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Abstract

Vertical semiconductor nanowires have gained considerable attention in the last decade
for their attractive optical and electronic properties. Their high surface to volume ratio
and their ability to confine charge carriers and photons in one dimension has enabled them
to be a promising candidate for improved as well as novel devices in nanophotonics and
optoelectronics. However, it is necessary to achieve high quality nanowires with controllable
features to fully understand and fine-tune the optical properties of the nanowires to achieve

desired applications.

In this study, various semiconductor materials like Gallium Arsenide (GaAs), Silicon
and Amorphous Silicon (a-Si) were chosen to analyze and compare their optical properties
using reflection measurements and finite difference time domain (FDTD) simulations. The
nature of modal excitations in nanowires with the change in their diameter, pitch, shape
and length are understood through simulation studies and verified using the measure-
ments. Optical waveguiding, near field coupling, Fabry-Perot modes are comprehensively

understood for the first time in the nanowire arrays.

The ordered nanowires arrays are fabricated using Inductively Coupled Plasma Reactive
Ion Etching (ICP-RIE) and a good understanding of the etching chemistries of chosen
materials is achieved to fabricate high aspect ratio (length to diameter ratio) nanowire
arrays. For GaAs nanowires, the aspect ratio of up to 73 is achieved with the controlled
diameters for the very first time. For a variety of hard masks, etching parameters have been
developed to get a good control over the sidewalls, diameters, and shapes of the nanowires.
The silicon nanowires etching parameters are modified to achieve different shapes in lateral
and longitudinal directions. Lastly, Gallium Nitride (GaN) nanowires are fabricated using
chlorine chemistry with nitrogen as a clean passivation gas and wide varieties of masks and

their combinations have been tested to achieve vertical morphology.
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Based on the understandings we achieved for the nanowires, a new platform is intro-
duced for a-Si nanowires by etching them on a glass substrate and by integrating thin film
with them to achieve the solar weighed absorptance 200-250 % higher than the thin film of
the same thickness. Designs for broadband absorption in Gallium Arsenide nanowires are
also considered and highest absorption achieved in those nanowires giving solar weighed

absorption efficiency as high as 94%.

This thesis spans both design of nanowire arrays for various applications, and fabrica-
tion and experimental verifications of them. As the comprehensive studies were done on
the optical properties of the nanowire, the thesis presents a complete picture of various op-
tical modes and phenomena, which emanate in them due to their interaction with light. It
will provide optoelectronics engineers design directions as nanowire devices are considered

in the future of commercial applications.
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Chapter 1

Introduction

Understanding the interaction of photons with semiconductor nanostructures has inspired
the optoelectronics industry to explore new empirical and conceptual realms in nanopho-
tonics. This exploration has enabled the advances in digital camera technologies, photo-
voltaics, biosensors, lenses, displays, lasers, and batteries, increasing their throughput and
efficiencies. Most of these ideas are pioneered by the people who were inspired by the nat-
urally observed phenomenon occurring in nature such as photosynthesis on the surface of
a leaf, the functioning of a moth eye or colorful wings of a butterfly. As these phenomena
were inspected, it was realized that ordered nanostructures play a crucial role. This lead
to a desire to engineer ordered nanostructures and use light interaction to improve the

performance of the devices.

Semiconductor materials like Silicon, Germanium or III-V semiconductors have trans-
formed the modern society in the past 60+ years by enabling the devices like transistors [1],
lasers [2], light emitting diodes(LEDs) [3], photodetectors [4], solar cells [5] etc to lay the
foundation of optoelectronic devices and research instruments, assisting humanity in many
aspects of life. Semiconductor photonics still intrigues us in many ways from the appli-

cation and conceptual point of views, especially when going down the size scale. In last



two decades, the microelectronics industry has revolutionized the modern electronics and
optoelectronics industry by confining the millions of functions in a single chip conforming
to Moore’s law [6]. However, eventually, the Moore’s law will no longer be applicable as
the device size is approaching its physical limits [5]. The next challenge will be to increase
the complexity in functionality, and increase the speed and lower the losses in already es-
tablished designs e.g. optical networks, filters, photodetectors, data communication, lasers
etc by using the nanoscale engineering [5]. Also, the optoelectronics community needs to
look into the other directions to advance the parallel technologies such as quantum com-
puting [7], bio-sensing [8], ultra-thin lenses [9], prosthetic devices [10] etc. The efforts
to fabricate and optically understand the semiconductor devices at the nanoscale have
been going on since 90s [11]. There has been a significant success in achieving certain
morphology such as the 1-D, 2-D and 3-D nanostructures by various growth and etching
techniques. The significant reduction in size has been proven to enhance certain properties
like absorption, colors, Raman scattering, sensitivity, response time etc when compared to

bulk materials.

Silicon has been the favorite material not only for having a high refractive index with
low absorption coefficient but also for it’s low cost and abundance in availability. The
efforts to increase absorption and consequently the efficiency are not only restricted to sil-
icon but many other materials like amorphous silicon(a-Si) [12], direct band gap II-VI [13]
and ITI-V [14] semiconductors. Going one step ahead, multi-junction materials have been
developed and tested, utilizing sub-cell band gaps over the broad electromagnetic spectrum
to achieve high efficiencies in sensing and photo-conversion applications [15].

The semiconductors at nano-scale show significantly different physical properties than
bulk by confining the light in 2-dimensions(Thin films), 1-dimensions (Nanowires) or 0-
dimensions(nanoparticles). Several new phenomena have been explored and applications

are being developed based on those confinements. Nanowires among them have attracted a



great deal of attention in the past decade for their high surface to volume ratio. Nanowire
morphologies have the dimensions of 2-250 nm in the radial direction and several microns
in the longitudinal direction, which allows an entirely new physical regime of light-matter

Iinteraction.

1.1 Vertical Nanowires Ensembles as Optical

Waveguides

Vertical semiconductor nanowires are one-dimensional optical waveguides with nanoscale
radial dimensions. Being miniaturized waveguides they are potential candidates to be used
in integrated photonic circuits as photodetectors, switches, filters etc. To be able to fulfill
these functionalities, they need to effectively capture and deliver the optical signals to
the next components in an optoelectronic circuit. Until recently, the nanowires had been
known for their anti-reflective properties attributing the suppressed reflectivity to scat-
tering and diffuse reflections [16-18] . However, not long ago some researchers including
our group have started focusing on the waveguiding aspects of the nanowires and tried to
understand them in terms of their optical confinement and transmission properties as a
function of their diameter and lattice spacing [19-23]. The physical understanding of the
interaction of light with sub-wavelength vertical waveguide arrays can be pictured by the
comprehensive understanding of the cylindrically symmetric hybrid modes [24] and reso-
nant coupling between the waveguides [25]. Having the sub-wavelength cross-section, the
resonant modes in nanowires are essentially leaky and interact with surrounding medium
as well. This is an appropriate design for sensing the change in refractive index of the
surrounding medium [26]. At phase matching wavelength, the confinement is significantly

higher than other wavelengths and creates sharp absorption peaks as observed in the anal-



ysis of silicon nanowires arrays. All these attributes make semiconducting nanowires as
a nominee for known and unknown possibilities in nanophotonics and optoelectronics ap-
plications. Despite attracting a lot of attention from the leading researchers, the optical

response of the nanowires was not very well understood at the beginning of this study.

1.2 Absorption in Nanowires

Anticipating the possible advantages of nanowire geometry, the absorption characteristics
in nanowires have been studied exhaustively by many research groups. The effect of sub-
wavelength ensembles on the reflection of light was first studied in the late 1960s when
Bernhard demonstrated the anti-reflective properties of an array of sub-wavelength struc-
tures [27]. He figured that a periodic array of conical perturbations on the corneal lens
of a moth-eye significantly lowers optical reflection. Then, Clapham et al [28] patterned
photoresist on glass to create artificial moth-eye structures. They showed that the inte-
grated specular reflection of white light was reduced to 0.2%. Gittleman et al extended
this work for silicon nanopillars in 1979 [29], where they showed the reduction of specular
reflection to 1072 or less for wavelengths below 1 pum. Craighead et al also reported the
reduced reflection in thin film a-Si to nearly zero over the visible spectrum [30]. Since
then a lot of groups are studying the anti-reflective studies on semiconductor nanowires
for different materials. In recent studies, a strong broadband absorption was observed for
silicon nanowires on glass substrates, which was found to be higher than the thin film of
equal thickness but the origins were not understood [31]. Convertino et al [32] studied the
reflection properties of disorder silicon nanowires for wide range diameters (from 30 nm to
250nm) with different filling factors and observed that they can be tuned as an antireflec-
tive coating to a highly reflecting ensemble depending on the fill factor. Another group

showed a broadband and omnidirectional antireflection properties for GaP nanowires [33].
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Zhu et al [34] showed that hydrogenated amorphous silicon (a-SI:H) nanocone arrays on
the top of indium tin oxide(ITO) and a-Si substrate absorb more than 90% of the incident
light for incident angles up to 60°. For nanowire array, the absorption was 70%, which was
still higher than thin films (45%). There have been these experimental demonstrations but
no fundamental understandings of the origins. This makes optimization of the structures

difficult.

1.3 Nanowires for Optoelectronics

The anisotropic geometry and the high surface to volume ratio of the nanowires allow
them to confine the carriers and photons to one dimension, which enables longer diffusion
length for electrons and larger optical path length for photons compared to thin films and
bulk [35]. Also, the one-dimensional morphology of nanowires has better light trapping
ability than thin film and bulk due to the waveguiding properties mentioned in the section
1.1. Compared to the organic and metallic nanostructures, the semiconducting properties
of nanowires enables them to tune their electronic properties more conveniently. This
geometry while affording the directional flow of carriers in a preferential direction, also
contributes in reducing dark current, increasing photoconductive gain [36] and operational
speed [37]. This makes nanowires a good candidate for optoelectronic applications. Thus,
nanowires offer a good design for the materials having optical absorption length much
longer than the carrier diffusion length as they can be utilized to collect photocurrent in

both radial and longitudinal directions.



1.3.1 Photovoltaics

Generally, in solar cell design, the major issue is the trade-off between device performance
(efficiency) and cost. The minimum limit for the thickness required for a cell is where it
absorbs more than 90% of the incident light. Impurities in a material can increase the
effective absorptance, however, they put constraints on the efficiency of the cell due to
short carrier lifetimes. One way to tackle this problem is orthogonalization of the direction
of photon absorption and collection of charge carrier. Nanowires can provide a longitudinal
dimension for light absorption and a radial direction for the collection of carriers. Many
groups have attempted to create p-n junction nanowires in radial and axial direction.
That way low-grade materials can be utilized to reduce the manufacturing cost. In 1992,
an axial p-n structure was realized for GaAs nanowires for the first time [38], which laid
the foundation of p-n nanowire structures for application in photovoltaics. Kayes et al [39]
also proposed a nanowire structure of p-type core and n-type shell to minimize the diffusion

length of photogenerated carriers.

Among reported studies on semiconductor nanowire solar cells so far, different materials
have been used depending upon the advantages possessed by each of them. Silicon has the
advantage of being abundantly available and less costly. Moreover, it also possesses the
disadvantage of having low absorption coefficient due to indirect band gap. Garnet and
Yang have reported the core-shell p-n junction solar cells with single crystalline silicon core
and polycrystalline silicon shell achieving 0.5% efficiency [35]. In another study, coaxial
p-n Si nanowire array grown on stainless steel substrate showed the efficiency of 0.1% [40].
Si nanowires fabricated on glass substrate by wet electrolytic etching yielded efficiency
of 4.4% and is the highest reported efficiency on Silicon nanowire arrays [31]. There are
other studies on Si nanowires but nothing has surpassed the 4.4% mark yet [35,41-43]. In

order to overcome the limitations of silicon-based solar cells, the research community had



resorted to direct band gap materials for the higher absorption and consequently higher
conversion efficiencies. Along with planar solar cells, this shift was also seen in nanowire
solar cells designs too. There is a study demonstrating dye-sensitized solar cells using
ZnO nanowires and getting efficiencies of 0.5% to 1.5% [44]. Goto et al reported p/n
core/shell photovoltaic design for InP nanowires [45]. Mehta and Kruis showed the band
gap tuning in the tapered nanowire of different semiconducting materials (from II-VI to
IT1I-V) by varying the diameter along the length [46]. Ray LaPierre et al pioneered the
work on GaAs nanowire array solar cells for core/shell radial junction and reported the
PCE of 0.83%. Afterward many groups attempted to increase the PCE in the radial p-i-n
junction in GaAs nanowire solar cells [47,48]. Tegude et al successfully achieved it up
to 4.7% using single GaAs/InGaP/GaAs radial p-i-n junction nanowire [49]. Including
the ones mentioned above, there are recent advancements demonstrating efficiencies above
5% for nanowire geometry, for example very recently Yao et al [50] proposed axial p-
i-n solar cell with optimized array geometry to achieve high absorption. They further
optimized the junction depth and nanowire diameter to achieve efficiency up to 7.58%,
highest reported efficiency for GaAs nanowire solar cells so far. The exact same design
parameters influence the InP nanowire array solar cell to achieve the efficiency up to 13.8%,
reported by Wallentin et al [51]. The low junction depth and highly absorbing diameter
provided efficiencies never achieved before in solar cell design for GaAs and InP nanowires.
In past few years, the paradigm shift is towards multijunction solar cells. Multijunction
solar cells use multiple band gaps of different materials to trap the broad solar spectrum at
different wavelength ranges. The added advantage is that the asymmetrical energy barrier
in such devices renders the charge diffusion and recombination more difficult. King et
al [15] reported the GalnP/GalnAs/Ge multijunction solar cell to achieve 40% efficiency
in planar configuration. Tang et al [52] grew p-type GaN nanowires on n-type Silicon

substrate and achieved 2.73% power conversion efficiency. There is still a lot of work



needed in multijunction and single nanowire solar cells to achieve higher efficiencies. To
achieve this, one needs to have the comprehensive understanding of the optical properties

of semiconductor nanowires.

1.3.2 Other Optoelectronics Applications

Based on their novel optical and electrical properties, semiconductor nanowires have been
seen as a potential candidate for advanced optoelectronic applications. In one simula-
tions study, the silicon-based photonic crystals were proposed as the reflective color filters
inspired from butterfly wings [53]. In another study, Park et al experimentally demon-
strated the filter free image sensors using p-i-n doped vertical silicon nanowires [54]. The
same group also experimentally demonstrated nanowires based photodetector integrated
with bulk semiconductor photodetector making it more efficiently absorbing than conven-
tional photodetectors [55]. GaAs/AlGaAs core-shell photodetector was demonstrated by
Dai et al with photoresponsivity in 300- 890 nm wavelength range [56]. Yang et al pre-
sented the optical gating phenomena with ZnO nanowires by changing the conductivity
of nanowires using ultraviolet exposure demonstrating the phenomena of optical switch-
ing and UV photodetection using nanowires [57]. The excellent waveguiding properties
of semiconductor nanowires has also led the researchers to explore their lasing properties.
Simulated emission of nanowires has been proposed and demonstrated for various large
band-gap materials such as GaAs [58,59], GaN [60-62], ZnO [63] and CdS [62,64] for a

wide range of wavelengths.

1.3.3 Sensing

The small size and large surface to volume ratio of nanowires make them an attractive can-

didate for the sensing of biological systems. Patolsky et al showed the electrical detection



of single viruses using nanowire-based field effect transistors(FETs) [65]. The electro-
physiological measurements of single neurons have been demonstrated by interfacing them
with silicon nanowires [66]. The label-free detection of DNA [67] and cancer markers [68]
is also demonstrated using silicon nanowire arrays. The refractive index sensing using
the waveguiding [26] and diffraction [69] properties of vertical silicon nanowire arrays was

demonstrated in achieving the refractive index resolutions of 5e —5 and 10e — 6 respectively.

1.4 Motivation and Thesis Outline

Most of the semiconductor nanowires based solar cells are fabricated using various growth
techniques on the top of silicon, glass, metal or other semiconductor substrates. One advan-
tage of these methods is that lattice mismatch of nanowire and substrate is accommodated
in the small radially dimensioned nanowires due to the elastic relaxation at the surfaces.
However, there are certain factors in the nanowire growth that need to be improved, such
as the reproducibility of the identical structures, control over shape, position, length, dop-
ing concentrations and crystal orientation of the nanostructures. These parameters have
to be consistent and reproducible especially when the conversion efficiencies directly or
indirectly depends on all these features. In order to achieve consistency, the top down dry
etching is the more suitable method. Silicon nanowires with controlled diameter, length
and lattice spacing using dry etching have already been achieved and reported [70]. But
there is a dire need to achieve that in a-Si and III-V semiconducting nanowires for the
added advantage they have in solar absorption. On the top of it, the dry etching provides
the surface passivation polymer on the sidewalls, which can be helpful in reducing surface

recombination of photogenerated carriers.

In this thesis, the fabrication and optical properties of Silicon, a-Si, GaAs, and GaN

nanowires are discussed in detail and their potential applications in photovoltaics and pho-



todetectors are explored by engineering their optical response. Silicon being the abundant
and low-cost material is widely used in the modern microelectronics industry. However,
a-Si and III-V semiconducting materials have an advantage over silicon in absorption effi-
ciencies due to their direct band gaps. GaAs and GaN are known for their high mobility and
direct band gap and used in wide range of optoelectronics applications. Due to the small
variation in diameters and excellent reproducibility, waveguiding properties of nanowires
have been experimentally demonstrated showing different physical phenomena. In chapter
2, the mathematical formulations for the interaction for cylindrical waveguides with elec-
tromagnetic waves are presented. The confined, leaky, photonic crystal and longitudinal
modes have been discussed with relevant equations. These form the basis to understand
the waveguiding nature of the nanowires. However, as seen later, they don’t provide a com-
plete picture and sometimes give cumbersome results. In chapter 3 the Finite Difference
Time Domain(FDTD) simulations are used to visualize the results expected from chapter
2 and various physical phenomena are discussed using 2-D plots and mode visualizations.
To experimentally verify these theories, the high-quality periodic nanowire ensembles were
fabricated using inductively coupled plasma reactive ion etching (ICP-RIE). The etching
recipes to fabricate nanowires were developed during the research. The details of the pro-
cesses and results are discussed in chapter 4. The semiconducting materials we chose to
etch are abundantly used for optoelectronics applications i.e. silicon, a-Si, GaAs, and GaN.
Etching of their variants has already been demonstrated at micro-scale for state of the art
devices. We, however, etched them to the nanoscale and demonstrated good control over
their dimensions and sidewall smoothness. GaAs is etched Cly/Ny etching recipes using
different hard masks to achieve vertical,and smooth sidewalls. Furthermore, the control
over its taperedness is also tested using different combinations of the masks. Shape con-
trol was also achieved for silicon nanowires by changing passivation in the etch process.

GaN being the hard material was tested with different metal and dielectric hard masks.
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In chapter 5, the optical measurements of the nanowires have been discussed to confirm
the results that are discussed in chapter 3. The analysis is further extended to see the
effect of disordered arrangements, tapered profiles, aluminum mask to manipulate the ab-
sorptance behavior of the nanowires. The experimental analysis of the excitation of leaky
waveguide modes, waveguide coupling and F-P cavity modes in nanowires are discussed
in this chapter. The nanowires typically have a diameter of 100 nm and pitch 400 nm
to discuss most of these properties as the diffraction behavior is suppressed at this scale
for the visible range. In chapter 6, the GaAs and a-Si nanowires have been explored for
the potential application by removing the effect of the substrate from them. The detailed
optical analysis and along with the solar weighed absorptance of these nanowires are dis-
cussed to create the optical designs for photovoltaics, photodetectors, and filters. This
thesis provides complete understanding optical properties of the nanowires by comparing
results across different semiconductors. The thesis also demonstrates novel platforms for
various applications using semiconducting nanowires.

Figure 1.1 shows the schematic of the nanowire arrays and the various terms used in the
thesis are summarized here. The dimensions of the nanowires are defined by the diameter
and the length. For this study, the nanowires were arranged in a square lattice and the
spacing between the nanowires is defined by the pitch. The nanowires/air interface repre-
sents the top of the nanowires and the nanowires/substrate interface is at the bottom. The
arrays were typically made in 100 gm x 100 pgm squares and contained ~62500 nanowires
approximately at 400 nm pitch. We found that at this size, long range order still existed

while multiple arrays could be placed on the same sample for comprehensive studies.
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Figure 1.1: Schematics of the 4 x 4 cell of nanowire arrays on a substrate showing the

conventions used for nanowire dimensions.
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Chapter 2

Theoretical Concepts

2.1 Introduction

Semiconductor nanowires are the cylindrical waveguides that confine light in wavelengths
comparable to their diameters. The confinement of light in nanowires could lead to either
the bound modes or the leaky modes depending on the cut-off conditions of the normalized
frequency and the V' parameter of the individual nanowire [71]. The periodic ensembles
of the nanowires make their interaction with light more complex when confined photons
in individual nanowire interact with neighboring nanowires due to the near-field coupling.
Moreover, while moving towards larger diameters, the nanowires could also act as F-P
cavities at low absorbing wavelengths because of light bouncing back and forth. Various
optical modes and coupling make it hard to predict how the nanowires would behave at
different wavelengths. The understanding of all these phenomena requires a mathematical
treatment based on Maxwell Equations to get intuitive feelings.

