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1. Introduction

Nanowires (NWs) are structures with diameters varying from tens of

nanometers to some hundreds of nanometers and lengths from several

hundreds of nanometers to several micrometers. The resulting structure

is wire-like with a high aspect ratio. NWs can be made of several materi-

als, including metals [1, 2], dielectrics [3] and semiconductors [4].

The interest in NWs is due to the small dimensions of the structure.

Several physical phenomena, such as the electrical and optical properties,

are affected, when the dimensions are in the nanoscale. For semiconduc-

tor NWs, the control of these properties is important for electronic and

optoelectronic applications, such as transistors [5], lasers [6] and solar

cells [7]. For example, as the surface-to-volume ratio of a NW is large,

small variations in the crystal structure can lead to large alterations in

the electronic structure of the whole NW structure, affecting the optical

and electrical properties [8]. Hence, careful control of the fabrication pro-

cess is needed to achieve the wanted properties. The aim of NW develop-

ment is to reduce device costs as lower quantity and quality of material

would be needed with NW structures compared to traditional structures

[9].

Optical properties of NWs are governed by how light interacts with

them. Generally, the diameter of a NW is smaller than the wavelength

of light. This is one reason why light behaves differently with NWs com-

pared to traditional planar structures. Depending on the NW diameter,

certain number of resonant optical modes are sustainable in the NW.

Some of the modes cause enhanced absorption or scattering of light, which

can be beneficial in an application [10]. Furthermore, the spacing between

neighbouring NWs can be smaller than the wavelength of light, which can

also affect light interaction by allowing light to couple between neighbour-

ing NWs and to interfere with itself. NWs with engineered light interac-
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Introduction

tions could result in effective solar cells and other optoelectronic devices

[11].

In this thesis, position and diameter controlled NWs were fabricated to

study optical phenomena in them. Process and growth parameters were

varied to achieve NW arrays with different pitch, height and diameter.

Light response, resonant optical modes, confined phonons, and generation

of THz radiation and second-harmonic generation were studied from the

arrays. With controlled NW arrays, conclusions could be made whether

the optical fields can interact with neighbouring NWs and how the cou-

pling changes when NW array pitch is varied.

The thesis is divided into five chapters. Chapter 2 gives background

on NWs and their properties and chapter 3 describes the experimental

methods used in the work. Chapter 4 presents and discusses the results

on how to engineer the light response from NW with and without tuning

the NW array dimensions and how the array pitch affects the coupling

of light between NWs. Conclusions of the work and potential outlook are

discussed in chapter 5, which ends the thesis.
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2. Semiconductor nanowires

NW research became a hot research topic in the early years of this mil-

lenia. At the end of the previous millenia the amount of published re-

search articles was tens per year, now for the ongoing decade the amount

of published scientific articles seems to have reached saturation, with the

figure somewhere around three to four thousand papers a year [12]. Thus,

NWs still remain an interesting field of research, although not the most

hyped one. The interest in NWs is not purely academic anymore. Several

companies are currently developing their NW businesses into profitable

ventures. Many of the companies are concentrating on optoelectronic ap-

plications with semiconductor NWs, as the technological promises of them

are the highest.1

Semiconductor NWs are commonly made of Si, and various III-V com-

pound semiconductors, such as GaAs and InP. The current solar conver-

sion record with a NW solar cell is 17.8% and was made with InP NWs

[13]. The record was previously held by GaAs NWs at 15.3% [14]. For

further improvement in this field, the optical design and material qual-

ity need to improve further. The following sections give background on

semiconductor NWs and their optical properties.

2.1 Epitaxy

Semiconductors are crystalline materials composed mainly of atoms from

groups III, IV and V in the periodic table of elements. The most com-

mon semiconductor, Si, has its atoms organized into a diamond structure,

where each Si atom has four covalent bonds to neighbouring atoms, or-

ganized in a tetrahedral configuration. Compound semiconductors, such

1At the time of writing the following companies, among others, had business
directly related to NWs: Craynano, Sol Voltaics, Aledia, glo, Gasp Solar.
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Semiconductor nanowires

as GaAs and InAsP, are materials which consist of at least two kinds of

atoms organized into a crystal structure. Crystalline structures are pe-

riodical, meaning that some particular organization of atoms is repeated

through translations in the crystal. Such sequence of atoms is called a

unit cell and whole of the crystal can be described as repetitions of it in

all three dimensions. The distance that the unit cell is repeated is called

the lattice constant, usually it is in the range from 0.3 nm to 0.6 nm for

semiconductors. [15, p.8]

Figure 2.1 presents two common crystal structures of semiconductors.

Zinc-blende (Fig. 2.1a) is a cubic structure where each cation atom (i.e.

Ga or In) – marked with blue circles in the figure – is covalently bonded

to four neighboring anion atoms (i.e., As or P). And similarly, each anion

– marked with red circles – is covalently bonded to four neighbouring

cations. The angle between each covalent bond is 109.5◦, which results

in a tetrahedral configuration of nearby atoms. The diamond lattice of

Si, is similar to zinc-blende structure, except all the atomic positions are

occupied by Si atoms. The wurtzite (Fig. 2.1b) structure is a hexagonal

crystal structure, which differs from the zinc-blende structure only by the

stacking order of the atoms in one particular crystal direction.

Figure 2.1. Two common crystal structures of semiconductors; the cubic zinc-blende (a)
and the hexagonal wurtzite (b). The blue and red circles represent the cation
(Ga, In) and anion (As, P) positions, respectively. Each cation has four cova-
lent bonds to anions and vice versa. a and c are the lattice constants.

The directions and planes of crystals are described with Miller indices

[15, p.8]. The unit vectors in a cubic lattice are denoted as [100], [010],

[001], corresponding to x, y and z directions. A plane is denoted as the

vector normal to it, for example [100] is the vector normal to plane (100).

Figure 2.2 shows examples of low index planes in a cubic lattice.

The basis of semiconductor NW fabrication is a process called epitaxy.

The word is greek and means ‘to assemble upon’. In it, free atoms ad-
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Figure 2.2. Miller indices of selected low index planes in a cubic lattice.

sorb to a solid surface copying its crystal structure. Thus, the crystal is

extended with new atoms. The new atoms can even be different species

than in the underlying structure, leading to compositional contrast and

eventually to working devices.

For the epitaxial growth to succeed, a driving force for crystal growth

is needed. It is defined as the difference between chemical potentials of

different material phases [16, p. 70]

Δμ = μB − μA = μ0
B − μ0

A +RT ln

(
pBγB
pAγA

)
, (2.1)

where μX is the chemical potential, μ0
X the chemical potential of an arbi-

trary standard state, γX the activity coefficient, pX the partial pressure,

R the ideal gas constant, T the temperature. The subscript X denotes the

phase. In epitaxial growth, the chemical potential difference is created

intentionally by introducing a sufficient supply of active material in non-

equilibrium conditions. For example, when a glass of water is put into a

freezer, the first ice crystals will grow in size until no more liquid water

is present in the glass. If the supply of liquid water would continue, the

process would continue if large ice cubes were removed to make room or

until the freezer ceased to function.

For the growth of semiconductors, the two phases are the solid substrate

and the precursor atoms in vapour phase. Such a growth method is the

metalorganic vapour phase epitaxy (MOVPE), used in this work. Tem-

perature is kept below the melting point of the substrate and thus the

gaseous precursor atoms will tend to attach to the solid substrate, granted

that their amount in the gas phase is large enough. The newly attached

atoms will take up atomic positions in the crystal lattice. As the process

continues, the crystal structure is copied to the new layer and hence, it is

epitaxial growth.
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Vapour-liquid-solid (VLS) is a growth technique for the growth of semi-

conductor NWs [17]. The method was initially developed for the growth

of Si ‘whiskers’ with nano and microscale diameters [18]. In it, the three

named phases take part in the epitaxial growth. The substrate is still the

solid phase and precursors are still supplied via gas phase. The difference

is that additional particles are spread on the substrate and when the tem-

perature is increased, the particles melt. The material of the particle is

chosen so, that the incoming atoms prefer to dissolve into the liquid par-

ticles instead of attaching to the substrate. Commonly Au is used for this.

As enough material has dissolved, a saturation point is reached and the

material in the particle begins to precipitate. The precipitate solidifies

on the solid below it, only in the area the particle is positioned. As the

process continues, a wire- or pillar-like structure is formed as new precip-

itate solidifies on the previously solidified material. The diameter of the

formed structure can be controlled with the size of the particle.

Figure 2.3. The VLS technique illustrated for the growth of GaAs NWs. (a) Ga atoms
from gas phase dissolve into liquid Au particles. (b) Ga begins to precipitate
and solidifies on the solid below the particle. As atoms contribute to the
growth directly from the gas phase. (c) The particle remains at the top of the
formed structure when the growth has stopped.

Figure 2.3 illustrates the VLS growth process for GaAs NWs. In it Ga

atoms dissolve into Au particles and As atoms contribute to the growth

directly from the gas phase. The particle remains on the top of the formed

structure when the growth is stopped, or when the flows of precursors is

stopped.

