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This work contains information about two different approaches to model the emission of
radiation from semiconductor nanowires. Modeling part was performed with the COMSOL
Multiphysics software to solve Maxwell’s equations for the diffraction problem by using the
Finite Element Method (FEM). By comparison both: a method with an actual emitting dipole
and a method based on the Lorentz reciprocity, this work can help with understanding the

nature of emission from nanowires and shows limitations and possibilities of each approach.
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1 INTRODUCTION

There is an opinion that the concept of ‘Nanotechnology’ was first mentioned by Richard
Feynman at the California University of Technology in 1959, where he presented a
suggestion for the possibility of manipulating single atoms without breaking existing
physical laws. Others believe that Isaac Newton set the foundation for this industry as early
as the 16" century when he mentioned the possibility of research at the atomic level in his

writings.

In point of fact, the term ‘Nanotechnology’ itself was introduced by the Japanese professor
Norio Taniguchi in 1974, and the history of the development of this industry is famous with
numerous discoveries achieved throughout the whole 20" century. Thus, nanotechnology
has undergone numerous modifications for many years in order to be presented in a
completely unpredictable form at the beginning of the 21 century. Initially, it was
impossible to take seriously some aspects that became later a framework of quantum
mechanics. The greatest minds, like Max Planck, Albert Einstein, Niels Bohr, Erwin
Schrodinger and others, were working on the development of theories in order to explain the
effects in objects, which are inaccessible by the human eye and seemed contradictory with
the foundations of classical physics. Nowadays we cannot imagine a world without small
transistors, which can be found in all personal computers, mobile phones and other devices;
with improvements in manufacturing methods for nanostructures and the emergence of more
powerful computer centers for the theoretical design of nanostructures, we have seen a
remarkably high rate in the development of new related branches of physics.

Manufacturing of unique gadgets became possible with the fabrication of low dimensional
structures, where electron movement is confined along one or more directions. This type of
structures has shown completely original and tuneable mechanical, electrical, magnetic and
other properties. In this thesis, we explore semiconductor nanowires, as they have a huge
potential for applications in telecommunications and information technologies; they can be
e.g. a platform for low power light sources, accumulators, medical sensors and detectors,
and fast-switched field-transistors [1-3]. For instance, Ge-nanowires is considered as a
potential material for a high-speed quantum computer capable of computing at high

temperatures and in relatively large structures [4].
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The rapid advancement of microelectronics and nanotechnology, as well as the development
of computers and numerical simulation software, launched a new phase of modern
engineering optics called “Engineering Optics 2.0”, which overcomes the fundamental
limitations of classical optics including the many relevant aspects, such as reflection,
refraction, diffraction, absorption and radiation. These theoretical discoveries can provide a

new scheme for the development of some useful optical applications [5].

In this work, we study the optical properties of semiconductor nanowires with a classical
formalism based on Maxwell’s theory of electrodynamics, which is solved numerically using
the COMSOL Multiphysics software suite [6]. Different methods for describing nanowire
emission require a qualitative comparison in order to understand the priority goals and tasks
solved by each of the approaches. Moreover, each method contains its own benefits and
drawbacks, which should also be taken into account. We compare two of the most commonly
used approaches: a method based on the Lorentz reciprocity theorem and a method when an
emitting dipole is placed inside the nanowire. The benchmarking of these two methods is an
important step in the development of tools for modeling and designing nano-optical devices

based on nanowires, such as the light-emitting diodes (LEDs).



2 LITERATURE REVIEW

2.1. Semiconductor nanowires as a promising materials platform for

novel applications

One of the important parts of the study and fabrication of novel semiconductor devices
consist of decreasing the size of elements because it influences the size of the final gadgets.
Thus, active development and retrofit of fabrication methods of structures with sizes about
100 nm at least in one direction expand the fields of their applications for the scientific goals
and industrial purposes. During the last few decades, such terms as quantum wells, wires
and dots became more understandable for our community, with the nano-optics and
nanophotonics industry gaining significant importance. We focus on considering nanowires,

fabrication methods for their growing and possible application areas.

A nanowire is any solid-state material in the form of a filament with a diameter of about
100 nm or less (depending on the material). At these sizes, quantum-mechanical effects in
the confinement direction perpendicular to the length of the nanowire can be observed and
even become significant. A special feature of nanowires is their length to diameter ratio:
usually, the length of a nanowire can be a thousand times larger than its diameter. Presently,
there exists a large variety of nanowires: metallic, semiconducting or dielectric. To this day,
a huge number of research groups are engaged in the study and research of new organic and

inorganic components for the production of nanowires.

When the diameter of nanowires is less than 100 nm, their energy spectrum can be partly
quantized, and the electron movement will be confined in two directions while flowing freely
only in the remaining direction (this direction corresponds to the growth axis of the
nanowire). Fig. 1 (a, b) represents the energy diagram for two cases: a bulk sample and a
nanowire. The difference between the two energy diagrams is due to quantum confinement
effects: the conduction band (CB) and the valence band (VB) are split into several sub-bands.
In the cross-section of the nanowire, the energy is quantized taking discrete values of Emn.
Like any two-dimensional motion, it is described by two quantum numbers m and n. The

full spectrum is discrete-continuous, but with only one continuous degree of freedom. These
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systems are also called one-dimensional electron structures, and their spectrum is a

collection of quantization sub-bands [7].

a) Bulk semiconductor b) III-V nanowire
E E
Eg
Eg
A

4

Figure 1. Schematic representation of the energy diagram for a bulk semiconductor (a) and

for a I11-V nanowire (b) (CB is a conduction band, VB is a valence band, HH is a valence band for heavy
holes, LH is a valence band for light holes, SO is a zone, split-off by spin-orbital interaction,

Eg is a band gap, A is a splitting energy).

Besides quantization effects, diffraction of light has a significant impact on the optical
behavior of nanowires. Let us take under consideration a famous experiment made by
Thomas Young in 1801 when light interacts with a barrier with two slits (see Fig. 2a). The
barrier split one electromagnetic (EM) wave into two waves and because of their interaction,
we obtain an interference pattern with minimum and maximum of intensity that occur due
to the in phase and in opposite phase interaction of waves (see Fig. 2b). Thus, when the

phase difference between the waves A¢ fulfills:

Ap = 2m * p, 1)

where p is an integer, we observe a maximum of intensity, the waves are in phase, which is

called constructive interference.
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In contrast, when:
1
Ap =21 * (p +5), ¥y

the waves are in opposite phase and the interference is destructive [8].

7 Source of light b) I
IH’[[I\’
EM wave ’
S, S, Barrier with

I — ] two Sll ts

Detector

Figure 2. Schematic illustration of a) diffraction of light in two slits and

b) interference pattern from two EM waves.

These slits act as a source of light diffraction and, similarly, we can find an analogy of this
phenomenon in the case of nanowires. Incident wave interacts with a nanowire, and each
part of the nanowire acts as a source of light diffraction. Due to the size of nanowires, they
scatter the incident plane wave in a 3D sense. Thus, their optical response cannot be studied
within the framework of geometrical rays. The study demands a numerical solution of the

full Maxwell’s equations that can be rather complicated.

Summing it up, these structures are expected to exhibit different optical, electrical,
mechanical, thermoelectric and magnetic properties. Due to the large surface-to-volume
ratio of nanowires, it is possible to create on their basis sufficiently sensitive sensors and
detectors, for example, for detecting charged particles of molecules at low concentrations in
chemical and biological systems [9]. It was shown in Ref. 10 that, despite the fact that bulk
silicon does not exhibit significant thermoelectric properties, arrays of silicon nanowires can
be promising as high-efficiency thermoelectric materials. Due to the sub-wavelength size of

the nanowires in comparison with bulk materials, the interference of light-waves scattered
12



from the nanowire’s interfaces can play a significant role in the whole optical response of
the structure [11].

2.1.1. Nanowire applications in nano-optics and nanophotonics industry

Light emission from nanowires can have many origins, such as photoluminescence (PL),
electroluminescence (EL), cathodoluminescence and others. LEDs, as based on
electroluminescence, can be obtained for example with a p-n junction inside the nanowires.
Fig. 3 shows a scheme of a vertically formed LED based on GaAs/InGaP nanowires,
epitaxially grown on a GaP substrate. The process of growing this structure is well described
in Ref. 12.

Ni/Ge/Au Au catalyst
NN S

n'lnGlP\ /i-lnGaP .