In this chapter, we will discuss a mathematical model for the modal analysis in cylindrical

waveguides, the waveguide coupling, and F-P cavities.
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2.2 Cylindrical Waveguide Modes

The modal excitation in cylindrical waveguides is dominated by the total internal reflections
of light along the periphery of the cylinder following the helical path. Due to this reason the
z component of the electric and magnetic fields cannot be entirely eliminated in cylindrical
waveguides, hence the radial modes are named hybrid HE and EH modes. This is especially
true for semiconductor nanowires as the refractive index difference is quite large. Due to
their small size of the nanowires, the resonant modes in nanowires become leaky and

interact more effectively with the outside world, and could get coupled to each other.

To solve the modes, we need to use the cylindrical coordinates E,, Ey4, E., H,, Hy, H,
for more intuitive and convenient formulations. The Helmholtz’s wave equations for z

components of Electric and Magnetic field are given as:
(VP+E)E,. =0 (2.1)
(V24+E)H, =0 (2.2)
where k = wn/c is called the propagation constant in the absence of waveguiding. n is the

refractive index of the material The r and ¢ components of the electric and magnetic fields

propagating in z direction an be represented as the functions of z and ¢
E(r,t) = E(r, )’ @72 (2.3)
H(r,t) = H(r,¢)el@=52) (2.4)
Thus, the r and ¢ components can be derived from the z components using Maxwell’s

equations.

Expanding laplacian operator in equations (2.1) and (2.2) gives

<82 10 1 02

w+;%+ﬁw+(k2—ﬂ2))Ez:O (25>
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and solution to these equations is:
E, = e(r)e*?? (2.7a)
H, = e(r)e*? (2.7)

where p = 0,1,2,...., thus making the equations (2.5) and (2.6) as:

9’E. 10E, 9 9 p? B

o2 + F Ddr + ((k — p° = 7‘_2)> E.=0 (2.8)
0’H, 10H, ) s P B

or? i r Odr * <(k —h - ﬁ)> H: =0 (29)

If k> — 3% < 0, the solutions to the equations are the Bessel functions of first(.J,)and

second(Y}) kind and given by:
E.(r) = a1 Jy(Ir) + axY,(Ir) (2.10)
H,(r) = a1 J,(Ir) + a2Y,(Ir) (2.11)

where a; and as are constants and 12 = 3% — k2

and if k> — 3% > 0, the solutions to the equations are the modified Bessel functions of

first(1,)and second(k,) kind and given by:
E.(r) = a1 ly(mr) + aaK,(mr) (2.12)
H,(r) = a1l,(mr) + as K, (mr) (2.13)

where m? = k? — 32

Physically, equations (2.10) - (2.13) represent the radial dependence of electric and mag-

netic fields in cylindrical waveguides. To ensure the evanescent decay of the field outside
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the nanowires, 8 must be larger than the k(i.e.kony) and the modified Bessel function of
second kind (K,) physically describes the guided modes outside the nanowires. On the
other hand, Hankel function (H',) physically describes the leaky modes. Thus the expres-

sion for the electric field outside the cylinders for guided and leaky modes are respectively:
E.(r,t) = Coip K, (Ir) el @1 Ha0=52) (2.14)

E.(r,t) = Coip Hy(Ir)e? @HT19=52) (2.15)

where H) = J,(x) + jY,(z) and Cy is a constant. The solutions could similarly be derived
for magnetic field. For fields inside the nanowires, the tangential components of electric
and magnetic field need to be matched at the waveguide-air interface and fields need to be
finite in the center of the nanowires, which can be only be satisfied using .J, and hence as

needs to be set to zero in equation (2.10) and (2.11) resulting in:
E.(1,t) = Coppe Iy (mr)ed @i Ta0=52) (2.16)

where Ciyp is a constant and m? = n?  _k? — 32

Again, the solution for magnetic field can also be generated using similar conditions having
its own constants corresponding to C,;, and Cl,... Moreover, all the other field components
can be calculated for electric and magnetic fields and the constants can be eliminated by

equating the fields at the boundaries generating the mode equation to be
2 272 2
J];(ma) + K;(ZCL) nzoreJ};(ma)_i_niirK]/)aa) _ q2 i + L ﬁ (217)
mad,(ma)  laK,(la) mad,(ma)  laK,(la) la ma ko
for confined modes, where [? = 5% — k2 and
2
Jy(ma) B H(l1a) 2oy (10L) _nme]’)(lla) g 1 2_ 1 2 8 2 o1s)
mad,(ma) lLaH,(l1a) madJy,(ma)  lLaH,(l1a) lia ma ko '

for leaky modes, where I? = k2 — 32

16



Jp(ma)
ma.Jp(ma)

with the possibility of having two solutions,

Jj(ma
J(

The above equations are quadratic in

obtams

each corresponding to EH and HE modes. Solving for
Jp+1 (ma) _ gore + ngir Kll’(la>
B 2n? laK,(la)

ma.J,(ma) 2 e ((Zi)2)

1

Noore = ir \ (15 p2 AWAR! 1 \?)°
_ core alr ~ 219
<< Qngore ) (ZCLK ) " core (ko) (l2a2 " m2a’2) ( )

for EH modes and

sy =~ ) e [<<m1a>2)

core

Moore = Mair \ (15 AR 1 \%)*
_ core awr = - 2.20
() () + - () (i) ) | o

for HE modes.

The subscript q in the modes (HE,,, EH,,) represent azimuthal components (¢ de-
pendence) of the field (q) and p represents the eigenvalues of 5. The cutoff conditions for

the modes are represented as:

e
A qp 271—(”%07"6 - nZir)%

where 1), is the pth root of J,(x). These equations suggest hat the incident field is
funneled into optical modes and if the conditions are right,a resonant excitation of the

guided modes will happen.

2.3 Bloch Mode Coupling with Radial Modes in

Periodic Arrays

Since the nanowires are arranged in long range order, their absorption characteristics can

change due to the presence of photonic crystals modes. The modes exist due to the excita-
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tion of Bloch mode because of periodic symmetry of the nanowires and can be considered
analogous to the perturbation of energy levels of atoms in a crystal compared to an individ-
ual atom. In one simulation study for silicon nanowire arrays [72], it was observed that the
E. component of the resonant modes were dominated by Bloch modes and showed dipolar
distribution. Mathematically, being dipolar in nature, the first order modal excitations in
nanowire arrays should be showing the behavior of the first order Bessel function outside

the nanowires as well. Hence, using the cylindrical coordinates the wave equations are:
E.iiny = Codp(mr)e’®  (2.21)

for inside the nanowires and

E.ouy = C1Jy (Lr)e?® + CoH ) (ir)e’®  (2.22)
for outside the nanowires
where p = 1 for all the first order terms

The first order perturbation due to the neighbouring nanowires in the infinite lattice is

shown using the Rayleigh identity:

Cl = COCQ (223)
for the first order dipole fields

At the boundary conditions of the nanowire circumference, the constants are eliminated
by equating equations (2.21) and (2.22), which gives us the fields inside and outside the

nanowires as:

E.(in) = Jp(:na) [H;(lla) + Con(lla)} J,(Ir)Cae?? (2.24)
Ez(out) = |:H; (ll(l) + Con(lla)} 02€j¢ (225)
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and similarly the expressions can be derived for the magnetic field (H,). Using Maxwell’s
equations the ¢ components of the electric and magnetic fields can be derived from the z
components as:

j[B.0B. OH.
E, = ? [ - 09 Wihko fheore 5 ] (2.26)

_j[B:0H. OHEz
¢ — k‘ |: r a¢ WEs€core (77“ ‘:| (227)

Matching the fields at the cylindrical boundary of the nanowires gives the expression

as .

J}(ma) H!(lia) + ¢JY (ha) n2,Jp(ma)  n2, H(la)+ (JY (la)
(maJp(ma) a lhiaH,(lya) + COJI}(ZIQ)> < ma.J,(ma) a maH,(ma) — (. J}(l1a) )

) G @) e

If the nanowires are very far apart from each other, the fields do not overlap with each

other, which makes (, = 0 in equation (2.28) giving:

( Jp(ma) Hy(ha) )(niomcf,’a(ma) n?mH{)(lla))

maJy(ma)  laH,(l1a) maJy(ma)  laH,(l1a)
2
1\2 1\2 8\2
= —) - (— = 2.29
o) -G ] () e
which is the same expression for the leaky modes for individual nanowires in equation

(2.18).

In the previous work [22], while studying the photonic crystal bands for nanowires arrays
at two different spacings 150 nm and 250 nm, it was suggested that the photonic modes of
nanowire arrays started matching the leaky modes of single nanowires at an inter-nanowire

spacing of 250 nm. These simulation studies suggest that the nanowires start to decouple
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at this pitch and can be considered as individual waveguides. However, in our study, as will
be seen in the future chapters, the photonic modes remain in the arrays at inter-nanowires
spacings much larger than 250 nm, showing that long-range order exists and to accurately
represent nanowires arrays, one has to use higher order Rayleigh coefficients. This becomes
cumbersome and it is easier to first simulate arrays to understand the properties. We will

consider the simulations in the next chapter.

2.4 Fabry-Perot Microcavity Modes

Fabry-Perot cavities are the parallel plate optical resonators having the parallel partially
reflecting mirrors at its both ends as shown in figure 2.1. Let the distance between two
parallel plates be L, the refractive index of the medium be n, and wavelength of incoming

wave at angle 6 be A\. The phase shift between the two successive reflections is:

4mnL cos 0
A

g =

Thus, if the complex amplitude of the incoming wave is A, then the reflection amplitudes

can be calculated as:
Ry =71A, Ry = ttyr1Ae ™77, Ry = tt1r3 Ae %7 ... (2.30)
where 7,11, t,t; are the reflection and transmission coefficients for waves travelling from n;

to n and from n to ny respectively as shown in the figure 2.1. The resultant amplitude of

all the reflected waves is

Rtot - R1 + RQ + Rg ..... + Rn (231)

Ryt = [r + ttyrie 97 (1 + r2e797 4 rle ™27, )] A (2.32)
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Figure 2.1: Ray diagram indicating the Reflected and Transmitted waves in a Fabry-Perot

cavity

adding the infinite series, we get:

1—e 7
Rtot - # (233)

1 — peic

2

where p = 2,72, the fraction of energy reflected from a surface, also referred as reflectance.

and the fraction of energy that is reflected can be written as:

L RiaRiy _ 4psin®(o/2) (2.34)
I AA* (1 —p)2+4psin?(c/2) '

For the lossy mediums, the absorption coefficient « is introduced to the medium properties.

The transmission intensity becomes:

ﬁ _ Eotj—;;t _ (1 _ p>2€—aL (2 35)
I AA* (1 —e2Lp)2 + 4e—Lpsin?(c/2) '
The amplitude of transmitted waves are:
T, = tt Ae ™77/ Ty = ttlr%e_j"Ae_j"ﬂ, Ty = ttlrfe_jQUAe_jg/Q (2.36)
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adding up all the terms:
Tyor = Titt (1 +rie 7 4 rie 9% 4 ..)e’j”/2 (2.37)
adding the infinite series, we get:
Tt = ———— (2.38)

where 7 = tt, the fraction of energy transmitted from a surface, also referred as transmit-

tance. The fraction of energy that is transmitted can be written as:

ﬁ _ Eotﬂt)t _ (1 — p)2 (2 39)
I; AA* (1 —p)2+4psin?(c/2) ‘

For the lossy mediums, the absorption coefficient « is introduced to the medium prop-

erties. The transmission intensity becomes:

& _ EOtT;S*ot _ (1 — p)2€_aL (2 40)
I; AA* (1 —eLp)2 + de—2Lpsin?(o/2) '

Equation (2.40) provides us with significant physical understanding. As the phase is
changed due to change in wavelength, sin?(o/2) will vary from 1 to 0 and I; will go from
maxima to minima. Thus, an oscillatory response will be observed if we measure trans-
mission and reflection with wavelengths. Further, if « is large, then the effect of changing
value of sin?(0/2) becomes small. So when the absorption is large, the ratio maxima of
I; to minima I, will become small and weak oscillatory behavior would be seen. On the
other hand, for small a large oscillatory response is achieved. Since the nanowires have
reflections at nanowire/air interface and nanowire/substrate interface, F-P modes will ex-
ist. By studying the depth of the fringes, a lot can be known about the loss. We will later
demonstrate some surprising results for nanowire arrays by studying F-P fringes. We were
the first ones to point out that these fringes tell a lot about the absorption values. In the
presence of absorption coefficient «, the exponential decay of the power inside the cavity
due to material absorption will reduce the transmitted power. The one-way passage loss

in the cavity due to a can be defined as 1-A, where A = (=L for a cavity of length L.
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2.5 Conclusion

In this chapter, we have discussed the mathematical formulations of physical phenomena
occurring within nanowires arrays when they interact with visible light. The cylindrical
waveguide modes excited in nanowires as a function of diameter are discussed in cylindri-
cal coordinates. The analytical explanations for the hybrid modes are discussed. Later,
the Bloch modes excitation in the period array of nanowires and their effect on nanowire
absorption with the change in periodicity are mathematically explained. Lastly, the gen-
eral formulation of F-P cavity with dielectric interfaces on the both sides of the cavity are
explained, which will play important role in explaining spectral features in longer wave-
lengths. Thus, the good physical understanding of these modes has been demonstrated.
However, these mathematical formulations do not provide the complete picture. The pic-

ture is completed by the FDTD models described in the next chapter.
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Chapter 3

Simulation Studies of Semiconductor

Nanowires

3.1 Introduction

As we discussed in the last chapter, the interaction of electromagnetic waves with the
cylindrical waveguides can be formulated mathematically using the Maxwell’s equations but
still need to be solved numerically. To analyze different geometries, it is imperative to find
the numerical solutions for a given set of parameters using computer simulations. Finite
Difference Time Domain(FDTD) is the simple and accurate full-wave technique to solve a
wide range of problems involving electromagnetism. The nature of FDTD simulations is to
use finite differences to approximate the spatial and time derivatives of Maxwell’s equations.
We used RSoft CAD environment to run the FDTD simulations for our designs. FDTD
works especially well for the domains that are somewhere on the order of the wavelength
in size. Therefore, this method works perfectly well for our designs where nanowires are
~b50-250 nm diameters in the range corresponding to electromagnetic wave excitations in

the visible and near-IR region. To obtain a reasonable approximation to the differential
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equations, the grid size (based on Yee's mesh) should be sufficiently small to give accurate
results. In our simulations, we used 4 nm grid size and have periodic boundary conditions

in x and y directions making a unit cell consisting of 2 x 2 array.

Figure 3.1: Schematics of the 2 x 2 cell of the semi-infinite nanowires for FDTD simulations

with periodic boundary conditions in x and y-direction and PML boundary in z-direction.

3.2 Resonant Optical Modes in Nanowires

It was seen in the last chapter that the resonant leaky waveguide modes in cylindrical

waveguides are dependent on nanowire diameter only. It is understandably required to
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decouple longitudinal resonances from the vertical nanowires arrays standing on a sub-
strate. The presence of longitudinal modes complicates understanding of the nanowires
and it was used in most of the cases presented in the studies earlier to this work. BY
decoupling the effect, we are able to attribute every absorption peak to a physical phe-
nomenon. To remove the effect of F-P resonances from the waveguiding properties of the
nanowires, FDTD simulations were first performed on semi-infinitely long nanowires. 1
pm long nanowires with the perfect matching layer (PML) at the bottom of the nanowires
were simulated. Transmittance was determined after 500 nm length to reduce any effects

of spurious reflections that may occur even on a PML boundary.

3.2.1 Gallium Arsenide

The above-mentioned simulation analysis was done on GaAs semi-infinite nanowires to
understand the nature of their modes. The real and imaginary part of the refractive index
(n and k) of GaAs were extracted from Aspnes et al [73]. Figure 3.2 plots the absorptance
spectra as the diameter is increased. For a specific diameter, it can be seen that an
absorption peak is observed at resonant wavelength due to the excitation of HE;; modes.
This absorption approaches unity at this wavelength and it shifts to longer wavelengths
with the increase in diameter. For diameters of 150 nm and larger, a second peak appears
at shorter wavelengths. At these diameters, the nanowires are multi-mode waveguides.
This was confirmed by studying the electric field distributions indicating that the longer
wavelength absorption peak corresponds to the excitation of the HFE;; mode and the
second peak at lower wavelengths corresponds to the HFEjs mode. Some electric field
distributions within the nanowires are shown in figure 3.2 for both resonance and off-
resonance wavelengths (P1-P3). Clear excitation of HEy; (P2) and HFEj5 (P1) peaks are

observed. At P3, the leaky modes exist with the little field within the nanowires. It
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is resonant excitation of guided modes which leads to enhanced absorption within the
nanowires. Further, as can be seen from the figures, fundamental HE;; mode has a higher

absorption than the higher order HE;5 mode.
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Figure 3.2: FDTD calculations of absorptance of semi-infinite nanowire for different di-
ameters indicating HE;; and HE;5 modes with power monitor placed at 450 nm into the

nanowires.

For these simulations, the input electric field was polarized along the x-direction. The
amplitudes for the distributions are normalized to the input. It was also confirmed that

all six components (E,, E,, E,, H;, H,, and H,) of the electromagnetic field exist within
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the nanowires showing that these are indeed hybrid modes of a cylindrical waveguide as
shown in figure 3.3 and not transverse electric( TE) and transverse magnetic (TM) modes

as was suggested previously [134].
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Figure 3.3: FDTD calculated six mode components F,, F,, E., H,, H,, and H, of EM

field in semi-infinite nanowire for 100 nm diameter

For the 100 nm diameter nanowires, at the resonance wavelength of 560 nm, the peak
intensity of the H, and E, fields increases by a factor of 9 and 2.4, respectively. In
terms of the power density, the peak power density in the center of the nanowire increased
by a factor of 1.6 as compared to the input intensities. Nanowires funnel the incident
field at the resonant wavelength, thereby increasing absorption. The distributions clearly
demonstrate that the input light is being coupled into either the HFEy; or HFEjs mode
resonantly in the diameters studied. This increases the light interaction with the nanowire

resulting in enhanced absorption for a wavelength band. As the nanowire diameter is
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increased, the cylindrical waveguide can now support higher order modes. For the larger
diameters, resonance excitation of the higher order H F15 mode occurs resulting in a shorter
wavelength resonance peak. The H E}; peak has higher overall absorption as compared to
the H F15 mode due to higher mode confinement of the fundamental mode. The H F; peak
is not observed for the 200 nm diameter as it has moved into the transparent region for
the GaAs material resulting in lower overall absorption for the nanowires. This results in
reduced absorption for this diameter and was confirmed experimentally as will be discussed
in chapter 5. Figure 3.4 plots the resonance wavelength (absorption peak) as a function
of diameter for the two different modes. The resonance wavelength shifts linearly with
increase in diameter. For the fundamental H F;; mode, the shift is ~3.5 nm per 1 nm

change in diameter while for the H E15 mode, it is ~1 nm per 1 nm change in diameter.
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Figure 3.4: Excitation of HE{; and HE;5 modes in GaAs nanowires as a function of wave-

length and diameter.

3.2.2 Amorphous Silicon

Amorphous silicon is also a direct band gap and highly absorbing material. Its refrac-

tive is slightly different than GaAS though and thus we should expect that the phase
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matching conditions for guided modes to be different than GaAs. Similar simulations were
used to calculate resonance modes for semi-infinite a-Si nanowires. The n and k for a-Si
were extracted experimentally for a thin film of known thickness using F-50 Filmetrics
profilometer (Appendix A). It is due to the reason that the lab-grown a-Si was used to
fabricate nanowires for measurements performed in Chapters 5 and 6. The absorptance
spectra and resonant modes calculated using FDTD simulations are shown in figure 3.5.

Similar behavior to GaAs is observed but larger diameters have more spectral features.
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Figure 3.5: (a)FDTD simulations for semi-infinite aSi nanowires for diameters 100-250 nm.
Peaks P1 to P4 corresponding to the dominant resonant wavelengths for each diameter are
shown in the table below (b)-(e) The radial mode shape for the resonant peaks and the

2-D mode profiles at y=0.
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For the four given diameters, the four wavelengths are chosen to be the investigated
for radial mode profiles as we have discussed in the previous section. As shown in figure
3.5a, these four wavelengths are indicated as P1, P2, P3 and P4 and represent prominent
absorption peaks for diameter from 100 nm to 250 nm. The wavelength of each peak and
its corresponding diameters are also mentioned in the table shown in the figure. The 3-D
irradiance profile and the corresponding 2-D plot of the modes along the x-axis and at y=0

are shown in Figure 3.5b-e. The irradiance plots clearly demonstrate resonant excitation of
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Figure 3.6: The excitation of HE;; and HE;5 modes of a-Si nanowires as the function of

diameter.

higher order modes at larger diameters. At smaller diameters, the lower order fundamental
modes are being excited. Such as for 100 nm diameter, strongly excited HE;; modes can
be seen at 600 nm wavelength. For GaAs, it was excited at 560 nm. Interestingly, in this
wavelength range the real part of the refractive index for a-Si is higher than GaAs. For
150 nm diameter, weakly excited HE;5 mode is getting excited at 430 nm (P2). Since at
this wavelength the n and k are high for a-Si, it is expected that the higher order modes

are also getting excited at this wavelength explaining the high absorption in this region
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despite weak excitation of the mode. For 200 nm diameter, a strongly guided HE;5 mode
is excited at P3. At a larger diameter 250 nm diameter, a higher order complex mode is
excited at P4. As the diameter is increased, higher order modes are excited and even they
red shift with the increase in diameter. The HE;; modes shift to longer wavelengths at a
rate of ~ 4 nm per 1 nm change in diameter. When the HE;; mode is excited it has very
strong absorption. Once this resonance wavelength moves above the band gap, it stops
playing a role in the absorption profile. As the diameter is increased, higher order modes
are excited and even they red shift with the increase in diameter. The HE;5 mode shifts
~ 1.7 nm per 1 nm change in diameter. The higher order modes have a lower absorption

as compared to the fundamental mode at resonance.

