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ABSTRACT

Semiconducting nanowires have the potential to become the next generation of
building blocks for nanoelectronics, optoelectronics and sensors. Due to the their quasi-
one-dimensional nature and high aspect ratio, semiconducting nanowires exhibit distinct
phonon and electrical properties compared to the bulk. This thesis collects three original
studies focusing on both computational and experimental results of light scattering from
semiconducting nanowires.

The first study focuses on Raman scattering results on Si;Gex nanowires
(0<x<1) grown by the vapor-liquid-solid (VLS) growth mechanism using a chemical
vapor deposition (CVD). Transmission electron microscopy (TEM) and X-ray diffraction
(XRD) were used to characterize the morphology growth axis and lattice constant of
these materials. Typical wire diameters were in the range 80-130 nm. Based on Raman
scattering studies of the bulk, three Raman bands are expected that can be identified as a
perturbed Si-Si (~500 cm™) mode, a Ge-Ge (~280 cm™) mode and a new mode (~390 cm’
" assigned to Si-Ge or Ge-Si clusters. Peaks in this region are also observed in the case
of our nanowires, although the frequencies are a few cm™ lower than observed in the
bulk. We also observe that the compositional (x) dependence of the Si-Ge band in
nanowires is somewhat different than that in the bulk.

The second research project studies the Rayleigh and Raman scattering from GaP
semiconducting nanowires with different polarized incident excitations. GaP nanowires
were grown using pulsed laser vaporization (PLV). The diameters of the nanowires range

from 50 nm to 500 nm. Rayleigh and Raman spectra were obtained from single GaP
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nanowires suspended over TEM grid holes. Experiments show that the plots of the
scattering intensity vs. the polarization of the incident laser depend on the diameters of
the nanowires. Mie theory, the discrete dipole approximation (DDA) and the finite
difference time domain (FDTD) methods were used to explain this dependence.

The third study focuses on the internal electric field’s dependence on the position
of the laser spot relative to the nanowire. About 60% of the Raman scattering spectra
from the tips of GaP nanowires were greater than the scattering intensities from the center
of the same nanowire. This enhancement factor (ratio of the TO mode intensity at a tip to
the TO mode intensity at the center) is around 3~5 for GaP nanowires measured on Si
substrates and about 1~2 for GaP nanowires suspended over TEM grid holes. The effect
of polarization and energy of the incident excitation on the enhancement factor was
studied experimentally with GaP nanowires over TEM grid holes. Further, the FDTD
method was applied to compute the theoretical enhancement factor. We carried out a
statistical exploration to understand the deviation of the enhancement factor from its

computed value.
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Chapter 1

Introduction

1.1 Motivation of Thesis

Scientists and engineers have studied semiconductors for over a century, with
growing interest in nanoscale semiconductor crystals. In this context, semiconductor
nanowires have attracted increasing interest during the last decade due to their potential
to become the next generation of building blocks for electronic devices [1]. The reduced
size, dimensionality and the increasing aspect ratio for nanowires introduce unique
electrical and optical scattering characteristics which are absent from bulk or thin film
materials. The purpose of this study is to uncover the intriguing phonon and electrical
properties of semiconducting nanowires arising from either the reduced size of the

nanowires or the different aspect ratio of the nanowires compared to the bulk.

1.2 Structure of Thesis

Chapter two reviews the growth mechanism and procedures for semiconducting
nanowires studied in this thesis. Chapter three will discuss the classical and quantum
theory of Raman and Rayleigh scattering. Chapter four focuses on similarity and
difference in phonon properties between SiyGe;.x bulk and nanowire batches. Chapter

five presents three methods to compute the electric field inside a nanowire and the



2

scattering of electromagnetic waves by a nanowire. These include Mie theory, the
Discrete Dipole Approximation (DDA) and Finite Difference Time Domain (FDTD)
simulations. The last two chapters focus on Raman scattering from single GaP nanowires.
Chapter six discusses the internal electric field’s dependence on the incident laser
polarization. Chapter seven deals with the electric field’s dependence on the position of

the laser spot relative to the nanowire.



Chapter 2

Synthesis of Semiconducting Nanowires in This Thesis

2.1 Vapor-Liquid-Solid (VLS) Growth Mechanism

The Vapor-Liquid-Solid (VLS) growth mechanism is the most widely used and
successful technique in synthesizing crystalline nanowires in large quantities. VLS
growth was first proposed by Wagner and Ellis [2] to explain whisker growth in 1964.
Not until 2001 was VLS growth directly observed by Yiying Wu and Peidong Yang in in
situ TEM studies [3].

Figure 2-1 is a TEM image taken by Yiying Wu and Peidong Yang [3] showing
three stages of nanowire growth by VLS growth mechanism. VLS growth of nanowires
typically uses metal nanoparticles, for example Au or Fe, as the catalyst, and these seed
particles initiate nanowire growth. In Wu and Yang’s experiment, Au was used as the
catalyst, and the sample stage was maintained at 800 - 900 °C.

The first stage in VLS nanowire growth is called alloying. In this stage, chemical
reactions take place between seed particles and the vapor of the target nanowire’s
chemical elements. This stage is illustrated in Figure 2-1 (a)-(c). The Au nanoclusters
react with Ge vapor and form Au-Ge liquid alloy. In Figure 2-2, this stage is also

represented by an isothermal line on the Au-Ge phase diagram.
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Figure 2-1: In situ TEM images recorded the process of Ge nanowire growth by
VLS growth mechanism. (a) Au nanoclusters in solid state at 500 °C; (b) alloying
initiates at 800 °C, and Au is in mostly solid state; (c) liquid Au-Ge alloy; (d) the
nucleation of Ge nanocrystal on the alloy surface; (¢) Ge nanocrystal elongates
with further Ge condensation and eventually a wire starts to form; (f), (g) Several
other examples of Ge nanowire nucleation; (h), (i) two nucleation events on
single alloy droplet [3].

The second stage is nucleation, depicted in Figure 2-1 (d) (e). As more Ge vapor
dissolves into the Au-Ge liquid alloy and the composition of the alloy crosses the second
liquidus line shown in Figure 2-2 (b), Ge becomes oversaturated and starts to precipitate.
The composition enters another biphasic region (Au-Ge alloy and Ge crystal).

The third stage is axial growth, shown in Figure 2-1 (d)-(f). After the Ge

nanocrystal nucleates at the liquid-solid interface, further condensation and dissolution of
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Ge vapor into the Au-Ge liquid alloy increases the amount of Ge crystal precipitation
from the alloy. Because less energy is needed with crystal step growth compared to
secondary nucleation events in a finite volume [3], Ge will prefer to diffuse and condense
at the existing liquid-solid interface and therefore form a nanowire. This is illustrated as a

cartoon in Figure 2-2 (a) IT II1.
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Figure 2-2: Three stages in VLS nanowire growth mechanism shown in (a) a
schematic illustration; (b) conventional Au-Ge binary phase diagram [3].

The Si;.xGex and GaP nanowires studied in this thesis were all grown by the VLS

growth mechanism and I will discuss the detailed growth methods for each of them.



2.2 Chemical Vapor Deposition (CVD) Growth Method for Si;xGex Nanowires

The growth procedure of Si;«Gey nanowires follows the method described in Ref.
[4]. Commercial anodic alumina membranes with nominal 200 nm diameter pores were
used as a platform. A 5 micron long segment of Ag was deposited in the pores, and
afterwards, a 0.25 micron long Au segment was deposited in those pores. The Ag
segment was removed by etching in 8.0M HNOs so that only the thin Au segment near
the top of the membrane was left to serve as the catalyst.

However, because of low growth rate of Si;«Gey nanowires with x greater than
0.8, those nanowires were grown on Si(111) substrate coated with a 200 nm thick Au
film instead of on the anodic alumina membranes.

Figure 2-3 illustrates the CVD setup of Si;xGex nanowire growth. The alumina
membranes or the Si(111) substrates were placed at the center of an isothermal quartz
reactor tube. The growth temperature was maintained as a constant between 325 °C to
500 °C. Si;xGey nanowires grown under different growth temperature have different Ge
concentration X.

SiH4 and GeH4 were used as gaseous precursor sources for the growth of Si; Gey
nanowires growth. The total pressure within the quartz reactor was held constant at 13
Torr using 10% mixture of SiH4 in H, and 1% or 2% GeHy in H,. The total gas rate was
held constant as 100 sccm. The flow rate of each source gas was adjusted to control the
inlet gas ratio of GeH, / (SiHs + GeHy) from 0.01 to 0.67. The difference in the inlet gas

ratio also had influence over the Ge composition in Si; yGex nanowires.



Figure 2-3: Si; «Ge, nanowire growth by CVD.

2.3 Pulsed Laser Vaporization (PLV) Growth Method for GaP Nanowires

GaP crystals were first mixed with micron size Au particles (catalyst) at the
weight ratio of 95% GaP to 5% Au. The mixture was ground into a powder and further
milled in a ball miller for several hours. The fine powders were placed inside a pellet
press as illustrated by the cartoons in Figure 2-4 (a)-(c) [5], and this pellet was applied
uni-axial pressure at 5 metric tons for half day. After this treatment, GaP-Au powders
became a deeply-pressed compact cylindrical tablet similar as the one shown in Figure
2-4 (d). This tablet is called a target because it is ablated by a laser in subsequent PLV
growth method. The GaP-Au target was held by a target holder, such as the one in Figure
2-4 (e), and put into a quartz reactor tube at place “A” in Figure 2-5. Argon flowed
through the quartz reactor tube at 100 sccm to carry the GaP vapor plume downstream
and at a pressure inside the tube of 200 torr. The temperature of the furnace was

maintained to be 880-920 °C.



(@

(e)

Figure 2-4: PLV target preparation. schematic illustration of (a) top of a pellet
press; (b) bottom of a pellet press; (c) barrel of a pellet press; picture of (d) fresh
prepared target taken out from a pullet press; (e) target holder [5].

vacuum
Lens

Figure 2-5: GaP Nanowire growth by PLV.

In Figure 2-5, the lens was connected to a computer-controlled motor and moved
along a zigzag path as depicted in Figure 2-6, so that the laser ablated evenly on the target
tablet. The small green solid circle in Figure 2-6 represents the laser spot. Though the

green circles are discrete in the figure, the actual movement of laser spot was continuous
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without any stop as indicated by the red lines. Odd runs and even runs were following

different directions for the purpose of even laser ablation.

v

Evenruns

SampleTablet

Figure 2-6: Illustration of laser spot movement in PLV.

A narrow quartz collection tube was placed between position “B” and “M” in

Figure 2-5 to harvest GaP nanowires grown by this method.
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2.4 Chemical Vapor Deposition (CVD) Growth Method for GaP Nanowires

1t Zone 2" Zone 3 Zone
300 °C 1100 °C 850 °C o
Ar+H,(10%) B Au nanoparticles on [] Vacuum
200 sccm |:> Red P lumps GaP powders aquartz substrate :>
| s r—amw’ ,M}

Quartz boat

Figure 2-7: GaP nanowire growth by CVD.