Selective-area epitaxy (SAE) of NWs on the other hand involves growth

of NWs from nanoscale holes in a growth mask [19]. This method was

originally developed for the fabrication of GaAs pillar-air photonic crys-

tals [20]. Optimally no growth occurs on the growth mask and in the

holes, only vertical growth occurs, resulting in a wire-like structure. How-

ever, in reality some horizontal growth, or radial growth, always occurs in

the process and the diameter of the NW is always somewhat larger than
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the patterned hole [21]. With optimal process parameters the diameter in-

crease can be minimized [22]. Figure 2.4 shows a schematic illustration of

the process. Common mask materials are SiO2 and SiNx. The incoming

precursor atoms attach to the mask only temporarily before desorpting

back to gas phase. When the precursors encounter exposed crystalline

material, such as the substrate in the hole or a NW, they attach to it.

Figure 2.4. Schematic of the SAE process. A mask on the substrate discourages growth
on it. Growth occurs only in the areas of the nanoscale holes. Minimal radial
growth leads to wire-like structures, NWs.

2.2 Electronic and optical properties of nanowires

The electrons of an isolated atom have discrete energy levels, or electron

shells (K, L, M, O) and subshells. When atoms are brought together, the

electron wavefunctions begin to overlap. The overlapping results in dis-

crete energy leves of individual atoms evolving into a continuous energy

band. With further reduction of the atomic distance, to the levels in a

crystal, the continuous band splits into several bands. In semiconductors

and insulators, the two highest energy bands are the most relevant. Va-

lence electrons, or the outermost electrons of the atoms, occupy the lower

energy band of these and it is called the valence band. A forbidden energy

gap, or the band gap where electrons have no states, separates this band

from the next band. The next band in higher energy is called the con-

duction band. The valence electrons are bound electrons responsible for

the chemical bonding between atoms. In the conduction band, electrons

are free to move from atom to atom, thus contributing to electric current,

hence the name of the band. Generally, the nature of a semiconductor or

an insulator is determined by the magnitude of the band gap. In a semi-

conductor the gap is narrow (≈ 1 eV) and wide in an insulator (> 5 eV)
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[15, p. 13].

Figure 2.5. Illustration of the absorption (a) and recombination (b) processes in a semi-
conductor. In absorption, a photon with equal or larger energy of the band
gap is absorbed and an electron-hole pair is generated. The electron and hole
are able to move within the crystal. In recombination, an electron from the
conduction band recombines with a hole in the valence band emitting a pho-
ton in the process. The energy of the photon corresponds to the electron’s
change of energy level.

As a photon, or a quantum of light, with energy higher than the band

gap is incident on a semiconductor material, it is absorbed by the material

and an electron is excited from the valence band up to the conduction

band. The electron leaves behind a ‘hole’ or a position void of electron

charge. The charge of the hole is the opposite of an electron. The quasi-

particle hole in the valence band and the electron in the conduction band

are free to move within the crystal. Thus, the hole also contributes to

electric current along with the electron.

The inverse process of absorption is recombination, where the electron

drops down from the excited state in the conduction band back to the va-

lence band. In the process, the hole is annihilated and a photon, with an

energy equaling to the energy difference of the electron’s excited state and

lower state, is emitted. The absorption and recombination processes are

illustrated in Figure 2.5. These process apply to direct band gap semicon-

ductors, that were dealt in this thesis. [15, p. 51]

2.3 Nanowire optics

Light is electromagnetic radiation and has wave-particle duality, meaning

it has properties of waves and particles alike. Photon is the particle that

is the smallest ‘packet’ of light, a quantum of light. Wavelength of light in
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vacuum can be related to the photon energy with the equation

Ephoton = hf =
hc

λ
, (2.2)

where h is the Planck’s constant, f frequency of light, c the speed of light

in vacuum and λ the wavelength.

Light has a direction of propagation, polarization and wavelength. Po-

larization is the oscillation direction of the electric field. Figure 2.6 shows

an illustration of a single ray of light with its electric and magnetic fields

and wavelength. When the polarization is parallel to a certain incidence

plane, light is referred as transverse-magnetic (TM), as the magnetic field

is perpendicular to the plane. When the polarization is perpendicular to

the plane, light is said to be transverse-electric (TE). What is generally

refered as ‘light’, is visible light. It is in the wavelength range from 400

nm (blue) to 700 nm (red).

Figure 2.6. Illustration of a single ray of light. The electric ( �E) and magnetic fields ( �B)
oscillate along the direction of propagation. The polarization of light is the
oscillation direction of the electric field. Here, the polarization is vertical. λ

is the wavelength. The electric and magnetic field are perpendicular to each
other.

Interaction of light with NWs is governed by the dimensions of the NW.

The constrained dimensions cause certain optical modes to be sustained

in it and some to couple effectively in and out of the NW depending on the

polarization of the light. Also, the commonly subwavelength dimensions

cause scattering of light and the vicinity of other NWs causes interference

and coupling between neighbouring NWs [23, p. 15].

An optical mode is a standing wave pattern of light constrained by a

waveguide, in this case the NW. With decreasing dimension of the NW,

less modes for a given frequency can fit into a NW. When a mode fits into

a NW, it is said to be a guided mode and most of its energy is contained, if

the medium is non-absorbing.
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The main optical modes responsible for light absorption in NWs are the

HE1m optical modes. The m in the subscript denotes the number of stand-

ing wave nodes in the radial direction, in the case of a circular waveguide.

Other common modes are the TE and TM type modes. The optical modes

are highly sensitive to the NW diameter, each red-shifting in a linear fash-

ion. [10, 24–30]

The absorption of light is also highly polarization dependent. When the

polarization is parallel to the NW axis, absorption is highest. [31–33] This

is due to the optical modes having polarization dependence [10, 34].

When NWs are close together, light can couple between NWs. This is

due to the electric fields of the optical modes overlapping between neigh-

bouring NWs. If the NWs are in a periodical array, modes arising from the

periodicity can affect the coupling of light [30, 35]. A NW array with pe-

riodicity smaller or in the order of light wavelength can act as a photonic

crystal [36]. The dispersion relation of a photonic crystal has band gaps,

where light with certain wavelengths cannot propagate. It is analogous to

the case when electrons are bought together and the energy bands form

the band gap where electrons have no states in a certain energy range.

Nonlinear optical processes occur in NWs when the material causes the

induced polarization to depend nonlinearly to an applied electric field,

such as light. Generally, the induced polarization as function of incoming

electric field is described as

�P = ε0(χ
(1) �E + χ(2) �E2 + χ(3) �E3 + ...), (2.3)

where ε0 is the permittivity of free space, χ(1) is the linear susceptibility

and χ(2) and χ(3) are the second and third nonlinear optical susceptibili-

ties. If the nonlinear terms are zero, the material has no optical nonlin-

earity. When they are nonzero, the material has nonlinear optical pro-

cesses, such as second harmonic generation (SHG). The nonlinear optical

susceptibilities are many orders of magnitude smaller than the linear sus-

ceptibility, thus very high incoming power is needed to induce detectable

nonlinear effects. [37, p. 1]

In SHG, two incoming photons of frequency ω combine, creating a sin-

gle photon at frequency 2ω. The generation of second harmonic light re-

quires the second order optical susceptibility to be nonzero. This requires

the breaking of centro-symmetry in the structure [37, p. 51]. Symmetry

breaks also at interfaces, which makes NWs particularly interesting as

they have a high surface-to-volume ratio. SHG from NWs was studied in

Publication V.
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Scattering is the deviation of light from its path caused by a scatterer.

Light can scatter from NWs elastically or ineastically. In elastic scattering

process, the wavelength of light remains unaltered. Elastic scattering can

be Rayleigh [37, p. 391] or Mie scattering [38], depending on the size of the

scattering particle. If the particle is much smaller than the wavelength of

light, Rayleigh scattering is involved. On the other hand, if the size of the

scattering particle is on the order of wavelength of light, the scattering

is Mie scattering. The main difference between the two is that Rayleigh

scattering is more sensitive to the size of the particle. The blue color of

the sky is caused by Rayleigh scattering from air molecules. The white

color of clouds is instead caused by Mie scattering from water droplets.

In inelastic scattering, the wavelength of light changes in the process.

Main methods of inelastic light scattering are Raman and Brillouin scat-

tering (also called Brillouin-Mandelstam scattering) [37, p. 391]. Raman

scattering is caused by the interaction of light with vibrational modes of

atomic bonds in the matter. Brillouin scattering is scattering of light from

sound waves, or from acoustic phonons. Phonons are quasiparticles de-

scribing the quanta of vibrational modes. Confined acoustic phonons in

NWs were studied with Brillouin-Mandelstam spectroscopy in Publica-

tion VII.
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3. Experimental methods

In this chapter, the experimental methods used for the fabrication of NWs

and the methods used to characterize their growth and optical properties

are presented. Several nano- and microfabrication methods were used

for the NW fabrication in this work, such as electron beam lithography

(EBL) and MOVPE. Electron microscopy and optical measurements, such

as reflectance and fluorescence spectroscopies, were used to characterize

the material and optical properties of the NWs.