3.2.3 Silicon

The absorption profile for semi-infinite silicon nanowires was also calculated using FDTD
calculations. In figure 3.7 (b)and (c) the mode profiles for the nanowires are shown at
four different wavelengths ranging from 400 nm to 752 nm marked as P1 to P4. The four
different diameters were chosen from 60 nm to 200 nm to show the excitation of radial
modes. As shown in other materials, the smaller diameters show the HE;; modes only
and with the increase in diameter the resonant modes shifts to higher wavelengths. P2
shows the HE;; mode for 80 nm diameter (black) whereas P3 shown for 120 nm (red).
Simultaneously, the higher order modes start to appear below 400 nm wavelengths fro 120
nm diameter (red). For 160 nm diameter, the intensity of HE;; mode reduces drastically at
P4 (blue), whereas the highly absorbing HE;3 mode appears at P1. For 200 nm diameter,
the HE1» mode appears at P2 (green), exactly where HE;; mode appears for 80 nm but
as seen from the mode profiles, the nature of modes are completely different. The mode

profiles are clearly distinct from each other for each wavelength. The HE;; and HE;5 modes
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Figure 3.7: (a) Simulated absorption spectra for semi-infinite silicon nanowires for different
diameter, showing the mode profiles at for wavelengths (P1-P4) (b) D vs A trends for the

excitation of HE;; and HE;, modes.

calculated in figure 3.7a were plotted with the wavelength they are excited at to see the
trends for the modes of both kinds and are shown in figure 3.7b. The rate of change in

HE;; mode per 1 nm change in diameter is ~ 3 nm , whereas for HE;5 it is 1.2 nm.

3.2.4 Comparison of Resonant Peaks for Different Materials

The peak absorption wavelength for 100 nm diameter is 610 nm in a-Si while it was ~562
nm in GaAs nanowires. In silicon nanowires, the peak absorption wavelength for 100 nm
diameter was previously demonstrated at ~570 nm too. This surprisingly correlates well
to the real part of the refractive index of the materials used for these nanowires. The real
part of the refractive index for GaAs and Si is 4.0187 and 4.0246 respectively while for a-Si
is 4.2529 at their resonant peak wavelength. The peak absorption wavelength are similar

for GaAs and Si which have similar real part of the refractive index while it is higher for
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a-Si nanowires. The peak absorption wavelength seems to co-relate with the real part of
the refractive index. Simulations show that the peak wavelength for 100 nm diameter InP
nanowires, will be 528 nm. The real part of the refractive index for InP is 3.57 at 600 nm
wavelength and lower than the semiconductors mentioned before. From another group’s
work on InAs nanowires [21], the peak absorption wavelength was 580 nm and the real part
of the refractive index is 3.7131 at its resonant peak wavelength. The variation in peak
absorption wavelength for all these different materials is shown in Figure 3.8 and a decent
linear fit is observed showing that the peak position in wavelength is highly co-related to
the real part of the refractive index over different materials. Excitation of multiple higher

order modes in a-Si nanowires is also due to the higher real part of the refractive index.
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Figure 3.8: Resonant absorption peak vs refractive index for different semiconducting

materials showing a linear relation between the n and resonant wavelengths.
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3.3 Near Field Coupling between the Nanowires

3.3.1 Effect of k on Waveguide Coupling

It was discussed in the last section that the modal excitations in the nanowires are depen-
dent on the real part of the refractive index and the diameter of the nanowire. However,
as mentioned in the last chapter, near-field coupling affects the resonant conditions of the
adjacent waveguides. The negative or positive values of Rayleigh Identity({,) correspond
to the destructive or constructive interference between the fields for the adjacent nanowires
respectively. This leads to the blue or red shift in the resonant mode to increase or decrease
the mode confinement. These conditions are needed to be verified for nanowires to have a
better understanding of their optical properties. Fountain et al [22] verified it for silicon
nanowires in a simulation study where they showed that the mode confinement increases
and the resonant wavelength blue shifts as the pitch in the arrays are decreased for 250

nm to 150 nm. Above 250 nm pitch, nanowires act like individual waveguides.

This phenomenon, however, needs to be extended to a broad range of materials as well
as pitches to establish the comprehensive picture of nanowires coupling. It is well known
that the complex refractive index of a material is defined as n - jk, where n indicates the
phase velocity and k indicate the extinction coefficient of the material. The simulation
studies of nanowires involve real (n) and imaginary (k) part of the refractive index along
the with material dimensions to replicate the measured spectra of the nanowires. This has
been established in the previous studies and will be shown in the next chapters as well.
As we have seen in the previous section that waveguiding conditions mainly result out of
n of the nanowires and k is responsible for the absorption in the nanowires. As a mode
gets excited at a certain n, that specific confinement wavelength is absorbed within the

material due to the presence of k. If the k is small, then the under the right F-P conditions
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Figure 3.9: The absorption in a-Si nanowires with different values of k and pitches.
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the light bounces back and forth inside the nanowires before it gets fully absorbed. and
may get coupled across different nanowires.

To test this hypothesis, we performed FDTD simulations on nanowires with constant n
and changing k. The purpose of these calculations was to see whether k played a role in
changing the coupling conditions of the nanowires. Figure 3.9 shows the absorption peaks
in the nanowires for different values of k for hypothetical nanowires which use the values of
n for a-Si across the wavelength region. The diameter chosen for these simulations is 100

nm, which shows a strong resonant peak in the measured wavelength region. As shown
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Figure 3.10: The absorption peaks calculated in semi-infinite (a) GaAs (b) a-Si (c) Silicon

nanowires with different pitches and 100 nm diameter.

in figure 3.9a, the resonant peak shifts visibly for K = 0.1 for the pitches up to 600 nm
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and then there is no noticeable shift for the larger pitches. For K = 0.2 in figure 3.9b, the
shift in insignificant except for initial two pitches. The peaks at resonant wavelength are
almost coinciding for pitches from 400 nm to 1000 nm. For K=0.3, the effect completely
vanishes as shown in figure 3.9c. Thus, the simulations predict that when the k is low,
the nanowires get coupled and the resonant wavelengths shifts to the blue side, showing
destructive interference (¢, < 0)and a further increase in absorption. When k increases the
coupling between nanowires doesn’t happen and they act almost like individual waveguides.
For larger pitches, the discontinuities at off-resonance wavelength are due to the diffraction

orders of the nanowire gratings [23].

Extending this theory to real materials i.e. Silicon, a-Si and GaAs have different k
values and thus will present different behavior. We performed FDTD simulations for semi-
infinite nanowires for the three materials as shown in figure 3.10. As we would expect, for
the same diameter (100 nm), the three different materials are exciting resonant modes at
three different diameters. Also, GaAs and a-Si nanowires are showing negligible near field
coupling as opposed to Silicon nanowires where the resonance shift is quite significant for
pitches 300-500 nm. This could be explained by looking at the k of these materials in this
range. For GaAs, the resonant mode is exciting roughly at 575 nm and at this wavelength
its k is 0.26069, which would mean there would be no or negligible coupling between the
nanowires at this wavelength. For a-Si, the resonant wavelength is ~ 600 nm for 100 nm
diameter and the value of k is 0.124. Whereas, the value of k for silicon is 0.05 around

resonant wavelengths and one expects the coupling between the nanowires at this value of

k.
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Material Ares k(Ares) Coupling
GaAs 57h 0.2609 No
a-Si 620 0.124 No
Si 490-525 | 0.078279 - 0.055520 Yes

Table 3.1: The resonance wavelengths and their corresponding refractive indices for GaAS,
a-Si and Silicon nanowires indicating whether the nanowires are coupling depending on the

value of their k.

3.4 Longitudinal Modes in Nanowires

The F-P resonance mode discussions in chapter 2 show that to excite the longitudinal
modes in nanowires we require reflecting interfaces at both their ends and k small enough
to let the light bounce back and forth before it is complete absorbed. Vertical nanowire
arrays naturally provide reflecting interfaces at the top and bottom interface due to the
impedance mismatch between air-nanowire and nanowire-substrate interfaces. Addition-
ally, for distinct F-P features, we also require the wavelength regions where the diameter
dependent leaky modes do not interfere with them. In the following simulations, the sub-
strate is added at the bottom interface of the nanowires to observe the F-P resonances
inside them. Figure 3.11 shows simulated absorptions for a-Si nanowires of different diam-
eters with the substrate at the bottom. Comparing them with the semi-infinite nanowires
in figures 3.2 and 3.5, the radial modal locations remain at the same position even after
keeping the substrate at the bottom. This is because the nanowires are highly absorbing at
this wavelength and most of the incident light is absorbed within the first pass. However,
there are additional absorption peaks at the longer wavelengths excited periodically every
~40 nm. These peaks arise due to the reflections at the top and bottom interface of the

nanowires in the region where the k is low for both the materials.
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Figure 3.11: Simulated absorption aSi nanowires with substrate at the bottom. The length

of nanowires is 500 nm.

3.5 Length Analysis of Nanowires

Due to the high refractive index contrast between the semiconductor and the surrounding
air in an array, one would expect the scattering of light to be also present and in fact,
earlier studies assumed that the high absorption observed was due to the recapture of
the scattered light by the nanowires [74]. It is interesting to understand at what length
the nanowires behave strongly as optical waveguides where the optical mode properties
dominate the scattering. To our knowledge, no such study has been done though highly
enhanced Raman scattering was observed in silicon nanowires only 230 nm tall due to
radial and longitudinal modes [75]. In this section, a systematic simulation study by
comparing nanowires of different lengths is conducted. Again, to understand the role that
the radial optical mode plays in absorption characteristics of the nanowires for different
lengths, the nanowires were first considered to be semi-infinitely long and transmission

through different lengths of nanowires simulated. By considering the nanowires to be
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semi-infinitely long, the effect of reflections at the nanowire-substrate boundary is removed
and thus, no longitudinal modes exist. Transmission spectrum was calculated at different
lengths for wavelengths from 400 nm to 800 nm and is plotted in figure 3.12. The resonance
wavelength for the HE;; mode is seen as a minimum in the transmission spectra as the
absorption increases at this wavelength. As can be seen in the figure, the absorption peak
is even present at a length of 5 nm and the strength of the minima increases with length.
Thus, optical modes are excited right at the air-nanowire interface. Also, it is observed that
the peak slightly shifts in wavelength to the shorter wavelengths as the length is increased

and then stabilizes after a certain length once the optical mode dominates.

1.00 0.000{ _ -~ [ LogTransmission)
0.99- —20nm —~ -0.005- "
——40 nm S S
_S 0.98' —50 nm g _0010_ \\
% 0.97] - £ hN
.é ’ _100 nm 8 '0015‘ \\
2 0.96- ——200 nm © N
© —— 300 nm = -0.020+ A
~ 0.95- —— 400 nm 2 0.025 .
0.94 ] —— 500 nm —1 -VU. 7 \‘
T T T T T 1 '0030 T T T T T T
400 450 500 550 600 650 700 0O 100 200 300 400 500
Wavelength (nm) Length(nm)
(a) (b)

Figure 3.12: (a) Transmission of power through semi-infinite silicon nanowires calculated
using FDTD till the length of 500 nm. (b) Logarithm value of the transmitted power

plotted with the length of the nanowire along which the power transmits.

In order to understand where the optical mode starts to dominate, the transmission
values at the resonant wavelength of 500 nm are plotted on a logarithmic scale with respect
to the length of the nanowire in figure 3.13b. When the mode excitation dominates the

optical characteristics of the nanowires, then the log(Transmission) should vary linearly
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with the length according to Beer-Lambert law (T= e~7). As can be seen from the figure,
above 150 nm length, the transmission is a linear function of length on the logarithmic
scale (exponential in the real scale). However, for lengths smaller than 100 nm, a roll-off
is observed. This suggests that scattered light, i.e. light, which is not coupled into the
nanowires, is a dominant component for lengths smaller than 100 nm and the resonant
radial modes are not yet fully developed within the nanowires. The value of the scattered
light should be smaller than 2%. Contrary to popular thinking by many researchers,
vertical nanowires do not scatter light appreciably. Even for nanowires 150 nm long, the
modal absorption dominates the scattered light and the nanowires can be treated as optical
waveguides, which are being resonantly excited. To further establish these results, the
same simulations were performed on GaAs nanowires as well as shown in figure 3.13. The
transmission values in figure 3.13a show the absorption in the nanowires much higher than
the silicon nanowires shown in figure 3.13a. The transmission value of GaAs nanowires
was plotted on a logarithmic scale along with silicon nanowires in figure 3.12b. Even for
GaAs nanowires, somewhere below 150 nm length the transmission is a linear function of
length on the logarithmic scale. Being highly absorbing, the GaAs nanowires show much
higher slope for the transmitted mode at the logarithmic scale (~ 50x) but it does not
affect the length where the nanowires start to strongly guide the mode. These studies were
experimentally verified for silicon nanowires as well, which will be discussed in the next

chapter.
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Figure 3.13: (a) Transmission of power through GaAs nanowires for diameter 100 nm
calculated using FDTD simulations (b) Comparison of logarithmic value of power as a

function of nanowire length along which the power transfers

3.6 Shape Effect in Nanowires

We use FDTD simulations to compare the absorption characteristics of vertical silicon
nanowires with square and cylindrical cross-sections and observe unintuitive behavior. As
we have seen in earlier sections that the absorption peaks are attributed to the resonant
excitation of transverse optical modes. Since the optical modes depend on the cross-shape,
one would expect the absorption would vary if the shape of the nanowires is changed.
However, there have been only very sporadic studies which have been carried out for
nanowires other than cylindrical cross-sections. In a theoretical work, it was shown that
the absorption becomes more broadband in elliptical nanowires as compared to cylindri-
cal nanowires [76]. This was due to the breaking in the degeneracy of the optical modes
and the ordinary and extraordinary modes being resonantly excited at slightly different

wavelengths. Park et al [77] used elliptical nanowires to design polarization resolved pho-
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todetectors. They further demonstrated reconfigurable imaging systems using elliptical
nanowires [78]. Here we compare symmetrical shapes consisting of the circular and square
cross-section of the nanowires using FDTD simulations. The very first step is to compare
the electric field distribution inside both the cross-sections. Initially, the diameter(d) and
radius(r) of the respective circular and square cross-section were chosen to be equal for the
comparison. FDTD simulations were performed for semi-infinite structures with monitors
500 nm along the length of the nanowires. Figure 3.14 shows the contour plots of the radial
fields excited in both the structures. Interestingly, for a=d the mode confinement does not
match very well. However, when the fields are compared for diameter having same areas
as square cross section the field confinement increases indicating the resonant wavelength
being dependent on the area of cross section. Although the confinements of HE;; modes
match well for same cross-section areas but as seen in figures 3.14a and 3.14c, the mode

shapes are not the same.

In the next step, nanowires of both cross-sections having the same area were simulated
to calculate absorption for the wavelength range of 300 nm to 900 nm. The silicon substrate
was inserted at the bottom for the practical context. Figure 3.15 shows the absorptions
plots of the square and circular nanowires as the dimensions increase. Overall, these
contour plots are more or less similar except for some fine differences. There are hot
spots from 400 to 700 nm wavelengths for both shapes at smaller areas. These are due
to the HE;; modal excitations. The general trend of these absorption peaks is almost the
same except that for the circular cross-sections the absorption seems slightly broadband
for each hot spot. Moreover, around 300 nm wavelengths, square nanowires show slightly
less absorption compared to circular nanowires across all area ranges. Thus, despite having
different mode shapes, both the nanowire shapes show similar optical response over a wide

range of wavelengths and diameters.
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Figure 3.15: Calculated absorption contour plots for nanowires for (a) Square (b) Circular

cross-section . The length is 1 pum for all the nanowires.

Further, another diameter was chosen to establish the argument that modal behavior
is different for both the nanowires. Figure 3.16 shows the mode profiles of nanowires
of both the cross-sections for an area having square side 200 nm and diameter 226 nm
respectively. The wavelength chosen was 516 nm wavelength, as nanowires were showing

distinct absorption peaks at this wavelength for their respective diameters.

The mode profiles clearly differ from each other in their shape and represent higher
order modes. Thus, despite having distinct modal excitations between square and circular
cross-sections, these nanowires show strikingly similar absorption response showing the
optical response of nanowires in this regime to be independent of the nature of geometry
of the nanowires. This study has a potential to be extended to other cross-sections related
to the crystal growth or etching of the nanowires as it could potentially give a generalized
area dependent optical response of the nanowires for applications in photonics. This study

could eliminate the need for shape specificity in nanowires based applications.
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Figure 3.16: Calculated electric field distributions for semi-infinite nanowires for (a) Square
having 200 nm side and (b) Circular cross-sections having 226 nm diameter. Both cross-

sections represent almost the same area.

3.7 Conclusion

The simulation studies of semiconductor nanowires were performed in this chapter pre-
dicting their waveguiding properties. It is shown that how the nanowires absorb incoming
wavelengths by exciting cylindrical modes depending on their diameters. Also, the optical
properties were understood for nanowires when the diameters, pitch, length and shape
were varied. The dependence of the optical response on the real and imaginary part of
refractive index was highly emphasized. With this, the theoretical models for generalized
properties of semiconductor nanowires were established and verified using the properties

of the materials that will be used in the next sections. From this chapter we see:

e Resonant modes are excited in the nanowires at wavelengths that depend on the

diameter of the nanowires.
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The resonant wavelengths are also dependent on the real part of the refractive index

(n), as the resonant wavelengths increase with the increase in n.

For the low loss nanowires near field coupling is observed. The coupling was observed
for silicon nanowires for which the imaginary part of the refractive index is low. a-Si

and GaAs nanowires show no coupling as they have higher k.

The periodically arranged nanowires act like coupled oscillators where n is equivalent

to the spring constant and k is equivalent to the damping constant.

Resonance exists due to the excitation of HE;,, modes.

F-P modes can further increase absorption where nanowires absorption is low.
Nanowires only need to be 150 nm long for them to be described as waveguides.
Scattering is low in these arrays.

For symmetrical nanowires, the absorption features are very similar for the same area
of the cross-section. However, their mode shapes differ from each other. Many of

these observations brought new knowledge to the field.
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Chapter 4

Nanowires Fabrication

In this chapter, different methods developed for etching nanowires in different semicon-
ductors are described. We are mainly interested in nanowires arrays in silicon, a-Si, GaAs
and GaN. The optical properties of nanowires are affected by their physical characteris-
tics. The length, diameter, lattice arrangement, and alignment control their absorption
and emission dynamics and so do the doping concentration, composition, crystal structure,
direction and cross-section (for waveguiding). Thus control over these different character-
istics is needed. As shown in next chapter, ordered nanowire arrays provide attractive
waveguiding properties which we are interested in harnessing. There are two methods used
for nanowire arrays: bottoms-up approach and top-down approach. Bottom-up methods
involve the growth of nanowires while top-down approach involves etching the nanowires
into a substrate. The different approaches are discussed in the next sections along with

my experimental results.
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Figure 4.1: Vapour Liquid Solid bottom-up approach to grow a single nanowire

4.1 Bottom-Up Approach

Bottom-up growth is the cheap and popular method of yielding high volume of nanowires.
The most common mechanism for bottom up growth is putting a metal seed on a semi-
conductor surface at high temperature (~500°C-1000°C) and supply precursors for the
intended material to grow nanowires at a controlled pressure. The metals that are usually
used for the growth are Au, Pt, Al, Mn, Ni, Ag and Cu [79-88]. Bottom-up approach
has been used for growth of different semiconductor nanowires including silicon, gallium-
arsenide, indium phosphide, gallium phosphide, gallium arsenide phosphide etc. For the

nanowires of interest to us, some of the relevant work is described below.

4.1.1 Silicon Nanowires

Silicon nanowires were the first of their kind to be demonstrated using vapor liquid solid
(VLS) growth introduced by Wagner and Ellis [79] in 1964. These nanowires were grown
using a metal catalyst-assisted growth of unidirectional whiskers at high temperatures. A
schematic of the growth process is shown in Figure 4.1. In his process, metal nano-particles

or nano-droplets are deposited on the substrate using various chemical and physical depo-
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sition techniques. The growth process is initiated by the formation of liquid alloys by metal
droplets and vapors of precursor elements. When the vapor concentration surpasses the
equilibrium concentration (most probably due to vapor pressure fluctuations) to achieve
the minimum free energy, the alloy gets supersaturated and the vapor components pre-
cipitate at the liquid-solid boundary resulting in the formation of nanowires. The growth
continues as long as the vapor components are supplied. The radial growth is confined to
the size of the metal catalyst [89]. Silicon nanowires are grown using Au catalyst and a
gaseous precursor such as silane as a silicon source. Au-Si alloy has a drastically reduced
melting point than the individual components. Gaseous silicon precursor, when exposed to
the alloy droplets, is cracked at the silicon surface. Silicon after saturation point in Au-Si
alloy droplet starts to precipitate at the droplet-wire interface and continues to grow as

long as the silane supply and high-temperature persists [83].

A mechanism similar to VLS is Vapour-Solid-Solid (VSS) growth, where the solid cat-
alyst is used instead of the liquid droplets. In this case, the melting point is reduced
due to catalyst supersaturation, which means VLS growth can continue below eutectic

temperature and the alloy particle solidifies if the supersaturation is not maintained [82].