For CVD growth of GaP nanowires, a three-zone furnace was used. The
temperature of each zone can be controlled independently and was set to 300 °C, 1100 °C
and 850 °C for the 1%, 2™, and 3™ zone, respectively. As illustrated in Figure 2-1, we
placed one quartz boat in each zone, and have red phosphorous lumps, GaP powders, and
a quartz substrate with Au nanoparticles with diameters around 20nm on it in each quartz
boat. A 200 sccm Ar+H?(10%) kept flowing to maintain a 300torr pressure inside the
quartz reaction tube during the synthesis. GaP nanowires were grown both on the quartz
substrate and on the quartz boat in the third zone. While the GaP nanowires grown on the
substrate have Au particles on the tips, the nanowires harvested from the quartz boat do

not have gold particles with them.



Chapter 3

Rayleigh and Raman Scattering

3.1 Introduction to Rayleigh and Raman Scattering

When monochromatic light is incident on systems smaller than its wavelength
such as nanowires, most of it will be scattered without change in frequency. This is called
“Rayleigh Scattering” after the English physicist Lard Rayleigh. However, a weaker part
of the scattering is inelastic and is called Raman scattering.

The scattering with change of frequency was predicted theoretically by Smekal in
1923 and was discovered by Sir C.V. Raman in February 1928. Raman was awarded the
Nobel Prize for Physics in 1930 for this discovery. The Raman effect is important in
several ways. The difference in wavenumber between the incident radiation and scattered
light carries with it information about the vibrational and rotational energy levels of the
molecules and atoms in a condensed matter system. This makes Raman spectroscopy a
powerful method to study energy level in such systems. Furthermore, in some cases,
certain lines or transitions may be entirely forbidden in the infrared spectroscopy by
selection rules. So Raman spectra are needed to provide us with the maximum

information about molecules and condensed matter systems.
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3.2 Classical Theory of Rayleigh and Raman Scattering

The normal Raman effect is the result of a double photon transition involving
three energy levels. The classical theory is intuitive and provides much insight into this
effect. When light of frequency o is incident onto a system, it induces a dipole moment p,
which is given by the following equation in the first order approximation [6]:

Y =a-E, (3.1)
where p(V is the frequency-dependent linearly induced electric dipole vector, a is the
polarizability tensor of the molecule and E is the electric field of the incident
monochromatic light.

The electric field of the incident light is given by:

E = E, cos(wt). (3.2)

This electromagnetic wave is scattered by the molecule/atom in a condensed
matter system which is free to vibrate but not rotate. Thus, the molecule/atom is fixed in
its equilibrium position and may vibrate about this position. The variation of the
polarizability due to the vibration can be expressed by expanding each component a,,; of

polarizability tensor a in a Taylor series with respect to the normal coordinates as:

aapg 0%a oo

0Qr0Q;

= (Aps)o + Zk( )OQk += Zkl( )o@k - (3.3)

where (a,q)o 1s the value of a,, at the equilibrium position, @k, @; ... are normal
coordinates of vibration associated with the molecular vibrational frequencies wy, w; ...,
and the summations are over all normal coordinates. The subscript “0” on the derivatives

indicates that these values are taken at the equilibrium position. Here, we neglect the
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terms involving powers of Q higher than the first. This is often called electrical harmonic
approximation. For simplicity, we limit ourselves to only one normal mode of the

vibration Q. We can rewrite Eq. (3.3) as:

(apa)k = (apa)o + (a’pa)kaa (3-4)
where
(a’pa)k = (aazp:)o- (3.5)

The (a',5)x are components of a new tensor &'y whose components are
polarizability derivatives with respect to the normal coordinates Q.

As Eq. (3.4) is valid for all tensor components, we can write:

a, = ag + a'1.Qy, (3.6)
where @y is a tensor with components (@,5)x and Qy, a scalar quantity, multiplies all
components of a'y. Assuming simple harmonic motion, Qi can be put as:

Qk = Q,cos (wit + &), (3.7)
where Qy, is the normal coordinate amplitude and 8y is a phase factor. Putting (3.7) into
(3.6), we obtain:

ay = ay + a'yQy, cos (wit + &). (3.8)

Combining Eq. (3.8) with (3.1) and (3.2), we obtain:

B® = ay - E, cos(wt) + a’kEOQkocos (wit + &) cos(wt). (3.9)

Using the relation:

cos(A) cos(B) = =[cos(A + B) + cos(A — B)], (3.10)

N

Eq. (3.9) can be written as:
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PO = 5D (@) + 5 (0 — wi) + 5D (0 + wyp), (3.11)
where

PO () = pa¥ cos (wt), (3.12)

PO (w + wy) = ﬁ,f:mcos [(w £ wy £ 8], (3.13)
with

P = aRey . gy, (3.14)

L™ = af™ - By, (3.15)

aky = a,, (3.16)

a ™ =~y Qr. (3.17)

The superscripts ‘Ray’ and ‘Ram’ are abbreviations for ‘Rayleigh’ and ‘Raman’
respectively. The cosine functions in Eq. (3.12) and (3.13) define the frequencies of the
induced dipoles. Eq. (3.16) and (3.17) define the classical Rayleigh and Raman scattering
tensor.

Based on eq. (3.11), we reach one of the most important conclusions concerning
Rayleigh and Raman scattering. After the incident light, the condensed matter system
emits light in three frequencies, w (Rayleigh scattering), (w + wy) (Anti Stokes
scattering) and (w — wg) (Stokes scattering). Qualitatively, this also illustrates that
Rayleigh scatterings are much stronger than Raman scatterings because of their different
dependence on the polarizability tensor.

However, the classical treatment does not ascribe specific discrete rotational

frequencies to molecules and the result for the vibrational Raman scattering tensor given
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by Eq. (3.17) is partly correct. We need to refer to the quantum theory for more detailed

understanding of Rayleigh and Raman scattering.

3.3 Quantum Theory of Rayleigh and Raman Scattering

Our treatment is based on time-dependent perturbation theory. The first-order

induced transition electric dipole moment is given by [6]:

ED) s = (0 B10{”) + (07 |Blo™), (3.18)

©)

i

)

where ¢; ™ and ¢, are the unperturbed time-dependent wave functions of the initial

state i and the final state f, (p-(l)

L

and qo}l) are the corresponding first-order perturbed time-

dependent wave functions, and ﬁ is the electric dipole moment operator.

To evaluate Eq. (3.18), we make the following assumptions: the perturbation is
first order, the interaction Hamiltonian for the perturbation is entirely electric dipole in
nature and the perturbation is produced by the time-dependent electric field associated
with a plane monochromatic electromagnetic wave of frequency w. Besides, due to the

complex nature of Eq. (3.18), we rewrite it as:

B = (@ 1plo ") + (0 |Blo), (3.19)
and define the real induced transition electric dipole moment () i as

@i = G+ B (3.20)
where (ﬁ(l))}i is the complex conjugate of (5(1)) fi- This definition in Eq. (3.20) follows

the way generally used in the literature and does not involve the factor 1/2.
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Based on the assumptions we made, we can obtain the expression for the real

induced transition electric dipole moment as:

(1)) fi Z{ @fle!%« (pr|§‘ff|(pl)an exp[—i(w _ wﬂ)t]

r#L

(or1Bolor)orPsloi) -
Wy + o + il

+ { E;O exp[i(w + wﬁ)t]}

Z{ <pf|pa|<pr <pr|pp|<pl)

—_— Ez, exp[i(a) + wﬁ)t]

r#f

(0[P o Neor|Pol0:)
wyr +w + il

+ { (,Oexp[ L(w wﬂ)t]}

+ complex conjugate.
(3.21)
The wave functions ¢@;, ¢, @, are time-dependent unperturbed wave functions of

the state 7, j and r, respectively.

Or = pr exp [—i(w, — i[)t], (3.22)
where
w, =22, (3.23)

E, is the energy (unit: J) of the state r, and 2I}. (unit: rad/s) relates to the full width
of the level r. For the initial and final states i and f, we assume their lifetimes are infinite

so that I; = I = 0. The double subscript on w means a frequency difference such as:

Wy = Wy — W;. (3.24)
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~

ﬁp and ﬁa are the p and o components of the electric dipole moment operator.
E,o is the o component of the complex amplitude of the incident plane wave with
frequency w.

The terms in Eq. (3.21) contain two type of frequency dependence, namely
frequency of (a) - a)ﬁ) and frequency of (w + a)ﬁ). The terms involving (w + wﬁ)
describe induced emission of two quanta, (a) + wfl-) and w, from an initial state which is
an excited level w; to a lower level wy. These will not be considered here.

If wy; is negative, which means the energy of final state is lower than the initial
state, this is anti-Stokes Raman scattering. If wy; is zero, the final state has the same
energy as the initial state and this is Rayleigh scattering. When wy; is greater than zero,
the energy of final state is greater than the initial state, and this is Stokes Raman
scattering.

Here we write Stokes and anti-Stokes Raman part of the p component of the real

induced transition electric dipole moment as:

_ 2m {<(pf|ﬁp|§0r><§0r ﬁalﬁoi)
r#i,f

Wy, =
®o™ Dri 2h Wy — @ — il

o7 |Ps |0 N |B, i)

A
Wrr + 0+

}an exp|—i(w — wp;)t]
+ complex conjugate.

(3.25)

We now introduce general transition polarizability (&) ; with component (@) f;

defined as:
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Z { (FlPolr)rlpali) | {FIpolr)rlpol)

Wy —w — il Wy + o + il

3.

(apa) fi =
T#lf

(3.26)

Here |i) is the abbreviation for |¢;), and so are |f) and |r).

The energy of the state 7, in principle, can lie above the initial and final state,
between the final and initial state, or below both final and initial states. However, we will
conduct the discussion assuming that |r) is above |i) and |f) which is normally the case.

When the frequency of the exciting radiation w is much lower than any absorption
frequency w,; of the molecule, then w,; — w = w,; for all states |r) and il;. can be
neglected because it is small relative to w,;. Another case is when w is close to one or
more absorption frequencies w,; of the molecule, then w,; —w — il;. = —il, for a

particular state |r). Terms with such denominators will dominate in the sum over r.

_ = == ==

(a) (&) (© (d)

Figure 3-1: Four types of Raman scattering: (a) normal (b) pre-resonance (c)
discrete resonance (d) continuum resonance Raman scattering.

When w < w,;, the Raman scattering is illustrated by the energy level diagram in

Figure 3-1 (a). The molecule interacts with the incident photon and makes a transition to
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a virtual state |r) as illustrated by a broken line in Figure 3-1 (a). The virtual state is not a
stationary state of the system and is not a solution of a time-dependent Schrédinger
equation. This process of absorption without energy conservation is called virtual
absorption.

As w approaches a molecular transition frequency w,; the Raman scattering is
illustrated by Figure 3-1 (b). When w = w,;, the Raman process is illustrated in Figure
3-1 (c) and is called discrete resonance Raman scattering. If w is large enough to reach
the continuum energy level of the system, the Raman process is illustrated in Figure 3-1
(d) and is termed continuum resonance Raman scattering.

