technique for measuring
variations of physical properties of phase objects in dynamic
processes.7–9

Some new studies based on DHI have obtained measure-
ments of phase differences and used these data to visualize
and determine how flow fields change constantly in both
time and space. Several authors have established a physical
model to determine a relationship between the phase and
the parameter to be analyzed.10 These investigators have
obtained measurements of the temperature variation in flu-
ids,11 flames,12–16 and liquids.11,17–23 However, these methods
use the entire wrapped phase map difference or a part of this
phase map, and also necessitate a robust algorithm to unwrap
the phase map to obtain a physical parameter. Other DHI
methods obtain measurements of a phase variation linked
with a punctual value of concentration in the crystallization
evolution process,10,24,25 but they neglect the temperature
values in their mathematical expressions.

We present an alternative method to measure the temper-
ature of transparent, nonscattering liquid samples. Using
a physical model to determine the relation between the
phase difference and the temperature variation between a
certain time of sample and a reference temperature, we can
calculate the temperature value at each point of the liquid
sample. The wrapped phase difference map between a
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a  b  s t  r a  c t

We report  on real-time Reflectance-difference  spectroscopy  measurements  carried  out  during  the  growth
of InGaAs  quantum  dots (QDı́s)  on  GaAs  (001)  substrates.  Measurements were  performed  with  a recently
developed  rapid  RD spectrometer, at a rate  of 10 spectra per second.  Our  results  demonstrate  the  potential
for  RD spectroscopy  as  an optical  probe  for  the  real-time monitoring  of the  epitaxial  growth of  InAs/GaAs
QDı́s. We show  that  RD  provides information  on  the  kinetics  of formation of QDı́s, including  the  rate  of
InAs  coverage of  the  GaAs substrate and the  rate  of  growth  of  InGaAs  QDı́s.  Results  further  suggest that
the  formation  of QDı́s is  mediated by  the  formation  of InAs-rich  islands  that  eventually disappear  as QDı́s
mature.

© 2016  Elsevier B.V.  All  rights  reserved.

1. Introduction

Self-assembled quantum dots (QDı́s) integrated into semicon-
ductor heterostructures are highly attractive for device application
because of their discrete energy levels and optical properties. QDı́s
find application in devices such as quantum dot computers, quan-
tum dots lasers and infrared photodetectors [1]. It  is accepted that
the nucleation of InAs QDı́s on GaAs (001) substrates follows a
two-step process. In a first step, InAs growth proceeds through a
two-dimensional (2D), layer by layer, mode until a  critical thick-
ness of about 1.5 monolayer is reached. Afterwards, additional In
and As species arriving at the surface incorporates into the growing
film in a  three-dimensional (3D) mode as a result of accumulated
surface strain, resulting in the growth of InGaAs quantum dots on
top of the 2D InAs wetting layer [2].

While InAs QDı́s grow spontaneously on GaAs once the criti-
cal thickness is reached, to take advantage of the unique quantum
dot physical properties, the kinetics of the QDı́s growth process
should be understood and controlled. Optical techniques, being
remote, non-invasive and instrumentally simple, are well suited
as probes for the real-time monitoring and study of the epitaxial
growth process of zincblende semiconductors. Among opti-
cal techniques, Reflectance-difference (RD) spectroscopy results

∗ Corresponding author.
E-mail addresses: alastras@gmail.com,  alm@cactus.iico.uaslp.mx

(A. Lastras-Martínez).

particularly attractive for this application due to  its high surface
specificity. RD measures the difference in  reflectance for two  mutu-
ally orthogonal polarizations and thus provides information on the
surface anisotropies associated to the breakdown of  the cubic sym-
metry at or near the sample surface [3].