Another derivative of VLS growth is the Solid-Liquid-Solid mechanism in which a thin
layer of gold was deposited on the silicon substrate and was annealed in the quartz tube
at 1000°C to transfer them into the liquid phase. Then the rapid cooling at the interface
using nitrogen supply renders silicon atoms to self-assemble into wires [90]. In another
variation, the precursor was decomposed in a high boiling solvent in the presence of catalyst
nano-crystals [91]. Molecular Beam Epitaxy (MBE) has also been used as another clean,

oxidation-free process of providing precursors in ultra-high vacuum le — 10 mbar range

85,86, 88].

Ultra-narrow nanowires have been demonstrated using laser ablation to prepare sub-10
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nm diameter catalyst clusters. In this, a pulsed laser targets the precursors and catalyst in

a quartz tube. The diameter can be achieved as low as 3 nm through this process [83,92].

4.1.2 Gallium Arsenide Nanowires

For GaAs Nanowire growth VLS is initiated in various systems like Metal Organic Vapor
Phase Epitaxy (MOVPE) where trimethylgallium (TMG) and tertiarybutylarsine (TBA)
are used as precursors for Ga and As respectively with Ga:As ratio of 1:25 [93]. In Molecular
Beam Epitaxy (MBE) the GaAs substrate is thoroughly cleaned and transferred to the
chamber. An effusion cell supplies gallium and Ass, is supplied by a gas cracker, operating
at high temperature and extremely low pressure to achieve minimum mean free path and

high yield [85, 86, 88].

Chemical Beam Epitaxy (CBE) is different from MBE as the precursor for Gallium
decomposes on the substrate surface inside the chamber and the one for Arsenic gets
decomposed to ASs outside the chamber. The pressure in CBE is also four to five orders

lower than MBE process [94].

4.1.3 Gallium Nitride Nanowires

VLS growth can also be employed for the fabrication of GaN nanowire growth. In one
study [95], molten gallium (99.9999% pure), and several iron, nickel, and cobalt based alloys
were used in the quartz tube at 800 - 1050°C and purged with ammonia gas to achieve
high-density GaN nanowires having wurtzite crystal structure. In another experiment [96],
laser-assisted catalytic growth was used to grow GaN nanowires using Fe as a catalyst,
and Ga and N vapors as the catalysts at 900°C. Fe is the desired catalyst in this process

as it can dissolve both Ga and N but does not form more stable solid phase than GaN.
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There are other unconventional methods to grow GaN nanowires such as in one study [97],
instead of using metal catalyst, carbon nanotubes were used to confine the growth process

using GaoO and NHj3 as precursors.

4.2 Drawbacks of Bottoms-up Approach

Although the bottom-up growth of nanowires has demonstrated numerous possibilities of
exploring flexibility in size, shape, yield and type of material, still it has its own limitations
when trying to explore its end products for applications. One limitation is as a result of
contact between metal and semiconductor in the form of the liquid alloy at high temper-
ature, the nanowires get contaminated as a result of diffusion of metal during the growth
process. It alters the optical properties and impurity level in the band gap of the nanowires.
Another drawback is due to the lack of control while inducing crystal growth; it is hard to
achieve consistency in controlled array arrangement, crystal orientation, controlled cross-
section and consistent vertical alignment and repeatability. Removing metallic masks after
the growth is also an issue under consideration as a requirement for various applications.
Further, heterojunctions (e.g. a quantum well in a wire) are difficult to achieve in this

method.

The above-mentioned issues with nanowire growth have led to the search for new meth-
ods of achieving the same morphology. The top-down approach is an alternative way
of achieving nanowire structures by etching down the semiconducting material from the

macroscopic wafer scale.
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4.3 Top-Down Approach

The top-down approach brings in a different concept and scope in the production of semi-
conductor nanowires. Due to some unresolved drawbacks in nanowire growth techniques,
more and more attention is being given to the etching methods of nanowires. It gives a
much better control over the size, shape, composition, crystal orientation, aspect ratio,
arrangement and repeatability in the production of nanowires. The surface is patterned
with the mask and nanowires are etched into the substrate. There are different approaches

to etch the semiconducting surfaces.

4.3.1 Catalytic Chemical Etching

In this method metal particles are deposited on the semiconductor wafer by a wet deposition
method, then the wafers are immersed and left to dissolution into the etching solution such
as HF or AgNOj for silicon. The silicon in contact with catalyst clusters/particles is etched
off as the metal catalysis the etching process in the presence of etchant [98,99]. Moreover,
the single crystal nanowires with desired orientation can be created by choosing the desired
crystal orientation of the wafer. Although this method gives control over crystal orientation
and sidewalls smoothness to some extent, but it still lacks the control over shape, diameter,

uniformity and consistency.

4.3.2 Reactive Ion Etching

Reactive Ton Etching (RIE) is an anisotropic etching method to get highly precise mor-
phologies of nanostructures with great control on sidewall smoothness, diameter, length,
and shape while achieving high aspect ratio and preserving axial heterostructures, doping

and crystal orientation of the bulk. However, reactive ion etching alone cannot achieve
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all these features, it has to be accompanied with inductive coupled plasma (ICP) on a
wafer covered with hard masks patterned with the help of optical or electron beam lithog-
raphy. Photoresist, SiOy particles and polystyrene (PS) beads have also been used as
mask [100-102]. Photoresists, however, act as a poor mask with low selectivity while the
SiO, particles and PS beads are difficult to arrange in the desired patterns. The schematic

of dry etching is shown in Figure 4.2.

Photoresist

N

Wafer PMMA Depostion

[N N N D P R e —
E-beam writing and developing

Metalic Mask
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| = = = ®§ =& ®§ § |
Mask Depostion

Lift off
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Dry Etching

Mask Removal

Figure 4.2: Schematic of a nanowire fabrication process by dry etching

In RIE system, a single RF plasma source controls both the density and energy of ions,
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which makes it hard to balance the etch rate, anisotropy and damage control of nanowires.
On the other hand, introducing ICP source can manage to generate plasma density 10-100
times more at pressure 5-100 times lower than RIE [103]. ICP-RIE decouples the incident
ion energy from plasma density generation by applying RF power independently to a coil
wrapped around the plasma chamber . Controlling both features independently gives higher
etch rate due to high plasma density and high morphology control due to independent ion
energy control using forward power, along with minimized physical damage due to ion

bombardment to the intended throughputs.

The mask used for defining the nanowire arrays can be achieved through electron-beam,
optical or nano-imprint lithography. Electron beam lithography (EBL) has an edge over
optical lithography as the resolution is limited to optical lithography due the diffraction
limit. The smallest feature reported by optical lithography is 50 nm. Whereas, electrons
having much lower wavelength than UV helps e-beam lithography patterning the features
in sub-10 nm range. Nano-imprint Lithography is another method to achieve features up
to sub-50-nm with the cost much lower than EBL [104]. In this technique, a mold having
nanometer scale features is pressed into a thin resist film on the substrate. Then the
remaining resist on compressed areas is removed by RIE or wet etching. Later, either the
resist can act as mask or metal can be deposited or sputtered as a mask. In this work,
we have used e-beam lithography and ICP-RIE etching for nanowires in silicon (crystalline
and amorphous), GaAs and GaN. Our methods and results are discussed in the following

sections.

4.3.3 Crystalline Silicon Nanowires

Fabrication of ordered vertical crystalline silicon nanowires and the precise control on their

morphology has become an established process in the past couple of years [23, 35, 36, 70,
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Parameter | C4Hg | SFg | ICP | CCP T P Etch Rate

(sccm) (W) (°C) | (mT) | (nm/min)

Value 42 22 11200 | 20 15 10 ~400

Table 4.1: Pseudo Bosch etching parameters for Silicon Nanowires

101,105, 106] for various applications including work done by our group. In the ICP-RIE
process, the gas mixture of SFg and C4Hg is used as the etchant and best results are achieved
with aluminum as a mask. In this famously known as Pseudo-Bosch process, the etching
rate and passivation rate are controlled independently by SFg and C4Hg respectively. The
fluorine ions and radicals from SFg at a specific forward power etch the silicon and make
the end product SF4. The ionization of C4Hg creates polymer chains of CF,, that act as a
passivation layer on the silicon surface. Thus, creating an appropriate balance of plasma
density and ion energy, control over the etching process can be achieved where undercutting,
surface passivation and sidewall roughness can be reduced to achieve vertical and smooth
sidewals [107]. The process used here was developed initially by a previous lab member
Reza Khorasaninejad but it was further extended to control the shape and taperedness of
silicon and a-Si nanowires. The parameters used for Pseudo-Bosch etching of silicon are

shown in table 4.1.

In order to achieve highly ordered arrays with controlled diameter and spacing, we use
the e-beam lithography to pattern the hard masks. PMMA950-A3 (Poly(methyl methacry-
late)) was spin-coated on a silicon wafer at a thickness of around 170 nm, which was fur-
ther baked at 180°C for 20 minutes. Patterning using e-beam was done at 20 kV on the
circular-filled, periodically arranged design patterns created by RAITH150 two CAD soft-
ware. The step size of e-beam was ~10 nm with a beam size around 7-8 nm to write on the

e-beam resist. This method is different than the conventional method in which changing
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dosages at large step sizes, equal to the intended periodicity of the nanowires, were used
to achieve desired diameter size. The current method helps in the flexibility in the design
of the nanowire patterns. The patterned sample was developed in Methyl-isobutyl-ketone
(MIBK) and isopropyl alcohol (IPA) solution in 1:3 proportions respectively for 30 seconds
and then IPA or water is used as a stopper. Then the sample was installed in an upside
down rotating stage in Intlvac e-beam physical deposition chamber to deposit ~30 nm
thick aluminum as a mask. The sample was then put in acetone or PG remover solution
to remove the remaining e-beam resist and metal. Through lift-off process, the masked
sample is put in an oxygen plasma ashing chamber to remove carbon impurities. Later on,
the masked sample is installed in OXFORD PlasmaTherm ICP-RIE for the dry etching

process. The etching chemistry is already mentioned above.

In [69], we demonstrated vivid structural color generation due to diffraction in highly
ordered nanowire arrays (ideas developed by another group member and part of his the-
sis). Different colors can be generated either by changing the angle of the incident beam or
changing the pitch between the nanowires in the array. Further, to generate pure colors,
the pitch had to be controlled effectively over the array and the diameter had to be kept
constant for different pitches. Due to the incapability of Raith software to define differ-
ent step sizes in a single run, these goals were not possible using the method previously
demonstrated [70] where dosage control was used to achieve different diameters and step
size used as pitch. In our method, we used the Raith-150 two licensed CAD design soft-
ware to build the array of circular patterns with a step size of 10-20 nm depending on
the required diameter, and keeping the balance between resolution and time consumption.
The method gave us fairly accurate results and made it possible to create different pitches
in a single patterning saving time and resources. Figure 4.3 shows the scanning electron
microscope (SEM) images of the fabricated nanowire arrays with pitches ranging from 400

nm to 1200 nm. Using this method, we could achieve the pitch as small as 200 nm. At
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¢) 800 nm (d) 1000 nm

(e) 1200 nm

Figure 4.3: Top-view SEM images of silicon nanowires at different pitches.
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smaller pitches, the dosage needs to be reduced by ~10% to keep the diameters constant.

While studying the optical properties of cylindrical nanowires, the change in cross-
section geometrical shapes of the nanowires also demands an attention. Having a powerful
anisotropic etching technique, it is possible to control the shape of nanowire cross-section
and it calls for an opportunity to explore the properties of such nanostructures. Figure 4.4
shows SEM images of nanowires with square, triangular and circular cross-sections. The
length of the nanowires is ~1 pm in all these samples. As can be seen, good reproduction of
the desired shapes is achieved. As discussed in the Chapter 3, some interesting properties

are observed when the cross-section shapes of nanowire change.

In addition to exploring cross-section shapes, the tapered and disordered profiles of
nanowires can also be achieved. In the tapered profiles, the etching recipe had to be modi-
fied by reducing the passivation gas C4Hg and increasing the forward power. Theoretically,
the increased forward power should be etching away the mask quickly whereas decreased
passivation layer should increase the lateral etching of the nanowires. Although, the mask
seems to remain to intact on the top of the nanowires as shown in Figure 4.5(b), the
nanowires showed taperedness owing to the reduced passivation gas. The etching recipe

used for achieving the tapered profiles is shown in Table 4.2.

Parameter | C4Hg | SFg | ICP | CCP T P

(scem) (W) (°C) | (mT)

Value 33 22 11200 | 22 15 10

Table 4.2: Etching parameters to achieve tapered profiles for Silicon Nanowires

For creating random patterns, the individual elements of circular patterns were moved
into random directions, starting from the ordered pattern. despite being a laborious pro-

cess, it ensures the randomness in the nanowire pattern remains high. On the other hand,
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Figure 4.4: Top-view and side-view SEM images of silicon nanowires with (a),(b)square

and (c),(d)triangular cross-sections. The scale is 1pum for all figures.
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(b) Tapered Nanowires

(c) Disordered Cylindrical Nanowires

Figure 4.5: Side-view SEM images of silicon nanowires with (a) Ordered (b) Disordered

arrangement and (c) Tapered longitudinal profile. The scale bars are 1 pm for all figures.

designing ordered patterns is the inherent capability of RAITH150-two CAD software.
Figure 4.5(c) shows the side-view SEM image of the disordered nanowires showing the

presence of truly random structures.

4.3.4 Amorphous Silicon Nanowires

We also investigate whether a-Si nanowires can be fabricated on thin films for applications
in transparent and colorful solar cells. We were afraid that ICP-RIE etching could lead to
sidewall disintegration in an amorphous material. Normally a-Si etching is different from

crystalline silicon etching.

Figure 4.6 shows the a-Si nanowires on a glass substrate etched using the same recipe
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Figure 4.6: Side-view SEM images of a-Si nanowires fro four diameters (a) 100 nm (b) 150

nm (c) 200 nm and (d) 250 nm. The scale is 1ym for all figures.
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as our crystalline silicon nanowires. This is due to the nature of anisotropic dry etching in
which DC bias predominantly controls the morphology due to the energy of fluorine ions
and radicals [107]. To our knowledge, this is the first demonstration of top-down etched
a-Si nanowires with such precise control over dimensions. In fact, in this work we were
able to control the nanowire length right down to the glass substrate as will be described

later.

4.3.5 Gallium Arsenide Nanowires

Though ICP-RIE etching has been widely used for GaAs semiconductor lasers [108-110],
surprisingly it had not been applied widely for nanowire based applications. The first
fully controlled method for etching GaAs nanowires was developed during this study. We
can control the diameter, pitch, and length of the nanowires independently. The GaAs
nanowires were fabricated using a top-down approach by patterning a metal mask with
e-beam lithography and then using ICP-RIE etching with Cly/Ny chemistry to form the
nanowires from (100) GaAS wafer. The samples were cleaned using 2-propanol, acetone,
and DI water in succession and then sonicated in acetone for approximately 10-15 min.
PMMA 950 A3 was spin coated on the wafer to the thickness of ~170 nm and baked in a
YES- CV200RFS plasma strip/descum system. The pattern was written using Raith 150
Two (ultra-high resolution direct write tool) at 20-25 kV and was developed in MIBK :
IPA solution for 30 s. Metallic hard masks were deposited using Intlvac Physical Vapor
Deposition System and lift-off was performed in Remover PG solvent stripper. The metals
used for hard mask include Cr, Ni, Al, and Ti. The nanowires were arranged in a highly
uniform square lattice over a 100 ym x 100 pm array and were targeted for many variations

in diameters and pitches.

To achieve high aspect ratio in nanowires requires high selectivity of the metal mask in
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the Cly/No chemistry. Nickel has been successfully used as a metal mask for etching GaAs
nanostructures [111]. However, Ni is avoided to be exposed in III-V etching chamber due
to its role as a potential contaminant to some devices (for example, as a magnetic impurity
in the fabrication of super- conducting nanowires) in the cleanroom. Instead, chromium
(Cr) was used, which also has low etch rate in Cly/Ny chemistry. However, Cr being a
soft metal leads to 'nano-whiskering’ where Cr residue on side of the mask remains on the
pattern after lift-off as it does not tear off well from the sidewalls of the pattern. This is a

common problem with Cr which is exacerbated as the thickness of the mask increases [111].

Figure 4.7a shows a scanning electron microscope (SEM) image of a 45 nm Cr mask
after lift-off. The nano-whiskers around the circular mask patterns are clearly visible. After
etching, the whiskers were etched down to form nano-walls of sub-10 nm dimensions, as
shown in figure 4.7b.So the etching is very anisotropic. This problem was overcome by
depositing a 20 nm aluminum layer before depositing the Cr mask. The Al layer allows for
the clean lift-off as observed in figure 4.7c. Clean lift-off was achieved for varying thickness
of Cr (ranging from 20 nm to 45 nm) on the top of 20 nm thick Al. Another advantage
of using Al at the base is that it can be etched in Al etchants, which does not affect the
GaAs nanowires, and the metal mask removed after the fabrication. This is difficult with
Cr since Cr etchant also etches GaAs. Cr also gets etched in our plasma-etching recipe,
though it is a slow process (at a rate of ~10nm/min) and hence the thickness of Cr needs
to be adjusted for different lengths of nanowires. Use of such hybrid metals as masks is
the first demonstration of its kind to our knowledge (though metals like Cr and Titanium

are used as adhesion layers for electrical contacts).

The etching of the nanowires was done in an Oxford Plasma-Therm ICP-RIE system
using Cly /Ny chemistry. Plasma conditions were optimized to achieve vertical sidewalls and

reproduction of the metal mask into the semiconductor nanowire allowing for controlled
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Figure 4.7: (a)Top-view SEM of chrome masks after lift-off, (b) Side-view SEM of GaAS
nanowires after etching of (a). (c¢)Top-view SEM of Al/Cr mask after lift-off, (d) Side-view
SEM of GaAS nanowires after the etching of (¢). The scale is 1um for (a) and (b) and
1pm for (c) and (d).
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fabrication of the nanowire. Chlorine is widely used in all kind of wet and dry etching due
to its high reactivity. In anisotropic etches, Cl, requires neutral gas species to enhance the
sputter desorption of etch products such as GaCl, and AsCl,, thus reducing the chlorine
radicals to control the etch rate. Most widely used neutral gas species are Ar and Ns.
We chose Ny for its moderate sputtering efficiencies, allowing the fine tuning of chlorine
radicals density. The previous researchers while testing the GaAs etching, explored the
etching parameters in their distinct etching chambers. In these studies [112-115], the
etching parameters vary widely ranging from 1:4 to 10:1 for Cly:Ny ratio,100-1000 W for
ICP Power and 60-200 W for forward power. The chamber pressure is considered safe
under 10 mT. However, too low pressure could lead to lower etch rates and mask erosion.
The most studies used 5 mT as their sweet spot, it, however, did not work for us as it
reduced the etch rate drastically leading to tapered structures. Temperature does not make

a significant effect on the etch rates and sidewall profiles.

Optimized etching was achieved with 20 sccm of Cly and 5 scem of Ny, The RF source
power was 500 W, ICP power was 60 W with the chamber pressure of 10 mTorr. Ny allows
for surface passivation of the nanowires and was chosen specifically instead of CH4 or Ar
which can lead to polymerization and redeposition. Etching was done at a rate of ~10
nm/s at a plate temperature of 20°C. These parameters lead to very good quality GaAs
nanowires, not reported before with etching. The most successful etching recipe for GaAs

nanowires is shown in Table 4.3.

Parameter | Cly | N | ICP | CCP | T P | Etch Rate(nm/min)

(scem) (W) (°C) | (mT) (nm/min)

Value 20 | 5 | 600 | 50 20 10 ~1100

Table 4.3: Etching parameters to achieve GaAS Nanowires of 1um length
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Figure 4.8 shows typical SEM images for some of the GaAs nanowires of different
lengths, diameters, and pitches. As can be readily seen, the arrays are highly uniform
and the sidewalls are vertical. There is no undercutting of the mask and the features in
the mask pattern are accurately reproduced. The diameters achieved were as small as 30
nm and as large as 400 nm. Diameter to pitch ratio of 60% was achieved, the highest
packing density reported for GaAs nanowires. This allows us to fabricate nanowires with
parameters which have been simulated to be optimum for wide band absorption (as will
be discussed in next Chapter). The smaller diameters were achieved by writing patterns
at smaller beam step size, thus changing the size of the mask pattern and not by severe
undercutting as previously demonstrated [111]. The sample with nano-whiskers from the
Cr mask was etched to a depth of ~600 nm as shown in figure 4.8b showing the anisotropic

nature of the etch.

Although some of these nano-whiskers were less than 10 nm in width, they were nevertheless
successfully maintained to the bottom of the etch with no sign of undercutting. This clearly
shows that the etching process is highly anisotropic and reproduces the mask pattern into
the GaAs semiconductor extremely well. This allowed us to achieve small diameters for
long lengths as shown in figure 4.8a where the diameter is 65 nm and length is 2.2 um.
For this sample, the top ~100 nm has been eroded due to complete etching of the mask.
This can be avoided by increasing the Cr thickness. For the 1 ym long nanowires, 20nm
Al and 30nm Cr was used as a mask while for 1.9 ym and 2.2 pm long nanowires, 15 nm

Al/45 nm Cr was used as a mask.

To confirm the etching quality, transmission electron microscopy (TEM) images were
obtained using a JEOL 2010F by our collaborators at McMaster University, and a represen-
tative image at the nanowire surface is shown in figure 4.9. The diameter for the nanowire

was 135 nm in the range where high solar absorption efficiencies have been predicted [48].
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(a) D - 65 nm, P- 400 nm (b) D - 100 nm, P - 500 nm

(¢) D - 200 nm, P - 500 nm (d) D - 300 nm, P - 500 nm

(e) D - 400 nm, P - 500 nm (f) D - 400 nm, P - 1100 nm

Figure 4.8: Side-view SEM images of GaAS nanowires for different diameters and pitches.