As we discussed, when certain frequency conditions can be satisfied il;. can be

neglected, and eq. (3.26) becomes:

2n 1Bl IPoli) | (F1Be )5, 1)
h z{ (l:)ﬂ' - W + - }

(@po)pi = 4 ' W+ w
TELS
(3.27)

Using this real transition polarizability, we obtain:

0o ™)1 = 5 (@po) il Ego (@) exp(—iwgt) + Ego(w) exp(iwst)], (3.28)
where

Ws = W — Wyj. (3.29)

Eq. (3.28) can be further rewritten as:

@pD)gi = 5 {Bp0™) i exp(—iwst) + (Bpo ™) expliogt)]. (3.30)
where

(ﬁpo(l))fi = (apa)figao(w)a (3.31)
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Bpo ™) = (@) fiEo(w). (3.32)

When the electric field amplitude is real, E,o(w) = E}y(w) = E o(w), then
Boo ™1 = Bpo™)7i = Ppo™) 1 and eq. (3.30) becomes:

@ D)si = 3 o) ilexp(—iwst) + expliost)], (3.33)
where

(Ppo(l))fi = (apo)ri Ego(w). (3.34)

These results from quantum theory are similar to those obtained from classical
theory, but oscillating electric dipole and polarizability in classical theory are replaced
with transition electric dipole and polarizability. Besides, the transition polarizability is
defined in terms of the wave functions and energy levels of the system which make it
possible to associate the characteristics of scattering with the properties of the scattering

molecules as we discussed in Figure 3-1.

3.4 Raman Instrumentation

In this section, I will introduce the instrumentation on which the Raman and

Rayleigh measurements in this thesis were performed.



3.4.1 Horiba Jobin Yvon T64000 Raman System
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Figure 3-2 is an overall T64000 spectrometer functional diagram [7], and it shows

the optical path for macro- and micro-Raman as well as the different modes of

operations. These modes include: (1) single spectrograph; (2) double subtractive; (3)

triple additive mode. The single spectrograph mode uses only the third stage

monochromator and can get the highest optical throughput on weak scattering samples.

The double subtractive mode is used for the measurement of low frequency band close to

the laser line. Ultra high spectral resolution (<0.15cm™) can be obtained by use of the
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Polychromatic Radiation

triple additive mode. The ray diagrams for double subtractive and triple additive mode

are illustrated in Figure 3-3.
Polychromaric Radiation
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Figure 3-3: optical diagram for (a) double subtractive (b) triple additive mode in

Horiba Jobin Yvon T64000 spectrometer [7].

The single spectrograph mode in Horiba Jobin Yvon T64000 spectrometer was

used for the studying acoustic modes in Si;<Gey alloy nanowires (Chapter 4).
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Image plane Confocal pinhole
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Beam splitter

Objective

Object plane

Figure 3-4: Optical diagram of confocal microscope [7].

This spectrometer was equipped with an Olympus BX40 confocal microscope
system. A confocal microscope consists of two spatial filters as illustrated in Figure 3-4.
The first filter is placed on the incident laser beam to purify the laser, and the second
filter is placed right on the image plane of the microscope to limit the analyzed surface of
the sample as well as the depth focus. Therefore, by adjusting the size of the pinhole at
the image plane, we are able to collect scattering only from the illuminated part of a

sample.
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3.4.2 Renishaw InVia Micro-Raman System
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Figure 3-5: A schematic diagram of Renishaw InVia Micro-Raman System
internal optics [8].

Figure 3-5 illustrates the optical diagram in a Renishaw InVia Micro-Raman
system [8]. The incident laser beam originates from the right bottom corner, going
through a spatial filter as the first spatial filter we discussed in Figure 3-4. The slit at the
center of Figure 3-5 serves as the pinhole in Figure 3-4, and thus makes the whole system
a confocal Raman system. Figure 3-6 shows how a linear slit and a CCD eliminate the
need of a square or round pinhole in a confocal system. The use of a slit also has an

advantage in optical alignment before taking any measurement in the confocal system.
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Figure 3-6: Optical diagram of confocal Raman microscopy without pinhole
optics [8].

The microscope in Figure 3-5 can accommodate one additional optical component
at a time, such as a half wave plate. The sample under the microscope is placed on a
rotational stage and this rotational stage is mounted on a computer-controlled XYZ stage.

All the details for this microscope and stage are given in Chapter 6 and Chapter 7.



Chapter 4

Raman Scattering from Si,,Ge, Alloy Nanowires

4.1 Introduction

Semiconductor alloy nanowires have attracted increasing interest for bandgap
tunable electronic devices [9,10]. Si-Ge represents an example of such a system, even
though it has an indirect bandgap. Studies of Si;.«Gex bulk material over the range 0<x<I
reveal continuous bandgap tunability from 0.7e¢V to 1.1eV [11] and they may provide an
opportunity for nanoscale electronic and optoelectronic devices. This binary system is
also suitable for optical fiber communication [12,13].

Electrical transport in nanowires is influenced by phonon scattering and Raman
scattering provides an important probe of the phonon properties of Si;.xGey nanowires
and their crystalline quality. The phonon properties of bulk Si and Ge [14], SiGe mixed
crystals [15,16], Si/Ge superlattices [17,18] and Si;.xGex nanoparticles [19,20] and films
[20] have been studied via Raman scattering [21,22,23]. To the best of our knowledge, no
Raman results had been reported on Si;Gex alloy nanowires when this work was
published in 2008.

Here, I discuss the results of such studies on Si; Gey alloy nanowires and our
experimental results will be compared to recent theoretical calculations [19] and

previously published results for crystalline bulk Si;.xGey samples and thin films [20].
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4.2 Experimental Details

Si1xGex NWs were grown by the VLS mechanism using CVD as discussed in
Chapter 2.2. Scanning electron microscopy (SEM, Philips XL20) was used for plan-view
imaging of the Si; \Gex nanowires showing the length of the nanowires in the range of 15
- 40 microns. Structural and chemical characterization of the NWs were carried out using
a JEOL 2010F field-emission TEM/STEM equipped with an X-ray energy dispersive
spectroscopy (EDS) system for elemental analysis. Chemical compositions of Si; yGey
nanowires were quantified from the EDS data by the { method [24]. The ( factor,
absorption corrections, and K-factors of Si and Ge K, lines were calibrated using a
standard SiGe thin film sample. The minimum detectable limit of Ge in Si was measured
to be 0.8 at.%. For TEM characterization, Si;.xGey nanowires were released from the
substrate surface by sonication and then suspended in semiconductor-grade isopropanol.
A drop of the nanowire suspension was then placed onto a lacey carbon coated copper
grid for TEM observation.

Figure 4-1 (a) shows a low-magnification bright-field TEM image of the Si;xGex
nanowires. The Au nanoparticle responsible for the VLS growth can be observed with
darker contrast at the tip of the wires. The crystalline growth direction of the nanowires
was mostly <111>. Inset in Figure 4-1 (a) shows the selected area electron diffraction
(SAD) pattern from an individual nanowire, this pattern is consistent with the reciprocal
lattice of the diamond structure observed along the [112] zone axis; the corresponding
nanowire growth direction (white arrow) is also indicated. Nevertheless, other growth

directions were also found, as shown in the inset of Figure 4-1 (b). The HRTEM image in
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Figure 4-1 (b) shows the crystalline nature of these nanowires; the lattice fringes
corresponding to the [111] crystalline direction can be easily observed. A uniform
amorphous oxide coating of about 3 nm thick was typically observed on the outer surface
of the Si;.xGex nanowires. The Ge concentration in the outer oxide layer was very small;
i.e., the layer was found to be essentially silicon oxide by EDS. Many TEM images
similar to Figure 4-1 (a) were used to estimate the diameter distribution of these
nanowires. Typical nanowires exhibit a reasonably uniform diameter along the entire
length, i.e., without tapering. We could also observe a small modulation in the nanowire
diameter along the length, as we have reported in other VLS nanowire systems [25,26].
This modulation was not studied here. However, in polar semiconductors, e.g., GaP,
ZnO, etc., the modulation has been proposed to activate Raman scattering from surface
optic (SO) modes that lie between the transverse optic (TO) and longitudinal optic (LO)

modes.

B=[T12] *

Figure 4-1: (a) Low magnification bright-field TEM image of the Si; Gey
nanowires, the inset shows a SAD pattern from an individual nanowire with
growth direction along the [111]. (b) High-resolution TEM image showing the
crystalline nature of the Si;_,Ge, nanowires, the inset is the corresponding Fourier
Transform and the white arrow indicates the growth direction ([131]) of this
particular nanowire. Most nanowires were observed to grow in the [111]
direction.
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Sample T (°C) Substrate [ MP Diameter (nm) Ge (at.%)
1 325 Si 881 95+0.2
2 325 Si 85 +1 84+1.6
3 400 ALO, 107 + 1 61+2.8
4 375 ALO, 101 +1 6143.0
5 400 Al O, 107 £1 42+3.3
6 425 Si 81+1 31+2.7
7 500 Si 76 £ 1 12£1.1

Table 4-1: Summary of Si;Ge, nanowire growth conditions, most probable
(MP) diameter and Ge at.%.

Table 4-1 summarizes the growth conditions and composition (x) for seven
batches of Si; yGey nanowire samples studied in the present work. Within each batch, the
diameter distribution of the nanowires is reasonably broad, i.e., from 20 nm to 160 nm. A

typical diameter distribution is shown in Figure 4-2.

SiggaGes 1,

No. of nanowires

0 20 40 60 80 100 120 140 160

Diameter (nm)

Figure 4-2: Diameter distribution for SiggsGeg 1o nanowires. This distribution is
typical of all the samples studied here.
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The compositional homogeneity along the length of our nanowires was studied by
EDS. The Si/Ge ratio was found to be homogeneous along the nanowire to better than
lat.%. It was found that smaller diameter nanowires from the same batch showed a small
decrease of the Ge concentration (e.g. when d<50nm) [27]. For each batch, we averaged
the Ge concentration in 10 nanowires, all of which had a diameter very near to the most

probable diameter (~90-100nm) of the batch (c.f. Table 4-1).

4.3 Results and Discussions

Peak Position

Ge% ; .
(x) TA Ba_lnd Ge-(_ile S|—G_1e Weak I_’lea k | Shou I_?er S|—S_1|

(cm™) (cm™) (cm™) (cm™) (cm™) (cm™)
0.12 107 401 433 489 510
0.31 93 290 404 428,451 478 497
0.42 97 282 396 423,451 474 489
0.61 87 281 395 421,443 459 472
0.61 87 281 390 430 457
0.84 84 295 391 450
0.95 81 299 387

Table 4-2: Experimental Raman band positions for Si;(Ge, nanowires. Data
collected with 514.5 nm excitation at room temperature.