Surface anisotropies in  zincblende semiconductors have been
reported to be associated to a  number of physical phenomena,
including � and � dislocations [4],  surface electric fields [5],  local
field effects [6],  surface reconstruction [7,8],  surface dimmers [9,10]
and surface roughness [3].  While the multiple sources of optical
anisotropies make the physical interpretation of RD spectra chal-
lenging, they do as well indicate the high potential for RD as a
surface probe. In the particular case of InAs Quantum dots, several
mechanisms may  lead to  an optical anisotropic surface, including
the elastic interaction of anisotropic QD’s with the GaAs surface
[11] and the anisotropic relaxation of the interface strain by pref-
erential generation of �-type mismatch dislocations [12].  In this
paper we report on in situ, real-time RD spectroscopy during the
Molecular Beam Epitaxy (MBE) growth of InAs QDı́s on GaAs (001)
substrates that shows RD spectroscopy to be a  powerful tool for the
real-time monitoring of the heteroepitaxial growth of  zincblende
semiconductors.

2. Experimental

Epitaxial growth was carried out on semi insulating GaAs (001)
substrates at a  temperature of 480 ◦C in  a solid source MBE  cham-
ber. A  valved As cell allowed for the control of As flux which was

http://dx.doi.org/10.1016/j.apsusc.2016.08.172
0169-4332/© 2016 Elsevier B.V. All  rights reserved.
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Residual electric fields of InGaAs/AlAs/AlAsSb (001)

coupled double quantum wells structures assessed

by photoreflectance anisotropy
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We report on photoreflectance anisotropy (PRA) spectroscopy of InGaAs/AlAs/AlAsSb
coupled double quantum wells (CDQWs) with extremely thin coupling AlAs barriers
grown by molecular beam epitaxy (MBE), with no intentional doping. By probing the
in-plane interfacial optical anisotropies (OAs), it is shown that PRA spectroscopy has
the ability to detect and distinguish semiconductor layers with quantum dimensions, as
the anisotropic photoreflectance (PR) signal stems entirely from buried quantum wells
(QWs). In order to account for the experimental PRA spectra, a theoretical model at
k = 0, based on a linear electro-optic effect through a piezoelectric shear strain, has been
employed to quantify the internal electric fields across the QWs. The dimensionalities
of the PR lineshapes were tested by using reciprocal (Fourier) space analysis. Such a
complementary test is used in order to correctly employ the PRA model developed here.

Keywords: Photoreflectance spectroscopy; polarized photoreflectance; coupled double
quantum wells; electric fields; zincblende semiconductors.
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Abstract
Exciton-polariton systems can sustainmacroscopic quantum states (MQSs)under a periodic potential
modulation. In this paper, we investigate the structure of these states in acoustic square lattices by
probing their wave functions in real andmomentum spaces using spectral tomography.We show that
the polaritonMQSs, when excited by aGaussian laser beam, self-organize in a concentric structure,
consisting of a single, two-dimensional gap-soliton (GS) state surrounded by one dimensional (1D)
MQSswith lower energy. The latter form at hyperbolical points of themodulated polariton dispersion.
While the size of theGS tends to saturate with increasing particle density, the emission region of the
surrounding 1D states increases. The existence of theseMQSs in acoustic lattices is quantitatively
supported by a theoreticalmodel based on the variational solution of theGross–Pitaevskii equation.
The formation of the 1D states in a ring around the central GS is attributed to the energy gradient in
this region, which reduces the overall symmetry of the lattice. The results broaden the experimental
understanding of self-localized polariton states, whichmay prove relevant for functionalities
exploiting solitonic objects.