3.1 Epitaxy and fabrication methods

The fabrication of NWs is a multi-step process, which ends in the NW

growth step, where the NWs take their actual shape. Before the growth

step, pretreatments such as mask patterning or nanoparticle (NP) deposi-

tion takes place depending on the selected growth method. For SAE, mask

deposition and patterning is needed, and for VLS-growth, the deposition

of the NPs is required. The processing steps are presented in this section.

To deposit the mask material for SAE or the Au NPs for VLS, one can

use chemical or physical deposition methods. Chemical vapour deposi-

tion (CVD) is a term describing material deposition or epitaxial growth

on a substrate from gaseous or liquid precursor materials that react at

the substrate surface and adhere to it. The growth will proceed as long

as enough material is available and favorable thermodynamical condi-

tions or a chemical potential difference is present. In the simplest case,

switching on the flow of precursors and heating the substrate (and some-

times pumping the environment to certain pressure), material deposition

is achieved.

Many types of CVD processes exist. The type is defined by what pre-

cursors or process conditions are used. For example, plasma-enhanced
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CVD (PECVD) uses plasma-ionized gaseous precursors to deposit layers.

MOVPE, also called MOCVD, on the other hand, uses metalorganic pre-

cursors.

In PECVD, a strong radio-frequency electromagnetic field generated be-

tween two horizontal electrodes causes precursor molecules to dissociate

and ionize and thus creating plasma [39, p. 75][40]. The bottom electrode

acts as the sample holder which can also be heated. A DC bias voltage be-

tween the electrodes causes the ions to move toward the bottom electrode

and the sample. As the ions reach the surface of the sample they react

and attach to the sample surface. Excess precursors and byproducts are

vented to the exhaust of the system. Figure 3.1 represents a schematic il-

lustration of the PECVD system. The use of plasma in the system allows

the use of lower deposition temperatures compared to conventional CVD

system, because the molecules are dissociated by the plasma and not by

thermal processes at the sample surface.

Figure 3.1. Schematic illustration of a PECVD/RIE system. A strong alternating elec-
tromagnetic field is created between the electrodes with an radio-frequency
generator, that causes the precursor molecules to ionize, forming plasma.
The bottom electrode acts as the sample holder and can be heated. A bias
between the electrodes causes the ions to travel to the sample surface where
they react and, in PECVD attach to the surface, or in RIE remove material.

The same system can also be used to remove material (dry etching) from

the sample. This is called reactive-ion etching (RIE). In this case, gases

that contain reactive ions are used as precursors. Fluorine containing

gases, such as CHF3 and SF6, are commonly used for this process depend-

ing on the required selectivity of the etch process. [39, p. 299]

RIE process can be anisotropic, meaning the etching favors the vertical

direction, enabling creation of vertical sidewall profiles and minimal un-

dercut. Undercut is the etching of the material beneath the etch mask

layer horizontally. This is desired feature for SAE growth masks, as un-

dercut causes results in an increase of the pattern size. A mere 5 nm
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undercut will result in a 10 nm diameter increase for a hole pattern. If

the desired hole diameter is 50 nm, this would result already in a 20%

increase in the pattern size. With RIE less than 5 nm undercut can be

readily achieved.

In most cases, the CVD materials are amorphous, such as SiO2 films

with PECVD. But when the grown material is crystalline, as the sub-

strate, the growth is said to be epitaxial. MOVPE is an epitaxial CVD

method where metalorganic molecules are used as the precursors for the

growth of compound semiconductors [16, p. 6]. For example, for the growth

of GaAs, trimethylgallium (TMGa) and tertiary butyl arsine (TBAs) met-

alorganic molecules are used. When these molecules come in contact with

the sample at an elevated temperature, they first dissociate and then at-

tach to the free atomic sites in the crystal lattice of the sample substrate.

As the growth continues, the crystal lattice of the substrate is copied into

the growing layer.

Figure 3.2. Schematic illustration of MOVPE system. H2 is led to the metalorganic
sources, where some of the source material is picked up into the gas flow.
The mass flow of the material is controlled with MFCs (black cubes) and
valves (grey cubes). Improved flow control is achieved with additional MFCs
at the output and bypass of the source. The sample is heated along with the
susceptor with a lamp heater, simultaneously the source materials pyrolyze
and attach to the sample, thus forming epitaxial growth. The group-III (blue)
and group-IV (red) sources are kept in their separate lines in order to avoid
chemical reactions before the reactor.

In MOVPE, the source materials are liquid and an inert carrier gas,

most commonly H2, is led through the containers of the source materi-

als. Some of the source material is carried along the carrier gas into the

reactor where the growth takes place. Figure 3.2 shows a schematic of

the MOVPE system. The carrier gas comes in from the left of the figure
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and the metalorganic sources are in the containers at the bottom of the

figure. The flow of the source material into the reactor, on the right side

of the figure, is controlled with valves and mass flow controllers (MFC).

The sample sits on a sample holder called the susceptor, which can be

heated with a lamp heater. Temperature of the susceptor is read with a

thermocouple for process control. SAE growth, for example, is performed

at approximately 750◦C. Temperature control of the process is crucial to

achieve the intentional chemical potential difference, as described in sec-

tion 2.1 to promote epitaxial growth.

Lithography is one of the most commonly used methods to create pat-

terns, e.g., SAE growth mask patterns. A resist, that is a thin polymer

film, is first spread on to the surface of the sample. The resist is sensitive

to sensitizers, such as, ultraviolet (UV) light or electrons. Certain parts

of the resist are exposed to the sensitizer, which becomes more easier to

dissolve with a developer chemical. When light is used for the exposure,

the method is called optical lithography [41, p. 103], when electrons are

used, the method is called electron beam lithography (EBL) [42, p. 341].

After development, only the unexposed areas of the resist remain on the

sample. The patterned resist is then used for subsequent processing, for

example RIE, before it is removed.

To form the patterns into the resist with UV light, a quartz mask with

chrome areas to block light from certain areas is placed on top of the

resist-coated sample. UV light is then shone on the mask and the ar-

eas without chrome allow light to expose the resist beneath. In the case

of EBL, an electron beam writes the pattern to the resist point-by-point.

Optical lithography is inherently diffraction limited. The resolution δ

(the smallest distinguishable feature) of any lithography or imaging de-

vice is limited by the wavelength of light (or electrons). It is defined by

the classical Rayleigh criterion [43, p. 5]

δ =
0.61λ

n sinβ
, (3.1)

where λ is the wavelength of light, n is the refractive index of the medium

and β the half-angle of the light collection. The term in the denominator is

called the numerical aperture (NA). In air and using a high-magnification

microscope objective, we can approximate NA with unity and thus the

resolution is approximately limited by the half-wavelength of light. For

example, the resolution of common optical lithography systems (λ = 365

nm) is on the order of 200 nm [41, p. 117].
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EBL, on the other hand uses the electron beam, that can achieve readily

a resolution of 5 nm, even 1 nm with optimization. However, EBL patterns

the resist point-by-point. Therefore, the time required for patterning a 4-

inch wafer with 5 nm resolution can be tens of hours. The exposure of

such wafer with optical lithography can be as quick as 1 s. Alas, the time

benefit of common optical lithography is useless for SAE growth mask

patterns as the resolution is not good enough. Therefore, EBL is currently

the only feasible option. Limiting the size of the patterned area is a way

to reduce exposure time to a reasonable level, as was done in most of the

publications of this thesis.

The Au needed for VLS-growth or other metals cannot be deposited with

MOVPE or PECVD. In order to deposit metals, physical vapour deposition

methods are needed. One such method is evaporation, where a solid ma-

terial, be it metal or some other material, is heated in vacuum until the

atoms in it begin to evaporate. The evaporated atoms travel in a line-of-

sight trajectory from the source to the sample, held at some distance from

the source. A film of the evaporated material continues to grow as long as

the source is kept heated or the line-of-sight is not blocked. [41, p. 49]

The heating can be achieved by placing the material in contact with

a heating filament and driving electric current through the filament or

by hitting it with high-energy electron beam. The deposition rate of the

metal can be monitored by the change of the resonance frequency of a

quartz crystal. As metal is deposited on the quartz, its resonance fre-

quency changes in correlation to the added mass of the evaporated mate-

rial.

Metal patterns can be created with evaporation and lithography using a

lift-off process [41, p. 288], where the desired metal is evaporated on a de-

veloped resist. The metal film is grown on the patterned and unpatterned

areas of sample. As the evaporation is a line-of-sight process, negligible

material is deposited on the side-walls of the patterned resist trenches.