Figure 3. lllustration of a LED, which was made using GaAs/InGaP nanowires [12].

Recently, the use of nanowires based on p—n junctions as the foundation for laser structures
has been significantly expanded, since this type of structure exhibits lower excitation
thresholds and lower temperature sensitivity during operation [13, 14]. Moreover, by
changing the size and the composition of the nanowires, it is possible to vary the band gap

parameters (bandgap engineering) and modulate the radiation wavelength [15, 16].

Due to such features like mismatching of different atoms while growing, possible

quantization of energy and diffraction of light, 1ll1-V nanowires demonstrate optical

properties that are different from bulk samples. These systems can effectively absorb and
13



emit light, covering a wide range of wavelengths, from ultraviolet to near infrared.
Considering the recent technical and scientific achievements in this field, such structures are
expected to be used for commercial purposes in the production of LEDs and blue laser diodes
in the future. Especially nanowires based on Il1-nitride semiconductors (such as InGaN) have
attracted considerable interest as potential materials for optoelectronics and photovoltaics.
These semiconductors have a direct bandgap in a vastly wide energy range and impose
themselves as a unique representative of the 111-V group, with derivative devices achieving
high efficiency. In general, this type of nanowires is widely used for the production of solar
cells, single photon sources and other devices. Solar cells based on nanowires demonstrate
some improvements in important quantities, especially the reduction of reflection losses and
superior collection of light. Furthermore, they can be fabricated with a vast combination of
materials thanks to the crystal lattice relaxation in the radial direction as compared to

standard planar solar panels.

Thus, monocrystal nanowires are a very promising alternative to conventional thin-film

photodiodes and can effectively pave the way for miniaturization of optoelectronic devices.

2.2. Fabrication techniques for semiconductor nanowires

Let us consider the most commonly used methods and processes for growing nanowires,

their requirements, advantages and disadvantages.

The fabrication process of nanowires can be carried out using two different approaches: top-
down or bottom-up. In the first case, the original bulk material forms the basis for the future
structure, as it is gradually reduced to the desired nanowire size using selected procedures
such as photolithography, etching, thermal oxidation processes or focused ion

beam milling [17].

Fig. 4, which is adapted from Ref. 18, systematically demonstrates a sequence of the process
of fabrication of nanowires and nanohole arrays based on silicon. An n-type silicon substrate
Is used as a base, and a thin silver film with a thickness of about 8-30 nm is deposited on

the substrate by thermal evaporation as shown in Fig. 4a. As a next step, Fig. 4b shows how
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the morphology of the silver film transforms from a continuous flat to a meshed one, with
nanoscale holes, with an increase in the annealing temperature. The prepared array of
nanowires (see Fig. 4d) is achieved by immersing a silver-coated substrate in an etching
solution, which consists of hydrofluoric acid and hydrogen peroxide, with catalysis of a
silver grid, as can be seen in Fig. 4c. Figure 4 (a, e-g) illustrates the process of obtaining
nanohole arrays, which is quite similar to the process of obtaining nanowire arrays. This
fabrication principle is similar to I1I-V nanowires, although we need to change the

compounds for every required structure.

(@)

4. 7 silver film
- Si substrate

(b)

(]

(@)

Figure 4. Schematic representation of the fabrication process of silicon nanowires and nanoholes arrays [18].
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Let us consider the second approach to the fabrication of nanowires, "bottom-up" methods,
which allows combining materials that would be impossible in thin-film layer growth due to
too large crystal lattice mismatch. In contrast to the concept that was based on the removal
of source material as described above, these techniques and microfabrication processes are

based on growing a necessary structure on a substrate, and has several categories:

e Vapor — liquid — solid method (VLS),

e Selective Epitaxial Growth (SEG);

e Laser ablation or photoablation (LCG). This method allows removing
unnecessary material from a solid or liquid surface by irradiating it with a laser
beam.

e Fluid-Liquid-Solid method (FLS),

e Templated synthesis (for instance, electrochemical deposition),

e Solution — liquid — solid method (SLS, can be considered as a modification of
VLS—method),

e Oxide Assisted Growth (OAG) and so on.

There are several microfabrication processes, which are needed to manage the

aforementioned methods, such as:

e Chemical Vapor Deposition (CVD),

e Physical Vapor Deposition (PVD),

e Molecular-Beam Epitaxy (MBE),

e Metalorganic Vapour-Phase Epitaxy (MOVPE),
e Chemical Beam Epitaxy (CBE) and others.

In this section, we will focus on a few of these methods and the microfabrication techniques

that are currently of most relevance. We will start with a discussion about the VLS-method,

which supports growing nanowires through the following three phases: vapour-phase

precursors, catalytic liquid alloy and solid crystal. The main principle of this method is that

a droplet of liquid catalyst absorbs vapour and a crystal starts growing exactly at the location
16



of this droplet (see Fig. 5, [19, 20]). In this configuration, a metal seed particle of pure gold
(Au) is used as a catalyst and precursor molecules (As and Ga) from vapour were used in
order to grow I11-V nanowires. Gold droplets are supersaturated due to the continuously
flowing precursors. During the whole time of VLS growth, kinetic processes take place,
which include (see Fig. 5¢): mass transport from a vapour phase (1), precursor molecule
decomposition at the vapour-liquid interface (2), atom diffusion in the liquid phase (3), and

atom incorporation in the crystal (4).

The clear advantage of this method is a fairly well controlled growth of nanowires since their
position and size are determined by the catalyst. It is worth mentioning here that for
controlled unidirectional growth, the interface between the crystal and the liquid must be
clearly defined crystallographically. What is more, this method allows obtaining highly
anisotropic arrays of nanowires from a huge variety of materials. Possible drawback of this
method consists of a long growth time in order to obtain a high-quality defect-free structure.
It is also assumed that the axial VLS growth mechanism dominates over the nanowire growth

in the radial direction, which contributes to an increase in the nanowire diameter [21].

Precursors (vapour)

Au catalyst particle Alloy (liquid)

: /'/1/:-‘;! .
y L e

Al Substrate [~ B Subslm;g,..--“"". [/

Solid NW 7 e o 1 i
OHa | C r Z 1

D K Substrate

Figure 5. Schematic representation of the VLS method for growing A3B® nanowires [19].

(A) Droplets with a metal gold particles deposit on a substrate, (B) Interaction between precursor gases and

Au particles and kinetic processes inside the nanowires (C), (D) Grown nanowires on the substrate.
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There is a microfabrication technique for

Substrate ¢
holder Printer

1 Quadrupole ‘ ' production of high-quality layers and

Scanning
high energy
glectron
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e 4|
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1 | nanowires called molecular beam

o |
— Mass select | |
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epitaxy (MBE) (see Fig. 6) [22, 23]. In
moosss | the MBE-technique, one or more atomic

Auger 7
analyzer

beams are created by heating a solid-

|' Effusion
cells 11
liquid | - |
nitrogen %, 7 * Display

‘ " state material in effusion cells. These
beams are then used to deposit different

WVaccum |

elements in a clearly defined order on a

Figure 6. Scheme of the equipment of MBE for the .

g aup colder substrate. The number of effusion
growth of nanowires [23]. . .

cells depends on the desired composition

of the film and whether dopants are to be used or not. The deposition process takes place in

ultra-high vacuum.

The strength of this method are the ability to obtain a wide range of nanowires from a
combination of different atoms, as well as the ability to control deposition in the axial and
radial directions. In addition, the growth of the structure can be performed without a seed
material, which can affect the properties of semiconductor nanowires. The drawbacks of the
method include high cost of the equipment and the compound parts; and a typically long

growth time of specimens.

In contrast to the MBE-method, where crystal growth occurs as a result of physical
deposition, the chemical vapor deposition (CVD) methods, and specially metal-organic
vapor-phase epitaxy (MOVPE — deposition of organometallic compounds from the gas
phase), are based on the growth due to chemical reactions that take place in the gas phase at
moderate pressure (typically from 10 to 760 Torr). Some literature sources claim that this
technigque has become the main technique in the 111-V optoelectronics industry. A schematic
picture of an installation for this method is shown in Fig. 7. In the MOVPE-method, chemical
interaction of reactant gases at elevated temperatures in the reactor leads to the deposition of
required elements on the substrate. The reactor chamber must be made from a material that

does not interact with the usable chemical compounds and withstands the high temperatures.
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Figure 7. Installation scheme of the MOVPE-method for growing nanowires.
Modified from [24].