1. Introduction

Themanipulation ofmacroscopic quantum states (MQS), systemswhere a collection of particles share a single
macroscopic wave function, is a fascinating topic that has been investigated in diverse research fields [1, 2]. The
possibility to engineer artificial periodic potentials to shape the properties of aMQShas allowed the simulation
of solid-state quantumphase-transitions [3], the implementation of quantum computation protocols [4] and
the exploration of the cross-over ofMQS physics with nonlinear optics concepts [5]. Notable examples ofMQS
systems are atomic Bose–Einstein condensates (BECs) in optical and/ormagnetic traps and supercurrents in
superconducting circuits. Another type ofMQS exists in semiconductor planarmicrocavities (MC) [6, 7],
where, in contrast to atoms in BECs orCooper pairs in superconductors, the components are photonic states
dressed by excitons called exciton-polaritons. Exciton-polaritons are bosonic light–matter quasi-particles that
formwhen photons couple strongly with quantum-well (QW) excitons in a semiconductorMC.While the
inter-excitonic interactions provide an optical nonlinearity which is several orders ofmagnitude stronger than
in purely photonic systems, the smallmass arising from the photonic component gives polaritons a de Broglie
wavelength of a fewmicrometres. The latter enables them to generateMQSs at lower densities and higher
temperatures (on the order of a few kelvin) than in atomic systems as well as to be coherentlymanipulated by
micrometric potentials [8–15]. Of particular interest are tuneablemodulation schemes, which can produce
potentials for polaritons analogue to optical lattices for cold atoms. Such potentialsmay be provided by the
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Structural Characterization of a Capillary
Microfluidic Chip Using Microreflectance
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Abstract

The structural characterization of capillary microfluidic chips is important for reliable applications. In particular, nondes-

tructive diagnostic tools to assess geometrical dimensions and their correlations with control processes are of much

importance, preferably if they are implemented in situ. Several techniques to accomplish this task have been reported;

namely, optical coherence tomography (OCT) jointly with confocal fluorescence microscopy (CFM) to investigate internal

features of lab-on-a-chip technologies. In this paper, we report on the use of a simple optical technique, based on near-

normal incidence microreflectance, which allows mapping internal features of a microfluidic chip in a straightforward way.

Our setup is based on a charge-coupled device camera that allows a lateral resolution of �2.5mm and allows us to

measure in the wavelength range of 640–750 nm. The technique takes advantage of the Fabry–Perot interferences features

in the reflectance spectra, which are further analyzed by a discrete Fourier transform. In this way, the amplitude of the

Fourier coefficients is modulated by the presence of a microfluidic channel.

Keywords

Capillary microfluidic chip, dimensional metrology, microreflectance, microscopy, tomography
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Introduction

There is a growing interest for the integration of micro-

electronic circuits to carry out signal processing stemming

from biosensing. In particular, lab-on-a-chip systems are

good candidates for biomedical applications,1 wherein an

important component is capillary microfluidic chips

(CMC).2 Such CMC are designed for a wide range of appli-

cations including mixing fluids,3 micro-reactions,4 and stem

cell biology5 among others.6 Besides, microelectronics

components have been implemented in CMC to monitor

transport and chemical properties in microfluid systems.7,8

Typically, the capillaries forming CMC rely on the forma-

tion of a buried channel when bonding, for instance, two

similar materials with one of them containing the capillary.

Upon bonding, a direct assessment of the channel topog-

raphy can be a difficult task. In this regard, the character-

ization of the buried channels in CMC is essential to assure

fluid dynamics uniformity. Optical techniques to character-

ize the surface topography along the channel are very

attractive as they are noninvasive and can be applied

online during the manufacture process. Both, optical

coherence tomography (OCT) and confocal fluorescence

microscopy (CFM) have been reported for critical param-

eters including channel width, height, and cross-sectional

area.9 Although having high sensitivity, they can be expen-

sive and require interferometry-based setups. Additionally,

digital holographic microscopy (DHM) has been use to

develop a three-dimensional (3D) phase-imaging micro-

scope to study fluid dynamics, interaction of biomolecules,

and cell activities.10

Considering that the optical techniques are quite con-

venient to study not only the structure of the CMC but also
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3STRATEC Consumables GmbH, Anif, Austria

Corresponding author:

Luis F. Lastras-Martı́nez, Universidad Autónoma de San Luis Potosı́,

Instituto de Investigación en Comunicación Óptica, Alvaro Obregón 64,
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Abstract
We study a simple dynamical model exhibiting sequential dynamics. We 
show that in this model there exist sets of parameter values for which a cyclic 
chain of saddle equilibria, Ok, = …k p1, , , have two-dimensional unstable 
manifolds that contain orbits connecting each Ok to the next two equilibrium 
points Ok+1 and Ok+2 in the chain ( =+O Op 1 1). We show that the union of 
these equilibria and their unstable manifolds form a two-dimensional surface 
with a boundary that is homeomorphic to a cylinder if p is even and a Möbius 
strip if p is odd. If, further, each equilibrium in the chain satisfies a condition 
called ‘dissipativity’, then this surface is asymptotically stable.