Micro-Raman spectra were collected at room temperature on the seven batches of
Si;.xGey alloy nanowire samples using a Renishaw Invia Micro-Raman Spectrometer and
514.5 nm laser excitation. The spectrometer was calibrated with Hg lines and returned the
value of 520 cm™ for the LO-TO mode of Si at =0 cm™', in agreement with experiments

on the bulk. For all Raman spectra, the power of the laser was measured to be ~ 0.7 mW
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with a hand-held radiometer at the sample. The nanowires were studied on the growth
substrate. Hundreds of nanowires were estimated to be illuminated within the 1 um spot
size created by the objective lens (100x). In Si nanowires, it has been shown that phonon
confinement distortion of the otherwise Lorentzian LO-TO Raman band occurs for d < 10
nm [28]. The present SiGe nanowires are too large in diameter (20 < d < 100 nm) to
exhibit phonon confinement. Although the spectra were collected under identical optical
conditions, the absolute intensity scales for each spectrum shown in Figure 4-3 through
Figure 4-6 should not be compared, since different numbers of wires were sampled in
each spectrum.

In Figure 4-3 we show the Raman spectra collected for the seven SiyGejx
nanowire samples summarized in Table 4-1. The nanowires were dense enough on the
substrate that the Raman spectra do not exhibit the sharp band at 520 cm™ from the
underlying Si (111) substrate. Each Raman spectrum is therefore the collective response
of many nanowires, representing the average x listed in Table 4-1. Three prominent
Raman bands can be observed in the figure whose intensity and position depend on x.
The lowest frequency band is located near ~300 cm™ and is close in frequency to the q =
0 LO-TO phonon mode in pure Ge. It is therefore called the Ge-Ge band in the literature
(q 1s the wavevector of the phonon; the Raman selection rule in periodic systems requires
that only q = 0 phonons are observed). The highest frequency band in Figure 4-3 occurs
near 500 cm™ and is close in frequency to the q = 0 LO-TO phonon mode in pure Si.
Therefore, it is called the Si-Si band. The Raman band in the middle of the spectrum ~
400 cm™ is called the Si-Ge band. Theory has shown that the ~ 400 cm™ band is a local

mode resulting from the vibration of Si atoms surrounded by 2 or more Ge atoms [19].
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Figure 4-3: Micro-Raman spectra from seven batches of crystalline Si;_,Ge, alloy
nanowires collected at room temperature with 514.5 nm excitation. The spectra
were collected from wires remaining on the growth substrate and contain
contributions from ~ 100 nanowires with random orientation relative to the
incident polarization. Three prominent bands are observed and are referred to in
the text and Table 4-2 as: (1) the Ge-Ge band (~ 300 cm™); (2) the Si-Ge band (~
400 cm™); and (3) the Si-Si band (~ 500 cm™). The dashed vertical lines refer to
the position of the ¢ = 0 LO-TO Raman band in pure crystalline Ge and Si.
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Figure 4-4: Micro-Raman spectra (225 - 330 cm™) for Si; Gey alloy nanowires.
The arrows indicate the Ge-Ge band position as listed in Table 4-2. The number
in the box to the right of each spectrum refers to the scale factor used to multiply
spectra appearing in Figure 4-3. Spectra were collected at room temperature
using 514.5 nm excitation.
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Figure 4-5: Micro-Raman spectra (330 - 550 cm™) for Si;.«Ge, alloy nanowires
collected by a Renishaw Invia Micro-Raman Spectrometer. The solid and dashed
arrows refer, respectively, to strong and weak bands. The dotted arrows indicate
the position of a shoulder (unresolved band) on the low frequency side of the Si-
Si band. Their positions are listed in Table 4-2. The number in the box to the
right of each spectrum refers to the scale factor used to multiply spectra
appearing in Figure 4-3. Spectra collected at room temperature using 514.5 nm
excitation.

34



Si,_, Ge, NWs

|

Intensity (arb. units)

2x10°

| | |
50 100 150

1 200
Raman Shift (cm )

Figure 4-6: Low frequency Micro-Raman spectra (20 — 200 cm™) for crystalline
Si;xGe, alloy nanowires. The solid arrows indicate the band maximum as
obtained from a Lorentzian fit. The band is identified with a TA band, c.f., Table
4-2. The number in the box is the relative scale factor used to expand the raw
spectrum. Spectra were collected at room temperature using 514.5 nm excitation.
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Figure 4-3 shows that the Si-Si band position is the most sensitive to the Ge
concentration (x) and downshifts rapidly with increasing x. The peak position can
therefore be valuable for estimating x by Raman scattering. The behavior of the Ge-Ge
band, on the other hand, is a little more complicated. For clarity, we divide the spectra in
Figure 4-3 into low and high frequency regions: 225 - 330 cm™ (Figure 4-4) and 330 —
550 cm™ (Figure 4-5). As shown in Figure 4-4, the Ge-Ge band first downshifts slightly
with increasing x to its lowest frequency where the ratio Si/Ge ~ 1, and then upshifts.
This behavior is more evident in a plot of the Ge-Ge band position vs. x, as discussed
below. Figure 4-5 reveals more details about Raman spectra in the high frequency (330 —
550 cm™") region. It shows that in addition to the Si-Ge and Si-Si band, there are one or
two weak features between 420 — 455 cm™ and also a shoulder at the low frequency side
of the Si-Si band. The weak peaks (dashed arrows) appear for x = 0.12 ~ 0.61 and
become harder to resolve for x > 0.84. The shoulder (dotted arrows) to the low frequency
side of the Si-Si band can be recognized for x = 0.12 ~ 0.61. The nanowire Raman peak
features will be compared to their counterparts in SiGe alloy bulk and liquid-phase-
epitaxy (LPE) films.

The structure in the Raman spectra for Si;«Gex shown in Figure 4-3 is strongly
correlated with the calculated vibrational density of states (VDOS) by Yu and co-workers
[19]. In Figure 4-7 we show their theoretical VDOS for crystalline Si; xGey nanoparticles.
They used a valence force field model for a nearly spherical particle containing 1147
atoms (~ 3.5 nm) and the “mass-difference-only” approximation for the lattice dynamics.
In the mass-difference-only model, a universal set of stretching and bending force

constants are used for Si-Si, Ge-Ge and Si-Ge bonds to calculate the normal vibrational
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modes of the particle. In this approximation, their model yields 502 cm™ for the Si-Si
peak in a Si nanoparticle, whereas 520 cm™ is the experimental result for the q = 0 optical
phonon in bulk Si. Therefore, their universal force constants are a little soft. We therefore
expect their calculated frequencies to be ~10 - 20cm™ lower than experiment, particularly

for the higher frequency Si-Si modes.
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Figure 4-7: Vibrational density of states (VDOS) calculated for Si;Gey
nanoparticles using the “mass difference only” approximation for the lattice
dynamics [19]. Color coding added to aid in the band identification.



38

As indicated schematically by the color code in Figure 4-7 for their calculated
VDOS, they find a broad VDOS band centered near ~ 75 — 100 cm™ that they have
identified with nanoparticle modes analogous to the transverse acoustic (TA) modes in
the infinite solid. This TA VDOS band upshifts with decreasing x as the heavier Ge
atoms are replaced by the lighter Si atoms. The sharp peaks on the low frequency side of
the TA VDOS band are surface modes. Experimental difficulties (stray light rejection)
prevented us from collecting the Raman spectrum below ~ 100 cm™ from the Renishaw
Invia Micro-Raman spectrometer. We therefore used a Jobin-Yvon T64000 Raman triple
grating spectrometer for spectra below 100 cm™. The results are shown in Figure 4-6. The
TA band shows an overall trend to downshift as x increases. However, compared to the
calculated TA VDOS band, the experimental downshift (~ 30 cm™) is lower than their
predicted value (~ 50 cm™). The higher frequency theoretical VDOS bands associated
with the Ge-Ge, Si-Ge and Si-Si modes were easily observed by the Renishaw Invia
Micro-Raman Spectrometer. Figure 4-8 shows a detailed comparison between our Raman
spectrum for Sipg9Gep 31 nanowires and the VDOS for Sij;Gey 3 nanoparticles calculated
by Yu and co-workers [19]. The agreement between our Raman spectra and the
calculated VDOS is very good. This suggests that the Raman scattering matrix element is
not a strong function of mode frequency. Recall that the theoretical calculation involves
only the VDOS and does not include the Raman matrix element. As we have discussed,
the force constants used in the calculations are slightly soft and we do observe a 20 — 30
cm’ difference between theory and experiment for the highest frequency Si-Si band. It is
also noteworthy that several of the weaker calculated VDOS features, such as the small

peaks labeled (A, B) and a shoulder labeled C in Figure 4-8, are reproduced in our Raman
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spectrum. However, a small peak predicted at ~ 340 cm™ in the calculated VDOS does
not appear in the Raman spectrum. This might be explained by the fact that: (1) the 340
cm’ VDOS feature was assigned theoretically to Si-Si surface modes [19]; and (2) our
nanowires are coated with a thin oxide layer which might eliminate or suppress the

activity of surface modes.
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Si-Ge
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Sig ;,Geg 5 475.5cm?
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291.9cm!
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Frequency (cm™)

Figure 4-8: Comparison of the experimental Raman spectrum for Siy;,Gey; to the
calculated VDOS [19].
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A noteworthy point here is that the computed VDOS from a spherical
nanoparticle containing 1147 atoms should represent a Raman profile of a comparable
size Si;.xGex nanowire. Since the size of the nanoparticle used in computation is about 13
atoms and 3.5nm in diameter which means lack of translational symmetry, we expect our
Raman spectra from our 70 — 100 nm diameter nanowires to have sharper and more
symmetric peaks than the peaks in the computed VDOS. The fact that our Raman peaks
show asymmetric features indicates that: (1) in most of the Si;.«Geyx alloy nanowires,
there is no long range translational symmetry, and this can be proved by increasing
asymmetry in Si-Si peaks as the Ge concentration increases (Figure 4-5); (2) the
asymmetric features in Si-Ge peaks come from the mixture of modes in Si-2Ge2Si, Si-
3GelSi and Si-4Ge [19]; (3) the nanowires might be heated from the laser and thus
Raman peaks become broad, downshifted and asymmetric.

To further compare experiment and theory for the vibrational modes of Si;  Gey,
we compare the frequency of the Raman and VDOS band maxima vs. x in Figure 4-9 (a).
For the Si-Si band, both theory and experiment exhibit a softening with increasing x; both
also exhibit a dip although the theory predicts a deeper dip and at higher x. The offset in
frequency between the position of the Raman band and VDOS band (Si-Si) is partially
due to the slightly soft theoretical force constants. However, our experimental nanowire
results are also slightly lower in frequency than obtained in bulk solids and films (we
discuss this below). A small but interesting discrepancy in the experimental nanowire and
theoretical behavior of the Ge-Ge band is also evident in Figure 4-9 (a). Our data exhibit

a shallow minimum near x~0.5 which is not seen in the calculated VDOS behavior or in
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the bulk Raman spectra, Figure 4-9 (b). On the other hand, experiment and theory are in

very good agreement regarding the x-dependence of the Si-Ge local modes near 400 cm™.
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Figure 4-9: Comparison of our experimental Raman band maxima for Si;,Gey
nanowires to (a) VDOS band maxima calculated for nanoparticles in Ref. [19];
and to (b) experimental Raman peak positions (excluding shoulders) for Si; ,Gey
bulk and LPE films as reported in Ref. [20].