This technique can be treated as toxic, due to the usage of various reagents, but with time,
the management of the growth process has become fully automated, thereby reducing the
risk to humans and the environment. In comparison with MBE, MOVPE does not require

ultra-high vacuum and has a lower cost.

The methods for growing, which were discussed above, make it possible to create nanowire
structures from combinations of various elements, opening access to solving many problems

and creating the basis for the production of high-quality materials.

2.3. Optical properties of nanowires and methods for tuning the emission

of radiation from nanowires

In order to control polarization and direction of the incident light wave, it is most common
to use different optical components such as lenses, polarizers or parabolic mirrors. In the
previous sections of this thesis, we have already mentioned that nanowires can demonstrate
optical properties that are different from those of bulk materials. Thus, it makes them suitable
for selectively amplifying light scattering (for instance, it can be used to create Raman lasers
based on the effect of stimulated Raman scattering), absorption and controlling polarization
and wavelength of the emitted light. All these features make these structures a valuable
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ground for optoelectronic and photonic applications, especially for the fabrication of new

diodes, nanolasers, antireflection coatings, metamaterials, and other structures.

Due to the peculiarities of the nanowire geometry, such systems exhibit anisotropic optical
properties. Their interaction with light can be described analytically in two ways. The first
method is based on the Mie scattering theory, which involves solving Maxwell equations for
a cylinder of an infinite length in a continuous, non-absorbing medium [25]. The theory
provides information about scattering and absorption of an incident plane wave when this
wave interacts with a cylinder. It also takes into account the high contrast between the
refractive indices of the nanowire and the surrounding medium. For example, the refractive
index for InP is about ninp=3.5, depending on the wavelength of the incident wave, whereas
the refractive index for air is n.i=1. The second method lays on a consideration of infinitely
long cylinders that can support different waveguide modes. These modes can either be
localized to the cylinder and propagate over long distances along the nanowire (guided
modes), or they can radiate to the surrounding medium (leaky modes). Both types of
waveguide modes can be used to modify spontaneous emission or light absorption by the

semiconductor nanowires.

Note that in a homogeneous medium (vacuum or bulk material) light can propagate through
the available continuum of modes, that is, as plane waves, at any frequency or wavelength
and in any direction. In contrast, in the case of geometrically confined structures, the
confinement gives rise to discretized eigenmodes, like the guided and leaky modes in the

nanowire.

The dispersion ratio of the electromagnetic modes depends on the geometry of the structure.
For example, for cylinders, the derivation of an analytical expression for the dispersion
relation implies the expansion of the electric and magnetic fields inside and around the
cylinder by vector cylindrical harmonics involving the Bessel and Hankel functions. These

functions are elementary wave functions of the wave equation in cylindrical coordinates.
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Consequently, the dispersion relation for the modes in the waveguide, based on a derivation
for cylindrical structures [26], can be calculated by solving the characteristic transcendental
equation for the propagation constant k, (here, the z-direction is chosen parallel to the axis

of the nanowire):

Byl (W) Bmed HAW)] [€cyl Jh(W)  €med HA@W)] _ L 12 (k)2 (1 1)?
[ u Jp(uw) v Hn(v)] [ u Jp(u) v Hn(v)] = b (ko)? (172 uz) ’ (3)

where ey and umeq are the magnetic permeability in the cylinder and the surrounding
environment, respectively, €., and eneq are the dielectric permittivity in the cylinder and

medium, respectively. b is an integer specifying the order of the cylindrical Bessel functions
J. and Henkel functions of the first order H,,, H,, and J;, are derivatives of these functions.

ko is the wave number (k, = % = a—"), U = keyir and v = kpeqr, Where 7 is a radius of the
cylinder, kcy1 = neyiko and kymeq = Nmeako. Note that the magnetic permeability and the

dielectric permittivity are related to the refractive indices of the medium n,.q and the

cylinder n.y through the following expressions:

Nmed = +/ €Emed#med: 4)
Ncyl = 4/ Ecyllceyl-

Each allowed value for k, in (3) describes eigenmodes in the cylinder. In addition, these

values are correlated with the effective wavelength of the modes, which propagate along the
cylinder, through Re(k,) = %

Depending on the contribution of the mutually perpendicular components of the electric and
magnetic fields, TM (transverse magnetic), TE (transverse electric), HE (magnetoelectric),
and EH (electromagnetic) modes can be present in the waveguide. In this terminology, a
mode with its magnetic (electric) field oriented perpendicularly with respect to the axis of
the cylinder is called a TM (TE) mode. The EH and HE modes have a non-zero component
of both the electric and magnetic field along the nanowire axis. Note that the waveguide

modes are characterized by two numbers: n and I describing the number of field maxima in
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the azimuthal and the radial directions, respectively (see Fig. 8). Forn =0, only TM and TE

modes can occur, and for n > 0, only HE and EH modes can occur.

TMU] TMUZ TEU] TEUZ

Figure 8. Schematic representation of several low-order modes in a cross-section of an infinitely long

cylinder, where the indices correspond to the numbers n and | [27].

The propagation constant k, from (3) can be either real or complex valued. Real values of
k, correspond to the guided modes in the cylinder. As mentioned above, the amplitude of
the field outside the cylinder decreases exponentially in this case. For complex-valued k,,
the field decreases exponentially as it propagates along the axis of the cylinder and light

radiates away from the cylinder; the so-called leaky modes.
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R(nm) (InP at A = 880 nm)

0.5 ! 15

k,'R
Figure 9. Graphical interpretation of modes in a cylindrical waveguide. The dispersion of the modes is solved

by finding the roots of the dispersion relation, Eq. (3), depending on the cylinder radius [28].

The dispersion relationship gives the necessary important supporting information when
studying the emission of radiation from nanowires. By knowing the information about the
modes that are supported in the waveguide, it is possible to carefully vary the emission
characteristics. An example of such calculations for InP-based nanowires can be found in
Ref. 28. Figure 9 shows graphically the solution of Eq. (3) as a function of cylinder radius.
It is clear that the small radius contributes to the formation of only the HE11 mode. Note that
this graph is divided into 3 areas: the grey-shaded zone is a forbidden zone where the
existence of modes is impossible; the other two areas (corresponding to the leaky and guided
modes) are separated by the light line (dashed line). As seen from this dispersion diagram,

each leaky mode originates from a guided mode that extends beyond the light line.
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The optical modes can affect the optical properties of

nanowires strongly. This has been investigated
theoretically and experimentally in many papers. For
example, the effect of the optical modes on such
parameters as reflection, the emission spectrum of
nanowires and the effective refractive index on the
nanowire radius was described in Ref. 29. Figure 10
shows schematically the interaction of the incident plane
wave with the structure. The light that does not interact
with the nanowire modes is reflected or transmitted
through the bottom of the solid-air interface in accordance
with the Fresnel equations. The light that interacts with
the modes in the cylinder is scattered at the boundary
between the air and the nanowire, absorbed along the
entire length of the nanowire, and then reflected or

transmitted through the substrate.

Incidentlight

N\

Reflection

Guided light

Transmission

Figure 10. Schematic representation
of the interaction between incident
light and the nanowire-on-substrate

system [29].

Figure 11 shows the reflection spectra of nanowires from Ref. 29, where the position of each

“dip” is determined precisely by the radius of the nanowire. That work demonstrated the

uniqueness of the optical properties of nanowires and shows that such materials hold promise

for sensors, which are able to cover the visible range of the light.

0.2
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01

0.0

600 700
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800 900

Figure 11. Reflection spectrum as a function of nanowire radius [29].
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Another remarkable nanowire-feature is resonant absorption that can be described as
antenna-like [28]. Such antenna-like behavior does not apply only to resonant absorption but

also to emission directivity.

In Ref. 30, polarized and directional emission from semiconductor nanowire arrays, which
was measured with Fourier microscopy, was analyzed. Here the diameter of the nanowires
also played a key role as a parameter for controlling the emission directivity. The results
showed that similar emission patterns in the far field could have completely different
polarizations. Thus, it was experimentally obtained that light is almost completely
p-polarized from a small diameter nanowire, and s-polarized from a large diameter nanowire,
without considerable polarization for a nanowire with an intermediate diameter. This
behavior is explained by the coupling of emission into the available waveguide modes,
which depend on the nanowire diameter. In addition to the diameter dependence, in a
nanowire array, the emission pattern is modulated by the period of the arrays. In Ref. 31, it
was determined that in a small diameter nanowire, the emission couples pre-dominantly to
the HE11 mode, while for larger diameters, contribution from several other modes shows up,

in particular, TMo1 and TEoz.