Keywords: heteroclinic orbits, Lotka–Volterra equations, unstable manifolds
Mathematics Subject Classification numbers: 34A34

(Some figures may appear in colour only in the online journal)

1. Background

In the last decade it has become clear that typical processes in many neural and cognitive 
networks are realized in the form of sequential dynamics (see [5, 23, 14, 24, 26, 25, 2] and 
references therein). The dynamics are exhibited as sequential switching among metastable 
states, each of which represents a collection of simultaneously activated nodes in the network, 
so that at most instants of time a single state is activated. Such dynamics are consistent with 
the winner-less competition principle [2, 26]. In the phase space of a mathematical model of 
such a system each state corresponds to an invariant saddle set and the switchings are deter-
mined by trajectories joining these invariant sets. In the simplest case these invariant sets may 
be saddle equilibrium points coupled by heteroclinic trajectories, and they form a heteroclinic 
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a b s t r a c t

ZnO p-type thin films were deposited by dual acceptor co-doping using nitrogen and silver via DC re-
active magnetron co-sputtering. As precursor material were used a Zn and an Ag metallic targets with a
purity of 99.99%. X-ray energy dispersive spectroscopy (EDX) confirmed the presence of Ag and N in ZnO:
Ag,N films. The electrical properties were explored by Hall Effect measurement and showed a low hole
concentration for the as-deposited ZnO: Ag,N film. However, after annealing treatment, the films re-
mained p-type and the electrical properties were improved significantly. The best electrical properties
showed a low resistivity of 8.56�10�3 Ωcm, Hall mobility of 23 cm2/Vs and a very high hole con-
centration of 3.17�1019 cm�3.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

II-VI semiconductor materials have been of great interest due to
their properties for optoelectronic devices. In this group, ZnO is
widely used in electronic and photonic materials, and it has a great
potential for applications in information technology, biotechnol-
ogy, short wavelength semiconductors and nanoscale science and
engineering [1–4]. However, to develop the ZnO based on optical
devices, the principal difficulty has been the fabrication of high
quality and electrical stability p-type ZnO thin films due to the low
solubility of the acceptor dopants, deep acceptor level, and the
compensation effect between the acceptor dopants and the native
donors in ZnO [5–7].

Recently, a dual-doping method using two acceptor agents
namely Li-N [8–10] or As-N [11] was proposed to prepare p-type
ZnO. In this line, the dual-doping method has demonstrated to be
the best channel to overcome the difficulties in achieving p- type
ZnO thin films and theoretical researches have suggested that Ag
and N are the better candidates for producing p-type ZnO con-
sidering the strain effects and energy levels of substitutional Ag-Zn

and N-O acceptors [12,13]. In the experimental context, publica-
tions focused to the fabrication of p-type ZnO:Ag,N thin films with
good electrical properties have been reported using ultrasonic
spray pyrolysis technique [14–18], ion beam assisted deposition
[19] and sol-gel method [20]. However, until this moment, there
are not reported studies on ZnO:Ag,N thin films by co-sputtering
process in the literature.

In the present paper, the deposition of p-type ZnO:Ag,N by DC
reactive magnetron co-sputtering method is reported. Ad-
ditionally, the influence of dual doping on the structural and
electrical properties of samples are presented.