In Figure 4-9 (b), we compare our experimental Raman results in Si;(Gey
nanowires to previous Raman results for Si;xGex bulk material and bulk thin film
samples prepared by liquid-phase-epitaxy (LPE) [20]. We observe some interesting

differences in the x behavior of the various Raman bands. For the Si-Si band, both the
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nanowire, the bulk and the LPE film samples exhibit an initial linear softening of the
band frequency with increasing x. Unlike the nanowires, the experimental bulk and LPE
film Si-Si band exhibits this linear behavior over the entire range of composition.
Furthermore, for x<0.5, the Si-Si band frequencies for the nanowires exhibit a rigid
downshift by ~5 cm™ relative to the data for bulk and for LPE film samples. Since the
Ge-Ge, Si-Ge and Si-Si band position data from the bulk (open diamonds) and LPE films
(closed diamonds) are in such good agreement as shown in Figure 4-9 (b), it would
appear that the x behavior of the Raman bands for bulk Si-Ge alloys is fairly certain. We
will examine possible reasons for this downshift.

We can rule out the possibility of strain and phonon confinement. Oxide induced
compressive strain would be expected to upshift the band instead of downshifting it. Our
nanowires are large in diameter (~ 80 — 100 nm) and should exhibit bulk behavior.
Therefore, the difference in experimental nanowire and bulk results cannot be due to
phonon confinement effects. Elevated nanowire temperatures due to laser heating would
be expected to lower the band frequencies as the lattice undergoes thermal expansion.
However, the laser power we used here was about 0.7 mW at a 1 um size spot, the typical
laser power we worked with for micro-Raman on nanowire bundles and single
nanowires. Though we did not carry out experiments under different laser powers to
definitely exclude the possibility of heating induced downshifting, our other experiments
of micro-Raman on single GaP nanowires with the same laser power did not show
significant peak shifting compared to other published Raman peak positions from GaP

nanoparticles [25, 29]. Therefore, heating should not be the main factor to downshift the



43

peak position so much as observed in the Si-Si peak, especially for nanowires with Ge

concentration (x) greater than 0.6.
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Figure 4-10: (a) TEM image of one Si; Gex nanowire; (b) The EDS profiles
taken along the line KK’ in (a), and the EDS results indicates Si/Ge ratio is
nearly homogeneous along the Si; (Gex nanowire [27].

A Ge coating on the outside of the Si;«Ge nanowire may offer an explanation for
this Si-Si band downshift compared to bulk or LPE film. Unfortunately, we haven’t
analyzed Ge concentration change across the nanowires in EDS for our Sij(Gey
nanowires. We only know our samples have uniform Si/Ge concentration ratio along the
nanowire [27] as shown in Figure 4-10 and that concentration ratio is used to label our
sample (we shared the same samples with the author in Ref. [27]). However, in Ref. [30]
whose author fabricated the Si;.xGex nanowires studied in this thesis, the author points
out that it is possible to have a thin Ge coating over the Si;.xGey nanowires, if the inlet
gas ratio of GeHy / (SiHs + GeHy) falls into a certain range during fabrication. It is also

mentioned in Ref. [31] that Si;«Gey nanowires prepared by VLS process exhibit a core-
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shell structure with a low Ge concentration in core and high Ge concentration in shell.
Here, I make the assumption that our Si; \Gex nanowires have a Ge-rich shell and a Si-
rich core.

Later in Chapter 6.4, I will present simulation results to support the conclusion
that for certain diameter of GaP nanowires, measured Raman intensities are dominated by
two regions of the nanowire. These two regions are both near the surface. As for the
simulation, Si;.xGex and GaP are only different in their dielectric constants. Therefore, we
expect the simulation results and conclusions from GaP to be suitable also for our Si;.
xGex nanowires. From this simulation result and the assumption of the Ge rich shell, we
conclude that our sample is mislabeled for Raman purpose. They should have been
labeled according to the Si/Ge ratio in the shell instead of the overall ratio, and these new
labels x would be greater than the existing labels. This currently underestimated labels x
leads to the Si-Si band’s left-shift. However, all these are based on assumptions, and

require our further investigation.

4.4 Conclusion

We have grown Si;.<Gex nanowires by the CVD approach with gold particle using
gas mixtures of silane, germane and hydrogen. Nanowires with most probable diameter in
the range ~ 80-100 nm could be produced almost over the entire range 0<x<l. The
nanowires were found to have uniform Si to Ge ratio along their axis. The Raman spectra
of these Si;xGex nanowires show three main bands (Si-Si, Si-Ge, Ge-Ge). The x

dependence of the prominent frequencies is in good agreement with the recent VDOS
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calculations of SiGe nanoparticles by Ren, Cheng and Yu in Ref. [19]. We also observed
several weaker Raman features (e.g. peak A, B and shoulder C in Figure 4-8) also in
good agreement with their theoretical results. The Raman spectra strongly resemble the
calculated VDOS, indicating the Raman matrix element is a weak function of frequency.
As previously found in the bulk, the Si-Si peak in our nanowires is the most sensitive to
Ge concentration, exhibiting a linear downshift with increasing x for x < 0.5. Raman
scattering can therefore be used to estimate the Ge concentration in single Si;Gey
nanowire. The nanowire’s Raman bands appear downshifted by 5 ~ 15 cm™ (depending
on x) relative to those observed previously in bulk Si;xGex samples or LPE films. We
also find a slightly different x dependence for the strongest intensity band frequencies
than observed in bulk and LPE films. The reason for these small discrepancies between

bulk and nanowire SiGe is not yet clear.



Chapter 5

Computational Methods for E field Scattered by Single Nanowire

In this chapter, I will present three different methods to calculate the electric field
scattered by a single nanowire and the electric field distribution within that nanowire.
These computations are all based on the classical theory, with no quantum theory

involved. We start with Maxwell’s equations:

—

V-D = pp, (5.1)

rxE+2 =0, (5.2)
at

V-B=0, (5.3)

VxH=J;+%, (5.4)

where E is the electric field, B is the magnetic field, pr and Jr are the free charge density

and current density, respectively. The definitions of D and H are:

D = ¢,E + P, (5.5)
H=2B-M. (5.6)
Ho

Eq. (5.1) - (5.6) are not sufficient, and we need the following relations:

Jr = oE, (5.7)
B =puH, (5.8)
P = ¢,XE, (5.9)

where o is the conductivity, u is the permeability, and X is the electric susceptibility.
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5.1 Mie Scattering from an Infinitely Long Cylinder

Mie theory is an analytical solution to Maxwell’s equations. It was first developed
by German physicist Gustav Mie, to study the scattering of electromagnetic wave by
spherical particles. The theory was later developed to analytically solve the scattering
problems by stratified spheres and infinite cylinders.

One of the limitations of Mie scattering is that it can only deal with an incident
plane wave, while in our experiments we use Gaussian wave excitations. I will follow the
symbols and derivations in Ref. [32].

We can easily write down a plane electromagnetic wave as:

E, = Eyexp (ik - % — iwb), (5.10)

H, = Hyexp (ik - % — iwt), (5.11)
and we are able to obtain the following:

V2E + k%E = 0, (5.12)

VZH + k2H = 0, (5.13)
where k% = w?&u. In addition, E and H are not independent, they must satisfy:

VXE = iwuH, (5.14)

Vx H=—iweE. (5.15)

Suppose that, given a scalar function ¢ and an arbitrary constant vector ¢, we
construct a vector M:

M =V x (Go). (5.16)

This vector M satisfies:
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V-M=0, (5.17)
VZM + k2M =V x [6(V2p + k2¢))]. (5.18)
Therefore, M satisfies the vector wave equation (5.12) if ¢ is a solution to the
scalar wave equation:
Vip + k?p = 0. (5.19)
We may rewrite Eq. (5.16) as M=-¢x (Vo) , which clearly shows M is
perpendicular to vector ¢. Now let us construct another vector:
VxM

N=== (5.20)

This vector N has zero divergence and satisfies the vector wave equation:

72N + k2N = 0 (5.21)
and

VxN=kM. (5.22)

Therefore, M and N have all the properties of an electromagnetic wave: they
satisfy vector wave equation, they are divergence free, curl of M is proportional N, and

curl N of is proportional to M.

To obtain the analytical results for scattering from an infinitely long cylinder as
depicted by Figure 5-1, we start with the scalar wave equation (5.19). In the following
derivations, we use subscripts “i”, “1”, and “s” for incident wave, E or H field inside
cylinder, and scattered wave respectively.

In a cylindrical polar coordinate system (Figure 5-2), Eq. (5.19) can be rewritten

as:
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Figure 5-1: Infinitely long cylinder illuminated by a plane wave [32].

Figure 5-2: Cylindrical polar coordinate system. Cylinder axis is along z.
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(5.23)
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The solution to Eq. (5.23) takes the following form:
on(r, ,2) = Z,(p)enPeihz (n=0,11,..), (5.24)

where p = rVk? — h? and Z,, is a solution to the Bessel equation:

a a
pa(paZn) + (p? —n¥)Z, = 0. (5.25)

The linearly independent solutions to Eq. (5.25) are the Bessel functions of the
first and second kind, J,, and Y,, with integer n. The constant h is dictated by the form of
incident radiation and boundary conditions at the interface of the cylinder and
surrounding medium.

The vector cylindrical harmonics generated by Eq. (5.24) are:
M, =V x (&,0,) = VK2 — 2 (inZnT(’”ei — Z3,(p)éy) elnd+n2), (5.26)

N, = D50 = S (12}, (06, — hn 282 &, 4+ VK7 = B2, (p)E,)e 0 +12),

(5.27)

5.1.1 Incident Electric Field Parallel to the xz Plane

When the polarization of the incident light is parallel to the xz plane in Figure 5-1,

we can express the incident electric field:
E; = Eq(sin{é, — cosé, )eikrsinfcosp+zcos) (5.28)
in vector cylindrical harmonics as:

E; = T _o[AM" + B, NV, (5.29)
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The superscript (1) in eq. (5.29) means we only use Bessel functions of the first
kind in order to have a finite value at r = 0. To determine the coefficients A,, and B,,, we

use the orthogonality of the vector harmonics, and can finally conclude:

A, =0, (5.20)
_ Eo(=)"
By ="t (5.21)

Therefore, we can write the incident electromagnetic field as:

E =32 o E,N&, (5.22)
= —Zn__oo E M, (5.23)
where
o EDn
En = Eoir (5.24)

Next, we express the electromagnetic field in terms of Bessel functions of the first
kind due to the finiteness requirement at the origin:

= Zz):—oo En[gnﬁr(zl) + fnﬁr(ll)]a (5.25)

—ik
= e EalgnlNa ) + M1, (5.26)

The scattered electromagnetic field should be expressed in terms of Bessel
functions of the third kind, an outgoing wave:
_ N3 3

Yme—oo Eq[bn Ny, + ian M, ], (5.27)

H, = ;—Man_m En[buMy” + ian NiV). (5.28)

If we apply the boundary conditions at r = a, we can obtain the coefficients:

_ CaVn—BnDyn
an; = ‘N2 0
Wy Vp+iD2

(5.29)



b = WaBn+iCnDn
Ty v, +iD2
nvn n

Dy = neosgnuHP O - 1,

Cn = ncosenMIn(© = D,
B, = E[m2EJL () (§) — 1)),
V, = E[m2ELMHY () — nfu MH (©)],

W, = i€ MHY' (€) — E,MHP ()],

where m is refractive index of the cylinder relative to the surrounding medium, and

& = xsind,
n = x/m? — cos?{,
x = ka.