2.4 Modeling of emission from nanowires

Based on the above, it is obvious that nanowire emission requires careful analysis for the
manufacturing of high quality nanowire-based luminescent devices. In the following, we
consider two methods for modeling emission from nanowires: a method based on the Lorentz
reciprocity theorem [32-34] and modeling with an actual emitting dipole in the

nanowire [35-38].

2.4.1. Modeling based on Lorentz reciprocity

Reciprocity between two sources of emission is an important concept in antenna theory,
which makes it possible to obtain information about how the antenna transmits and receives
a signal. We have already mentioned the antenna-like behavior of nanowires, by virtue of

which the reciprocity theorem can also be applied to describe emission from these structures.

25



The formal derivation of the Lorentz reciprocity theorem begins with a consideration of a

certain volume V with a linear, time-invariant and local-responded media in which two

emitter sources Ji and Jo, are placed, and they generate the electric and magnetic fields

E:

and Hz; and E2 and Ha, respectively (see Fig. 12) [39]. The local response means that there

can be dispersion in € and p, but there is no changes of r in the following expressions:

D(w,r) =€(w,r)E(w,T) (5)

B(w, 1) = u(w,r)H(w,1)

We assume for simplicity that the tensor of the dielectric susceptibility () and the tensor

the magnetic permeability (i) are symmetric.
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Figure 12. Schematic visualization of two emitted sources J; and Jo, which generates the electrical and

magnetic fields E; and Hi, E2 and H; in some allocated volume V.

From vector algebra, we have:

V'(EleZ_szHl)z
:(VXEI)'HZ_(VXHz)'El_(Vsz)'Hl-I'(VXHl)'EZ
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Furthermore, the electromagnetic fields created by emitted sources satisfy the following

Maxwell differential equations:

VXE; =—jwpH,

VXH, =jweE, +]; (7)
VXE, =—jwpH,

VXH, =jweE, +],.

Thus, Eqg. (6) can be rewritten as:

V'(E1><H2_E2 XHl) =
= —jwuH H; — (jweE, + J;)E, + jopH,H, + (jweE, + J)E, =
=J1-E;— ], E;. (8)

The resulting relation is called the Lorentz Lemma, and on the basis of this Lemma, it is
possible to prove the reciprocity theorem. Let us take an integral of Eq. (8) over an arbitrary

volume V, including the volumes V1 and V2 (each of these sub-regions include one, and only

one, of the emitting sources J1 and Jz, respectively), which gives:
fffy V-(E;XH; —E; xHy)dv' = fffv J1-Ez— J2-Epadv'. ©)
Next, we apply the Ostrogradsky-Gauss theorem on the left side of Eq. (9) (thus, we shift

from integration over a specified volume to integration over a surface that bounds

volume V):
#5 (Ey xH, —E, x Hy)ds' = fﬂv J1+Ez— J2-Ey)av’. (10)
This resulting Eq. (10), is called the integral formulation of the Lorentz Lemma.

Let us express Eqg. (10) in a more convenient form for describing antenna emission, taking

into account that electric and magnetic fields propagate and are detected at large distances
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from each other. At such large distance, the electromagnetic field is locally described as a

plane wave, for which:

e E and H correlate with each other through the expression: H = V%_” [n X E],

e E and H have to be perpendiculat to the normal vector n, which has to be a unit
vectornXxE=0,nx H=0,n? = 1.

As a next step, we assume such a large distance between the sources and rewrite the
integrand on the left side of Eq. (10):

Consequently, we obtain the Lorentz reciprocity theorem:

I, Ji-Exdv' = [ff, J, - Edv'. (12)

From the reciprocity theorem, an important consequence can be expressed with the following
statement: To analyze the emission from an antenna, as detected by a receiver, we can
interchange the antenna and the receiver, and study the electromagnetic field received at the

location of the original antenna.

This method formed the basis of many works related to the description of optical phenomena
in nanowires. For example, in Ref. 33, electromagnetic modeling was used to study the
emission of light from a nanowire array; by changing both the diameter of the nanowires and
the period of the array, some optical advantages of nanowire LEDs over their bulk-like
counterparts was shown. There, through the Lorentz reciprocity theorem, it was possible to
determine the emission of light in a direction which is opposite/reciprocal to the direction of
incidence. In other words, in that case the scattering of an incident plane wave in the array
of nanowires was actually numerically modeled, and related to the emission from the array
by the Lorentz reciprocity (see Section 4.2 for more detials of such modeling). In paper [34],
the Lorentz reciprocity is used to analytically connect dipole emission to blackbody

radiation, by considering homogeneously distributed dipoles inside the structure.
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The method based on the Loretz reciprocity gives abundant information about the far-field
emission, but obtaining data about near field patterns is rather complicated (see Fig. 13). In
other words, the Lorentz reciprocity cannot be used for analyzing absorption of emitted light,
since that occurs in the near-field. In contrast, if we include an actual dipole in the modeling,
we can elucidate such near-field processes. This is discussed below.

FAR FIELD
NEAR FIELD FRESNEL ZONE FRAUNHOFER ZONE
Source of light
L
L<<i L=A L>>A

Figure 13. The propagation pattern of the emission from a source in the near and far field zones

(L is the distance from the emitting source to the detection position).

2.4.2. Active dipole emission model

An elementary model for describing electromagnetic radiation is the model of dipole
emission [40]. The dipole system consists of two equal charges with opposite signs (+g and
—q) located at some distance from each other (d). Through these values, we can determine

dipole characteristic, which is known as a dipole electric moment p:

p=g-d. (13)

The distance between two charges is time-dependent d=d(t) and dipole movement is
oscillatory p=p(t). The electrical and magnetic fields are variables, and thus, a dipole can be
taken as a source of electromagnetic waves. Furthermore, for convenience, we assume a

point-like time-harmonic dipole such that p(r,t) = pdip O(r — rdip)cos(wt), which can be
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formally obtained by assuming that d(t) = dgip*cos(wt) and q(r,t) = Qqipd(r — rdip — d/2) where

we let d—0 while increasing qaip in such a way that pgip = dquip Stays constant.

_ Let us consider the electric field due to the dipole in a
homogeneous medium. Take under consideration the
N wave surface, schematically presented in Fig. 14, where
E and H are the electric and magnetic fields; 6 is the

angle between the direction of the dipole moment p and

the emission direction. In this homogeneous medium, E
and H are perpendicular to the ray at each point, i.e. to
the radius vector r, drawn to this point from the center
of the dipole. As discussed above, we assume that the

Figure 14. Graphic representation of a  dipole oscillates according to the harmonic law:
wave surface with an emitting
dipole [40].

P=po cos (wt). (14)

For the dipole in vacuum, we can find the strength of the electric and magnetic fields from
an analytical solution of the Maxwell equations and by taking into account the relationship
between the amplitudes of the vectors E and H. Thus:

1 pow?sin@

E=- cos(wt — kor), (15)

4mey  C%r

H= |2E
Ho

As a following step, we can express the intensity of the dipole emission by:

2
I=(ExH)= |“(E]?) = 5= Po9” Ginzg. (16)

From this equation, we see that the intensity of emission is proportional to the square of the
amplitude of the electric dipole moment, the frequency o in the fourth power and the

direction of the radiation in the second power.
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An important characteristic of the far field dipole emission is the radiation pattern, which is
the dependence of the intensity of emission on the angle #, graphically plotted in polar
coordinates. Typically, for an azimuthally invariant emission pattern, only a cross-cut of the
radiation pattern is shown for simplicity of characterization (see Fig. 15 (a)). The full
diagram is shown in Fig. 15 (b)).

a) b)

0
P Direction of emission

1(6) At eEe

II_iL

fHIEAE

Figure 15. Dipole radiation pattern: a) cross-cut of the azimuthally invariant diagram and b) full diagram.

It is worthwhile to mention that in the case of a dipole inside a nanoscale system, the
emission directivity is determined by the geometry, materials and dimensions of the
structure. A dipole oriented perpendicularly to the axis of the nanowire will create a
qualitatively and quantitatively different radiation pattern in comparison with the radiation
generated by a dipole oriented along the growth axis of the nanowire. For example,
in Ref. [28], it was shown that the radiation pattern from a dipole inside a nanowire depends

significantly on the dipole orientation.