The details for each figure are shown in the sub-captions. The scale is 1 pym for figures

(a)-(e) and 2 pm for (f)
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As can be seen from the image, the sidewall roughness is less than 1 nm. Also as will
be shown later, the optical performance of the fabricated nanowire arrays is very similar
to what is predicted by the simulations, which again proves the quality of the nanowires

fabricated.

Figure 4.9: TEM image of the GaAs nanowire with 135 nm dimeter.

The tapered nanostructures are known for their strong antireflection properties com-
pared to cylindrical nanowires [34,116]. To reduce reflections, it is desirable to have tapered
nanowires with the diameter being smaller on the top and slowly increasing to the desired
value [101]. Tapering can allow for adiabatic coupling of incident light into the nanowire
optical modes, thus reducing reflections and increasing efficiency. Thus, we also investi-

gated whether we could achieve tapered nanowires using the etching method. The idea
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was based on the controlled etching of the mask. This was achieved by using a Ti/Cr/Ti
sandwich metal mask. The bottom Ti layer was to achieve clean lift-off while the Cr layer
acted as a metal mask for etching. The top Ti layer provided a controlled etching of the
mask. While Ti etches in Cly based chemistry, the process is slowed down due to the
formation of the native oxide [103]. Figure 4.10 shows SEM images of tapered nanowires
1.9 pm in length and around 180 nm diameter at the base. As can be readily seen and
as opposed to Figure 4.8, the nanowires are tapered for the top 300 nm and then follow a
columnar geometry. To our knowledge, this is also a unique nanowires shape reported for

the first time.

Figure 4.10: Side-view SEM images of GaAs tapered nanowires with (a) 2.2 ym (b) 1.6

pm lengths. The scale is 1 um for both figures.

4.3.6 Gallium Nitride Nanowires

GaAs interests the researcher community for its practical applications in ultraviolet-blue
lasers, LEDs or photodetectors. There are several growth based nanowires and their appli-
cations reported previously [52,60,95-97,117]. Also, there are some attempts are made to

etch the nanowires using ICP etching [118,119]. But the cylindrical nano-waveguides with
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vertical sidewalls is still a challenging task in both top-down and bottom-up approaches.
We have attempted to achieve these nanostructures using Cl, and Ny chemistry using var-
ious masks and additional passivation . The full list of etching recipes and masks used are
shown on the table 4.4. Initially, the standard clean recipes to etch III-V semiconductors
had been used on the Cr, Al/Cr metal masks. Since GaN is a hard material compared
to GaAs, the chlorine supply, and forward bias was increased initially to physically and
chemically increase the etch rate. The results showed highly tapered structures with the
masks completely etched away. In the next step, the Ny ratio is decreased drastically to
allow the undercutting to balance the profile. The etch rate was slightly increased but not

much change was observed in the nanowire profile.

#|Cl [Ny | Ar |CHy | ICP | CCP| T P Mask

(sccm) (W) (°C) | (mT) (nm)
1|38 |13 500 | 200 | 20 | 5 Al/Cr - 25/25
2 | 38|20 500 | 200 | 20 | 5 Cr - 45
30385 500 | 200 | 20 | 5 Al/Cr - 10/40
41255 500 | 100 | 20 | 10 Al/Cr - 10/40
5| 25 2 150 | 40 | 20 | 10 | SiN//Cr/Al- 100/15/40
6| 38 | 20 10 | 500 | 200 | 15 | 10 | SiN/Cr/Al- 100/15/40
7| 38 | 20 10 | 500 | 200 | 15 | 10 | Ni/SiN/Cr/Al - 100/15/40
8| 38 | 20 10 | 500 | 200 | 15 | 10 | SiOy/Cr/Al- 100/15/40
9| 38 | 20 5 1500 | 200 | 13 | 10 | SiOs/Cr/Ni/Al- 100/15/40

Table 4.4: Etching parameters for different tests to fabricate GaN Nanowires

Later on, a standard etch recipe was used with Cl; and Ar by depositing SiN on GaN
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before patterning the masks on the top. SiN was deposited using standard PECVD recipe
shown in Table 4.5. Also, methane was added to increase the surface passivation. SiN was
deposited with PMMA and baked in the oven for 20 minutes. Then the periodic nano-
patterning was done using e-beam lithography and the metal masks were deposited on the
top. Finally, the remaining metal and PMMA was removed using PG remover. Later on,
the standard SiN recipe was used to etch SiN that was not under the metallic masks. The
SiN recipe used is shown in table 4.6. The thin film was etched till the GaN wafer was
exposed and then the sample was plasma ashed with oxygen to remove carbon impurities

and then etched using the recipes number 5 and 6.

SiHy

Ny

P(mT)

RF Power

Temp(°C )

Deposition Rate(nm/min)

30

90

600

40

330

20

Table 4.5: Parameters for SiN thin film deposition on GaN wafer

SFg

C4Hsg

P(mT)

RF Power

ICP

Temp(°C )

Etch Rate(nm/min)

32

28

10

20

1200

15

23.81

Table 4.6: Etching parameters for SiN thin film deposited on GaN wafer

SiHy | Oy | P(mT) | RF Power | Temp(°C ) | Deposition Rate(nm/min)

30 | 45 600 40 250 29

Table 4.7: Parameters for SiO, thin film deposition on GaN wafer

Similarly, the same process was used by replacing SiN with SiO,. The deposition and
etching recipes for SiOy are shown in Tables 4.7 and 4.8. To check the etch rates for SiN
and SiOy, a dummy wafer was deposited with the respective thin films and half of the

wafers were coated with an aluminum mask. The etching was performed on that wafer
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C4Hg

O,

P(mT)

FWD Power

ICP | Temp(°C )

Etch Rate(nm/min)

40

15

10

200

2500 50

430

Table 4.8: Etching parameters for SiO, thin film deposited on GaN wafer

to make sure the standard etch rates are accurate. The etch rates were quite precise for
both the materials.
diameters larger than 200 nm, as shown in figure 4.11. The etching recipes need to be

further explored with different gasses and etch masks to achieve vertical nanowire profiles.

A partial success was achieved to reach ~85° sidewalls angles for

To our knowledge, this is the best sidewall angle achieved for the GaN nanowires.

Figure 4.11: Side-view SEM image of GaN nanowires for three diameters (a) 100 nm (b)

200 nm (c) 260 nm. The scale bar is 1 pm.
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4.3.7 Diameter Distribution of Nanowires

To verify the consistency of nanowire patterning and etching, the diameter distribution of
nanowire was calculated using image analysis software ImageJ. The top-view SEM images
of nanowires having 85 nm targeted diameter with different pitches and random distribution
were analyzed at 10,000 x magnification. The diameter distribution is plotted in figure

4.12. The majority diameters lie in the range of 82 nm to 88 nm while the targeted diameter

160 - ,
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140 /N e = 400 nm
1 i 4 500 nm
1201 ,* /4. —v-e00nm
_100] ST o
S 801 TN
8 60 7N N
sl
200 ¢
0 s -
80 86 88 90 92

Diameter (nm)

Figure 4.12: The diameter distribution of silicon nanowires with 85 nm diameter and
pitches ranging from 400 nm to 800 nm. The distribution for disordered nanowires is also

plotted.

was 85 nm. The diameter count decreases with increase pitch because of the reduction in
fill fraction for the nanowires. The distributions indicate the standard deviation of 4+ 3 nm
from the original diameter of 85 nm. This gives an idea about the consistency with which
the patterning and etching produce the lateral dimensions of the nanowires arrays and
some of the most consistent nanowires ever reported. This consistency helps us completely

verify the various physical features in chapter 3.
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4.4 Conclusion

In this Chapter, fabrication techniques for silicon, a-Si, GaAs, GaN to achieve peri-
odic nanostructures of desired shape and dimension have been summarized. For silicon
nanowires, the main achievement was improving the fabrication process to achieve higher
control in diameter and pitch especially when different geometrical parameters are to be
changed close by and controlling the tapered profiles of the nanowires. Also, the first etch
controlled a-Si nanowires were demonstrated and a new process for GaAs nanowires to
achieve desired parameters were developed. In the end, the etching process to fabricate
cylindrical vertical GaN nanowires were shown. Various masks and etching parameters
were tested to achieve vertical profiles for sidewalls and a partial success was achieved
by decreasing the sidewall angles of the nanowires. These nanostructures are important
because they have the potential to be used in the advanced optoelectronics applications in

the future. Concluding Summary:

e Highly controlled dry etching processes were developed for GaAS, Si, a-Si and GaN

nanowires.
e Diameter variation in an array was as low as 3 nm.
e Different shapes were demonstrated showing the capability of ICP etching.
e Tapered nanowires were achieved for GaAs and silicon nanowires.

e These controlled fabrication processes allow us to study and fully understand the
optical properties of the nanowire arrays and will be discussed in the next chapter.

This allowed us to design controlled experiments for the first time in the field.
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Chapter 5

Optical Measurements and

Experimental Studies

5.1 Introduction

A material and its surface properties can be studied using various characterization tech-
niques. Reflection is one of the most fundamental optical response of a material. Color and
luster are the few intuitive responses of a surface when photons in the visible region get
reflected back from it into human eyes. Reflection, however, is not limited to the visible
range and requires special optical setups to detect the photons outside the range of the hu-
man eye. The color of a material represents the range of wavelengths in visible region that
are absorbed and reflected from a surface, whereas luster represents the type of reflection
and hence the texture of the surface. Reflection from the surface of a material can be quan-
tified using an appropriate optical setup where lenses, beam splitters, and a spectrometer
is required. In the previous reflection studies of semiconductor nanowires, researchers have
followed various approaches to representing reflection parameters to quantify the nanowire

properties. The initial antireflection studies of nanowires involved the randomly grown
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or wet etched high-density nanowire ensembles which were highly dominated by diffuse
reflections. These diffuse reflections usually happen due to the high disorder and random
orientation of nanocylinders. In ordered arrays of nanowires, light diffraction could be
observed due to the presence of lattice spacings larger than the wavelength. For cylindrical
nano-pillar arrays, it is necessary to avoid spurious spectral features in order to accurately
understand their optical response experimentally. To achieve that we need to focus on re-
ducing both the N.A of the focusing objective and lattice spacing of the arrays. Low N.A’s
are preferred during the reflection measurements as they significantly reduce the diffuse
reflection and also the beam depolarization is avoided at low numerical apertures [120].
For incident light polarized with the electric field in the x-direction, the electric field is
antisymmetric under reflection about the y-z plane.

The reflections features of the nanowires give an important of information about the waveg-
uiding properties of the nanowires. The nanowires are characterized using the reflection
while they are on the top of a substrate. Therefore, they should be showing the reflection
features of the bulk where they do not absorb very well, which is usually at the longer
wavelengths. At the resonant wavelength, the nanowires are highly absorbing showing a
reflection dip almost close to 0%, due to the excitation of modes. At wavelengths below
the resonance, the reflections tend to increase as the effective index tends to be larger,

however, they can still absorb as the other higher modes could be exciting.

5.1.1 Reflection and Transmission Measurements setups

Filmetrics F-40

We used two different types of measurement instruments to collect reflection and trans-
mission spectra. One of the setups is the Filmetrics F-40, which provides a squared mea-

surement spot with size as small as 5 ym in the wavelength range of 400 nm to 850 nm.
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However, to avoid high N.A’s, we chose the spot size as large as 25 um. The sample is
placed on the microscopic stage under the objective, and the incident and reflected beams
are passed through the same objective. The reflected signal is fed to the spectrometer

connected to the microscope.

Home-made optical setup

The second setup for reflection measurements is the home made optical setup having 20
objectives, splitters, a halogen lamp and a spectrometer as shown in figure 5.1. Light from
an Ocean Optics Halogen Lamp white light source was collimated and focussed to a spot
size of ~20 pm on the array with a focusing lens. Reflected light was separated from the
incident beam using a 3-dB coupler. The reflected light was further split using a 90%-10%
splitter where the 90% port was used to measure the reflection with a spectrometer while
the 10% port was used to image the array. The imaging port allowed us to center the
incident beam on a specific array under measurement. The reflection data was normalized
by replacing the sample with an aluminum mirror with known reflection spectra in the
measured wavelength band. For measuring the transmission, light at the transmission end
was focused into an optical fiber and measured with a spectrometer. The transmitted light

was normalized with respect to transmission from just the glass substrate.

5.1.2 Analysis of a Reflection Spectrum

A reflection spectrum of nanowire arrays mainly consists of three regions in the electromag-
netic spectrum. The first region is the wavelength range longer than the guided waveguide
reflection dip. These are at wavelengths that are larger than the radial dimensions (diam-
eters) of the nanowires and lie above the leaky waveguide dip . These wavelengths being

larger than the structures interact weakly with the nanowires reflecting directly from the
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Figure 5.1: Home made optical setups to measure (a) reflections and (b)transmissions from

the nanowire samples
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substrate. The larger the wavelength, the more bulk reflection properties are observed.
While going towards the smaller wavelengths, the interaction of photons starts becoming
stronger with the nanowires and F-P (longitudinal) resonances start to dominate. This F-
P cavity nanowire/substrate interface and nanowire/air or nanowire/mask interface. The
second region is highly absorbing part of the nanowires showing the reflection minima of
the complete spectrum. It is the region where leaky modes, as well as the F-P resonances
predominantly, confine the energy inside the nanowires. As discussed in the previous chap-
ter , the excitation of leaky waveguide mode is diameter dependent. So this region can
show-up in any part of the spectrum depending on the diameter of the nanowire. The third
region is located at wavelengths shorter than resonant reflection dip. It is the most complex
region to interpret since the wavelengths are usually smaller than the nanowire diameters
in this region, which causes multiple phenomena in this region. In this wavelength range
the weakly guided higher order modes excite in this region. Furthermore, having the finite
thickness and having the refractive index contrast at the top and bottom interface, this
region also excites F-P resonances. However, since this region usually has high absorption
coefficient leading to small absorption length and therefore, the F-P resonances usually do

not dominate this region.

5.1.3 Structural Colors

When nanostructures interact with the photons behave differently than the bulk coun-
terparts. Diffraction, scattering and waveguiding of photons allow the nanostructures to
absorb, emit and reflect colors in the visible range. When it comes to semiconductor nanos-
tructures, this paradigm shift is no stranger than other materials. As we have discussed
that nanowires reflect the light differently for different wavelengths ranges compared to

bulk materials. Their reflected properties can either be observed by collecting the reflec-
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tion data using spectrometer or through naked eyes by observing the change in color. The
structural color might not represent the material properties as quantitatively as the re-
flection measurements but after fine tuning the color information in hue, saturation and
tint tagged along with material specificity and dimensions, the structural colors can be
a useful information to understand the physical phenomenon and even be used in many
applications. Color information of nanostructure can be collected by capturing them in
an image under high magnification. One condition for observing or using the color infor-
mation is to keep the exposure setting of the microscope and camera constant for every
measurement. We used MX61 - Olympus Microscope for the measurement of structural
colors of nanowires and the images were captured at 5 X magnification using brightfield
mode. Let us now consider measurements done on different nanowires to interpret various
physical phenomena like modal excitations, near-field coupling, the effect of length, taper

and mask, and color.

5.2 Modal Excitations in Nanowires

5.2.1 Gallium Arsenide Nanowires

1um long nanowires

Figure 5.2 shows the measured (solid lines) and simulated (dashed lines) reflectance spectra
for 1 pm long nanowires with a fixed pitch of 400 nm and diameter ranging from 30 nm to
230 nm. The measured reflectance data is represented in a two-dimensional (2D) contour
plot in figure 5.2(a) and then as individual reflectance spectra in figures 5.2(b)-(d) for
different diameters. While the 2D contour plot helps one visualize the wavelengths of
high and low reflections and the effect of diameter, the individual reflectance spectra allow

one to get an intuitive feeling about the various light interactions that happen within
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the nanowires including regions of high absorption and regions where strong longitudinal
modes exist. The diameter range has been divided into two different figures for ease of
visualization and due to two different fundamental optical behaviors observed. For the
larger diameter nanowires, a representative match between experimental and simulated
results is shown in figure 5.2(d). Reflectance measurements taken from the GaAs substrate
next to the arrays are also shown (black curve, labeled ’offpad’). There is an excellent
agreement between the experimental and simulation results over the complete range of
diameters studied. For the 30 nm diameter, the reflectance spectrum is slightly lower
than that of the GaAs substrate, but has fundamentally the same shape, as confirmed
by the simulation, indicating that the nanowires do not have a significant waveguiding
effect and present only a minor optical perturbation over the measured wavelength range.
For diameters ranging from 55 nm to 140 nm in figure 5.2(b), the measured reflectance
is low for short wavelengths and then increases abruptly to approach that of the GaAs
substrate in agreement with the simulations. The wavelength, at which this abrupt change
occurs, increases with the nanowire diameter. This behavior is similar to that previously
demonstrated for InAs [21]. As seen later with the aid of further simulations, these features
are produced due to strong absorption peaks observed in these nanowires. As the diameter
is increased above 140 nm as in figure 5.2(c), F-P like resonances due to longitudinal modes
begin to appear in the reflectance spectra with the absence of the abrupt changes seen for
smaller diameters. Strong F-P peaks suggest that the absorption within the nanowires has
decreased allowing light to bounce back and forth many times within the nanowires. To our
knowledge, this reflectance behavior at larger diameters has not been demonstrated before
for III-V nanowires. These results suggest that the absorption is decreasing after a certain
diameter, a fact previously seen theoretically. In this diameter range, the simulations
also match the experimental data as in figure 5.2(d) for a diameter of 230 nm. Although

simulated data is not shown in figure 5.2(c), a similar agreement between the experimental
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and simulated spectra was also obtained for these other diameters.

2.2um long nanowires

To determine the dependence of the reflectance on nanowire length, identical nanowires as
used for figure 5.2 were fabricated but with more than twice the length. Figure 5.3 plots
the measured (solid lines) and simulated (dashed lines) reflectance spectra for 2.2 um long
nanowires, with the pitch of 400 nm, and diameter varying from 40 to 205 nm. The same
features and trends are observed as previously discussed for figure 5.2. Good agreement is
again obtained between the measured and the simulated results over the complete range
studied. As can be seen by comparing figure 5.2 and 5.3, the center wavelength where
low reflectance and high absorption is observed does not change with length. However,
the wavelength band over which low reflectance is observed does increase with increased
length. These results show that the absorption features observed in the nanowires are due
to the diameter dependent waveguide properties and not the longitudinal cavity resonances.
For diameters ranging from 145 nm to 205 nm, the reflectance is lower than 5% over the
complete spectral range. This behavior is different as compared to the same diameter range
for the shorter length. The results suggest that the absorption has increased sufficiently
with length to reduce the F-P resonances. This low reflectance would be beneficial for solar

cell and photodetector applications.

Absorption

In order to understand the spectral features observed in figures 5.2 and 5.3, the absorptance
spectra for the nanowires were calculated from the same simulations used to calculate the
reflectance (which showed good agreement with experimental data). Figure 5.4(a) and (b)

plot the simulated absorptance spectra as a 2-dimensional contour plots for the 1 ym and
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2.2 pm long nanowires, respectively, with a fixed pitch of 400 nm and various diameters
(corresponding to figure 5.2 and 5.3, respectively). In both cases, a strong absorption peak
is clearly observed that shifts towards longer wavelength with increasing nanowire diameter
to 175 nm. This shift in the absorption peak corresponds to the red-shift of the reflectance
spectra in figures 5.2 and 5.3. As the diameter is increased to 200 nm, the peak is not
observed and the absorption is lower in the 500 nm-800 nm wavelength range as compared
to the smaller diameters. The reduced absorption results in the strong F-P peaks observed
for the larger diameter nanowires. For the diameter of 250 nm, a new absorption peak
appears clearly at a shorter wavelength. For the smaller diameters, at wavelengths longer
than the absorption peak, the absorption decreases quickly within the nanowires, and a
large part of the reflectance then comes from the GaAs substrate. For the longer length
of 2.2 pm, the same absorption peaks are observed centered at the similar wavelength as
for the 1 um length. The absorption peaks are broadened for the longer length which is
expected from the exponential dependence of Lambert-Beer’s Law allowing photons around
the peak to have a better chance to be absorbed as the length is increased. Further, the
absorption on the shorter wavelength side increases. Previously, it has been theoretically
suggested that specific diameters in I1I-V nanowires have the highest efficiency for solar
cells. The reason becomes clear from figures 5.2 to 5.4. It is the excitation of the optical
mode resulting in enhanced absorption peaks along with the exponential dependence of
Lambert-Beer’s Law which allows the broadening of the absorptance making the nanowires
efficient solar absorbers. Alternatively, by using shorter lengths, one can also fabricate

narrowband spectral photodetectors for applications in multi-spectral imaging.

Knowing the absorption profile of the nanowires as shown in figure 5.4, the absorption
profile of nanowires can be designed for broadband absorption by using the range where
the HE;; and HE;5 modes excite. From the figure 5.4, it is shown that the nanowires start

to excite HE;; at ~60 nm diameter and stop at ~175 nm diameter. HE;, modes start
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Figure 5.4: Absorptance contour plot for (a) 1 ym long GaAs nanowires and (b) 2.2 pym

long nanowires spaced 400 nm.

to excite at ~ 120 nm diameter and keep exciting till the band edge for diameters larger
than 250 nm. Thus the diameter range to get the broadband absorption should be around
175 nm where HE;; mode is just at the band edge and HE;s helps to absorb at shorter

wavelengths. This is the first time the design has been proposed for the nanowires.