2. Experimental details

Ag-N dual acceptor doping ZnO thin films were deposited on
GaAs (100) substrates by DC reactive magnetron co-sputtering
using zinc (99.99%) and silver (99.99%) metallic targets as pre-
cursors. For this purpose, the deposition chamber was evacuated
to a base pressure of 3.5�10�6 Torr and the room temperature
depositions were performed at a pressure of 6�10�3 Torr, em-
ploying a power densities of 4 and 1.5 W/cm2 on zinc and silver
targets respectively, in presence of a reactive atmosphere of argon
(99.995%), oxygen (99.999%) and nitrogen (99.999%). The gas flux
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Energetically unstable crystalline surfaces, among their uses, can be templates for the
growth of periodic arrays of one-dimensional (1D) nanoscale structures. However,
few studies have explored self-assembled faceting on high-index (HI) planes inside
the stereographic triangle, and extant studies have not produced any criteria for
encouraging the formation of one-dimensional periodic arrays. In this Letter, by
analyzing the MBE growth of homoepitaxial facets on (631)A GaAs, a HI plane
inside the triangle, we present a criteria to produce highly uniform 1D periodic
arrays on unexplored surfaces. These families of planes are those belonging to the
lines connecting the energetically stable HI GaAs (11 5 2) plane with any of the
(100), (110), and (111) planes at the corners of the stereographic triangle. This
novel strategy can lead to new possibilities in self-assembling 1D structures and
manipulating physical properties, which in turn may result in new HI- and 1D-based
experiments and devices. C 2016 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4954998]

INTRODUCTION

Energetically unstable crystalline surfaces, which tend to break up into facets of low free
energy, can be used as templates for growing nanoscale one-dimensional periodic arrays (1DPAs)
such as quantum wires.1–4 Ultra-high-vacuum techniques such as molecular beam epitaxy (MBE)
and metalorganic vapor phase epitaxy have been used to grow periodic corrugated structures
with remarkable uniformity on surfaces with an unstable high Miller index (HI) or vicinal GaAs
substrates (VSs).5–8 In addition to its potential for promoting self-assembled structures, epitaxial
growth on HI substrates has exhibited many interesting features. For example, HI planes have many
characteristics that make them important in basic and applied research, such as the amphoteric
nature of Si impurities,9,10 atypical piezoelectric effects,11 high degree of light polarization in arrays
of quantum wires,4 observation of anisotropic topological surface states,12,13 and the enhancement
of (In,Ga,Al)P-GaP light-emitting diodes.14

By convention, the HI and VSs are chosen to be oriented along the edges of the stereographic
triangle (ST), whose corners are the (100), (110), and (111) low-index (LI) planes (which are
energetically stable), as shown in Fig. 1. Such surfaces on the sides of the ST are chosen
because only the LI corners can form low-energy reconstructions, and because any given HI
or VS on it should decay into facets composed of combinations of two of the corner planes.
By contrast, the HI planes in the ST likely have a very complex structure because it should
comprise combinations of the three LI planes. For these reasons, there have been very few studies
on HI planes inside the ST, and they are chosen without following specific criteria for 1DPA
formation.

aElectronic mail: esteban.cruz@uaslp.mx
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Amorphous carbon nitride films with N/C ratios ranging from 2.24 to 3.26 were deposited by reactive sputtering at room
temperature on corning glass, silicon, and quartz as substrates. The average chemical composition of the films was obtained from
the semiquantitative energy dispersive spectroscopy analysis. Photoluminescence measurements were performed to determine the
optical band gap of the films. The photoluminescence spectra displayed two peaks: one associated with the substrate and the other
associated with CN

𝑥

films located at ≈2.13±0.02 eV. Results show an increase in the optical band gap from 2.11 to 2.15 eV associated
with the increase in the N/C ratio. Raman spectroscopymeasurements showed a dominant𝐷 band. 𝐼

𝐷

/𝐼
𝐺

ratio reaches amaximum
value for N/C ≈ 3.03 when the optical band gap is 2.12 eV. Features observed by the photoluminescence and Raman studies have
been associated with the increase in the carbon sp2/sp3 ratio due to presence of high nitrogen content.

1. Introduction

Light elements based materials which associate 2p and 3p
elements, mainly from columns III to V of the periodic
system, are of great interest due to their physicochemical
properties. In this sense, the elevate hardness, chemical
inertia, good thermal conductivity, optical transparency (on
a wide wave number range), highly refractory character,
electric insulator behavior, and high band gap values are the
most representative [1].