So, Paniagua-Dominguez et al. determined that the direction of the dipole along or
perpendicular to the growth axis affects how strongly the varying modes are excited [28].
There, a parallel dipole coupled predominantly to the TMo:1 mode, and a perpendicular dipole
predominantly to the HE11 mode. In turn, this affects the total radiated power, the
directionality and polarization of the emission, making it possible to control the emission of
light by nanowires.
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The information obtained from this method allows us to determine properties directly related
to the electromagnetic near-field, and as a result of mathematical transformations, we can
also obtain information about the far field zone. However, the electric dipole method is also
characterized by many modeling limitations, as will be discussed later in Chapters 4 and 5.
Therefore, in this paper, we will carry out a comparison between modeling with the actual
electric dipole model and the Lorentz reciprocity theorem. We will document the advantages

and disadvantages of each method and give recommendations on the use of each of method.
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3 MODELING AND EXPERIMENTAL METHODS

3.1. Modeling environment

For the photonics industry, we can consider a variety of devices that operate with different
types of manipulation of light. The design and fabrication of these units involve a number
of steps, which are time-consuming, costly, and require the use complicated equipment.
Thus, to limit the effort and cost, effective ways of optimizing the designs are needed.
Complementary to a fabrication and testing route, there is a number of numerical modeling
techniques, which can cover parts of the design process. In addition, numerical modeling
can open new ways for studying device response and behavior, which otherwise cannot be

measured due to technology or characterization limitations.

There is a multiplicity of available methods for modeling and simulation of physical
properties and phenomena. In this paper, we use the COMSOL Multiphysics software [6] to
model and analyze the different ways of describing emission of light from nanowires: the
method with an actual emitting dipole and the method based on the Lorentz reciprocity.
In COMSOL, we solve the Maxwell equations with the finite element method (FEM), which
can be considered as one of the most powerful numerical approaches at present. The
implementation of FEM in COMSOL is schematically presented in Fig. 16. Conveniently, a
graphical user interfaces (GUI) has been embedded in COMSOL, making the design of a

structure and corresponding calculations easier.
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Figure 16. The main steps of FEM processing, which is realized in the COMSOL Multiphysics software.

Let us consider the modeling process through the steps presented in Fig. 16. Firstly, we
should determine the dimensions of our problem and a module that can operate with such a
problem. In our case, we consider 3D modeling, and we choose to use the Radiofrequency
(RF) module, which has the full Maxwell’s equations that are built in COMSOL. Next, we
construct the geometry of the studied system, split this structure into different domains and
add material properties for each of them. In our case, we need to determine and input such
values as conductivity, relative permittivity and (magnetic) permeability. Then, for that

geometry and materials, we have the governing equation:
VX (u'Vx E)—kée.E=0, (17)

where the wave number of free space, k, , can be expressed in the following way:

ko = wy&po = % (18)
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and relative permittivity is:
e, = (n — ik)?, (19)

where n is the refractive index and k the extinction (absorption) coefficient.

As a source of the EM radiation, we use an electric point dipole. Since we consider the case
of radiation out from the nanowire towards infinity, there is a need to use for the simulation

domain (which is of finite size) confining boundaries that do not reflect any light back.

There is a number of available choices for the confining boundary in COMSOL. As a first
boundary condition, which describes a transparent boundary for a plane wave, we could

consider the Somerfield radiation condition that can be written as:

lim V7 (32 + ik, ) = 0. (20)

T—00

A similar condition, called the first order scattering boundary condition (SBC or Robin

boundary condition), has the following form:
n- (VE,) + ikyE, = 0. (22)

However, these conditions have the limitation that the boundary will be non-reflecting only
for light that falls on the boundary exactly along the normal to the surface. Any other waves
that are incident non-perpendicularly on the boundary will be partially reflected. To remedy
this, with including the second-order tangential derivative of the electric field strength along

the boundary, we can write a second order SBC:

n- (VE,) + ikoE, — ingz = 0. (22)
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However, this equation yields perfectly transparent and non-reflective boundary only when
the boundary and the source of emission are far from each other (so that only the far-field
reaches the boundary). Such requirement is complicated for modeling tasks, since we aim to
work with as small simulation domain as possible to decrease the numerical complexity of

the problem (which increases with the system size).

In contrast to the boundary conditions described above, there is an approach with so called
perfectly matched layers (PMLs) at the edge of the simulation domain to mimic perfectly
non-reflecting boundaries. A PML is an artificial layer with anisotropic and complex-valued
dielectric and magnetic permeabilities, which are designed to absorb all electromagnetic

fields, without reflection.

When complicated physical problems cannot be solved with analytical methods, different
types of discretization can be used to approximate the partial differential equations, which
allows for numerical solving of the governing equations. The solution to such a discretized
model is an approximation of the real solution to the partial differential equations. The FEM
is used to compute such approximations [41]. An important advantage of this method is that
there is a variety of possible discretizations, which we can choose in the meshing process.

It is crucial to mention that the choice of the mesh influences the results, and we can design
the mesh by choosing the size and form of the elements in all subdomains. In COMSOL it
is possible to automatically create a mesh for the structure, but in some cases it is numerically
more efficient to switch to user-controlled meshing. For different parts of the system, it can
be beneficial to use different element types and sizes. In COMSOL Multiphysics, there are
four different element types for mesh implementation: tetrahedra (tets), hexahedra (bricks),
triangular prisms (prisms), and pyramids (see Fig. 17). There are also nine preset element

size settings, which range from “extremely fine” to “extremely coarse” [6].
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Figure 17. Schematic of the different mesh element types in COMSOL.;

a) tetrahedron, b) hexahedron, c) triangular prism, ¢) pyramid [6].

To demonstrate the effect of meshing on results, we consider an emitting dipole in vacuum
(see Fig. 18 a), where finer meshing in the vacuum around this dipole leads to more
converged results (see Fig. 18 b). The number of mesh elements affects both the amount of
memory needed and the calculation time. Thus, with a combination of suitable types,
numbers and qualities of meshing elements for each domain, we can reduce the calculation

time and memory requirement.
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Figure 18. Dipole in vacuum. a) Mesh elements shown for y < 0. The meshing was performed with
tetrahedral elements with different maximum element sizes for each domain: 1) at the dipole the maximum
size is 1 nm, 2) in the sphere 30 nm and 3) in the PML 400 nm; b) Variation of emitted power as a function

of maximum element size in the sphere, compared to the analytical solution in Eq. 26.
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As the next step after the meshing, COMSOL generates a system matrix A, based on the
mesh, the partial differential equations, and boundary conditions b. This yields the problem
Ax=b where x contains the solution for the electromagnetic field on the mesh. Thus, the final
step in the problem solving is to solve for x. After that, post-processing step includes
representation of results in 2D and 3D plots and tables.
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4 EXAMINATION AND TESTING

4.1. Modeling of emission with actual dipole inside system

Characterization of emission from nanowire systems can be considered with two different
approaches. We start with the first method by considering an actual electrical dipole, which
emits light inside a nanowire in all directions (see Fig. 19). The final system for modeling
consists of a sphere with a homogeneous non-dispersion medium, confined by PML, which
can absorb the emitted and scattered light that reaches it. Inside the sphere, there is a
semiconductor system with a nanowire on top of a substrate. The material for both nanowire
and substrate is InP. As a source of EM plane wave we use an electric point dipole with
dipole moment p = 1 [A*m]. Here we should mention that in Eq. 13 p is expressed in [C*m]
units, whereas in COMSOL p = I*I [A*m] and it corresponds to the physical meaning of the
dipole. The dipole moment is characterized as a vector unit where the direction of the dipole
is determined by the current flow. Note that background for the emission from a dipole was

discussed above in part 2.4.2.

2 PML
i 74 i Air boundary
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Figure 19. Model representation of an emitting dipole inside the nanowire on top the substrate and

surrounded by air.
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4.1.1. Emitting dipole in vacuum and comparison with analytical solution

To start with, we consider a dipole in vacuum, with the goal to compare modeled data with
analytical solutions. In addition to verifying that the model is set up correctly, the
comparison helps us to determine suitable parameters for the mesh and radius of the PML
and air spheres to obtain a good convergence of result.