5.2.2 Amorphous Silicon Nanowires

The ability of a-Si to be deposited uniformly on a large variety of surfaces at low cost makes
it a favorite material for commercial optoelectronics applications for mass production. Be-
ing a direct band gap material makes it the low-cost alternative to the III-V materials.
Further, the low-temperature deposition of a-Si makes it a good candidate for the designs
earlier proposed for crystalline silicon nanowires. However, as it is optically different than
silicon it is necessary to understand its waveguiding properties to engineer its properties
for all those applications. Here, we fabricate the a-Si nanowires to study their reflection,

transmission and reflection properties experimentally.
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Figure 5.6 shows the reflection and transmission spectra and figure 5.7 shows the absorp-

a-Si nanowire arrays

Glass Substrate

Figure 5.5: Schematic of the aSi nanowires on glass

tion spectra of the a-Si sample having 100 nm to 250 nm diameters, similar to the ones
discussed in the simulation studies in chapter 3 and were fabricated in chapter 4. The
nanowire samples were etched down from 535 nm thick film all the way down to the glass
substrate as shown in figure 5.5. Since the nanowires are on the glass substrate, we can
also measure the transmission and hence the absorption can be calculated directly. For
100 nm diameter and pitch 400 nm(Figure 5.6a) , the nanowire on glass sample exhibits
less than 10% reflectance over the visible range and is below 5% for wavelengths smaller
than 600 nm, a result similar to those observed for Si nanowires embedded in PDMS
layers [121]. In the transmission spectrum, a sharp dip is observed at 600 nm. Optical
transmission approaches 90% for wavelengths greater than this dip. A single absorption
peak centered at 600 nm is observed in figure 5.7a which is complementary to the dip in

the transmission spectrum in figure 5.6a. The absorption spectrum reveals that 90% of
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incoming photons at the resonant wavelength, A,.s, are absorbed even for as short a length
as 535 nm. With a fill factor, defined as wR?/P? where R is the radius (50 nm) and P
is the pitch (400 nm), of only 5%, the remarkable resonant absorption characteristics of
the nano- wire array at the resonance are clear. The absorption peak in the simulations
is slightly higher and narrower than those obtained experimentally which could be due
to the small variations in the diameter of the fabricated nanowires in the array. If one
compares these results with silicon nanowires embedded in PDMS [122], the filter response
is very similar. Comparatively, the absorption is higher in a-Si nanowires even though the
length of the nanowires is nearly half of that of the silicon nanowires. This is due to the
higher density of a-Si nanowires and also higher absorption coefficient for the a-Si thin
film as compared to crystalline silicon in the measured wavelength span. The resonance
wavelength, .., is also higher than that for the crystalline silicon of the same diameter
by ~30 nm. The ratio of the resonance wavelengths for the two materials corresponds to
the ratio of the real part of the refractive indices of the semiconductors, a fact observed in
literature in other semiconductor nanowires of the same diameter [20,21,123]. Above \,.s,
the absorption drops very quickly, increasing the transparency of the nanowires. Thus,
such nanowires are good absorbers only at wavelengths where the resonant optical modes

are excited.

The absorption spectra for the 150 nm, 200 nm and 250 nm diameter of nanowires
freely standing on glass are quite different as compared to the 100 nm diameter where a
single absorption peak was observed corresponding to the HE;; mode. Figures 5.6 (b), (c)
and (d) show the reflectance and transmission spectra for these diameters and figures 5.7
(b), (c) and (d) show the corresponding absorption spectra. A lot more spectral features
are observed in these compared to 100 nm. These could be due to resonant excitations of
higher order leaky waveguide modes or even due to F-P longitudinal modes. Simulated

spectra for nanowires on the glass substrate and semi-infinite nanowires were calculated
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Figure 5.6: Reflection and transmission spectra of a-Si nanowires for four diameters 100
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and are plotted in figure 5.7. The spectral features for wavelengths longer than 600 nm
vanish completely when the cavity is removed as shown in figure 5.7, showing those features
were due to the reflections from the nanowires-glass interface. For the 100 nm diameter
studied previously, HE;; mode was excited at 600 nm wavelength exactly as predicted by

simulations.

For 150 nm diameters, it is expected that this resonance peak red shifts to wavelengths
larger than 600 nm. However, there is no such peak above 600 nm in figures 5.7b, we
can expect that the first order mode must be excited beyond the band edge (~727 nm)
of a-Si. The first order mode for this diameter is expected at a wavelength of 800 nm.
However, there is ~70% absorption at ~ 450 nm wavelength for both nanowires on glass
(experimental and simulations) and semi-infinite nanowires. The absorption is slightly
higher for finite structure due to the presence of the minor reflections at the nanowire-glass
interface due to the refractive index mismatch.The increased absorption at 450 nm could
arise due to the excitation of higher order modes, specifically HE;5. The four absorption
peaks at 600 nm, 640 nm, 680 nm and 720 nm are not present in the semi-infinite nanowires
simulations showing that they are not dependent on the radial structure of the nanowires.
They arise due to the excitation of longitudinal modes resulting from F-P resonances within
the nanowires. There should be no absorption expected beyond the band gap (~ 727 nm)
but high absorption peaks are observed for diameters 150 - 250 nm at wavelengths around
800 nm. This is due to the presence of aluminum mask on the top of these nanowires [124].
The light reflects back and forth between the nanowire/mask interface and nanowires-
glass interface, and gets absorbed within the mask due to excitation of the cavity created
plasmonic mode as will be shown in next sections. This was confirmed by removing the
mask in the simulations, where certain peaks were missing at longer wavelengths as shown
in figure 5.8. The mask does play a role in enhancing the F-P peaks also as the reflection at

nanowire-air interface increases and results in increased absorption within the nanowires.
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Thus, the aluminum mask is beneficial in increasing the absorption within the nanowires
and need not be removed post fabrication. In future, this can facilitate making contacts

with the nanowires in a self-aligned fabrication process.

For the 200 nm diameter, the HE;5, mode is excited at ~550 nm and a new peak is
excited at a shorter wavelength of ~450 nm. As the diameter of the nanowires is further
increased, higher order modes will be supported and the peak at ~450 nm could be due
to the excitation of HE;3 and other higher order modes or due to the larger absorption
coefficient at this wavelength [125]. The F-P resonances were excited between 620 nm and
726 nm showing multiple peaks in A, R, and T in this wavelength range. For diameter
250 nm, an absorption peak is observed at 620 nm primarily due to the excitation of HEq,
mode. Also, the peak is split into two due to the presence of F-P modes since there is
only a single peak is observed in semi-infinite simulations. Another peak is observed at a
shorter wavelength of ~525 nm due to the excitation of higher order modes. F-P resonances
dominate the absorption spectrum from 620 nm to 720 nm. Also, the nanowires become
multimode at these diameters and there are other higher order modes that can be observed

along the length of the nanowire as shown in figure 3.5 d and e.

5.2.3 Structural Colors

As discussed in the previous section, the reflected colors represent the optical response
of the nanowires in the visible range. The reflected hue of nanowire array represents
the wavelengths the wavelengths that are dominantly reflecting back. The reflected color
could be due to the primary wavelength region like yellow, red or blue or combination of
different wavelengths making the secondary colors like purple, green or orange depending
on the reflection spectrum. In figure 5.9 the reflected colors for GaAs, Silicon, and a-Si

nanowires are shown from the smallest to the largest diameters. For all materials, it can
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Figure 5.7: The absorption spectra of a-Si nanowires for four given diameters,. Also, the

simulated spectra for semi-infinite and nanowires on glass setup are also shown for each
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Figure 5.8: Absorptance in bare nanowires for diameters (a) 150 nm (b) 200 nm and (c)
250 nm showing there is no absorption beyond the band gap in the absence of mask. Also,

the peak intensities and F-P positions change due to the absence of mask.
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Figure 5.9: Reflection Colors of GaAs, Silicon and a-Si nanowires for different diameters

be seen that the colors are dominated by red/orange hue for the small diameters due to
the high absorption in the blue region due to the resonant HE;; modes. While moving
towards larger diameters the dark red region starts to show indicating the green is getting
completely absorbed and then green starts to dominate in reflection as the resonant modes
start to shift towards the red region. Eventually, the HE;; modes move out of the visible
region and higher order modes start to appear in the short wavelengths in the blue region,
making red /orange dominant again. This pattern is similar for GaAs and Silicon nanowires
and a-Si also shows a similar trend towards it. In the future section, the colors will be
shown to show the effect of the change in parameters like pitches, disorder or effect of

thin-film integration.
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5.3 Near Field Coupling: Comparison of Silicon, aSi

and GaAs Nanowires

We already tested the near field coupling between semiconductor nanowires using simula-
tions where the pitch was varied while keeping the diameter constant and the results are
plotted in section 3.3. It was seen that for the GaAs resonance wavelength shifts very
weakly even over large changes in the pitch as opposed to the results for silicon nanowires.
These simulations clearly show that the absorption peaks arise due to the optical modes
of the individual nanowires as has been suggested previously. This phenomenon was con-
firmed experimentally by fabricating a sample where the pitch was varied while keeping
the diameter and length fixed at 115 nm and 1.6 um, respectively. The results are plotted
in figure 5.10. The simulated reflectance is also plotted as dotted lines. As can be seen,
the reflectance minimum between 550 and 700 nm, due to the HFE;; mode, shifts very
weakly even over large changes of pitch. The results agree well with simulations except for
slightly higher predicted reflectance away from the absorption peaks. The small discrep-
ancy could be due to the roughness of the bottom GaAs substrate between the nanowires
after etching making the light scatter rather than reflect back. These results experimen-
tally demonstrate that indeed the GaAs nanowires are acting as individual waveguides

with negligible coupling between them in an array over the range of pitches studied.

Similar tests were performed for silicon nanowires as they showed near-field coupling
in simulation studies and also the mode specificity increases due to low absorption in the
nanowires. Pitches from 400 nm to 800 nm were fabricated at 85 nm diameter and reflection
measurements were taken as shown in figure 5.11a. The absorption decreases while the
pitch increases as the nanowire density decreases. As observed in simulation studies, the

red-shift in resonant wavelength with the change in pitch can be seen in the experimental
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Figure 5.10: Experimental reflection measurements of 115 nm diameter nanowires with
three different pitches and 1.6 pm length. FDTD simulations of reflectance of the same

three pitches is also shown in dotted lines of same color.

studies as well. This is due to the excitation of Bloch photonic crystal modes when the
nanowires are closely spaced and mode to larger wavelengths when the spacing increases.
The shift is due to the reasons explained in chapter 2 and 3. The FDTD simulations
were performed for the nanowires on the silicon substrate to replicate the results shown
in experimental data. Figure 5.11b shows the simulated results for the nanowires having
same diameter, pitches, and length. As opposed to experimental study where the red shift
continues till 800 nm pitch, in simulation studies, the red shift stops at 600 nm. This
anomaly could be due to the variation in diameters for experimental data. As shown in
figure 5.13b, for 700 and 800 nm pitches the diameters are ~ 2-3 nm larger than other
pitches. Also, the reflection dip for 400 nm pitch is much wider than other pitches for
both experimental and simulation spectra owing to increased confinement due to large fill

fraction.

Figure 5.12 shows the microscope images of different nanowire arrays as the pitch is

changed for the same diameter. For silicon nanowires, the color hue changes abruptly as
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Figure 5.11: (a)Reflection measurements of silicon nanowires of 85 nm diameters and 700
nm length at different pitches given in the figure.(b) Simulated reflectance spectra of silicon
nanowires with substrate at the bottom and dimensions same as used for experimental
study (c¢) The comparison of shift in resonant modes with the change in pitch for experiment

and simulation results.
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the pitch is changed to 700 nm and then only degrades in luminosity in HSL space as the
pitch is further increased. On the other hand, there is a decrease in luminosity for GaAs
and a-Si nanowires but the hue remains the same. These images again suggest the silicon

nanowires arrays are coupled while GaAs and a-Si nanowires act as individual waveguides.
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Figure 5.12: Reflected colors from (a) GaAS (b) Silicon and (c) a-Si nanowires for different

pitches

5.4 Silicon Nanowires - The Comparison Between Or-

dered and Disordered Nanowires

We have observed the near field coupling effect in the Silicon nanowires in the previous
section. In order to see the strength and also to see whether it is a long range order
or short range order, we designed an experiment to create randomly arranged nanowire
sample to show the presence of photonic crystal modes in the silicon nanowires. The idea is

to break the periodic boundary conditions of the nanowires and compare their reflectance
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with ordered silicon nanowires to see the difference. The use of electron beam lithography
enables us the flexibility to create random as well-ordered patterns. However, the truly
random pattern needs to be made manually as the Raith CAD software does not allow
this capability. For creating random patterns, the individual elements of circular patterns
were moved into random directions, starting from the ordered pattern. Despite being a
laborious process, it ensures the randomness in the nanowire pattern remains high. On
the other hand, designing ordered patterns is the inherent capability of RAITH150-two
CAD software. The etching process of silicon nanowires is well established [70] and is also
mentioned in Chapter 4. Figure 5.13a shows the side-view SEM image of the disordered
nanowires showing the presence of truly random structures. The ordered arrays were
fabricated right next to the disordered arrays, hence the length of both the samples is
exactly the same. To strengthen this study, the nanowire samples of increasing pitch
and same diameter were also introduced. The change in periodic boundary conditions for
photonic crystal modes would also be observed when the nanowires are moved far apart
in an array. The diameter chosen for this study was 85 nm and to ensure the consistency
in results, the diameter distribution of the nanowires for disordered and ordered samples
was done using image processing software ImagelJ for the image magnification of 10,000 x
. Figure 5.13b shows that the diameters of both ordered and disordered nanowire arrays
lie within the same range. The nanowire count decreases with the increase in pitch as the
fill fraction decreases.

Reflection measurements were chosen for this study since the modal excitations in the
silicon nanowires could also be observed from the reflection properties as shown in previous
studies [126]. Thus, the tedious procedure to remove substrate using wet etching can be
avoided in this experiment. F- 40 Filmetrics profilometer was chosen to measure the

reflections from the sample at different magnifications.

101



A o Disordered
140 - . =400 nm
4500 nm
120 y . v 600 nm
e 700
- 100 800 ::
g 80+ R
8 60; \
40 R A AR .
20 . AR e
0 b e S —

80 82 84 8 8 90 92
Diameter (nm)

Figure 5.13: (a) Sideview (45°-tilt) SEM image of disordered silicon nanowires (b) the

diameter distribution of disordered nanowires and ordered nanowires at different pitches

5.4.1 Reflection for Ordered vs Disordered Nanowires

The reflectance was performed on the ordered and disordered samples at 10x magnifica-
tion with 20 pm spot size. The numerical aperture at this magnification is low enough
to not let the polarization of E, component of the electrical field, which can change the
absorption profile. Reflectance from the silicon substrate is also plotted for comparison.
The reflectance measurements were performed at different spots on the both samples to
ensure the consistency of the measurement, which we will discuss in next section. A sam-
ple reflectance from ordered and disordered arrays is shown in figure 5.14. The reflectance
dip indicates the excitation of resonance modes within the nanowires. As expected, the
resonant excitations in ordered and disordered nanowires are 30 nm apart despite having
same diameters for both the arrays. This is due to the photonic crystal modes condition
being different in ordered and disordered nanowires. We mark the resonant dip for ordered
nanowires as P1 and for disordered nanowires as P2. There is another dip P3 at longer
wavelengths which is observed only in ordered nanowires. This dip could be due to the

presence of mask which excites cavity created plasmonic modes and would be highly de-
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pendent on the periodicity of the nanowires. This is studied in a separate experiment. P1
is at wavelength 30 nm shorter than P2 due to the fact that the Bloch photonic modes
are being excited in the ordered arrangement with the negative value of (,. Given the
slight difference in the diameter distribution between ordered and disordered nanowires as
shown in Figure 5.13b, one should expect a slight shift of 4 nm in the resonant wavelength.
The shift, however, is 30 nm and is validated by the photonic band-gap mode theory [22].
In addition, the width of the absorption dip of the ordered silicon nanowires is slightly
larger than the disordered nanowires suggesting that they are absorbing the photons more
strongly than the disordered nanowires. This is also supported by the theory that ¢, be-
comes more negative when the confinement of the optical modes increases and a blue shift

is achieved.

60 1 1 1 1

50
> 40
()] i
2 30-
S J

_ = Ordered
8 20 ] Disordered
;5 10 | — Offpad
' ]
04 P1 P2

400 500 600 700 800
Wavelength(nm)

Figure 5.14: Reflection measurements of ordered (green) and disordered (red) nanowires.

The reflection from bulk silicon is also plotted for comparison.
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To confirm the consistency of the measurements, the reflectance at different parts of
nanowires are performed at 40x magnification with 7pm spot-size. Figure 5.15 shows the
color images of the nanowires. The spots where the reflection measurements are taken are
labeled in the microscopic images and their corresponding reflection measurements are also
shown in the figure. For ordered nanowires, the resonant modes are almost the same except
for the slight variation in measurement spots closer to the edges owing to the breakdown
of the long-range order at the boundaries. Measurements spots 2 and 4, which are closer
to the edge compared to 1 and 3, having coinciding reflections spectra and slightly red-
shifted compared to the other two. For disordered nanowires, while measuring reflection
at different spots there is no significant shift in the position of the resonance dip, however,
the reflectance minima change with the change in density of the nanowires. The reduction
in reflection with the increase in nanowires density is intuitive as the higher fill fraction
leads to higher absorption in nanowires. The short range ordered reflection measurement
at spot 6 shows no variation compared to other disordered measurements confirming the
theory that it is due to the change in excitation conditions of photonic crystal modes due

to the change in periodic boundary conditions over the array.

In summary, the experimental verification of Bloch modes in ordered silicon nanowires
of 400 nm spacings is done by showing the blue shift of resonance wavelength by ~ 30 nm
compared to disordered nanowires. The negative value of Rayleigh identity (, is attributed
to this shift. Also, the absorption peaks are broader for the ordered nanowires compared to
the disordered ones. This study confirms with our previous analysis of near-field coupling
between nanowires with varying pitches and shows that the Bloch conditions change when
the periodicity is changed within the nanowires. These results can be useful in dictating

nanowire designs in photodetectors, spectral filters or photovoltaics.
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Figure 5.15: Side-view SEM image of GaN nanowires for three diameters (a) 100 nm (b)

200 nm (c) 260 nm

5.5 Length Analysis of Nanowires

It was discussed in chapter 3 using semi-infinite nanowires that irrespective of the material
properties the nanowire behave in a similar way when it comes to the development of radial
modes inside the nanowires. The nanowire’s waveguiding is highly dominated by scattering
until a length of 150 nm after which the mode fully develops. We verified this property
of nanowires by etching silicon nanowires to different etch depths. The reflectance was

measured after every etch. The ICP-RIE etching capability was used to control the length
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of nanowires. The etching was stopped every 20 seconds to approximate etch depth of
100 nm and the sample was cleaned and measured each time before the next etching step.
The procedure was performed seven times and the etch length was verified using Dektak
surface profilometer. The length was also verified using side-view SEM at the end of the

last etch showing the final length of the nanowire around 670 nm.

The reflection measurements for the all the lengths are shown in a single plot in figure
5.16a. The diameter chosen was 85 nm and pitch 700 nm. The reflection spectra were
also verified using simulation using similar conditions and parameters as the experimental
values and shown in figure 5.16b. The presence of F-P resonances due to the substrate,
however, affects the absorption characteristics of the mode and does not confirm well with
the semi-infinite simulation studies. The nanowires support a single HE;; mode in the
visible wavelength region and the resonant wavelength is at 500 nm, and thus, easily
measured. The nanowires were arranged in a square lattice with spacing between the
nanowires to be 600 nm. At this spacing, the nanowires act as individual waveguides with
no near-field coupling between them. The length was varied from 50 nm to 700 nm in
the study. Similar behavior to semi-infinitely long nanowires (Chapter 3) is observed. For
lengths smaller than 100 nm, no clear absorption peak is seen while it starts to develop
for lengths longer than 100 nm and is clearly observed even for the length of 150 nm.
Although, due to the presence of substrate below and double pass of light, the absorption
is significantly increased. Also, due to the presence of F-P cavities in the presence of
substrate the longitudinal modes dominate causing the off-resonance dips in reflectance
spectra. The reflection dip stabilizes when the mode starts to dominate above 200 nm
of length. These simulations (Figure 5.16 a and b) suggest that even nanowires as short
as 150 nm behave as optical waveguides with the optical mode properties dominating the

scattering from the nanowire interfaces and is the first study of its kind.
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Figure 5.16: (a) Reflection of nanowire arrays at different etch depths at 700 nm pitch and
85 nm diameter (b) Simulated reflections from the nanowires with the same diameter and

pitch at similar etch depths.

5.6 Tapering of the Nanowires

Tapering of the nanowires is an important design in the fabrication of nanowires as the ICP-
RIE technique has shown capabilities to control the shapes and longitudinal profiles of the
nanowires as was shown in chapter 4. Tapered structures have an advantage over cylindrical
nanowires as they show enhanced absorption by exciting multiple in the continuum of radii
[127] modes. They also provide better impedance matching than cylindrical nanowires by
gradually reducing the refractive index, achieving higher absorption than their cylindrical
counterparts. Here, the capability to fabricate tapered nanostructures is shown for GaAS
and silicon nanowires and their absorption abilities are demonstrated. Figure 5.17 show
the different tapered profiles on the GaAs nanowires using variations in masks. Figure
5.17(a) shows the bottle shaped tapers showing two diameters nanowires joined together.