Concerning their production, two main routes of syn-
thesis have been developed to obtain carbon nitrides as thin
films or as bulk materials. Many publications devoted to the
synthesis of CN

𝑥
thin films have jointly concluded that the

existence of the crystalline stoichiometric C
3
N
4
phase has not

been clearly evidenced yet. To date, the so-obtained deposits
are generally amorphous and can eventually contain some

nanometric CN
𝑥
crystallites [2]. However, these amorphous

thin films seem to present interesting electrical, mechanical,
tribological, and optical properties [3–6].

In recent years, study of the optical properties of amor-
phous carbon nitrides (𝛼-CN

𝑥
) films became an interesting

field. The reported characteristics have provided evidence
for a possible utilization in optoelectronic devices, such as
electroluminescence devices [7] or photovoltaic solar cells.
In this sense, the optical properties of 𝛼-CN

𝑥
have been

extensively studied via diverse techniques such as Raman,
photoluminescence (PL), or absorption spectroscopy. Typ-
ically, the Raman spectra of carbon nitrides, measured at
any excitation energy, have a similar form to those of N-free
amorphous carbons, that is, showing the 𝐷 and 𝐺 bands.
The existence of a 𝐷 band indicates the presence of aromatic
rings. The 𝐺 band for carbon materials arises from vibration
of all sp2 sites and in both chain and ring configurations.
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ABSTRACT

AlGaAs:Si/GaAs heterostructures were grown on (631) and (100) GaAs substrates and studied as a function of the As cell

beam equivalent pressure. High-resolution x-ray diffraction patterns showed that the highest quality AlGaAsepitaxial layers

were grown at P  = 1.9 × 10  for (100)- and P  = 4 × 10  mbar for (631)-oriented substrates. Raman spectroscopy revealed

higher crystalline quality for films grown on (631) oriented substrates. The GaAs- and AlAs-like modes of the AlGaAs(631)

films exhibited increased intensity ratios between the transverse optical phonons and longitudinal optical phonons with

increasing P , whereas the ratios were decreased for the (100) plane. This is in agreement with the selection rules for (631)

and high-resolution x-ray diffraction observations. Anisotropy and surface corrugation of the AlGaAs(631) films also were

characterized using atomic force microscopy and Raman spectroscopy.
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Study of InAlAs/InGaAs self-switching diodes for energy harvesting applications

Irving Eduardo Cortes-Mestizo1, Edgar Briones1,2, Joel Briones2, Ravindranath Droopad3, Manuel Perez-Caro3,
Stefan McMurtry4, Michel Hehn4, François Montaigne4, and Victor Hugo Mendez-Garcia1*

1CIACyT, Universidad Autónoma de San Luis Potosí, San Luis Potosí, 78210 SLP, Mexico
2Department of Mathematics and Physics, ITESO, Jesuit University of Guadalajara, 45604 Tlaquepaque, Mexico
3Ingram School of Engineering, Texas State University, San Marcos, TX 78666, U.S.A.
4Institut Jean Lamour, CNRS, Université de Lorraine, F-54506 Vandoeuvre Les Nancy, France

*E-mail: victor.mendez@uaslp.mx

Received August 14, 2015; revised November 4, 2015; accepted November 4, 2015; published online December 21, 2015

In order to improve the rectification efficiency and current–voltage characteristics of self-switching diodes (SSD) the DC response is analyzed
using technology computer aided design (TCAD). It is demonstrated that by varying geometrical parameters of L- and V-shaped SSDs or changing
the dielectric permittivity of the trenches, a near zero threshold voltage can obtained, which is essential for energy harvesting applications. The
carrier distribution inside the nanochannel is successfully simulated in two-dimensional mode for zero-, reverse-, and forward-bias conditions. This
process allows for the evaluation of the effect of the lateral surface-charge on the formation and spatial distribution of the depletion region, in
addition to, obtaining information on the physics of the SSD through the propose optimized geometries that were designed for tailoring and
matching the desired frequencies of operation. The numerical results showed some insights for the improvement of the rectification efficiency and
integration density using parallel SSD arrays. © 2016 The Japan Society of Applied Physics