After evaporation, the sample is immersed into a solvent to dissolve the

resist. As the resist dissolves, the metal on the unpatterned areas with

the resist are ”lifted-off” from the sample while metal in the trenches re-

mains, leaving the desired pattern behind. Figure 3.3 shows a schematic

illustration of the electron beam evaporation and the lift-off process.
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Figure 3.3. Schematic of the electron beam evaporation system and lift-off process. Elec-
trons are directed into the material to be evaporated. The material is heated
and atoms evaporate from it. The evaporated atoms travel in a line-of-sight
trajectory to the sample and to the quartz monitor. The change of the quartz’
resonance frequency with the added mass from the evaporated material cor-
relates with the deposition rate. In the lift-off process, unpatterned areas
are removed from the sample, leaving behind a pattern of the evaporated
material.

3.2 Characterization methods

Some dimensions of the NWs and their ensembles, such as diameter and

NW spacing, can be in the same scale or even below the wavelength of

light. This leads to optical phenomena such as diffraction, scattering

and coupling between NWs. These effects can be seen with some opti-

cal spectroscopic methods. The spectral information can then be used to

find optical modes or to correlate with known NW geometrical parame-

ters [24, 44, 45]. However, diffraction also limits the resolution of optical

microscopy. In order to characterize the nanoscale features of the NWs,

electron microscopy is needed. The methods used to characterize the op-

tical properties and the geometry of NWs are presented in this section.

From equation 3.1 the theoretical lower limit of optical microscopy can

be estimated. For green light (λ = 530 nm) the resolution is around 275

nm. Obviously this is not enough to properly characterize NWs with di-

ameters around 100 nm. Electron microscopy, on the other hand, uses

electrons instead of light to form an image of the specimen. Electrons

have, due to the particle-wave duality, a wavelength that is [43, p. 14]

λ =
h

(2m0eV )1/2
, (3.2)

with relativistic effects unaccounted for. Here, h is the Planck’s constant,

m0 is the electron’s rest mass, e is the elemental charge, and V is the ac-

celeration voltage of the electron microscope. Relativistic effects can be ig-
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nored when the acceleration voltage is below 100 kV, which is the case for

the most common electron microscopes [43, p. 14]. For example, with a ac-

celeration voltage of 5 kV, the electron wavelength is approximately 17.34

pm, which results already in a very good resolution for characterization

of NWs. The benefit of electron microscopy is that when the acceleration

voltage is further increased, the resolution of the microscope is enhanced.

Although this comes with the increased possibility of sample damage [43,

p. 64]. With a modern electron microscope in transmission mode (trans-

mission electron microscope, TEM) with an acceleration voltage of 200 kV,

imaging of individual atoms is possible [Publication V].

A scanning electron microscope (SEM) is an electron microscope where

the sample surface is scanned with a focused electron beam in a rastered

fashion. At each point of the surface, the incident electrons interact with

the solid sample. Some of the electrons are bounced back to the direction

they came from by the repulsive forces of the electrons orbiting the atoms

of the sample (back-scattered electrons, BSE), some bump into these elec-

trons and cause them to be ejected from the material as secondary elec-

trons (SE), and some are absorbed into the material and cause emission

of x-rays characteristic to that particular material. By detecting the in-

tensity of the BSEs or SEs at each point of the surface, an image can be

formed. Figure 3.4a shows a schematic of the SEM.

Figure 3.4. Schematic illustration of SEM and TEM. The electrons are accelerated from
the electron gun and shaped and focused by the magnetic lenses to a sample.
In SEM, a focused beam of electrons is scanned along the sample surface and
the intensity of SEs and BSEs at each point is recorded with the in-lens and
SE detectors to create a image of the surface. In TEM, a parallel beam of
electrons is passed through a thin sample and focused to a camera or film.
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Different materials and different shapes give out different intensity of

BSEs and SEs and thus SEM can distinguish between materials and var-

ious shapes, such as a vertical NWs on a substrate. However, SEM can

only differentiate materials relatively, meaning, materials with large dif-

ference in their atomic numbers give large intensity contrast and are thus

easy to differentiate. If the difference in the atomic numbers is small, it

is difficult to differentiate the materials. However, the intensity gives no

notion on the actual composition of the materials. To have information

of the composition of the materials, energy-dispersive x-ray spectroscopy

(EDX) is needed. In it, the x-rays that are emitted from absorbed elec-

trons are detected to form a spectrum of the material. The spectrum can

then be used to identify the atoms under the electron beam and to qualify

their corresponding share in the material, revealing the real composition

of the material. [43, p. 55]

If the incident electrons have enough kinetic energy and the sample is

thin enough, some electrons go straight through the sample. TEM is a

microscope, where these transmitted electrons are detected using a cam-

era to form an image. Some of the electrons are scattered from the atomic

planes of the sample while transmitted, thus enabling electron diffraction

studies [43, p. 23]. Electron diffraction gives information on the crystal

structure of the investigated sample. Figure 3.4b shows a schematic of

TEM. Scanning transmission electron microscope (STEM) is a variant of

TEM, where the electron beam is scanned along the sample, instead of

using a collimated beam of electrons.

Optical spectroscopy is widely used in semiconductor research. Infor-

mation about the material is acquired from the emission of light from the

semiconductor and from the reflected light from it. The former is study

of the fluorescence or luminescence of the sample. Depending how the

recombining charge carriers are created to achieve emission of light, the

method is named photoluminescence (PL) – when absorbed photons are

used, or electroluminescence (EL) – when electric current is used. In PL,

light with photon energy higher than the band gap of the material is in-

cident on the material. The light is absorbed and electrons are excited

to the conduction band. After thermalization, the electrons recombine

with the holes in the valence band and create photons with energies char-

acteristic for that material. In EL, electric current is driven through the

material and light is created in a pn-junction in the material. Without the

pn-junction, the electrons don’t have holes available for recombination.
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Figure 3.5 presents a schematic for measuring the PL of a sample. A

green laser (λ = 532 nm) is focused to a sample via a set of mirrors and

lenses. The generated light from the sample is collected with a second

set of lenses and led to a monochromator and detector. The monochro-

mator has a motorized diffraction grating, which can be rotated to select

a single wavelength to the output. The detector is at the output port of

the monochromator and it is connected to a lock-in amplifier. The laser

is chopped with a specific frequency for the lock-in amplifier to be able

to pick up faint PL signals from the sample. By rotating the diffraction

grating, the spectrum of the PL is collected.

Figure 3.5. Schematic of a PL measurement setup. Laser light excites electrons in the
sample. The excited electrons recombine in the sample material and light is
emitted form the sample. The spectrum of emitted light is measured with a
monochromator and a detector to learn about the material. Lock-in amplifi-
cation is used to improve detection sensitivity.

Reflectance spectroscopy studies the reflection of light from the sample.

As described in the beginning of this chapter, resolution of microscopy is

limited by the diffraction of light. Reflectance spectroscopy on the other

hand is not, in the sense that information can be acquired from structures

that have dimensions below the half wavelength of the used light [34, 44].

Figure 3.6 shows a schematic presentation of a simple reflectance setup.

In it, polychromatic light from a lamp is guided via a fiber and lenses to

a microscope objective and focused on the sample. The reflected light is

collected using the same objective and split to a different fiber using a

50:50 beamsplitter. The spectrum of the light from the fiber is measured

using a spectrometer. By first measuring a spectrum from a reference
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Experimental methods

Figure 3.6. Schematic of a reflectance measurement setup. Light from a light source is
coupled into an optical fiber and further led onto a sample via lenses, beam-
splitter and a microscope objective. The reflected light is collected with the
same objective but led via a second optical fiber to a spectrometer to be de-
tected.

sample, such as a plain Si surface, and comparing this to the spectrum of a

sample, relative reflectance is acquired. To convert to absolute reflectance,

the relative reflectance needs to be multiplied with the known absolute

reflectance of the reference sample. In most cases, the relative reflectance

is useful as such.
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4. Results

The results of the work are described in this chapter. In the first part,

the results on how response of light can be engineered from NWs, are pre-

sented. The second part presents the results on how positioning of the

NWs can help studying optical phenomena, either by placing the NWs

close to each other or so far from each other that the coupling of the par-

ticular phenomenon to neighbouring NWs can be ruled out. With the

help of position-controlled NWs, non-linear optical properties and inelas-

tic scattering of light from NWs were studied.

4.1 Engineered light interaction in nanowire arrays

As described in chapter 2.3, light absorption in NW arrays can be tuned

with varying diameter, pitch and length. These dimensions alter the fun-

damental optical modes of a NW and the inter-NW coupling of light. A

facile method to study the interaction of light in NW arrays is the re-

flectance spectroscopy. It is not limited by diffraction and gives informa-

tion on the fundamental optical modes of the NWs [30, 35]. Publication

I discusses the reflectance from triangular lattice NW arrays and Pub-

lication II discusses the cross-polarization spectroscopy of fundamental

optical modes in NWs. Both methods show change in spectra as geomet-

rical parameters were varied. Thus, optical mode information from an

unknown NW array can be probed and used for example to determine the

dimensions of the NWs or to optimize the absorption of light.