This feature was formed when the Cr mask starts to erode laterally and the anisotropic
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nature of ICP starts etching the top exposed area at higher etch rates than the side walls.
Figures 5.17(b)(c) and (d) show profiles when the moderately selective titanium (Ti) mask
starts to erode gradually along with the anisotropic etching. The etch rate of Ti mask
is slightly higher than Cr mask in Cly chemistry, thus it may generate features shown in

5.17(a). However, it can show perfectly tapered chemistry without changing the etching

recipe.

() (d)

Figure 5.17: Tapered profiles of GaAs using different dry etching parameters and hard

masks.
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To demonstrate superior absorption abilities of tapered GaAs nanowire, nanowire ar-
rays with 100 nm diameter and pitches ranging from 300 nm to 800 nm were fabricated.
The reflections(R) were measured for these nanowires using F-40 Filmetrics and absorption
was calculated using 1-R. Figure shows the broadband absorption for the all the pitches.
Interestingly despite reducing the fill fraction drastically, the tapered nanowires structures
have absorption above 80%. These structures could be the better candidates than cylin-

drical nanowires for photovoltaic applications.
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Figure 5.18: Absorption spectra of tapered GaAs Nanowires for 100 nm base diameter and

different pitches.

Unlike GaAs nanowires, tapered profiles of silicon nanowires were achieved by modifying
the etching recipe as the passivation layer is used to control their sidewall profiles. As
mentioned in chapter 4, the passivation gas C4;Hg was reduced to increase sidewall etching
to achieve tapered profiles. The forward power was also increased to increase mask etching.
Silicon tapering was a success yet mask still remained intact to create mushroom structures
as shown in figure 5.19a. The reflection was measured for the tapered silicon nanowires and
compared with cylindrical nanowires as shown in figure 5.19b. As expected, the tapered

nanowires show much less reflection in comparison except for the resonant wavelength.

109



Cylindrical nanowire arrays provide very high absorption at resonant wavelengths while
absorbing less away from it. On the other hand, the tapered nanowires provide a broadband
absorption at the expense of reducing the peak absorptions at the resonance wavelength.
Thus, the light was tightly confined to show higher absorption in cylindrical nanowire
arrays. A peak at ~490 nm may be due to the reflection from the top of the mask, which

has a slightly smaller radius than the base diameter as shown in figure 5.19a.
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Figure 5.19: (a)SEM image of the tapered silicon nanowires. (b) Comparison of reflectance

from the cylindrical and tapered nanowires.

5.7 Effect of Mask on Absorption of the Nanowires

The hard mask is an essential part of the process of nanowire etching. In our etching
processes, aluminum has been an essential part of masking for all semiconductor nanowires
because it is convenient to remove without affecting the semiconducting material. In the
previous sections, we have seen some reflection features which could not be explained by
modes and were attributed to the mask. Thus, it is important to understand the effect
of the mask. In this section, the effect of the mask on the reflection and absorption

response of silicon nanowires is studied. The reflections measurements of masked and bare

110



nanowires samples were done F-4- Filmetrics profilometer and the results were confirmed
using simulations. Figures 5.20 show the schematic representation of nanowires with and
without the mask. The metal mask has been assumed to be hemispherical in shape in
previous studies [21,128]. However, in this study, the metal mask is deposited using physical
vapor deposition in the written patterns inside the e-beam resist. Thus, the morphology
is more close to disc shape than the hemispherical drop. Moreover, the simulations results

using metallic discs match well with measured spectra as well.

(a) (b)

Figure 5.20: Schematic 3-D representation of (a) Bare (b) Masked nanowires.

5.7.1 Measured Reflectance

Three diameters 60 nm , 80 nm and 100 nm were used in this study. The larger diameters
were avoided because of the complex reflectance features arising from the higher order
modes. The reflection measurements were done by shining visible light from the top,
normal to substrate using a light source of F-40 at 10x magnification. The reflections
were measured for both the masked and bare nanowires plotted in figure 5.21a(a). The
reflectance from the substrate is also plotted for the reference. For longer wavelengths, the

reflectance from the nanowires match with the substrate since the light does not interact
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with the nanowires at these wavelengths and passes through them to reflect off the bulk
silicon. While going to shorter wavelengths, the spectral features start to appear for the
nanowires. For 60 nm diameter, the reflectance suddenly drops at around 440 nm, whereas
for 80 nm diameter it happens at around 525 nm. 100 nm diameter shows a sudden drop in
reflection at 570 nm. This drop in reflectance has been discussed before and is due to the
absorption in nanowires from the excitation of HE;; modes and rate of drop in reflectance

per 1 nm change in diameter is ~4 nm for silicon.

When the reflections are measured with the mask on the top of the nanowires, the major
reflection features remain same including the position of the radial modes. In addition,
there are visible reflectance dips for each diameter in the wavelength range above the
resonance. These spectral features are basically present in bare nanowires too but they
are enhanced due to the presence of the mask. These enhanced features could only be
observed by the mask and change with the change in diameter. Thus, the radial modes
and aluminum-nanowire interface need to be investigated to understand this phenomenon.
In a previous study, it was shown that the nanowires behave as a weak cavity above the
resonance peaks. In the presence of the mask, the reflection conditions change suppressing

the reflections to a great extent due to the change in the F-P resonance conditions.

5.7.2 Simulated Reflectance and Absorptance

To have a better understanding of the reflectance features measured in the last section,
the nanowires are simulated using same nanowire parameters and extracted n and k [73].
The simulated reflectance for bare and masked nanowires with a substrate at the bottom
are shown in figure 5.21b. The simulation results match well with measured reflections
for both bare and masked samples. The enhanced features due to mask are also shown

in the simulations. The simulated spectra show sharper spectral features due to the ideal
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Figure 5.21: (a)SEM image of the tapered silicon nanowires. (b) Comparison of reflectance

from the cylindrical and tapered nanowires.

conditions while the real samples may have a surface roughness or variation in parameters,
optical constants, and spectrometer resolution. The presence of oxide layer on the alu-
minum mask is not avoidable experimentally. However, since the spectral features match
well enough, it doesn’t seem to have major effect on the absorption characteristics.
Using the same simulations, the absorptance in the nanowires is also calculated using 1-
R-T. Figure 5.22 shows the simulated absorptance for the three diameters for both bare
and masked configurations. Resonant modes were not much affected by the presence of
the mask. For 100 nm diameter, the resonant peak was shifted by 5% downwards, which is
an insignificant change. For longer wavelengths, the high absorption peaks were observed
for masked nanowires for all diameters.

To confirm the role of absorption in metallic nanoparticles, a periodic array of aluminum
nano-discs is simulated to calculate absorption in them. The schematic of this arrange-
ment is shown in figure 5.22a. The absorption of the nanoparticles array is plotted with

other nanowires in figure 5.22b, showing the negligible absorption compared to the masked
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Figure 5.22: (a)SEM image of the tapered silicon nanowires. (c¢) Comparison of reflectance

from the cylindrical and tapered nanowires.

nanowires. Thus, light is getting absorbed only because the masks are on the top of the
nanowires and nanowires are playing a significant role in it. For further investing if the
absorption is inside then nanowires or mask, the power monitors is placed below in the
mask in the simulation for 100 nm diameter. The absorption in the mask, bare and masked
nanowires are plotted together in figure 5.23. This figure shows that the majority of the
absorption beyond the resonant peak, where the nanowire does not absorb, lies in the mask

and the mask does not contribute to any absorption where nanowire is highly absorbing.

The electric field distribution at two dominant wavelengths 570 nm and 700 nm where
nanowire and mask respectively are highly absorbing are plotted in figure 5.24 using FDTD
simulations. At 570 nm, the HE;; is excited predominantly in the nanowire explaining the
high absorption peak (Figure 5.24a). The presence of mask (Figure 5.24b) does not affect
the field distribution at this wavelength. On the other hand, at 700 nm wavelength, mask
shows some electric field excitation in the mask while the electric field in nanowire still

remains unaffected by the mask. It is this field that is responsible for the suppressed
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Figure 5.23: The FDTD simulation of absorption in the mask by putting power monitor
just below it. The absorption spectra for bare and masked nanowires are also plotted. The

diameter is 100 nm for this nanowire.

reflections at the longer wavelengths in figure 5.21. The weak electric field inside the

nanowires explains the lack of absorption in it in both bare and masked configurations.

5.7.3 Simulations after Removing Substrate

To remove the F-P resonances, the semi-infinite nanowires are used to simulate the electric
field distribution in nanowires for different wavelengths. 100 nm diameter was chosen for
this analysis for comparison with the pervious section. For 570 nm, 600 nm, 650 nm and 700
nm the electric field distributions are plotted in figure 5.25. There is a field localization
happening for all the wavelengths at the interface of nanowire and mask. However, Al
nanoparticles on substrate did not show this localization. Thus the waveguiding properties

of nanowires are responsible for this field localization.
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Figure 5.24: (a)SEM image of the tapered silicon nanowires. (c¢) Comparison of reflectance

from the cylindrical and tapered nanowires.
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Figure 5.25: Electric field distributions in semi-infinite nanowires at 100 nm diameter for

four different wavelengths.
5.7.4 Effect of Length

The refractive index mismatch between nanowires, air, and substrate cause the light
to move back and forth inside the nanowire reflecting from the nanowire-substrate and
nanowire-air interface. In the presence of mask the reflection conditions at the top in-
terface change. It is expected that these reflection conditions will be further affected if
the length of nanowire cavity changes. To see the effect of length on the mask peak, the
simulations were performed for 100 nm diameter for different nanowire lengths as shown
in figure 5.26. The lengths were chosen at 500-2000 nm with 500 nm difference. The longi-
tudinal modes dominate in the region where nanowires are less absorbing. If the nanowire
as a cavity has an effect on these peaks then the change in these peaks is expected as the
length is changed. As the length is increased, the resonant peak at 570 nm gets stronger
and broadens agreeing with the Beer-Lambert law. For the longer wavelengths where the
new absorption peak is observed, the change in length changed the peak positions and

intensity like F-P resonances. Thus the excitation of longitudinal modes builds up the field
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localization at nanowire-mask interface for the constructive interferences. Further, the
wavelengths at which the nanowires are highly absorbing, the metal does not contribute in
changing the absorptions due to the suppression of F-P resonances. Thus, the aluminum
mask does not need to be removed for photovoltaic or other applications as it does not
interfere with the absorption properties of nanowires. Further, the mask could be used
as self-aligned contacts. In addition, the absorption peaks due to mask could assist in

enhanced photothermal conversion where the absorption in nanowires is low [69].
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Figure 5.26: Absorption spectra of nanowires at 100 nm diameter, 400 nm pitch at different

lengths. The mask thickness is 30 nm.

5.7.5 Mask Thickness

To see the effect of mask thickness, the simulations were performed for nanowire parameters
used in previous sections by changing the mask thickness from 10 nm to 100 nm. The
thickness of mask effects the intensity of absorption peaks at 700 nm. The absorption
change is the most prominent when the mask thickness is changed from 10 nm to 20 nm
and gradually decreases for every next 10 nm increase in thickness and almost stops to

change at 50 nm.
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Figure 5.27: Absorption spectra of nanowires of 100 nm diameter, 400 nm pitch and 1 um

length at different mask thicknesses.

5.8 Design Rules for Nanowires

Having understood all the various optical phenomena happening in the nanowires, we can
come up with some design rules for optimizing the structures for various applications. For
spectral photodetectors, where narrowband absorption is desirable, the dimensions of the
nanowires should be such that it only supports the fundamental HE;; mode. The length
needs to be short so the absorption in the wavelengths shorter than resonance peak does
not increase. The optimization of length allows to change the full width half max of the
absorption response. For solar cells, where broadband absorption is needed, the nanowire
diameter should be designed such that the HE;; mode is excited right at the band edge.
At the wavelengths shorter than the resonant mode the absorption can be increased by
increasing the length of the nanowire (Beer’s Law) and also due to the excitation of higher
order modes if possible. This is because above HE;; excitation only weakly guided leaky
modes are excited and absorption in the nanowires drops remarkably. Nanowires for solar
cell applications need to be long (at least 1.6 um for GaAs as an example). Thus the

nanowire platform allows optimization for different optical responses. There in lies their
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huge potential in optoelectronics applications.

5.9 Conclusion

In this chapter, the measured response of the nanowires fabricated in chapter 4 and sim-
ulated in chapter 3 is discussed. The reflection and transmission measurements were used
to verify the optical response of the nanowires predicted in simulation studies in chapter 3.
The effects of diameter, pitch, length, mask, disorder and shapes were explored and most
of them were successfully modelled. Due to our graphical understanding, it allows us to
get to the optimized designs very quickly. The absorption peak seen at longer wavelengths
is due to cavity excited plasmon modes within the mask and is a new mode found in this

study. In future, this can be used for designing optical filters. In summary:
e The modal excitation in GaAs and a-Si nanowires were shown using the reflection
measurements and they were confirmed well with our simulations studies.

e The resonance excitation of an optical mode depends nearly linearly on the diameter,

increasing as the diameter is increased.

e First the HE{; mode is excited which shifts to longer wavelengths in a near linear
fashion as the diameter is increased. The rate of shift varies from 3.2 nm/Inm change

in diameter to 4.0 nm/1 nm change in diameter.

e The F-P modal excitations can be seen at longer wavelengths at large diameters

where the absorption is low.

e For different semiconductor nanowires with different refractive indices, the resonance

wavelength for a fixed diameter varies nearly linearly with the refractive index.
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e As the diameter is increased, higher order HEy,,, get excited. They absorb less than

the fundamental mode and shift at a slower rate than the fundamental mode.

e The effective absorption coefficient in the HE;; mode is ~ 2.5x the absorption coef-

ficient of the bulk semiconductor, even for different semiconductors.

e For semiconductors with lower absorption coefficient like silicon, near field coupling
leading to excitation of Bloch modes exists. The coupling is anti-symmetric and leads
to further enhancement of absorption and a blue shift in the resonance wavelength.
The coupling exists till a lattice spacing of ~700 nm and is of long range order; not
just nearest neighbour coupling. We do not see evidence of this coupling in direct

bandgap high absorption semiconductors like gallium arsenide or amorphous silicon.

e The length analysis performed in chapter 3 was verified in this chapter to show the

nanowire behavior after 150 nm length in silicon nanowires.

e The tapered nanowire showed broadband absorption due to adiabatic coupling for

tapered GaAs and silicon.

e The effect of the mask on the absorption characteristics on Silicon nanowires tested
showing that the cavity enhanced plasmonic modes in metallic mask get excited and
show absorption feature where nanowires don’t absorb well. The effect was also

shown in a-Si nanowires for large diameters.
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Chapter 6

Absorption Optimization for

Applications

Understanding the properties of nanowires for all the different materials in the previous
chapters leads us to enhance and engineer their properties for photonics and optoelec-
tronics applications. We have understood that how the leaky waveguide modes, photonic
crystal modes, and F-P modes manifest the absorption characteristics of silicon and III-V
semiconductor nanowire arrays. The researchers have used some of these characteristics of
nanowires to propose the devices that we discussed in the first chapter. However, there is
still a void in all the application areas involving nanowires. Most of the proposed devices
are based on the samples grown on the substrate, which has a major drawback as the most
of light gets absorbed in the substrate or scattered due to the disordered arrangement or
surface roughness of the etched substrate affecting the absorption and conversion efficien-
cies. The process of bottom contacting is still not perfected and requires new methods
to be able to harness the photogenerated carriers. These are the reasons that nanowires
have not been able to compete with the achievable efficiencies of planar solar cells, pho-

todetectors or other commercial optoelectronic devices. Kelzenberg et al [129] peeled off
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the silicon nanowires to show the high broadband absorption up to near infrared and high
external quantum efficiency to propose them as a potential candidate for next generation
solar cells. Parket al [54] has done the same to propose them as the filter free sensors.
However, the peeling off nanowires is not a very user-friendly technique and may not make
its way to the industrial applications. We, in this study, propose two different approaches
for studying and manipulating the substrate-free properties of the nanowires. Firstly, we
will discuss the removal of the substrate from the multijunction GaAs nanowires and show
their excellent absorption properties and in the second experiment, we will demonstrate a
platform where the thin film and nanowires integration on the glass substrate could lead

to excellent absorption properties compared to their thin film and nanowires counterparts.

6.1 Substrate Free GaAs Nanowires for Photodetec-

tors

We have already discussed the excellent absorption properties of GaAs nanowires on a sub-
strate showing their potential in solar cells and photodetector applications. It is, however,
mandatory to remove the substrate from below the nanowires to test their true optical
properties and to use them for potential applications. Indium Gallium Phosphide(InGaP)
is a wide bandgap material used in heterojunctions solar cells and does not get etched with
the Cly etch chemistries. Sandwiching a thin layer in InGaP between two GaAs thin films
using MBE makes a perfect design for the substrate free GaAs nanowires: One side being
etched using wet chemical etching to remove the GaAs and the other being etched to make
nanowires. Use of an etch stop layer which works for both wet and dry etching is unique

to our knowledge.
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6.1.1 MBE growth of GaAS/InGaP wafer

Our collaborators at McMaster University deposited the GaAs/InGaP layer on a GaAs
wafer that was 350 pm thick p-doped with Zinc (5x10'® ¢cm™3), which was intended for a
photovoltaic device using these nanowires. There was a 50 nm thick p-GaAS buffer layer
deposited on the starting substrate having 3x10¥Be cm™ doping. Later on, a 70 nm
thick lattice matched p-InGaP layer (1x10'® cm™ Be doping was deposited as an etch
stop layer. Beyond it, a 1.5 um thick p-GaAS layer(1x10"Be cm~3 doping), a 100 nm
n-GaAs layer as an emitter (3x10'® cm™ Si doping) and lastly a 30 nm n™-GaAs layer as
a contact (1x10' cm™ Si doping) was deposited. The layers on the part of the InGaP

thin film were intended for the nanowire fabrication.

6.1.2 Nanowires and Device Fabrication

We have already discussed the fabrication of GaAs nanowires in Chapter 3. In this setup,
the same recipe was used to create the nanowire arrays shown in figure 6.1. As mentioned in
the previous section, the etch stop InGaP layer is inserted 1.6 um below the GaAs layers,
where the etch rate is reduced by 10 times while performing the dry etch. It helps in
precisely controlling the length of the nanowires and surface below the nanowires remains
roughness free. The SEM images of the nanowires are already shown in chapter 3, showing
smooth, vertical nanowires. The nanowires with diameters 90 nm, 130 nm, 160 nm and
200 nm at three different pitches: 270 nm, 350 nm, and 460 nm were chosen as these are

optimal sweet spots for high absorption.

For nanowires to operate as a device, it is essential that we test their optical properties
by encapsulating them in all the needed coatings for making contacts. The nanowires
gaps were filled with cyclotene to planarize the top surface, which was then baked in Ny

environment for 30 minutes at 250°. The top part of cyclotene was etched using RIE system
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with CF; and Oy chemistry. The Al/Cr nanowire mask was removed using Microposit
MF319. Each array of nanowires was contacted using transparent conducting oxide (25
nm Tn and 500 nm of ITO) having low contact resistance. At the periphery of ITO pad, a
15 pm wide Ni/Ge/Au(50/100/250 nm) square ring was deposited. These processes were

done by our collaborators in McMasters.

6.1.3 Wet Etching of GaAs Substrate

A glass was bonded to the nanowire side o the substrate using 2 ym thick EPO-TEK 301-2
epoxy and was cured in an oven at 80° for 3 hours. An etch window was opened on the back
side of the substrate using optical lithography with S1818 photoresist, which was aligned
to the nanowire pads on the other side. HsSO4:Hy05:HoO(1:1:10) solution was used to
etch GaAs through the etch window at room temperature. The wet chemical etch stops
when it reaches InGaP thin film as the etchant is selective to GaAs only. The schematic

of the resultant setup is shown in figure 6.1b

Etch Window

(a) (b)

Figure 6.1: (a) The schematic of GaAS nanowires etched on the top of GaAS/InGaP
substrate (b) The schematic of nanowires after making the top contacts and removing the

GaAs substrate.
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6.1.4 Absorption Calculations

The R and T measurements were done as mentioned in chapter 4. The spectral range was
400 nm to 900 nm, the light source was the Ocean Optics LS-1 tungsten halogen lamp,
the focused spot diameter was 70 pm and spectra were collected using Ocean Optics Jaz
spectrometer. From R and T values measured from the optical setup, 1-R-T was used to
calculate the absorption in the nanowires. Figure 6.2 show the resulting absorption spectra
different diameters and pitches. RCWA simulations were performed to by using including
cyclotene, ITO, glass, epoxy and InGaP thin film. The measured results match well with
the simulations, except in the longer wavelength range where the light gets scattered instead
of reflecting back due to the surface roughness. The broadband absorption spectra for all
the diameters and pitches matches well with the simulation spectra where the absorption
edge increases with increase in the nanowire diameter. The behavior expected as we

predicted in the previous chapters.

To quantify these absorptions, solar weighed absorption efficiencies of the nanowires

were calculated as:

where I()) is the AM1.5G solar spectrum. The solar weighed absorption efficiencies for
all the samples are shown in the table 6.1. The efficiencies could reach up to 94% for 200
nm diameters at 460 nm pitch while covering only a fraction of the bulk. As shown in
table 6.1, the efficiencies increase nearly monotonically with the increase in the diameter

for all the pitches. However, this linear trend cannot be sustained as the fill fraction of the
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Figure 6.2: (a) Reflection of nanowire arrays at different etch depths at 700 nm pitch and

85 nm diameter (b) Simulated reflections from the nanowires with the same diameter and

pitch at similar etch depths.
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nanowires approaches the bulk and the efficiencies will eventually start to reduce at some
point. It will be discussed in detail in the next section for a-Si nanowires where a full study
was done. Additionally, there is negligible scattering in these materials as opposed to the
randomly arranged nanoparticle or disordered densely packed grown nanowires, in which
the diffuse reflections and scattering dominate over waveguiding. This high absorption in
nanowires makes them ideal for photodetectors and solar cell applications, especially in

the presence of wide band-gap InGaP layers and precisely controlled doping.