When the incident light is perpendicular to the cylinder axis ({ = 90°):
an; = 0:

_ _Inmx)Jn(x)—mJn (mx) Jn (x)
JnmoHY (0 -myh mx)H® ()

nl

Jn () =bpHSY (x)
fo =T

Jn(mx) ’

gn = 0.

5.1.2 Incident Electric Field Perpendicular to the xz Plane

In this case, the incident electric field is:

Ei = E, 331 g~ ik(rsinfcosp+zcos) — _; Yo E. M‘r(ll)'
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(5.30)

(5.31)

(5.32)

(5.33)
(5.34)

(5.35)

(5.36)

(5.37)

(5.38)

(5.39)

(5.40)

(5.41)

(5.42)

(5.43)



The scattered field can be written as:

= o YO —(3
Es = 3% o Ex[buN® + iay,MS,

_ ApVp—iCpDy
Anir =~y 4ipz
n'n n
b = _jCaWatAnDn
nir = Wy Vp+iD2 ’

where C,,, D,,, W, and V}, are defined in the previous section, and

An = K[ (E) = 1) () (m)].

When the incident light is perpendicular to the cylinder axis ({ = 90°):

m [ (mx) 7, (%) — Jp (mx) Jn ()

a = I b
M o maED (20) - 1, (ma) HED (2)

bnu =0,

fn =0,

g = ; Qi Hy (0= Jn ()

mJp(mx)

5.1.3 Conclusion of Mie Scattering
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(5.44)

(5.45)

(5.46)

(5.47)

(5.48)

(5.49)

(5.50)

(5.51)

By use of these equations, we are able to numerically calculate both the scattered

electromagnetic field (far field and near field) and the field inside the cylinder. Although

we have the summations from —oo to oo in these equations, they converge very quickly

and we only need to sum from n = —15 to n =15 in practice. These are all the

advantages of the Mie scattering. However, it also has two main disadvantages: (1) it

requires a plane wave incident; (2) it can only deal with spheres and infinite long

cylinders, while our real nanowires are finite cylinders.
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5.2 Discrete Dipole Approximation (DDA) Method

5.2.1 Introduction to DDA method

The Discrete Dipole Approximation is a finite element method, first proposed by
Purcell and Pennypacker in 1973 to calculate scattering and absorption of
electromagnetic fields by irregular objects such as interstellar dust. In this method, the
continuum target is replaced with an array of discrete dipoles, or more precisely, discrete
polarizable points [33].

If we replace an arbitrary object by N dipoles at position 1; with polarizability

tensor @;, the polarization is:

-

P, = a; - Ei(7), (5.52)
where E ; () is the sum of incident plane wave
Einci = Eoexp (iko - 7, — iot), (5.53)

and contributions from dipoles at other sites

=

Eotheri = — 2j=iAij * P} (5.54)

—

k0| = %, E and P are three-

Here EO is the propagation vector in vacuum,
dimensional vectors, and matrix A is a N X N array of 3X3 tensor.

Combining Eq. (5.52) — (5.54) together, we obtain:

(@)™ '-P + Yj=iAij - P} = Eine,- (5.55)

Now the scattering problem for an array of point dipoles has become a system of

linear equations (5.55) and can be solved to arbitrary accuracy. The technique of Fast
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Fourier Transform (FFT) can be applied to solve the system of linear equations with
N > 10° [34].

Representing a continuum object with a array of dipoles requires us to specify (1)
the locations of each dipole 7;; and (2) the polarizability tensor of individual dipole a;.
We will need to first set up lattice grids and then determine the occupied grid sites. In the

simplest case, a cubic lattice, we want to represent our target by N dipoles and suppose
that the volume of our target is V. The lattice spacing can be determined as d = (%)1/ 3,

The continuum target is characterized by its complex dielectric function € and complex
refractive index m = /2| in the limit of kod — 0, a; is the Clausius-Mossotti

polarizability [33]:

2_
ot = 3 ity (5.56)

t 4m “m¥+2
But with a finite kyd, the polarizability a; should include a radiative-reaction

correction [33]:

O (5.57)
l 2 aCM . .
1-2iLr(koa)?

5.2.2 Software for DDA Simulation in This Thesis

For the numerical study of electric field inside nanowire by implementation of
DDA method in this thesis, I obtain the results by use of shared DDA software,

“DDSCAT 6.1” coded by B. T. Draine in FORTRAN.
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The principle advantage of DDA method is its flexibility in the geometry of the
target which is only limited by two requirements for the lattice spacing d: (1) d should be
smaller than any structural length in the target; (2) d should be smaller than wavelength.
This software is able to generate a dipole array for a variety of geometries, such as finite
length cylinder, and also accepts user-defined array of point dipoles.

The main drawbacks of this DDSCAT 6.1 software are that: (1) we can only use a
monochromatic plane wave as the incident field; (2) for fixed |m|kyd, the accuracy
decreases with increasing |m|, and with this software, the best accuracy can be achieved
with |m — 1| < 2. However, the refractive index of the material of interest — GaP — is
around 3.54.

Other than the electric field inside our target, this software is also capable of
computing absorption efficiency factor, scattering efficiency factor, extinction efficiency
factor, phase lag efficiency factor, Mueller scattering intensity matrix, radiation force

efficiency vector and radiation torque efficiency vector [35].

5.3 Finite Different Time Domain (FDTD) Method

5.3.1 Algorithm of FDTD method

The “Finite Different Time Domain” method is based on a direct numerical
approach of time dependent Maxwell’s curl equations (5.2) and (5.4). The general idea is
that given an initial electromagnetic field, we are able to update the electromagnetic field

at the next time step by using the field value at the current step.
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Figure 5-3: Location of 2D TE field in computational domain [36].

The main difference between FDTD and DDA is the setup of grid points. In
DDA, electric fields from TE wave and TM wave are on the same grid point, but that is
not the case in FDTD. Let us investigate the 2D TE and TM wave in FDTD first [36].

Figure 5-3 illustrates how to put electric and magnetic field onto the grid points.
We have a 2D TE field propagating along z direction in a lossless medium and the non-

zero components of the electromagnetic wave are E,,, H, and H,. Each dashed square is

one space cell. E,, sits at the center of cell (i, k), but H, of that cell is located at (i, k +

%), and H, of that cell is located at (i + %, k).

The Maxwell’s curl equations are:

0B, _ 10Hx _ Oty
ot £ 0z ox’’

(5.58)

OHy _ 10Ey

el (5.59)
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0H, _  10Ey

o o (5.60)

where ¢ is the dielectric permittivity and u is the magnetic permeability. With the

locations of E,,, H, and H, in Figure 5-3, Eq. (5.58) can be written as:

1 1 1 1
. 1, K AN T e n-z. . n—y .
EJ(i,k)—E}~1(i,k) _1 H, (l,k+5)—Hx (l.k—g) _H, 2(i+1/2,k)-H, 2(i-1/2,k)

At € Az > ). (5.61)
The eq. (5.58) — (5.60) will take the forms:
EJGA) = B}k + IH:_% (ie+2) = 177 (1 - %)]
- (g - (-5
elx| ? 2’ z 2’70
(5.62)

H Y2k +1/2) = H Y2 (i k + 1/2) + % [E}(i, k + 1) — E}(i, k)], (5.63)

HY™ Y24+ 1/2,k) = H Y20+ 1/2, k) + % [ER(i + 1,k) — EZ(i, k)]. (5.64)
The superscript n labels the time steps and the indices i, k label space steps. Eq.
(5.62) — (5.64) use central difference approximations for numerical derivatives in space

and time. We typically need to use 10 - 20 space steps per wavelength and the time step

is determined by the Courant limit:

At < 1/(cy/1/(Ax)? + 1/(Az)?). (5.65)
For a 2D TM wave travelling along z axis, it will have non-zero H,, E, and E,
and these non-zero components are located on the computational domain as depicted in

Figure 5-4. The magnetic field is centered in each space cell (i, k), but E,, of that cell

locates at (i, k + %), and E, of that cell locates at (i + %, k).
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Figure 5-4: Location of 2D TM field in computational domain [36].
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Figure 5-5 shows the displacement of electromagnetic field in the general 3D

case. The eight circles at the corners are integer grid points, and from the figure, it clearly

shows the electric and magnetic components are interleaved for the purpose of applying a

leapfrog algorithm. Similar to Eq. (5.62) — (5.64), we can update the electromagnetic

field in the following way:

n+1/2 n—1/2 At At
A o=H" v (B . —EM noo—
X,0,j— k—— x,0,j— k —3 ulz y,l,]—E,k y,L,]—E,k—l uAy Z,l,],k—E
E" 5.66
z,i,j—l,k—%)’ (5.66)
Tl+1/2 _ n—1/2 At n n At n
e = H e Bt T s get) T Bt T
yi=sjk—5 yi—sik=3 K djk=3 A1) k= u A=,
E" 5.67
x,i-g,j,k-l)’ (567)
Tl+1/2 Tl—l/Z At n n At n
i, =H . T N P Eabrel CHPPE P
zi—5j—3k zi-5,j-3k = pby \" xi-3j, xi=2j=1, Hax = yLj—5
E" 5.68
y,i—1,j—1,k—1)’ ( )
n+1 2e—0At 2At n+1/2 n+1/2
xi-2jk  2e+oAt xi—jk + (2e+0AD)Ay Livte s Ugilicle)
’ 2' ’ 4 2’ ’ ) 2! 21 ’ 21 21
2At n+1/2 n+1/2
———H i - 1), (5.69)
(2e+odt)Az * yji—3,jk+; y, Sik=3
n+1 2e—0At 2At n+1/2 n+1/2
-tk = 2evont yij-ik T Geronnms \Mxi et T Fpii 1 1) =
Y= &+o Y=y (2e+oAt)Az X i j-Sk+s x1j—2k=3
24t n+1/2 n+1/2
H 171 — 1), (5.70)
(2e+0At)Ax zi+3,] —E,Ic l——j—— k
n+1 _ 2e—0At 2At n+1/2 n+1/2
zijk—  2e+oAt  zijk— * etont)dx \\yivdjk-2 yi-tik-i)
k=3 k= it k=3 A= k=5
24t n+1/2 n+1/2
————(H % 1) (5.71)
(2e+0At)Ay x.l,1+5,k—5 Xl]—— k—
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Similar to Eq. (5.65), the time step should satisfy the Courant-Friedrichs-Levy

condition:

At < 1/(cy/1/(A%)% + 1/(Ay)? + 1/(Az)?). (5.72)
The field propagated by the FDTD algorithm takes the form of:

E(x, y,z) = Eo(x, y,z)sin (wt + @). (5.73)
To obtain the complex field amplitude and phase information, Fourier transform

should be performed during the last time period of FDTD simulation.