From theory [42], the average power crossing a spherical surface S can be calculated from:
Prad = §S <u) dS’ (23)
where u is the Poynting flux that can be expressed as:

sin2%6 .

7, (24)

ExXB _ w?I%I§

o  16m2eqc3

= sin?[w(t = 7/c)]

r2

where [ - I, = p is electric current dipole moment, w is angular frequency, €, is vacuum

permittivity and c is speed of light.

Note that in Eq. (23), the average is taken over a period of oscillation of the EM wave (or in

other words, we consider the time-average).

Thus, the average value for the Poynting flux has the form:

(u) = w?I?I2 sin?6
32m2egc3 12

(25)
Since py = p/w and taking into account the Eqgs. (23-25) it is possible to express the total
power flux across the spherical surface S:

w3112

32m2eyc3

Praqg = fozn do fonsil#rzsinedé?. (26)
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We should mention that total radiated power does not depend on the radius of the surface.
More generally, we can in principle choose any closed surface around the dipole for the
integration. Finally, from Eq. (26), we obtain the total emitted power from dipole for our
case with the expression:

w?1%13

Prag = _ = 1.0964 - 10™° W, (27)

12megc

where p = 1A-m and w = 3.1395 - 1015 ad/. have been used. The total emitted power
is determined mostly by the dipole moment, which we take as 1 A - m for simplification of
the calculations. In real case when we use this method to analyze the light emission from the
nanowires, we should find an absorption coefficient, e.g. form the measurements. This
coefficient correlates with the dipole moment and set up the number for the numerical
modeling. In principle, we analyze the emission of light from the normalizations plots as we

aim to know how diffraction of light influence the optical response.

Figure 20 shows the comparison between modeled and analytical values, where we used two
different boundary conditions to yield non-reflecting boundary. Figure 20 (a, b) represents
modeled results with SBC and PML that we apply to the edge of the simulation domain. As
we can notice from Figure 20a, SBC does not give results that appear to converge smoothly
toward the analytical values. In contrast, with the use of the PML, the results converge nicely
toward the analytical values with increasing radius of the vacuum sphere R, and already for

R=80 nm, the agreement is rather good.
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Figure 20. Comparison between analytical value (Prg = 1.0964-10% W) and numerical modeling results for

two different boundary conditions that should yield a non-reflecting boundary: a) SBC and b) PML.

As mentioned above in part 2.4, the Lorentz reciprocity gives information about emission of
light to the far field zone. Thus, to compare characteristics of the light emission that was
obtain with the method with an actual emitting dipole, which gives the near-field around the
dipole, with modeling based on the Lorentz reciprocity, we examined far-field emission
characteristics through the use of the Far-Field Domain in COMSOL. This built-in domain
performs a near—field—to—far-field transformation and yields information about the angular
distribution of the emission power in the far field. The results of the modeling are
qualitatively similar to those reported in the literature (see Fig. 21a,b; for comparison see
Fig. 15 (a, b)). Figure 21 shows the radiation pattern for dipole emission in 3D and 2D

projections.
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Figure 21. Modeled radiation pattern (left) and
3D far field plot for emitting dipole in vacuum (right) that were obtained in COMSOL with the near-field-to-
far-field transformation.

4.1.2. Dipole inside a nanowire

Z In the next step, we place a dipole inside a nanowire and model
the far field emission (see Fig. 22). Since there is no analytical

solution for this problem, we compare to published, numerical

} results in Ref. 28 to verify the accuracy of the model that we
1 created for our simulations.

Pz 1 ) o ) ) )

* L Thus, we simulate the emission from the dipole for varying radius
1 and length of the nanowire. In addition to the radiation pattern, we
1 integrate over the whole air domain to determine how these
y <] _ __/<2x parameters influence the total emitted power:
e vV
~—

Figure 22. Position of the Protar = [{u) "m0 dS, (28)

dipole inside the nanowire.
The dipole moment is in the  Where u is a Poynting vector, n is a normal unit-vector and S is a

z-direction. closed surface around the emitting source.

43



3,51
3.0 Lyw =500 nm ;
O— Lyw = 1000 nm T
254 &= Lyw = 1500 nm \
5
% 2,04
S
o -
315 ‘ //H\\
o \ ol N
1,01 A \?;t
0,5+ /% { un
00 o—n—0—"

X T T T T T T
50 60 70 80 90 100 110 120 130 140 150
Raw, M

Figure 23. Total emitted power from the nanowire for varying length and radius with wavelength of light
A =880 nm. Here, the emitted power is normalized to Py, the total emitted power for dipole in homogeneous

media with refractive index n=3.42.

From Fig. 23, we see that the emitted power varies strongly with the radius and length of the
nanowire. This variation is an indication that different modes are excited at varying strength,
depending on the radius and the length of the nanowire. The available modes for a given
radius can be calculated from the dispersion relation in Eq. (3). In addition, the dipole

orientation also influences the emission of light from the nanowire (not shown here).

For far field modeling, we investigated two nanowires of different length and radius:
L = 1650 nm and R = 126 nm (Fig. 24 a, b); and L = 3000 nm and R = 50 nm (Fig. 24 c, d).
Here, the dipole moment is parallel to the growth axis, that is, the z direction. The wavelength
is 2 = 880 nm and for the refractive index for InP we use ninp = 3.42. It is worth to mention
that from these dependences we can clearly notice the antenna-like behavior of the nanowire
emission since the lobes on the plots demonstrate the presence of high directivity.
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Figure 24. Far field emission patterns from COMSOL for two InP nanowires with different length and radius:
a) radiation pattern and b) 3D plot for Far Field emission for InP nanowire with L = 1650 nm and R = 126 nm;
c-d) emission characteristics for InP nanowire with L = 3000 nm and R =50 nm. The dipole direction is parallel

to the z direction.

The far field pattern in both examined cases with different values for radius and length of
the nanowire is very similar to the results shown in Ref. 28. This agreement confirm the

accuracy of our model.
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4.2. Modeling of emission with the Lorenz reciprocity

Previously, in chapter 2.4.1, we discussed at a general level the use of the Lorentz reciprocity
theorem to analyze the relation between two emitting sources of light. Concerning the
specific case of the nanowire (see Fig. 25), we choose two emitting sources in the following
way: the first dipole p: is inside the nanowire and the second dipole p> is a source of light
that is located infinitely far away from the first source in the homogeneous medium or
vacuum. In this configuration, diffraction occurs only in the area around the first dipole, but
not around the second dipole. Then, dipole p2 produces an incident plane wave, for which

we have analytical solution, in the direction of the nanowire, i.e., toward dipole p1.

EIIPQ.

Nanowire
on substrate

Figure 25. The principle scheme of the emission of radiation from nanowire described

in terms of Lorentz reciprocity.

Let us consider in more detail the application of the Lorentz reciprocity for our case. For our

system, Eq. (12) can be simplified to:
p.:E; = p:E4, (29)

where, again, E; is the field that is created by dipole p; at the location of dipole p2, and Ez is

the field that is produced by dipole p2 at the location of dipole px.
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Thus, p2 generates an incident plane wave toward p: in the direction given by the angle
between p2 and p1. To obtain the field E», we thus need to solve the light-scattering problem
for that incident plane wave. Once we have obtained E», we can obtain Ez, projected on the
dipole p2 from Eq. (29). This projection p2*E1 gives then the far field emission from dipole
p1. Note that in the numerical modeling, we solve for the incident plane wave, and hence, p1
does actually not enter the numerical modeling, we simply use the Lorentz reciprocity to

obtain information of how that p: would have emitted light if it was actually present.

In addition, we should consider the fact that the far-field emission can show two orthogonal
polarization states. To account for this, we model for each incidence angle twice, using two
orthogonal plane waves. These two orthogonal plane waves correspond to two orthogonal
choices for p2, which are orthogonal to the incident k-vector of the plane wave. The third
possible orientation of p2 does not affect the far-field emission since its orientation is parallel
to the incident k-vector, a direction in which no emission occurs from a dipole. For
simplicity, we can take p1 and p2 as equal and p2 in such a way that |Einc,2[=1 V/m. Then
p2*E1 is the norm of the electric field of the plane wave emitted by dipole pz in the direction
of dipole p2, and polarized in the direction of dipole p2. The value of p2*E;1 is such that a
value of 1 V/m corresponds to maximum possible value from a dipole in vacuum. In the
actual modeling, we do not calculate p.*E: but use the Lorentz reciprocity and calculate
instead p1*E>, where E is obtained from the solution of the light-scattering problem of the

incident plane wave.