From table 6.1 we also see that the nanowire array with diameter of 200 nm provides
the highest efficiency. In chapter 5 we had argued that to achieve the highest efficiency
the diameter of the nanowires should be such that the excitation of the HE;; mode is at
the band edge. For the nanowires surrounded by air, this diameter was 175 nm. However,
these nanowires are surrounded by cyclotene which has a refractive index of 1.6 (higher
than air). If we calculate the normalized frequency parameter V for the two cases it turns

out to be nearly same.

D=90 nm | D=130 nm | D=160 nm | D=200 nm

P=270 nm 72.3% 74.5% 87.9%
P=350 nm 71.3% 85.5% 83.0% 87.9%
P=460 nm 61.5% 84.4% 90.7% 93.9%

Table 6.1: Solar weighed absorption efficiencies for GaAs nanowire arrays
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6.2 Nanowires Integration with Thin Films for En-

hanced Absorption and Colorful Solar Cells

From our understanding of waveguiding properties of nanowires in chapter 3 and 5, it has
now become easier to introduce the complex designs to nanowires arrangement to tailor
their optical properties. We have understood that nanowires on glass are dominated by
leaky waveguide modes and F-P resonances depending on the diameters and length of the
nanowires. It is also understood that in the wavelength regions where the complex part
of the refractive index is high, the waveguide coupling becomes negligible while it plays
a dominant role in absorption region where absorption is small. The capability of highly
controllable ICP etching, a-Si deposition on multiple surfaces brings us to the point where
we can measure the absorption properties of nanowires to be controlled by integration
of thin films with nanowires. Here we propose a platform involving a-Si thin films and
nanowires as shown in figure 6.3. The structure consists of a-Si:H nanowires arranged in
a square array with a pitch of 400 nm and residual thin film below the nanowires. The
lateral size of the nano- wire arrays is 100 yum x100 gm. A 535 nm thick layer of a-Si:H is
deposited on glass and nanowires are etched into the layer using top-down fabrication. This
configuration allows many different options to optimize the geometrical parameters giving
one the freedom to tailor the optical properties. These geometrical parameters include
the diameter, length, and pitch of nanowires, the thickness of the original a-Si:H layer
and the thickness of the residual thin film layer. The coupling of thin films and nanowire
F-P modes introduces coupled cavity modes to trap the light that is otherwise lost in
the transmission or scattering. To test this design, the a-Si nanowires were etched to the
different depths and leaving residual thin films to play their role in the F-P coupling. We
tested this design for four different diameters 100, 150, 200 and 250 nm shown in figure 6.4.

Although we have already discussed nanowires on glass samples but for the continuation
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to the integration with thin films, we will discuss them again briefly.

Amorphous Silicon

Glass

Figure 6.3: Schematic of the a-Si nanowire/thin film platform on glass.

6.2.1 Sample A - Nanowires on Glass Substrate

Having glass as a substrate, this platform permits to measure the optical response of a-Si:H
nanowires alone. This configuration is discussed in detail in chapter 5, showing absorption
and transmission features in nanowires on glass for the given diameters. As discussed
earlier, the strongly absorbing HE;; modes excite for 100 nm diameter nanowires at 600 nm
wavelength as shown in figure 5.6a giving transmission filter response at this wavelength.
This filter response can be tailored for other wavelengths by changing the diameter of
the nanowires until multiple modes start to excite at larger diameters. For diameters150-
250 nm, because of the excitation of multiple modes, the absorption becomes broadband.
Thus, for solar cell applications, it is beneficial to go to larger diameters. Further, as

discussed in chapter 3, the modes redshift in wavelength nearly linearly with diameter
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allowing simple design rules for optimizing the absorption and transmission characteristics
of the nanowires. Larger diameters also provide stronger F-P modes at wavelengths longer

than the resonance peaks.

6.2.2 Sample B - 500 nm Long Nanowires with 35 nm Thick Thin

Film

The low reflections at the air-glass interface (<10%) work well for realizing filter response.
However, to increase the absorption inside the nanowires the light needs to reflect back
from the bottom interface of the nanowires. Hence, introducing a thin film of a-Si:H
below the nanowires could assist the nanowires to absorb the off-resonance wavelengths.
To understand this behavior, a sample was created with 500 nm long nanowires and 35
nm thick thin film. At the thickness of 35 nm, the thin film does not have strong F-P
resonances making it easier to understand the presence of any new peaks. As shown in
Figure 6.5b, the overall reflection is increased while the transmission is decreased across
the measured wavelengths. For wavelengths lower than the resonant peaks, the reflections
have a peak value at approximately 30% at ~ 520 nm. The local maximum in the reflection
also corresponds to a local maximum in the transmission. Thus, these maxima should not
arrive from longitudinal modes [130]. For longer wavelengths, both the reflection and the
transmission increase. However, a new minimum in reflection is observed at a wavelength
of 660 nm. At this wavelength, there is a small peak in the transmission suggesting
that these could be resulting from resonant excitation of the longitudinal modes inside
the nanowires [130]. Beyond the resonance peak, the increased reflections result from the
nanowire/thin film interface. When the nanowires are not absorbing well, more of the light
sees these interfaces and hence, the reflections are increased due impedance mismatch [34].

At 600 nm, the reflection and the transmission are low because of the high absorption
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Figure 6.4: Absorption spectra of a-Si nanowires with different diameters and thin film

thicknesses.
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within the nanowires itself, making the effect of the thin film minimal. To understand the
origin of the above-mentioned features, we look at the absorption spectrum in figure 6.4a.
and the measured absorption from the initial 535 nm thick thin film and the residual 35 nm
and 135 nm thick thin films in figure 6.5d. The 35 nm thin film absorbs light well at 400
nm but the absorption drops sharply as the wavelength is increased. No F-P response is
observed as expected in the residual thin film due to it being very thin. The resonant peak
at 600 nm still exists as in Sample A and the absorption is larger than either the starting
thin film or the residual thin film below. However, the absorption at the resonant peak
is slightly lower than the Sample A. This could be due to the reduction in length of the
nanowires. Also, a new peak is observed at the wavelength of ~ 660 nm, which is longer
than the resonant peak. This peak is clearly manifested as a dip in the reflection spectra
showing that the light is being trapped in the structure bouncing back and forth between
the nanowires and the thin film coupled cavity. Multiple passes of light allow for increased
absorption and since the phase has to be constructive over a round-trip, a new resonance
peak is observed. Increased reflections at the nanowire/thin film interface allow for these
multiples passes. Local minima in reflections and a local maximum in transmission confirm
that this new peak is due to longitudinal modes. This peak also corresponds to that from
the starting thin film of thickness 535 nm. This longitudinal mode is not observed in
Sample A because of the very low reflections from the nanowire glass interface. Higher
absorption as compared to the starting thin film is also observed at a shorter wavelength
between 400 nm - 480 nm. Light not absorbed by the nanowires will penetrate into the 35
nm residual thin film. In fact, at shorter wavelengths, the absorption profile follows that
of the 35 nm thin film and a new peak seems to become apparent due to the summation of
the absorption profiles of both thin film and nanowires. In summary, for wavelength below
resonant wavelengths, the absorption profile follows the sum of the absorption profile for

the nanowires and the thin film. At resonance wavelength, absorption is dominated by
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the profile of the nanowires. At wavelengths longer than the resonance wavelength, the
new absorption peak is observed due to excitation of longitudinal modes trapping light in
the nanowire/thin film cavity. Overall, the sample has completely changed the absorption
profile as compared to just the nanowires or the thin film, increasing absorption in specific
wavelength bands even though the thin film is only 35 nm thick. However, broadband

absorption over the visible wavelength regions is not yet observed.

Similarly, for higher diameters, the incorporation of the thin film allows further enhance-
ment in the absorption due to multiple effects. First, the reflection at the nanowire/thin
film increases allowing a large part of the light, which is not absorbed in the nanowires to
bounce back into the nanowires. Sample B with 55 nm thick thin film has this fundamen-
tal excitation. If one compares the absorption for different diameters between Sample A
and Sample B, the absorption increases over the band but the absorption profile remains
similar. The increase in absorption is due to the enhanced reflections at the nanowire/thin

film interface. The thin film itself does not absorb appreciably at 500 nm wavelengths.

6.2.3 Sample C - 400 nm Long Nanowires with 135 nm Thick

Thin Film

To account for the effect of F-P resonances in the thin film, another sample was created
with the residual thin film thickness of 135 nm and the length of the nanowires at 400 nm.
The reflection, transmission characteristics of Sample C are shown in figure 6.5. Again
the reflection is high for wavelengths shorter or longer than the resonant absorption peak.
However, the low reflection spectral feature is broader than those observed for the previous
samples. Strong F-P effects are also observed in the transmission for wavelengths longer
than 650 nm and two minima in transmission response appear at wavelengths of 660 nm and

700 nm. The absorption characteristics of Sample A are shown in figure 6.4. As can be seen,
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Figure 6.5: The reflection and transmission spectra of a-Si nanowires having 100 nm diam-
eter with three different thin film thicknesses (a) 0 nm (b) 55 nm (c¢) 145 nm (d) Absorption

spectra of thin films for different thicknesses.
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the absorption is appreciably higher than the starting thin film or the nanowires alone over
the complete wavelength range. The absorption value is also higher than either Sample A or
Sample B. Two new absorption peaks are observed at wavelengths of 660 nm and 700 nm.
These peaks were predicted in the previous theoretical study [131]. These peaks result from
the coupled cavities of the nanowires with the residual thin film for an effective cavity 535
nm thick and can be explained as longitudinal photonic bandgap [131]. At these peaks, the
round trip phase delay in the nanowire cavity is in constructive interference with the round
trip phase within the thin film resulting in longitudinal coupling between the nanowires
and the thin film. Due to these new modes, the sample is absorbing light more efficiently
than either the nanowire sample or the starting thin film sample at longer wavelengths. For
wavelengths shorter than the resonance wavelength, a broadband absorption is observed,
again following the profile of the thin film. Light not absorbed by the nanowires, get a
chance to be absorbed in the thin film. Similarly for larger diameters, as the thin film
thickness is increased, they start to have more dominant F-P resonances. The absorption
around 700 nm becomes larger. The samples studied to demonstrate the versatility of the
proposed platform. One could create transmission filters using just nanowires on the glass
substrate. Furthermore, changing the length of the nanowires can alter the peak width.
On the other hand, enhanced absorption can be achieved due to the combination of the
nanowire and thin film absorption and existence of longitudinal photonic band gap modes.
Additionally, the enhancements may be further possible by optimizing the diameter and

arrangement of the photonic lattice.

6.2.4 Structural Colors

The change in diameter, thin film thickness, and nanowire length affects how different

wavelengths behave while interacting with this platform. Since we are dealing with diam-

136



eters affecting the light interactions below the band gap of a-Si (~727 nm), it is expected
that we see a change in reflected and transmitted colors in these configurations. The colors
were viewed under the microscope at 5x magnifications. The light source and objective
were kept on the top of the sample for imaging reflected colors whereas the objective was
placed behind the samples and the light source was on the opposite side of the sample
for capturing transmission colors. The observed images in transmission and reflection are
shown in figure 6.6. Colors from the starting thin film and also the residual thin film
are also shown in the figure. As can be seen, different and vibrant colors are observed
for different diameters and thin film thickness. For sample A with 145 nm thickness, the
transmitted colors for all diameters are in the red range. The transmitted color of the thin
film is also red showing the thin film is dominating the transmitted colors. This can be
predicted from the absorption seen, as shorter wavelengths are highly absorbed. However,
in the reflected domain, vivid colors of different hues are imaged and colors in all hues
from blues to reds are observed. In the reflection mode, reflection from the nanowires
dominates the structural color generation and the results are similar to what is observed
for semiconductor nanowires on semiconductor substrates. When the thin film thickness
is decreased to 55 nm, vivid hues are now observed both in reflection and transmission.
Similarly, nanowires on just the glass substrates create vivid hues depending on their di-
ameters. By changing the diameter and length of the nanowires, a wide variety of colors

can be achieved both in transmission and reflection.

6.2.5 Solar Weighed Absorptance

Finally, we evaluate how the absorption efficiency changes as the different geometrical
parameters are changed. The absorption efficiencies were quantified in the measured wave-

length range by weighting the measured absorption profile by AM1.5G solar spectrum.
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Figure 6.6: Reflection and Transmission colors of the platform having nanowire arrays with

diameters and thin film thicknesses.
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This quantification is important for comparison with other designs and materials for ap-
plication in solar cells. The absorption efficiency was calculated using the equation 6.1.4
and the results are plotted in Figure 6.7. The absorption beyond 727 nm is not included
in the absorption efficiency calculations as it is inside the aluminum mask. In general,
the efficiency in the thin film/nanowire configuration is higher as compared to nanowires
on the glass and thin film on glass samples. Also, the presence of thicker thin film gives
higher absorption efficiency compared to relatively thinner thin film. For nanowire on glass
configuration, the efficiency increases with increase in diameter except while moving from
100 nm to 150 nm diameters where the efficiency is slightly reduced. This is because the
HE;; mode for the 150 nm diameters has moved above the band gap while the HE;5 mode
is still excited at lower wavelength bands. While moving from 0 nm to 55 nm thin film,
there is a big jump in absorption efficiency for 100 nm and 150 nm nanowires increasing
the efficiency from ~40% each to ~65% and ~51% respectively. The reason for it is the
sudden increase in the absorption in the wavelength range of 400 nm - 500 nm due to the
presence of thin film whereas this is not observed at 200 nm and 250 nm diameters, as they
already are highly absorbing in this area. For 145 nm thick thin film, the efficiency of 150
nm diameter shows the highest jump from ~51% to ~60% (i.e. 16% increase in efficiency),
which is due to the broadband absorption in 400 nm to 600 nm range of wavelengths be-
cause of the presence of the thin films. The larger diameters of 200 nm and 250 nm show a
13-15% improvement in their absorption efficiencies. Importantly, we are able to maintain
enhanced absorption efficiencies over a wide range of dimensions while achieving different
structural colors. Thus, the proposed platform allows for a large design space to achieve
high efficiency while generating different colors. The experimental data shows higher ab-
sorption efficiency for the nanowires with the largest diameter of 250 nm. The results show
that there should be an optimal diameter for which we achieve the highest absorption as

the value should not just keep on increasing. It was difficult for us to fabricate diameters
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larger than 250 nm as the nanowires became closer to each other creating problems during
the lift-off process. In order to understand the optimal diameter for absorption efficiency,
we extended the diameter range by performing FDTD simulations for diameters ranging
from 100 - 375 nm with 25 nm step size. The simulated results are also plotted in fig-
ure 6.7 (dashed lines) and match well in values and trends with the experimental data.
The simulations suggest that as the diameter is increased above 250 nm, the absorption
efficiency starts to decrease. Coincidentally the diameter for maximum efficiency is 250
nm, the largest diameter experimentally studied. As the diameter is increased, the re-
flections at the nanowire-air interface increase resulting in less light penetration into the
nanowires. Further, the absorption peaks of modes start to red-shift and some move above
the band gap. While higher order modes are excited, they have weaker absorption per unit
length as compared to the lower order modes. This trend has been previously seen in II1-V
nanowires [20,21] where the highest absorption efficiency was achieved in those nanowires
when the first order mode is right at the band edge and higher order modes are excited
at the lower wavelengths. In our proposed structures; the highest efficiency is achieved
at larger diameters where the first order mode has moved out of the band edge. This is
different than the III-V nanowires and this happens because of the excitation of the lon-
gitudinally coupled cavity modes which increase the absorption in the longer wavelengths.
In this study, we have used e-beam lithography for the fabrication because of its suitability
in experimental design. E-beam lithography is a good technique as different diameters can
be fabricated very easily on the same sample allowing us to achieve excellent control on
the experimental parameters. Thus, the design parameters can be experimentally studied
and optimized. It is due to this control that we are able to get excellent agreement be-
tween the simulated and experimental results. However, e-beam lithography is expensive
and thus, cannot be used for solar cell manufacturing. The diameters which provide high

absorption are quite large, in the range of 200 nm - 250 nm and can be fabricated with
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other large area lithography methods like UV lithography; nano-imprint lithography and

even projection lithography. Thus, it is possible to achieve the proposed structures with

low-cost fabrication methods.
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Figure 6.7: Solar weighed absorptance for the platform having nanowire arrays with differ-

ent diameters and thin film thicknesses (solid lines). The simulated calculations are also

plotted (dashed lines).
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6.3 Conclusion

In this chapter, we proposed two devices based on direct absorption measurements in GaAs
and Silicon nanowires. We demonstrated it with GaAs nanowires by etching away the sub-
strate below and a-Si nanowires by fabricating them on a transparent substrate. These
measurements are the another step in the direction of workable applications of nanowires.
The GaAs nanowires showed the high absorption even after the removal of the substrate.
The maximum absorption efficiency achieved for these nanowires is ~94%. Thus, the GaAs
nanowires ensure a promising platform for the photovoltaics and photodetector applica-
tions. We also demonstrated the ability to tailor the optical absorption in the a-Si platform
by integrating nanowires with thin films. For nanowires on transparent glass configuration,
a filter response in transmission was achieved at the resonant wavelength. We were also
able to enhance the optical absorption by increasing the residual thin film thickness below
the nanowires. The solar weighed absorptance was increased from 30% for starting thin
film to ~70% for 250 nm diameter nanowires integrated with a thin film. This drastic
change is attributed to coupled-cavity modes in addition to resonant waveguide modes
responsible for the absorption. Importantly, these structures thickness lies in the range of
diffusion length of charge carriers in a-Si enabling our structures to harness photogenerated
carriers both radially and longitudinally. Lastly, a wide range of transmission and reflection
colors were demonstrated with a-Si nanowires. Thus, these platforms lay the foundation
for the advanced applications for the futures such as multijunction photodetectors, solar

cells, colorful solar cells etc.
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Chapter 7

Summary and Future Work

7.1 Summary

The purpose of this research was to introduce high quality, ordered semiconducting nanowires
arrays using [C compatible process and to investigate their optical properties to open up a
new realm of highly efficient devices. A clear understanding of the optical behavior of ver-
tical semiconductor nanowires is essential to tailor their properties for desired applications.
In this work, a significant progress has been made in understanding the optical properties
of vertical semiconductor nanowires for different materials using theoretical and experi-
mental studies. A mathematical treatment was given by using finite difference simulations
to investigate the waveguiding properties of nanowires showing the strong dependence of

light confinement on the diameter and lattice spacings of the nanowires.

In the theoretical studies, the dependence on refractive index parameters n and k was
investigated to understand the interaction of light with the nanowires. It was seen that
the hybrid HE;,, modes were excited to instigate photon confinement and absorption in

the nanowires and the Bloch modes were responsible for the waveguide coupling, and
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they were dependent on the real (n) and imaginary (k) part of the refractive index of
the material. Further, it was shown that the nanowires needed to be at least 150 nm to
guide the light irrespective of their material properties as it was proved for both Silicon
and GaAs nanowires. Also, square cross-section nanowires show exact same absorption
characteristics across the visible region for the same area as cylindrical nanowires despite
the distinct mode shapes in each of them. The study was extended to the experimental
section by fabricating high-quality nanowires with materials like GaAs, silicon, a-Si and
GaN using reactive ion etching and e-beam lithography. These fabrication techniques
showed significant improvement in various parameters like shapes, sidewalls, length control
etc. compared to traditional nanowire growth techniques. Several hard masks and etch

chemistries were tested to improve the quality of the nanowires.

The optical studies conducted using the simulations were verified by measuring reflec-
tions on fabricated nanowires. The nanowires show the expected behavior as predicted in
theoretical studies. The excitation of HE;,,, modes matched well with the sudden reflection
dips at the predicted wavelengths. Also, the excitations of F-P modes were also confirmed
from the periodic spectral features at the wavelength where the nanowires are low absorb-
ing. The reflection measurements were then used to confirm the presence of Bloch modes
in the closely spaced periodic nanowires by comparing them to the disordered nanowires
and largely spaced nanowires. The diameter dependent resonance modes and the Bloch
mode coupling between the nanowires were also verified by the change in reflected colors
of the nanowires. The effect of length, tapering and mask on the nanowires were also mea-
sured and verified. Finally, direct absorption measurements were conducted on GaAs by
removing the substrate from the bottom. The nanowires showed solar weighed absorption
efficiencies as high as 94% even after removing the substrate. Also, a new platform was
proposed for the a-Si nanowires showing that the nanowires, when integrated with thin

films, show enhancement in solar weighed absorption efficiency by up to ~250%. Fur-
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thermore, a wide range of colors in reflection and transmission were observed for different

diameters and thin-film thicknesses for this platform.

Based on this work, the potential studies in the immediate future are as follows:

1. Improving the etching profile of the GaN nanowires using other etching chemistries

and hard masks.

2. Investigating the optical properties of Silicon, a-Si and GaAs nanowires for various

cross sections like the square, triangle, and tapers.
3. Designing the working photodetectors applications based on GaAs and a-Si nanowires.

4. Designing and fabricating the solar cells based on GaAs nanowires and nanowire/thin
film platform based on a-Si nanowires by making contacts at top and bottom of the

nanowires.

5. Studying the optical properties of GaN nanowires and nanocones.
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Figure A.1: Extracted n and k of a-Si from a thin film of known thickness.
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