5.3.2 Boundary Conditions in FDTD method

This FDTD algorithm must be modified at boundaries of the computational region
where suitable numerical absorbing boundary conditions (ABC) are applied. There are
several choices for the ABC, but the perfectly matched layer (PML) boundary conditions
have the best performance [36]. One version of the PML is called anisotropic PML, or
un-split PML (UPML). The implementation of the UPML boundary conditions is based
on Maxwellian formulation, and their absorbing properties are physically equivalent to
those of an absorbing uni-axial anisotropic medium with the following permittivity and

permeability tensors:

g=¢&S,u=us, (574)
where
st 0 0 .
S={0 s 0|, s=k—1i—. (5.75)
Egw
0 0 s
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A plane wave incident on the above uni-axial medium will purely transmit into it.
This reflectionless propagation is independent on the angle of incident, polarization and
frequency of the wave. However, we need special treatment at the corner regions. For

example, the corner in a X-Z plane requires the tensor § in Eq. (5.74) to be:

st 0 0 s, 0 O
s=l0 s, 0[O0 s, O ,sx=kx—ia—z),sz=kz—i:i). (5.76)
0 0 s,/\0 0 s;°! °

5.3.3 Software for FDTD Method

The simulations by use of FDTD method were performed by Optiwave
OptiFDTD 8.0. The main advance in this FDTD software is its ability to use Gaussian
wave and a point light source as incident source. This means we are able to simulate the
electric field distributions inside a nanowire with laser profile as the incident wave.
Besides, we can also use the point light source as the oscillating dipole inside a nanowire
to investigate the efficiency of field emission from nanowire. The full picture of classical
Rayleigh and Raman scattering is the combination of the above two: (1) distribution of
electric field inside nanowire due to incident laser; (2) electric field emitted from
oscillating dipoles inside nanowire.

The main disadvantage of FDTD method is its long computational time and it is

not practical to calculate far-field emission.



Chapter 6

Antenna Effect in GaP Nanowires

6.1 Introduction to the Antenna Effect

Raman and Rayleigh scattering from nanowires both exhibit characteristics that
are quite distinct from bulk materials. One such characteristic is due to the high aspect
ratio of nanowires. When a polarized laser illuminates a nanowire, the internal and
scattered electric fields are strongly depolarized relative to the incident light when the

diameter of the nanowire meets certain conditions.

100 80
o AT
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[, bﬁ“‘\“

260 280

Figure 6-1: Illustration of sample Raman LO mode’s Antenna pattern from one
GaP nanowire. Collected at room temperature by 514.5 nm excitation.

For example, as depicted in Figure 6-1, the orientation of the subject nanowire is

illustrated by a cylinder along 0 — 180 direction. Each square point on this figure has two
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coordinates, angle and radius. The angle is the polarization of the incident laser, as well
as the polarization of the scattered light which we collect, relative to the nanowire axis.
The radius, in this figure, is the Raman intensity of LO mode collected from the GaP
nanowire at 514.5 nm excitation. The smooth line is a fit to the pattern which we will
discuss later in this chapter. Figure 6-1 indicates that when the incident laser excitation is
polarised perpendicular to the nanowire axis, the scattering is largely suppressed
compared to the case where the incident polarization is parallel to the nanowire axis. This
figure resembles the electric field emission from an antenna, and is therefore called the
“antenna effect” with figures like Figure 6-1 called “antenna patterns”.

This effect was first observed from nanotubes by Hiroshi Ajiki [37,38]. In this
thesis, we systematically study this antenna effect from GaP nanowires, which offer a
wider range of diameters than the carbon nanotubes investigated by Hiroshi Ajiki. We
propose a model to relate Raman antenna patterns with the Rayleigh antenna pattern from
the same nanowire, or with the computed electric field enhancement factors obtained by

implementation of the computational methods introduced in the previous chapter.
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6.2 Experimental Procedures

Polarizer

Backscattered
Radiation

Bf <112>

Incident Radiation

Figure 6-2: Experimental Configuration for Antenna Effect.

Figure 6-2 is the configuration at the microscope and the sample stage. The
polarizer was put inside the microscope before the objective lens of the microscope, and
was free to rotate. It selected the polarization of both the incident laser and the scattered
field. We rotated this polarizer, collected corresponding Rayleigh and Raman scattered
fields, and obtained antenna patterns like Figure 6-1.

The GaP nanowires we studied in this chapter were fabricated by the PLV
method, using growth conditions discussed in detail in Chapter 2.3. Figure 6-3 shows a
TEM image of a typical GaP nanowire studied here. We took some GaP nanowire
samples, put them in isopropanol alcohol, mildly sonicated for 30 seconds to break

nanowire bundles into isolated nanowires, and dropped solutions on a TEM grid. The
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Raman and Rayleigh measurements were performed using the Renishaw InVia Micro-

Raman System at room temperature with 514.5nm laser excitation.

(b)

Figure 6-3: (a) Low resolution TEM image of a GaP nanowire with inlet showing
the diffraction pattern of this nanowire. (b) High resolution TEM image of the
same nanowire showing high quality crystalline structure.

The samples investigated were GaP nanowires suspended over TEM grid holes.
The Raman and Rayleigh measurements were taken at the center of the nanowire bridges
over the TEM grid. The power of the laser at the sample was around 0.1 mW.

In Figure 6-2, the growth direction of the nanowire can be measured from TEM,
which is [111] in this figure. We can take any other two orthogonal directions, such as the

[110] and [112] in the figure, and denote the nanowire’s relative orientation to the
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incident laser by the angle 8 which is between the incident laser and axis [112] in Figure

6-2.

6.3 Rayleigh and Raman Antenna Models

Here, I propose the models to explain the Rayleigh and Raman antenna patterns.
Since Rayleigh scattering can be treated as a special case of Raman scattering whose

Raman tensor is a unit tensor, we will focus on the Raman model.

6.3.1 Introduction to Rayleigh and Raman Antenna Models

As derived in Chapter 3.2, the dipole excited by an incident electromagnetic wave
is:

prem o< 'y Q. - Eo. (6.1)

The intensity of radiation from this oscillating dipole is:

I oc [pRem - og]? oc |67 @'k Qi &Ly = 18" - R+ &1, (62)
where I is the incident light intensity inside sample, and R is the Raman tensor, which is
defined as:

R =a'}Qy. (6.3)

For zincblende crystals, such as GaP, the Raman tensors for both LO and TO
mode are take the following form, but with different constants d:

0 0 0
R(x)=(0 0 d), (6.4)
0 d 0
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0 0 d

R(y)=<0 0 0), (6.5)
d 0 0
0 d 0

R(z)=(d 0 0), (6.6)
0 0 0

where R(x), R(y) and R(z) are the Raman tensor when the phonon displacement is
along x, y, and z directions, respectively. x, y, and z are along [100], [010] and [001]
crystallographic axes. [39].

For Rayleigh scattering, we simply use a unit matrix for the tensor R.

In order to obtain the I, in eq. (6.2), we need to consider how light with different

polarization enters the nanowire.

TOP View
outside : outside
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| / - Q,e L)
1

Figure 6-4: Relation of electric field inside nanowire with the field outside
nanowire.

In Figure 6-4, the horizontal red dashed lines label the nanowire axis. The electric
field at the vicinity outside the nanowire is polarized along a direction which makes an
angle 8 with the nanowire axis. However, due to the geometry and aspect ratio of the
nanowire, usually the electric field inside the nanowire has a different polarization than

the field outside. We are able to write:
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Eﬁ'nside — Qllln . Elcl)utside’ (6.7)
Einside — QiTL . Eoutside (6 8)
1 — ¥l L : .

or in a matrix form:

Ein = Qin . E’out, (6.9)
where
' Q" 0 0
Q"= o Ji_n 0| (6.10)
0 0 O

Q™" is the enhancement tensor for light entering into the nanowire. The three
orthogonal coordinates for electric fields are along nanowire axis, perpendicular to both
nanowire axis and incident laser, along incident laser’s direction. Similar to this Q™ we
define Q°*¢, as the enhancement tensor for light coming out from the nanowire:

Fout — Qout . Ein (6.11)

In our experiments (Figure 6-2), we only collect Raman or Rayleigh scattering
outside the nanowire with polarization identical to the incident laser. We write the

scattering intensity as:

Is o« |&" - Q¥ - R - Q™ - g2, (6.12)
where,
cosf
é; =¢é =|sind |, (6.13)
0

where 6 is the angle labeled in Figure 6-2 and Figure 6-4.
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In eq. (6.12), the Raman tensor can be determined if we know the nanowire’s
orientation relative to the incident laser. Therefore, the task left is to find the appropriate

enhancement tensor Q'™ and Q°%¢.

6.3.2 Fitting Raman Antenna Patterns with Data from Experimental Rayleigh
Antenna Patterns

It is pointed out by Linyou Cao and Bahram Nabet that since the difference in
frequency is small between Raman scattering and the incident laser, we can
approximately write [40]:

_ ¢ 0 0
Q"=Q"=Q=|0 @, 0 (6.14)
0 0 0

Therefore, the intensity for Rayleigh scattering, by eq. (6.10), is:

I o« |6 - Q- Q- &% = (Q,%cos?8 + Q,*sin?8)? (6.15)

Eq. (6.15) points out one way to obtain the enhancement tensor Q — from the
experimental Rayleigh antenna patterns. Once we have the enhancement tensor Q and the
growth direction of the nanowire, we only have one unknown parameter in the Raman
antenna model, the angle f. We are able to find out this angle S by trial and error, i.e.,
comparing calculated Raman antenna pattern with the experimental pattern. 1 will
elaborate the calculation below.

Referring to Figure 6-2 and Figure 6-4, we are going to introduce two sets of
coordinates. The first set, which we call lab coordinates S, has its x along nanowire axis,

z along laser incident direction, and y is perpendicular to both x and z. The second set is
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the crystal coordinates S’, whose x” is along crystallographic axis [100], y’ is along [010]

and 7’ is along [001]. We denote, in S’, the growth direction as [A,/,A,r, A,], the axis
used to define angle B with laser incident direction as [C,s,Cyr,C,r], and the axis
perpendicular to the previous two as [B,s, By, B, ]. All these axis notations are
normalized. In Figure 6-2, [A,1,A,1,A,] is [1,1,1]/V3, [B,, By, B,1] is [1,-1,01 /72,
and [C,,Cyr, C,r]is [1,1,—2]/V6.