The NW arrays, whose reflectance was studied in Publication I, were

made of GaAs and grown with the VLS-method. The reflectance spectrum

is governed by a low reflection valley that shifts with the array pitch. The

shift can be fitted with a Morse potential, which allows to study the shift

quantitatively.
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Figure 4.1. SEM images of the position-controlled GaAs NWs with pitch 500 nm (a), 900
nm (b), 1400 nm (c), and a SAE-grown reference with pitch 500 nm (d). The
scale bar in the images corresponds to 300 nm and the tilt angle is 30◦. (e) A
series of optical micrographs of the NW arrays with pitch from 400 nm to 900
nm. (f) Plots of the average lengths (blue dots) and diameters (red asterisk)
of the NWs as a function of the pitch. The lengths and diameters of the SAE-
grown reference are marked with triangles. The error bars are the standard
deviations for the particular average value. Reprinted from Publication I.
c© 2014 IEEE

The GaAs NWs were grown on GaAs (111)B substrate using the VLS-

method from EBL and lift-off defined 120 nm diameter, 5 nm thick Au

discs in triangular lattice with varying pitch. This way the position of each

NW was controlled in each array. Each array was 30 μm by 30 μm in size.

Figures 4.1a-c show SEM images of the resulting NWs. The NWs were

slightly tapered and in some occasions two NWs grew from one Au disc. It

was proposed that thicker and smaller diameter discs could mitigate the

splitting of the Au disc. A reference sample was grown with SAE with 500

nm pitch in triangular lattice (Fig. 4.1d). The lengths and diameters of

the grown NWs are plotted in Figure 4.1f.

Figure 4.1e shows a series of optical micrographs of the NW arrays with

pitch varied from 400 nm to 900 nm. The colour of the arrays changed

clearly with the increasing pitch and shows that light interacts differently

with arrays with different parameters. The change of color was seen in

the evolution of reflectance spectra with varying pitch (Fig. 4.2a) as an

absorption edge shift. First, below pitch 470 nm, the edge was seen to

blue-shift with the increasing pitch, and above it, to red-shift.

The edge’s shift behaviour (λm = (Rmax +Rmin)/2) was fitted to a Morse

potential using the least squares method,

λm(a) = D · d(a) · (e−2w(a−γ) − 2e−w(a−γ)) +D · d(a) + b, (4.1)

where a is the pitch, d is the NW diameter, D and w are shape parameters,
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Figure 4.2. (a) Reflection spectra from the position-controlled GaAs NW arrays in trian-
gular lattice as a function of the pitch. The Morse potential fit is shown as a
dashed line along the half way edge markers (open circles). (b) A comparison
of the reflectance from the triangular lattice GaAs with GaAs reference (solid
blue) and with Si reference (dashed blue) at to triangular lattice SAE-grown
GaAs NWs with Si reference (dashed magenta) and to InAs NWs in square
lattice (dashed red) from the reference [7] in Publication I. The reflectance is
from arrays with pitch 500 nm. Reprinted from Publication I. c© 2014 IEEE

γ is the turning point of the shift, and b is a constant. The tabulated values

in Table 4.1 were found to minimize the least squares.

The reflectance from triangular lattice was found to be similar in shape

to reflectance from square lattice with a slight spectral red-shift (Fig.

4.2b). The red-shift was possibly caused by the different materials and

the fact that triangular lattice has a higher density of NW per unit area.

Also, it was noted that the Au at the tip of the NW has negligible effect on

the reflectance when compared to the SAE-grown reference.

The change in shift direction of the absorption edge has not been ob-

served for the square lattice. It has been reported that the shift is mainly

due to NW diameter in square lattice. To find an explanation for the
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Table 4.1. Parameters to equation 4.1 that minimize the least squares. Reprinted from
Publication I. c© 2014 IEEE

D 1.87

w 0.00276

γ 470

b 617

change of shift direction, MIT Photonic Bands (MPB) software was used

to study whether photonic band gaps exist around pitch 470 nm, where

the turn occurs. Triangular lattice has larger photonic band gaps than

square lattice, this fact could potentially affect the shift of the edge. How-

ever, the simulations indicated that no photonic band gaps were found

near the absorption edge. It was concluded that the change of shift direc-

tion is caused by improved absorption due to increased density of NWs in

the spot area.

The optical modes in NWs were studied using cross-polarization mi-

croscopy, a novel method described in Publication II. Scattered light that

was originating from the optical modes in vertical InGaAs NWs was de-

tected with the method. A system similar to reflectance setup in Figure

3.6 was used with the addition of two polarizers, one to polarize the in-

coming light and a second one to polarize the detected light. The second

polarizer was rotated 90◦ relative to the first polarizer, to create the cross-

polarization condition. This way the direct reflection of light is blocked

and only scattered light is detected. Figure 4.3 shows a comparison of

cross-polarization and bright-field optical microscope images. Clearly the

scattered light detected in cross-polarization configuration is originating

from individual NWs (Fig. 4.3b).

The InGaAs NWs were fabricated using SAE on (111)B GaAs substrate.

First a 40 nm layer of SiOx was deposited using PECVD and patterned

with 100 μm by 100 μm arrays of holes using EBL. The holes were ar-

ranged into triangular lattice with periods ranging from 250 nm up to 6

μm with a minimal step of 25 nm. Diameters of the holes varied from 40

nm to 70 nm with a 5 nm step. Growth was performed at 740◦C for 10

min with TBAs, TMGa, and trimethylindium (TMIn) precursors. Figure

4.4 shows a SEM image of the resulting NWs. The array has a low amount

of defects and the NWs are vertical and untapered, as seen in the image.

Figure 4.5 shows color intensity maps of the measured and scattering
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Figure 4.3. Low and high magnification optical microscope images in cross-polarization
(a-b) and in bright-field (c-d) mode. Cross-polarization mode shows distinc-
tive color change with varying diameter even for single NWs. The diame-
ters of selected NWs are shown with red labels below them in Figure (b).
Reprinted from Publication II.

matrix method (SMM) simulated cross-polarization and reflectance spec-

tra as a function of the NW average diameter. A peak and a valley were

observed to red-shift with increasing NW diameter in the measured and

simulated cross-polarization spectra. The peak was caused by the TE01

optical mode, and the valley by the HE11 optical mode. Also, the HE11 was

the most prominent feature in the measured and simulated reflectance

spectra. The TE01 mode is indistinguishable in the reflectance spectra.

The TE01 and HE11 modes were identified by finding the modes using

finite-element method (FEM) simulations. Figure 4.6 (c) and (d) shows

Figure 4.4. SEM image of InGaAs NW array with pitch 800 nm. The inset shows a mag-
nified image of the NWs. The array has a low amount of defects and the NWs
are vertical and untapered. Reprinted from Publication II.
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Figure 4.5. Measured (a-b) and SMM simulated (c-d) cross-polarization and reflectance
spectra as function of NW average diameter. The TE01 mode is only seen
in the cross-polarization spectra as a peak red-shifting with increasing NW
diameter. The HE11 mode is seen in all the spectra as a low intensity dip
shifting in a similar way. The streaks in the measured spectra are due to
measurement error in the NW diameter. Reprinted from Publication II.

color maps where electric field distribution of the two modes is inside the

NW with varying NW diameter and wavelength. Red corresponds to a

fully guided mode within the NW. The dashed area shows where most

of the electric field is outside the NW, when the mode couples efficiently

in and out of the NW. For TE01, the dashed area corresponds to the peak,

and for HE11, the area corresponds to the low intensity valley in the cross-

polarization spectra.

The reason why TE01 mode is seen as high intensity and the HE11 as

low intensity was concluded to be related to the symmetries of the modes.

The incoming polarized light to the NWs is composed of different polar-

ization components (TE and TM) depending on from which direction and

angle it is coming from, due to the objective focusing the light. Only when

both components are present and the light comes in a angle, scattering

occurs from the TE01, due to asymmetry between the coupling efficiencies

of the two polarization components. HE11, on the other hand, has equal

efficiency for both components, regardless of angle of incidence, thus no

scattering occurs.

Cross-polarization method is a useful when there is need to experimen-
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Figure 4.6. FEM simulated electric field distributions of the HE11 (a) and TE01 (b) modes
for a NW with 150 nm diameter. Color intensity map shows where HE11

(c) and TE01 (d) modes exists as guided modes. Red color indicates a fully
guided mode. The dashed areas indicate where the electric field distribution
is partly outside of the NW. These areas match to the peak (for TE01) and
dip (for HE11) in the measured cross-polarization spectra. Reprinted from
Publication II.

tally characterize the HE11 and TE01 modes, as in the design of NW solar

cells, LEDs and lasers. Also, it is possibly a more facile method to deter-

mine the NW diameter than reflectance spectroscopy as the interpretion

of the spectra is simpler.