To summarize, we can determine Ex(r1) at the location of the first dipole p: and, then,
|E2x(r1)[? gives the intensity that an x-polarized dipole 1 emits toward dipole 2 (that is, into
the far-field in the direction toward dipole 2). Similarly, the intensity of y- and z-polarized
dipole is obtained from |Eay(ri)f? and |E2z(r1)]>. As described above, for each
incidence/emission direction, we need to perform the modeling twice to cover the two
orthogonal emission polarization states. Then, since we chose orthogonal polarization states,
the total emission into that direction is given simply by summing the contribution from both

polarization states.
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To perform such calculations with the COMSOL Multiphysics, we start, as usual, by
determining the geometry and the material parameters; including the length and radius of the
nanowire; and refractive index of the nanowire, medium and substrate. The amount of such
parameters depends on the exact problem/geometry we are considering. Here, we choose to
solve the problem in the so-called background-field-scattered-field formulation. In this
formulation, we use a pre-known background field Ep, which applies for the system without
the nanowire. Then, we include the nanowire, which causes additional scattering, and solve
for that additional scattering based on Ey. In that way, we obtain the solution for the total
electric field, including Ex(r1). Therefore, we need to determine the background field Eg
(Eincx, Eincy and Einc,z) that corresponds to the two polarization states from a given incidence

direction.

For the calculations, for each direction of the incident plane wave (see Fig. 26 with definition

of corresponding coordinates and angles) we choose the polarization states like this:

1. The electric field of the first polarization state is in the x-y plane (that is, its z
component is zero)
2. The electric field of the second polarization state can have a non-zero z component,

and it is perpendicular to the first polarization state.

Thus, when we consider the first polarization state we

direction of the set the background field in the following way:
T’ 7 incident plane wave

y EB,x = _Sin((p)Eince_ikr
EB,y = COS((p)Eince_ikr’ (30)
EB,Z - 0

where k is the wave vector, r the radius vector, and
their dot product gives in component form the

Figure 26. Schematically representation expression.

of the coordinates and angles for the
incident plane wave. k-r=ky, - x+k,-y+k,-z (31)
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where:
k, =k - sin(8)cos(p)
ky, =k - sin(8)sin(¢p), (32)
k, = —k - cos(8).

For the second polarization state, we use this form for the background field:
Epx = cos(¢)cos(8)Ejpce k"
Egy = sin(@)cos(0)Ey e~ (33)

Eg, = sin(0) e,

To recap, for each incident angle and polarization, we need to calculate the Ex(r1) at the
position of the dipole p: and take out the X, y, and z components |Ezx(r1)[?> |Ez2y(r1)* and
|E2.2(r1)[? to get the emission from px, py and p; dipole in the nanowire. As a result, we record
six values for each incidence angle, three due to the three possible orthogonal orientations

of p1, multiplied by 2 due to the two orthogonal polarization states in far-field emission.
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5 RESULTS AND DISCUSSION

5.1 Comparison of results

With help of the two different models, presented in Sections 4.1 and 4.2, we calculate the
intensity of emitted light and plot it as a function of angle 6. There is no ¢-dependence here
as we put ¢=0 for these calculations. In general, it is possible to include the ¢-dependence
as well. The normalization of the results, from modeling with the actual dipole in the system,
are performed in the following way:

|Etar field|? (34)

)
|Emax in vacuum|2

where the value of E\;,.x in vacuum Was calculated in part 4.

For the modeling based on the Lorentz reciprocity, the normalization is given by:

|E (xp,yp.2p)|?

|Einc|2

, (35)

where Ej,. is the amplitude of the incident plane wave that was created by dipole pz in the
homogeneous media far away from dipole p.

We start with a test of dipole emission without nanowire or substrate present. This ostensive
case helps us to check the two different models and analyze them with this simple
representation. Fig. 27 a,b shows the dependence of the emitted intensity toward the
direction given by the angle 6 for x, y and z polarized dipole, which were obtained with both
models: actual emitting dipole and Lorentz reciprocity. Note that both calculations were
performed with COMSOL Multiphysics and different programs was used for post-
processing to visualize the data: Origin Pro Lab for plotting dependence for dipole model (a)
and MatLab software to extract and present information that was obtained with Lorentz

reciprocity model (b).
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Figure 27. Intensity of emitted light from a dipole, as a function of polar angle 6. The modeling was

performed with 2 = 600 nm, ¢ = 0 and with: a) an actual dipole in the system and b) Lorentz reciprocity.

For the dipole in vacuum, we should mention that when we consider emission with ¢ = 0,
we can highlight these following features:

e py has maximum constant value for all 6;

e when 6 = 0° the emission is in the positive z-direction, and p, does not emit there,
while px emits maximally there;

e when 0 =90° the emission is in the positive x-direction, and px does not emit there,
while p; emits maximally there;

e when 0°< 4 < 90°, the emission from px should drop as cos?(#) and emission from p;
should increase as sin?(6).
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Next, we test these two methods for the nanowire case, where, in addition, we vary the length
of the nanowire: L =500 nm (see Fig. 28 a, b) and L = 1500 nm (see Fig. 28 c, d)

LNW = 500 nm

| Ear ﬁeldlz/IEmax in vacuuml2

|2

2
| Efar IieldI /I Emax in vacuum

o] 10 20 30 40 50 60 70 80 Q0 0 10 20 30 40 50 60 70 80 20
9,0 g,o
Figure 28. Intensity of emitted light from the nanowire depends on the angle &, which was performed with
the dipole model for the nanowire lengths L = 500 nm (a) and L = 1500 nm (c) and the Lorentz reciprocity
method for L = 500 nm (b) and L = 1500 nm (d) with angle ¢ = 0. The radius of nanowire is R = 126 nm and

the wavelength of light is 4 = 880 nm. The dipole direction is parallel to the z direction.
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The two modeling methods give similar results with just minor differences in the values,
which we assign to different degree of convergence of the results. When 8 = 0, x and y
polarized dipole give the same emission, as expected from symmetry. Also, as expected from
symmetry, there is no emission of p; for the dipole located at the center of the cross-section

of the nanowire.

After this, we change the axial position of the dipole inside the nanowire (see Fig. 29). We
consider the dipole locations zqgip =— L/4 (a) and zqip = L/4 (b), with the middle of the nanowire
at z = 0. For this study, we fix the nanowire length to L = 1000 nm.

(_

(b)

Pz

(a)

Vel _ I

Figure 29. The dipole position when it is shifted from the center

to the lower (a) and upper (b) parts of nanowire.
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Figure 30. Intensity of emitted light from the nanowire, as a function of the polar angle 6. The modeling was
performed for the nanowire length L = 1000 nm, radius of nanowire R = 126 nm and wavelength of light
A =880 nm with changes of the dipole position (dipole at zgi, = L/4 in (a) and (b) and at zgip = -L/4 in ()

and (d)). Dipole method is presented in a and ¢ and Lorentz method is marked with b and d.

Thus, from Fig. 30 we conclude that even when we change the position of dipole and shift
it from the center of nanowire, the results from both methods agree excellently. Note that
the accuracy and agreement of the numerical values can be increases by using a denser mesh

and by optimizing other parameters, for instance, the radiuses of the PML and air boundaries.
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5.2 Discussion of two methods

We have demonstrated that the results that were obtained with two methods correlate
perfectly with each other. To sum up information about these two different methods, we start
with comparison of the modeling process with these methods to reveal the benefits and

drawbacks.

Computational formulations

In the Lorentz reciprocity model, we chose to solve for the problem with the scattered field
formulation where we use a pre-determined background electric field. We can obtain that
background field analytically. In the model with the actual dipole in the system, we find the

solution to the Maxwell’s equations through the full field formulation.

Number of modeling runs and operational time

With a single run of the modeling, we can obtain different information. With the Lorentz
reciprocity method, we obtain information about all dipole orientations (px, py and p;) with
fixed incident angle (4, ¢) and incident polarizations. As a result, the number of modeling
runs can be significant to examine the full 360-angle dependence for the two orthogonal
polarizations, if we wish to analyze the total emission of light. In contrast, the modeling with

the actual dipole gives the radiation pattern for all emission direction.