1. Introduction

Surface physics plays an important role for the functioning
and performance of semiconductor nano-devices since sur-
face atoms make up a considerable part of the devices
at nanoscale dimensions. When the translational symmetry
of an ideal crystalline solid is interrupted at the surface,
the properties of the topmost atoms affect the optical and
electrical properties of the devices.1) Thus, it is imperative
to understand and predict how surface states, surfaces
charge and depletion regions can be manipulated in order
to engineer nanoscale devices. A good example of surface
states engineering as applied to III–V semiconductor devices
is the so-called self-switching diode (SSD), developed by
Song,2) which consists of a nanochannel between two
L-shaped insulating grooves that is fabricated by electron
beam lithography. The depletion region caused by surface
states in the walls of the groove allows the current to flow
across the channel in one direction only, similar to a standard
p–n diode. The simplicity of the fabrication process3,4) and
the novel functionalities of this surface-state device, such as
the ability to detect weak signals (by a rectifying square-law
mechanism), the high sensitivity without applied bias and
the potential to operate in the terahertz regime,5) make the
SSD concept ideal for a broad range of applications. The
THz frequency, for example, is useful for the detection of
millimeter and sub-millimeter waves avoiding the use of
X-rays. Conventional THz imaging currently is an expensive
alternative because it is limited by the scarcity of available
detectors and the slow operation speed.6) The SSD concept
has been explored using two-dimensional electron gas
(2DEG) systems in InAlAs=InGaAs7) and AlGaAs=GaAs8)

heterostructures even though the working principle is not
entirely dependent on the 2DEG properties. For instance,
SSDs have been fabricated in bulk materials like silicon,9)

transparent semiconductors like ZnO10) and indium tin oxide
(ITO),11) and more recently a graphene-based SSD has been
also demonstrated.12)

It is worth to comment that electrical rectification at
optical frequencies for energy harvesting systems has been

the most explored method to recover free-propagating
radiation, for wavelengths in the visible, infrared and THz
range.13,14) This task has been commonly achieved by
antenna coupled ultra-fast metal–insulator–metal (MIM),
metal–insulator–insulator–metal (MIIM) tunnel barriers or
p–n semiconductor junctions (reverse Esaki tunnel di-
odes).14–16) In spite of the high-speed performance of these
rectifiers, they exhibit low rectification due to their poor
diode-like behavior. Conversely, SSD rectification has shown
current–voltage (I–V ) curves with nearly zero slope in the
reverse bias condition. Since this type of devices com-
bine geometrical effects with electronic transport properties,
an analysis of the effects of size and shape is necessary in
order to find the optimum geometry that may improve the
SSD I–V response, which is the aim of this work, developed
by using a numerical simulation approach by Silvaco Atlas.

2. Geometry parameters and simulation method

We perform a systematic geometrical analysis and compar-
ison of two different types of self-switching structures, the
L- and V-shaped channels. The schematic top view of the
L- and V-shaped SSDs showing the geometrical parameters
used in the simulation is presented in Figs. 1(a) and 1(b),
respectively. In the SSD the surface charge density, ns, which
exists on the trench walls, induces a depletion region along
the nanochannel. The working principle of the SSD relies on
the modulation of this depletion region by an applied bias.2)

The reduction (augmentation) in the volume of the depletion
region decreases (increases) the electrical resistance in the
nanochannel under direct (reverse) bias originating in a
diode-like effect. With the aim of determining the SSD I–V
characteristics, we employed a physically-based device simu-
lator in two-dimensional mode, similar to that reported for
2DEG-based InGaAs SSD and silicon-on-insulator struc-
tures.3,9,17) The electrical properties of 2DEG samples utilized
in the simulation were: background doping n = 1 × 1017

cm−3, electron mobility μ = 12,000 cm2V−1 s−1, with no
impurity scattering. Unless otherwise stated, the dielectric
in grooves was considered to be air (εr = 1) thus inducing a
surface charge density of ns = 0.4 × 1012 cm−2. The contact
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