With controlled NW growth processes to carefully define the array ge-

ometry, as in Publications I and II, the light response from NWs can be

truly engineered to match the desired applications. However, regardless

of the geometrical parameters, NW arrays exhibit natural anti-reflective

properties, such as textured surface and gradient or step in the refractive

index. Textured surface leads to light absorption at high incidence angles

and higher probability for absorption. [9] With elaborate structures, such

as dual-type NW arrays or adding Parylene-C coating to NWs, absorption

of light can be tailored even without precise control of the NW geome-

try. Publication III discusses the use of Parylene-C for electrical isolation,

anti-reflection coating and PL enhancement. Publication IV discusses the

fabrication and optical properties of dual-type NW array. In both publi-

cations, the light interaction was altered without varying the NW dimen-

sions, just with additional processing steps.

In the case when the dimensions of the NWs cannot be tuned to en-

hance absorption, Parylene-C coating can be used to enhance the antire-
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Figure 4.7. SEM images of Parylene-C coated GaAs NWs with initial Parylene-C thick-
nesses of 500 nm (a-d) and 1 μm (e-h) annealed for 15 min at the indicated
temperatures. The insets show higher magnification images of the tip and
base areas. ∗) g) and h) were first annealed at 340 ◦C for 15 min, followed
by 15 min at 380 ◦C. Reprinted from Publication III, with permission of
Springer.

flective properties of NW arrays regardless of the NW diameter, length

and pitch (Publication III). The GaAs NWs used for the Parylene-C antire-

flection studies were grown using the VLS-method on GaAs (111)B and

Si (111) substrates. Figure 4.7 shows SEM images of Parylene-C coated

randomly-positioned NWs with various annealing temperatures and ini-

tial Parylene-C thicknesses. The Parylene-C was deposited conformally

in vapour phase, and after this the samples were annealed for 15 min in

a rapid-thermal annealing furnace. For a NW gap filling material, it is

crucial to have the tips exposed in order to achieve electrical contacts to

them. Annealing causes the Parylene-C coating to thin down due to evap-

oration and flow of material to the base of the NWs, thus exposing the

tips. Minimum temperature of 360 ◦C was needed in order to achieve this

effect.

The optical properties of the Parylene-C coating of NWs was studied

with reflectance and PL measurements. Figure 4.8 shows a schematic of

the reflectance measurement setup and the reflectance measurements for

various thicknesses of Parylene-C and NW diameters and densities. The

samples used for the reflectance measurements were vertical GaAs NWs

grown on GaAs (111)B substrate. The reflectance decreased only slightly,

relative to substrate, for the sparse density NWs with 100 nm nominal

diameter without Parylene-C coating (Fig. 4.8b). Only a 200 nm layer of

Parylene-C resulted in a noticeable drop in the reflectance. As-deposited
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Figure 4.8. Schematic of the reflectance measurement setup (a) and reflectance spectra
from random-positioned vertical GaAs NWs on GaAs (111)B substrates with
nominal diameter of 100 nm (b) and 40 nm (c) with and without Parylene-C
coating. Anld. and par-C in the labels stands for annealed and Parylene-C,
respectively. Bare GaAs substrate was used as the reference. Reprinted from
Publication III, with permission of Springer.

1 μm thick Parylene-C coating reduced the reflectance drastically to only

20 % with a clear interference pattern. After annealing, its thickness was

thinned down to 400 nm and the reflectance further reduced to roughly

10 % relative to the substrate. The coated NWs with the lowest reflection

had the Parylene-C coating shaped as a conical shell around the NW (See

Fig. 4.7g). Such structure is beneficial for light trapping [46].

The denser NW arrays with nominally 40 nm diameter (Fig. 4.8c) had

clearly lower reflectance compared to the sparser nominally 100 nm di-

ameter NWs with or without Parylene-C coating. The initially 1 μm thick

Parylene-C reduced the reflectance to below 10 percent at the visible range

and the annealing step reduced it even further to near zero in the visible-

NIR range.

Four reasons are proposed for the reduction of the reflectance when NWs

are coated with Parylene-C:

1. The refractive indexes are better matched, as the refractive index of

Parylene-C was 1.65 – 1.8 and that of GaAs, roughly 3.6. Thus less

light is reflected from the interfaces air-Parylene and Parylene-GaAs

compared to air-GaAs.

2. The textured surface causes photons to refract within the NW layer,
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thus increasing the probability for absorption.

3. The conical structure causes a graded effective refractive index, which

reduces reflection.

4. Better matching of the illuminating wavelength to the diameter of the

resulting NW/Parylene-C structure.

Figure 4.9. Schematic of the PL measurement setup (a) and the PL spectra from random-
positioned GaAs NWs on Si with and without Parylene-C coating (b). Af-
ter Parylene-C coating PL from the NWs (peak around 910 nm) is enhanced
and an additional peak around 730 nm originating from the Parylene-C has
emerged. PL was measured at room temperature. Reprinted from Publica-
tion III, with permission of Springer.

The optical properties of Parylene-C coated GaAs NWs were further

studied with PL measurements. Figure 4.9 shows a schematic of the mea-

surement setup and PL spectra from random-positioned nominally 100

nm diameter Zn-doped GaAs NWs on Si with and without Parylene-C

coating. The addition and annealing of Parylene-C to the NWs increased

the PL intensity from the NWs (peak around 910 nm) and introduced an

additional peak around 730 nm. The new peak was attributed to origi-

nate from the Parylene-C itself. The unshifted NW peak indicated that

the Parylene-C coating does not cause stress or other detrimental effects

on the NWs. The increase of the PL from the NWs is an indication that

more light is coupled into the NWs and thus more PL is generated.

Adding a coating of Parylene-C to a NW array and the subsequent an-

nealing step are a facile way to improve the light-trapping properties of

any NW array. One other way to improve these properties is to use a

dual-type NW array, that requires a bit more sophistication. A dual-type

array is a structure with two types of NWs, that can be even of different
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material, side-by-side on the same substrate. The fabrication method and

how it improves light trapping were studied in Publication IV.

Figure 4.10. Fabrication scheme of the dual-type NW array. (a) Au discs are deposited
on GaAs substrate. (b) The sample is coated with SiO2 that is patterned
with holes using EBL and RIE. (c) In the first growth step NWs grown from
the holes using SAE. The Au discs are unaffected under the SiO2 layer. (d)
The SiO2 is etched away with 30s in BHF. (e) The Au discs melt in the
proceeding annealing step and the second type of NWs are grown using
VLS-method from the Au. The SEM image shows a GaAs/GaAs dual-type
NW array. The longer ones are SAE and shorter are VLS. Inset shows a
plan-view of the same array with the definition of the pitch for the dual-
type array. Reprinted with permission from Publication IV. Copyright 2015
American Chemical Society.

The main principle of the fabrication method is to deposit Au discs (120

nm diameter, 5 nm thickness) on the substrate, cover them with an 40 nm

thick SiO2 layer and pattern that using EBL and RIE with small holes (50

nm diameter) offset relative to the Au. The first types of NWs are grown

with SAE from the patterned holes, the Au stays unaffected underneath

the oxide during this step. After removing the oxide layer with etching

in buffered hydrogen fluoride (BHF) for 30 s, the Au discs are exposed

and the second type of NWs are grown from the Au discs using the VLS-

method after an annealing step. The process is schematically presented

in Figure 4.10 with SEM images for each step of the process. The result-

ing structure can be seen in the SEM image in Figure 4.10e. Both types
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of NWs were GaAs in this case, thus the naming scheme is GaAs/GaAs,

denoting the first-type NWs and second-type NWs, respectively.

Parasitic growth can be observed at the roots of the NWs in the resulting

structure. This is due to growth taking place on the already present NWs

during the second growth step. Parasitic axial and radial growth also

occurs on the first-grown NWs when comparing SEM images from before

and after the second growth step. Growth inhibiting oxide layer on the

first-grown NWs could mitigate the problem.

Figure 4.11. Average NW lengths (a) and diameters (b) of the dual-type and VLS refer-
ence GaAs NW arrays as a function of the array pitch. Blue upside-down
triangles are SAE NWs from the first growth step, red upright triangles the
VLS NWs from the second growth step, and magenta diamonds correspond
to the reference VLS-only NWs. The error bars correspond to the standard
deviation of each data point. Reprinted with permission from Publication
IV. Copyright 2015 American Chemical Society.

Other property inherent for the fabrication method is the shadowing by

the first grown NWs. This was observed when the heights and diameters

of the second-grown VLS NWs and those of the VLS control sample, with

only VLS NWs grown with identical parameters, were compared. The

heights and diameters for them and for the first-grown SAE NWs as a

function of array pitch are plotted in Figure 4.11 (a) and (b), respectively.

A deviation from similar values for NW height was observed from pitch

400 nm upwards for the second-grown NWs in the dual-type array versus

the VLS-only control sample. Beyond the pitch 400 nm, the heights of the

second-grown VLS NWs decreased as the pitch increased. Unlike in the

VLS-only control sample the heights increased and reached saturation

with increasing pitch. The cause for the height decrease in the dual-type

array was contributed to the shadowing effect. Beyond 400 nm pitch, the

first-grown NWs affect the growth of the NWs in the second growth step.