Note however that with the Lorentz reciprocity model, from a single run we can obtain
information about dipoles at arbitrarily position in the system, since we can calculate Ex(r1)
in Eq. (29) for arbitrary position r1 of the dipole 1 in the system. Thus, in some sense these
two methods are complementary: The modeling with the Lorentz reciprocity gives in asingle
run information about emission into the given direction from dipoles at any position in the
system. However, to study the angular dependence of the emission, a separate run is needed
for each emission direction. In contrast, the modeling with the actual dipole in the system
gives for a fixed dipole position the emission into all directions. However, to study emission

for varying dipole position, a separate run is needed for each position studied.
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Near Field and Far Field information

With the modeling of an actual dipole in the system, it is possible to analyze both the near
field and far field. In contrast, with the Lorentz reciprocity method we can analyze only the
far-field emission pattern. Thus, with the Lorentz reciprocity, we cannot analyze the
magnitude of parasitic absorption in the near field, which could occur for example in a

transparent conductive oxide (TCO) contact layer as often used in nanostructured LEDs.

However, note that if we consider a more complicated system with inhomogeneous
surrounding, such as a nanowire on a semi-infinite substrate, the built-in near-field-to-far-
field transformation in COMSOL is not applicable because it assumed a homogenous
surrounding in the far field. We are currently investigating other options to perform the near-
field-to-far-field transformation, when a substrate is present, as an additional post-processing
step outside of COMSOL. In contrast, modeling with the Lorentz reciprocity can be readily

applied for such a case of semi-infinite substrate [33].
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6 FUTURE WORK

In this work, we compared two different methods of modeling light emission from I11-V
nanowires. An actual emitting dipole model was verified experimentally in Ref. 28. The
Lorentz reciprocity model has good agreement with emitting dipole method but was not
proved from the experimental point of view. Thus, to compare the modeling data, which we
obtain using COMSOL, with experimental results, which we can obtain with help of Fourier
microscopy for testing of emission directionality, we have grown two types of IlI-V
nanowires: InP and AlGaAs with a GaAs core-shell to prevent oxidation and formation of
surface states that deteriorate optical properties. Process of fabrication is similar to the way
of growing that was described in Ref. 43. Thus, the nanowires were grown on Si substrates
(111) inside a horizontal-flow atmospheric pressure MOVPE system (see Fig. 31). Gold
particles with diameter 40 and 60 nm were used as a catalyst for the VLS growth of InP and
AlGaAs nanowires, respectively. Additionally, AlGaAs nanowires were doped with Zn
atoms to increase the PL properties. The prepared nanowires have a diameter in the 50-100

nm range.

Vent  ——— — — —

[

\i
\i

Carrier

MFC MFC MFC MFC MFC MFC MFC
Bubblers —= J
TMGa TMAL TMIn TBAs TBP DEZn TESn Exhanst

Figure 31. Schematic illustration of MOVPE equipment that was used for the VLS growth of InP and

AlGaAs nanowires in current work [19].

In order to obtain an optical response from a single nanowire, the as-grown nanowires, which
can be characterized as a randomly oriented and with a high density, were transferred onto
a quartz substrate by using a nanocombing metod [43]. Thus, with mechanically sliding the
nanowires over the quartz substrate we can put them into one direction and decrease their
dencity.
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Following that, we have obtained the images of our samples with the Scanning Electron
Microscope (SEM) for two cases: with the nanowires on Si substrate and the nanowires,

which were transfered on the quatz substarte (see Fig. 32 a-e).
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Figure 32. a) The view on the specimens inside the SEM;
SEM images of: b) InP nanowires on the Si substrate, ¢) InP nanowires on the quartz substrate,

d) AlGaAs nanowires on the Si substrate and e€) AlGaAs nanowires on the quartz substrate.
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To determine the ability of out sample to give the required PL response, we measure the PL
with WITec Alpha 300S scanning near-field optical microscopy under confocal operation
mode. In these measurements, linearly polarized 532 nm laser sources were used for
excitation. The PL spectra for InP (see Fig. 33 a-c) and AlGaAs (see Fig. 34 a-c) were
obtained at the room temperature.

CCDcts.

450 470 480 450 500 510 520 530
CCD ots

480 470 480 490 500 510 520 530

640 720 a0 880 960 1040 640 720 800 880 960 1040
m m

Figure 33. a) The image that was obtained with WITec Alpha 300S. The blue cross indicates the examined
dot that was focused on the single nanowire and red one — on the cluster of nanowires; b) PL spectrum for
the single InP nanowire and c) PL spectrum for the nanowire cluster.

The wavelength of excitation 4 = 532 nm.

Notice that two peaks in Fig. 33c correspond to the zinc blende (ZB) and wurtzite (WZ)
crystal structures. Indeed, ZB and WZ crystal structures can be characterized with very
different optical and electrical properties. The difference between ZB and WZ crystals lies
in the stacking of the bilayers composing the crystal [44].

From the Fig. 33 (b-c) we see that InP nanowires PL around 880 nm, thus, for the efficient
excitation, laser for the Fourier microscopy should be below 800 nm in the wavelength.
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Figure 34. a) The image that was obtained with WITec Alpha 300S. The blue cross indicates the examined
dot that was focused on the single nanowire and red one — on the cluster of nanowires; b) PL spectrum for
the single AlGaAs nanowire and ¢) PL spectrum for the nanowire cluster.

The wavelength of excitation 2 = 532 nm.

From the Fig. 34 (b-c) we see that AlGaAs nanowires PL around 690 nm, thus, for the
efficient excitation, laser for the Fourier microscopy should be below 600 nm in the

wavelength.

As a result of the future work, the emission directivity that can be measured with the Fourier
microscopy will validate from the experimental side the modeling method, which is based
on the Lorentz reciprocity principle. The theoretical and experimental results will provide

full picture of methods for characterization emission of light from semiconductor nanowires.

60



CONCLUSION

In this work, we first presented discussion and comparison of two different approaches to
model the emission of light from semiconductor nanowires, considering the specific case of
I11-V compound semiconductor nanowires. The emission from the nanowires is
characterized by many factors that influence the intensity and total emitted power; different
geometrical parameters, such as the length or radius of the nanowire, can enhance or inhibit
the coupling to different guided and leaked modes in a structure, leading to enhancement or
inhibition of the total emission. Thus, the investigations in this field call for powerful and
reliable numerical techniques that, in addition, should be cost effective.

In more detail, we compared a method based on the Lorentz reciprocity for analyzing
emission of light with a method where an actual emitting dipole was placed inside the
nanowire. Both methods were examined with the COMSOL Multiphysics software to solve
the Maxwell’s equations through the finite element method. For post-processing of the

results, the programs MatLab and Origin Pro Lab were used.

The comparison of these two methods showed good correlation of the results; both methods
effectively calculate the values that characterize emission of light, which goes from
nanowire, for varying position of the dipole inside the nanowire and varying geometry of
the nanowire. In addition, we demonstrated some of the limitations of each method during
our simulations. Importantly, for calculation of near field characteristics, it is impossible to
use the Lorentz reciprocity method. In contrast, modeling with the actual dipole in the system
provides near field information in a good way. Such near-field information can be important
in some problems, for instance, in the calculation of absorption in electrical contacting layers

that are typically needed in electrically driven light-emitting sources such as LEDs.

In contrast, the method with an actual dipole in the system can provide information about
the far field through the far field domain calculation only for simple structures, such as a
single nanowire in a homogeneous surrounding. For example, when a substrate is present,
the considered system is characterized by an inhomogeneous surrounding and the far field

domain calculation that is in-built in COMSOL cannot provide an accurate computation of
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the far-field emission pattern. In contrast, the Lorentz reciprocity model supports calculation

with such more complicated systems readily.

It is interesting to mention that these both methods can complete each other for the
characterization of light emission. Thus, with Lorentz reciprocity, we can examine emission
from the whole structure under a given direction and polarization state for a single run. With
an actual dipole emission modeling, we can obtain information about emission that covers
all direction, but we should check the different dipole position inside the nanowire with a

number of separate launches.

Thus, we have shown the possibilities and limitations of two different approaches for
modeling emission of light from nanostructures. We gave recommendations for using each
of them for characterization the emission in the near field and the far field. Such
recommendations can be useful in choosing the most effective method for theoretically

designing different light-emitting devices, such as LEDs and single photon sources.
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