The explanation for this is proposed to be due to the first-grown NWs
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capturing some of the precursor materials from the gas phase during the

second growth step. For some reason the shadowing effect is not visible

as a height difference below 400 nm pitch. However, it is seen as the

decreased NW diameter for the second-grown NWs, compared to single-

type VLS control sample, regardless of pitch.

Figure 4.12. (a) SEM image of a InP/GaAs dual-type NW array. The short ones are SAE-
grown GaAs NWs and the long ones VLS-grown InP NWs. (b) Cross-section
DF STEM image of the same sample with false coloring for clarity. The
blue tint correspond to GaAs and red tint to InP. (c) Magnification of the
dashed area in (b) shows an EDX linescan along the cyan line. The EDX
counts for In and As are shown as green and red, respectively. The NWs
are embedded in SiN and Pt for protection during the sample preparation.
Reprinted with permission from Publication IV. Copyright 2015 American
Chemical Society.

The material in the two growth steps can be different, leading to a two-

material dual-type array. In Figure 4.12a is a SEM image of a dual-type

NW array with GaAs and InP NWs. Here, Au used for the second growth

step was colloidal Au solution that causes the positioning of the InP NWs

to be random. The parasitic growth was studied from these samples with

STEM and EDX. Figure 4.12b shows a STEM image of a cross-section

of the sample. The NWs are color-tinted for clarity, blue for GaAs and
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red for InP. The samples were covered with SiNx layer using PECVD and

metallic Pt to protect the NWs from the Ga beam used in cross-section

sample preparation. The bending of some NW in the image was caused

by the added protective layers.

EDX linescan along the cyan line in Figure 4.12c shows the counts for

As and In in green and red, respectively. Clear signal of As was observed

from the GaAs NWs and clear signal of In was present in the InP NWs.

No As was observed from the InP NWs, but a small signal of In was de-

tected from the GaAs NW, indicating parasitic growth of InP in the second

growth on the first-grown GaAs NW. The spike of As signal at the edges

of the scan are caused by the sputtered As from the substrate during the

cross-section sample preparation.

Figure 4.13. Reflectance spectra from the GaAs/GaAs dual-type arrays and single-type
GaAs SAE and GaAs VLS control samples. The solid blue line is the re-
flectance from the dual-type array, solid red is from the VLS control sample
and dashed blue is from the SAE control sample. Reprinted with permission
from Publication IV. Copyright 2015 American Chemical Society.

Optical properties of the dual-type NW array were studied with re-

flectance spectroscopy using a 40× objective that has NA of 0.6. Dual-

type array with GaAs/GaAs NWs and 600 nm pitch was used for the mea-

surements (same NWs measured in Figure 4.11). Two samples with only

VLS-grown NWs and with only SAE-grown NWs, both with 600 nm pitch,

were used as control samples for comparison to single-type arrays. The re-

flectance spectra are shown in Figure 4.13. It was attempted to have the

control samples as close to the diameters and lengths to the correspond-

ing SAE and VLS NWs in the dual-type array for accurate comparison.

The lengths and diameters of the samples are tabulated in Table 4.2. The

values are in each case almost completely within the standard deviation

of the reference sample.

The reflectance from the dual-type NW array is clearly lower than from

the control samples, indicating that the combination of the two types of

NWs has better light trapping properties than either of the single-type
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Table 4.2. Average diameters (d) and lengths (l) and their standard deviation for the NW
arrays in the reflectance measurements. Reprinted with permission from IV.
Copyright 2015 American Chemical Society.

Dualtype array Single-type

1st grown SAE SAE control

d (nm) 107.8±7.7 106.1±6.5

l (μm) 2.3±0.2 1.9±0.1

2nd grown VLS VLS control

d (nm) 73.1±4.1 68.2±3.0

l (μm) 1.1±0.2 1.1±0.2

NW array. The coupling of light is dominated by the NW diameter. How-

ever, the larger diameter of the SAE NWs in the dual-type array is not the

sole contributor to the reduced reflectance, as can be seen when compar-

ing the reflectance of the dual-type array to the similar diameter single-

type SAE NW array. Only when combined with the second-type NWs,

the reduction in the reflectance is seen. One possible explanation for the

reduced reflectance can be the additional step in the effective refractive

index due to different heights of the two NW types. Thus, the additional

interface increases transmission of light from air towards the substrate.

It was also noted that the density of the NWs is not the cause for the re-

duced reflection in the dual-type array, even though the density is doubled

in the dual-type array.

Even though the dual-type array is more complex to realize than the

Parylene-C process, the dual-type structure remains more relevant met-

hod in order to create compositional contrast for a broadband absorbing

structure, that is beneficial in solar cell applications. The light trapping

improvement was observed at 600 nm pitch, however, no reason can be

seen why light trapping improvement would not work regardless of the

pitch.
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4.2 Position control of NWs in optical studies

With the Parylene-C process, the light response can be tailored in any

kind of NW arrays, and for the dual-type NW array, position-control of

each NW is crucial to achieve the desired absorption enhancement. In

order to study fundamental optical phenomena, position-control is desired

for conclusions whether the neighbouring NWs affect the phenomenon or

whether it can be left unaccounted.

In this section the results of SHG, THz generation and observation of

confined acoustic phonons from position-controlled NW arrays are pre-

sented. Without position-control of the NWs, the results would have been

inconclusive and unclear.

As described in section 2.3, coupling of light into NWs depends highly

on the polarization component parallel to the NW axis. SHG from verti-

cal NWs is highest when this polarization component is maximized using

tight focusing of radial polarization leading to large longitudinal electric

field (polarization parallel to NW axis) [31]. The SHG from vertical NWs

and hence the coupling of light into them can be further tailored by modi-

fying the shape of the exciting light. In Publication V the coupling of light

into a NW was studied with a tailored HG10 mode phase-shaped laser.

When the phase delay between the two mode lobes varies, the SHG inten-

sity and its field distribution and hence the coupling of light into the NWs

changes.

Figure 4.14. (a,b) Tilted SEM images of the SAE-grown GaAs NWs used in the work. The
arrows denote measurement positions in Figure 4.16. (c) TEM and high-
angle annular dark field STEM (d) images of a NW from the same array with
growth direction marked in (c) and the electron diffraction pattern in the
inset (d). The crystal structure is predominantly zinc-blend with numerous
twin-faults. Reprinted with permission from Publication V.
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The GaAs NWs used for the SHG studies were grown with SAE on GaAs

(111)B substrate with a pitch of 2.45 μm, in order to minimize possible

coupling effects between NWs. Figure 4.14 show SEM (a,b) and TEM (c,d)

images of the NWs. The NWs are vertical and have diameter of 90 nm and

length of 2.6 μm. High resolution TEM showed that the crystal structure

of the NWs is predominantly zinc-blende with numerous twin-faults.

The HG10 mode beam is a linear polarized two lobe shaped beam that

was formed by passing a doughnut shaped radial polarized beam through

a linear polarizer. The phase delay was then added to the other lobe using

a spatial light modulator. Figure 4.15 illustrates the shape of the HG10

beam and forming of the final phase-shaped beam used to probe the NWs.

Figure 4.15. Schematic illustration showing the spatial phase-shaping of the incoming
HG10 beam. By tuning the liquid crystals, in the pixels where the other lobe
lands, a phase difference between the lobes was created. Reprinted with
permission from Publication V.

Figure 4.16 shows SHG intensity maps measured from the NWs with

varied phase delay of the two mode lobes. The arrows denote the positions

of the corresponding NWs in Figure 4.14a. The mapping was performed

with a piezo-stage to achieve the required spatial resolution. With the

addition of π phase delay, the field pattern of the SHG changed from a

three-lobe pattern into a two-lobe pattern and a 50-fold intensity change

in SHG signal was observed. Further addition of π recovered the three-

lobe pattern. The π phase difference causes the longitudinal electric field

to be suppressed at the geometrical focus of the NW due to the beam being

converted into a linear polarization-like beam. The findings provide direct

evidence that the longitudinal field can be tailored using phase-shaping of
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the beam, and thus, SHG contrast tailored. Possible use of the method can

be, for example, in nonlinear imaging where longitudal field sensitivity is

desired.

Figure 4.16. SHG images from position-controlled vertical GaAs NWs with varying
phase delay in the HG10 lobes. The arrows indicate the positions of the
particular NWs. The scans were collected in normal incidence. Reprinted
with permission from Publication V.

The large enough spacing between the NWs, enabled to observe non-

overlapping SHG field patterns from individual NWs and that the SHG

was unaffected by their neighbours. Unlike in reference [31], where the

SHG field patterns from randomly positioned NWs were influenced by the

NWs close by and made it difficult to draw conclusions on the contribution

of individual NW.

Position control was also found to be important in the design of efficient

NW THz radiation sources. Structured surfaces, such as NW arrays, can

be used as efficient THz emitters when excited with ultrashort optical

pulses when the NW array geometrical parameters are optimized. THz

radiation is electromagnetic radiation in the wavelength range between

microwaves and infrared light and is less used due to the lack of radia-

tion sources in the range. Applications for THz radiation could be in, for

example, non-invasive imaging, THz spectroscopy or telecommunications.

In Publication VI, position-controlled GaAs NWs were used as THz gener-

ators. It was found that the efficiency of THz generation is highest when

the array pitch is close to the wavelength of the exciting light pulse.

The GaAs NWs used for THz generation experiments were grown with

SAE on p-type GaAs (111)B substrate in several arrays of 200 μm by 200

μm in size. Hole opening sizes of 50 nm and 100 nm and pitch from 300

nm to 2100 nm with 300 nm step were used for the arrays. Figure 4.17

shows tilted SEM images of the resulting NWs. Top row (a-c) had opening

size of 100 nm and the bottom row had opening size of 50 nm (d-f). The

diameter of the NWs resulted in approximately 80 nm and 160 nm, for

the opening sizes of 50 nm and 100 nm, respectively. The heights of the
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Figure 4.17. Tilted SEM images of the GaAs NWs used for the THz generation study.
The top (a-c) and bottom (d-f) rows had opening sizes of 100 nm and 50 nm,
respectively. The resulting NW diameters were 160 nm and 80 nm for the
opening sizes 100 nm and 50 nm, respectively. The columns had array pitch
of 300 nm, 600 nm and 900 nm. The scale bar in (f) applies to all images.
Reprinted from Publication VI.

NWs varied from array to array.

Figure 4.18. Ratio of the maximum generated THz amplitude for TM polarized excitation
to TE polarized excitation plotted as the function of the array pitch for NW
diameters 160 nm (squares) and 80 nm (circles). Reprinted from Publication
VI.

THz generation in NWs can be caused by the current of photoexcited

charge carriers in the surface electric field or in the internal electric field,

by the ambipolar diffusion of charge carriers or by the anisotropy of the

momentum distribution caused by charge carrier reflection for the upper

facet of the NW. Charge carriers in the NWs are created by the exciting

light. Thus, THz generation depends on the amount of generated charge

carriers and this depends on how much light is able to penetrate into the
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NW. Figure 4.18 shows the ratio of maximum amplitude of THz emission

with TM to TE polarized excitation from the NW arrays as a function

of the array pitch. It was observed that depending on the polarization

of the exciting light pulse and the diameter of the NW, the efficiency of

THz generation could be greatly varied. This is due to excitation of the

polarization-dependent leaky-modes of the NWs, described in section 2.3.

Figure 4.19. Plot of the maximum amplitude for the generated THz as a function of the
array pitch (fill factor). Reprinted from Publication VI.

Figure 4.19 shows the maximum amplitude of the THz generation as a

function of the array pitch. When the array pitch was larger than the exci-

tation wavelength (center wavelength 795 nm), the amount the THz gen-

eration was dependent on the NW density. However, when the array pitch

was smaller than the excitation wavelength, the amount of THz genera-

tion was reduced. In the optimal range – when excitation wavelength was

close to array pitch – the lattice modes are excited due to the near-field

coupling of the exciting light between adjacent NWs. With the advantage

of position-control of the NWs, optimal array pitch can be found in order

to use NWs as efficient THz radiation sources.

With position-control of GaAs NWs confined acoustical phonon branches

were observed for the first time in Publication VII. Acoustical phonons

experience changes when imposed with static or periodic boundary con-

ditions, these can be mass density changes or elastic coefficient changes.

Such boundary conditions are found inherently in NWs where the diam-

eter is the limiting case. The findings were surpising as confinement of

phonons was not expected in dimension scales beyond the grey phonon

mean-free path, which is about 20 nm for GaAs. In Publication VII con-

finement was observed even with NW diameters as large as 128 nm.

The NWs were grown with SAE on GaAs (111)B substrate with hole

opening sizes from 40 nm to 70 nm with 5 nm step and pitch was varied

54



Results

Figure 4.20. False-color SEM image of position-controlled vertical GaAs NWs (a), illus-
tration of the measurement scheme (b), phonon spectrum from the NWs and
substrate (c), and phonon spectrum from the NWs when the probing wave
vector (sample tilt) was varied. The inset in (c) shows a top-view SEM image
of the measured NWs. Reprinted from Publication VII.

from 250 nm up to 10 μm with minimum step size of 50 nm. Figure 4.20a

shows a tilted false-color SEM image of the NWs. The NWs are vertical

and untapered.

The phonons were measured with Brillouin-Mandelstam spectroscopy,

where a laser is used to probe the area of interest [47]. The phonons

are then measured by leading the reflected light into a interferometer to

detect the inelastically scattered light caused by the photon-phonon in-

teractions, which were described in section 2.3. By varying the incidence

angle of the laser – by tilting the sample – the wave vector, and hence the

energy, of the probed phonons can be varied. In combination, the disper-

sion of the phonons can be measured directly from the NWs. Figure 4.20b

illustrates the measurement scheme showing the laser induced phonon

wave vectors for the substrate qS−S and for the NWs qS−NW . Several dis-

tinct peaks were observed from the spectra (Fig. 4.20c). Figure 4.20d

shows the phonon spectra when the phonon wave vector was varied. Ex-

cellent agreement of the peaks to simulated dispersion relations for GaAs

NW confirm their nature as confined acoustical phonons (See Fig. 4.21).

The controlled positioning of the NWs enabled measuring the phonon
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Figure 4.21. Measured and calculated phonon dispersion for GaAs NW along [111] direc-
tion have excellent agreement that confirms the nature of confined acous-
tical phonons. Experimental uncertainties are shown as error bars on the
measured data points. Reprinted from Publication VII.

Figure 4.22. Measured phonon spectra from the GaAs NWs when the diameter D (a) and
pitch H (b) were varied. The confined phonon peaks shift only with changing
NW, indicating no elastic coupling between NWs. The phonon wave vector
qS−NW was fixed to 18.1 μm−1 and 22.8 μm−1 in (a) and (b), respectively.
Reprinted from Publication VII.

spectra with varying the pitch and varying diameter while having the

pitch fixed. The phonon spectrum changed only when the diameter of

the NW changed (Fig. 4.22a) and the confined phonon peak positions re-

mained unchanged when the pitch was varied (Fig. 4.22b). The confined

phonons are thus originating from individual NWs and no elastic coupling

occurs between neighbouring NWs. The observed confined phonons were

in the GHz range, which are known to contribute to heat transport at low

temperatures. Thus, with the control of the phonon dispersion, effective

heat transport engineered devices could be introduced.
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5. Conclusions

The interaction of light with position and diameter controlled NWs was

studied in this thesis. Light interaction with NW arrays can be engi-

neered by varying the dimensions in the array: NW diameter and length,

and array pitch. Reflectance and cross-polarization spectroscopies were

used to evaluate optical response and to find the optical modes when

the dimensions were varied. Both methods are non-destructive and are

not limited by diffraction, in the sense that subwavelength information,

such as diameter, can be extracted from the spectra. Especially cross-

polarization spectroscopy showed potential in the experimental charac-

terization of the optical modes in NWs. Information on the optical modes

can be used to optimize absorption of light and to approximate the NW

diameter.

Light response from NW arrays was tailored with a Parylene-C coat-

ing and annealing process and with a dual-type NW array. Both methods

increased the trapping of light within the structures without tuning the

NW diameter and length, measured with reflectance spectroscopy. The

Parylene-C process is a facile method and can be implemented to any ex-

isting NW array. The dual-type array requires sophisticated positioning

of two types of NWs on the same substrate and allows the use of different

materials for the two types in the resulting structure.

The control of the positions of the NWs enables studying the fundamen-

tal optical phenomena with a reasonable certainty of coupling between

neighbouring NWs. It was shown that SHG has an definite emission pat-

terns with phase-shaped incoming light. The observation was only possi-

ble as the NWs were spaced far enough from each other, so as not to have

the emissions patterns overlap. Also, THz generation was optimal when

the NW array pitch was close to the excitation wavelength and no elas-

tic coupling of phonons occured between NWs when phonon spectra were
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measured optically. The phonon spectra were unchanged in the range

where the NW spacing was varied, only the NW diameter affected it.

All in all, NWs have interesting optics that can be beneficial in many ap-

plications. For example, optimization of the resonant optical modes with

tuned NW dimensions in a Parylene-C coated dual-type NW array would

be beneficial in a solar cell, with improved absorption, or in a LED, with

improved light extraction. Also, the generation of second harmonic light

and THz radiation would be improved with such an optimized structure,

where the generation depends on the amount of excitation light absorbed

by the structure.

The results of this thesis show, that semiconductor NWs continue to

promise advances in many fields of science, especially in optoelectron-

ics. The confined phonons were observed in NWs for the first time. They

could be used to engineer heat transport in NWs, possibly introducing

novel components in the field of thermoelectrics and heat transport. Who

knows, what new science the NWs still hold and will we see their impact

someday in our daily lives?
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