In coordinates S’, the laser is along:

LaserK C,r B,
LaserKy = | LaserK,r | = cosp| Cy' | —sinB | By |. (6.16)
LaserK C, B,

The y in coordinates S, written in coordinates S’, is:
yx’ Cxl Bxl
Vs = (yy') =sinB| Cy' |+ cosB| By |. (6.17)
Yz C, B,
Now, we introduce the transform matrix T, for any vertical vector 17, we have:
T.V’S:VS,_ (6.18)
By picking x, y and z as our Vs, it is easy to obtain:
Ay, LaserK,
T=|(4, vy, LaserK, | (6.19)
A, y,» LaserK,
Eq. (6.12) can be written in coordinates S as:
cos6\" /Q, 0 O Qi 0 0 cos6@
Fam o | sing| -{0 Q. O0)|-Rs-{0 @, 0]:|sind||> (6.20)
0 0 0 O 0 0 O 0

Or, if we want to express the Raman tensor in coordinates S':
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cos\" (Q, 0 0 Qi 0 0 cos@
17am o | sing '(0 o °>'T_1'Rs"T'(O 0. 0)-(smo )P
0 0 0 O 0 0 O 0
(6.21)

For Raman LO mode, referring to Eq. (6.4) — (6.6), we have the Raman tensor as:

0 0O 0 0 1 0 10
R§O=<0 0 1)Laseerr+ 0 0 O|LaserK,,+|1 0 O ]LaserK,.

010 100 00 0
(6.22)

Since d in Eq. (6.4) — (6.6) is a constant and we are not comparing LO mode
intensity with TO mode intensity, we can treat it as “1” to check antenna patterns of LO

and TO modes separately, as what we do in Eq. (6.22).

For Raman TO modes, we have two orthogonal directions for TO phonon

displacement — along x or y direction.

0 0 0 0 0 1 01 0
R§Pl=<o 0 1>Ax,+(o 0 0>Ay,+(1 0 O)AZ,. (6.23)
01 0 1 00 0 0 0
0 0 0 0 0 1 010
RZ,02=<0 0 1>yx,+<o 0 o>yy,+<1 0 O)yzr. (6.24)
01 0 1 0 0 0 0 0

Putting Eq. (6.21) — (6.24) together, we obtain the Raman LO and TO antenna

models as:
cosh Q 0 0 Qi 0 0 cos0
7% o | sing |-l 0 @, 0)-T*-RZ-T-|0 @, 0]sind|%
0 0O 0 o0 0O 0 O 0

(6.25)
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cos6 Q 0 0 ¢ 0 0 cost
IsRam’TOOCI<Sin9 -(0 Q. o) TR -T-[0 @, 0)- sinB)I2+
0 0 0 0 0 0 0 0

cos6 Q 0 0 Q 0 O cos@
I{sing |-{ 0 0, o)-T-l-RQOZ-T-(o Q, 0 -<sin9 |2
0 0 0 O 0 0 O 0

(6.26)

By applying the @, and Q, obtained from fitting the Rayleigh antenna pattern into

Eq. (6.15), and trying different values for angle f, we are able to find the most
appropriate parameter f which leads to the best match for the antenna patterns from Eq.

(6.25) and (6.26) with the experimental Raman LO and TO antenna patterns.

- Rayleigh RamanTO mode RamanLO mode

Figure 6-5: Selected results of fitting Raman antenna patterns with experimental
Rayleigh antenna patterns’ data. All nanowires are grown along [111].
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Figure 6-5 selects Rayleigh and Raman antenna patterns from three nanowires.

All three nanowires’ axes are along the [111] direction. In the first column, we display
the Rayleigh antenna patterns and fits to the pattern using Eq. (6.15). In the second and
third columns, we show the Raman patterns and the best fits we can obtain by adjusting
angle 8, and using @, and Qfrom Eq. (6.15). For nanowires with diameter smaller than
90 nm, experiments show that Rayleigh, LO and TO Raman antenna patterns are all
horizontal dipoles. Our model fails for the Raman LO mode, because it predicts a vertical
dipole as long as the nanowire axis is along the [111] direction. With increasing diameter,
the Rayleigh antenna pattern gradually changes to a vertical dipole until the diameter
becomes 160 nm. The predictions for the Raman LO and TO mode from our model are

mostly correct with the exception of the TO mode when the diameter is 160 nm.

6.3.3 Fitting Rayleigh and Raman Antenna Patterns with Computed Enhancement
Tensor

In this section, I will discuss how to obtain the computed enhancement tensor Q
by DDA, Mie theory and FDTD methods.
In the DDA calculation, a plane electromagnetic wave is incident on a finite

cylinder as shown in Figure 6-6 (a). We use the software DDSCAT 6.1 to obtain the

electric field distribution E (7) within the cylinder, and define:

B2
(Qin )2 — J‘CylinderlE(r)l av
DDA EOZV ’

(6.27)

where E|, is the amplitude of the incident plane wave, V is the volume of the cylinder.
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Figure 6-6: Illustration of setups in (a) DDA and (b) Mie theory for computation
of enhancement tensor.

For the Mie theory method, referring to Figure 6-6 (b), we define:

; Jp<r E@)?dA
(Qffey? =222, (6.28)
where R is the radius of the infinitely long cylinder.

With the polarization of the incident wave parallel or perpendicular to the

nanowire axis, we can obtain (Qﬁ")2 and (Q™)?2. Further, we still take the approximation

proposed by Linyou Cao and Bahram Nabet in Ref. [40] that (Q{™)? = (Q{**)? = (Q;)?

and (Q)? = (Q9“)? = (Q,)?. The parameter which determines the shape of an

antenna pattern is not (Qy)? or (Q.)? alone, but (Q,/Q.)?% instead. Therefore, we will
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focus our discussions on (Q“) 2 (Qu)Mle for DDA and Mie theory method. Eq. (6.15)

can be rewritten as:

ISRay Q)

o ( X c0s%0 + sin?0)? (6.29)

In the Mie theory method, we only have one variable — the diameter D and can
obtain the relation between (Q/Q.)?* and the diameter D. However, in the DDA method,
besides the variable D, we also need to make a choice for the length of the cylinder.
Should it be the whole length of the nanowire, such as D = 10 microns, or only part of
the nanowire illuminated by the incident light, such as D = 1 micron? For the DDA work
carried out early in our group [41], research were conducted using 488 nm incident plane
wave and 2 microns long cylinder. Due to the uncertainty in choosing the correct length
for DDA computation discussed above, we haven’t done much DDA work since then and
have only limited results for 514 nm incident light. Therefore, for DDA calculation, I cite

our published results from the 2 micron long cylinder with 488nm incident excitation. In

Ref. [41], we compared the ( ) ppa to the ( ) wie and plotted both in a graph similar as

Figure 6-7. The results from DDA and Mie theory share a lot of features, but we have a
strong unique peak from DDA when the diameter of the nanowire is around 85 nm. This
peak is most likely due to the resonance along nanowire axis when the polarization is
parallel to the axis, because from experimental Rayleigh data and Eq. (6.29), (Q;/Q.)?

for D = 92 nm is about 3.36. All fitted (Q;/Q.)? from Eq. (6.29) will be shown later in

QN2

this chapter, together with ( ) wie»> and ( ) #DTD-
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Figure 6-7: Ratio of parallel and perpendicular enhancement factor as a function
of nanowire diameter, obtained by DDA and Mie theory. Peak positions are
labeled in the graph [41].

To apply the FDTD method, we use setup illustrated in Figure 6-8. In FDTD, it is
not necessary to make the assumption that Qi = Q°“¢, because we are able to obtain the
Q°“. To obtain the Q™", referring to Figure 6-8 (a), we have a GaP nanowire with 180nm
diameter in the region {(x,y,z)| — 4000 < x < 4000, (z — 115)% + y2 <90%}. All
numerical values are in unit of nm. The incoming 514nm laser is incident at the center of

the nanowire, and has the Gaussian form:

2 _2(x*+y?)
) exp ( o ) (6.30)

Wo

I(x»J’»Z) = IO(

w(2)



The setup has the laser focused at z = 5nm, and the waist size is

wy = w(z = 5nm) = 663nm.

X ~ Nanowiretip  x ~— —, Nanowiretip
x=4 microns ~———— | x=4 microns
Nanowire Nemsmine
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y =663nm area,
centered
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S~ X=-4 microns S~ x=-dmicrons

(a)

(b)

Figure 6-8: One setup in FDTD method to calculate (a) ratio of parallel to
perpendicular enhancement factor Q;"/Q" and (b) ratio of parallel to
perpendicular enhancement factor Q**/Q9"*. The graph is not drawn to scale.

The numerical value for the waist size is chosen according to the optical devices
we used in experiments and Ref. [8]. We usually refer our micro-Raman experiments
having a laser spot around 1 micron in diameter and this statement is close to the laser
waist size we used in this FDTD calculation. To simplify this problem, we assume most
electric fields are concentrated with the 1 micron diameter spot, and our micro-Raman
system is in perfect confocal position so that we only collect Raman scattering from that

1 micron diameter spot’s volume. We define this volume inside the nanowire as:
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VOL = {(x,y,2)|(z — 115)? + y? < 90%,x% + y% < 500%}. (6.32)
Now, the ratio of parallel to perpendicular enhancement factor Q{"/Q%" is defined
as:

(Qlfn)z _ fV0L|E|||2dV
in - - .
QJ- fVOL|EJ.|2dV

(6.33)
We run the FDTD simulation twice, once with the polarization of the incident
laser parallel to the nanowire axis and then with the polarization perpendicular to the
nanowire axis, and afterwards, we can evaluate Eq. (6.33).
Figure 6-8 (a) is only one of many setups we used to evaluate Eq. (6.33).

Nanowires with other diameters have the setups similar to Figure 6-8 (a). The details are

listed in Table 6-1. The profile of the incident laser is the same for all the nanowires.

|Laser Plane J 5]=z I All unites are in nm
Diameter NW Center Simulation Region |Simulation Region grid size iny, 2 direction grifi 5ize. inx
- Max Z e direction
50 50 85 45 25 10
&0 55 o5 50 2.5 10
70 &0 105 55 2.5 10
80 65 115 60 25 10
90 70 125 65 25 10
100 75 135 70 2.5 10
110 20 145 75 5 10
120 85 155 80 5 10
130 o0 165 85 5 10
140 95 175 20 5 10
150 100 185 0% 5 10
160 105 195 100 5 10
170 110 205 105 5 10
180 115 215 110 5 10
190 120 225 115 5 10
200 125 235 120 5 10

Table 6-1: Detailed setups for nanowires with different diameters in calculating
Qi"/Q" by FDTD.
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To obtain the Q"t/Q¢**, we use the setup illustrated in Figure 6-8 (b). The
nanowire is at the same position as the nanowire in Figure 6-8 (a). Here, instead of
placing an incident Gaussian wave, we have an oscillating point dipole at the center of
the nanowire. Since we have already assumed the perfect confocal setup, only emitted
field passing through the red circular collection area in Figure 6-8 (b) can propagate
further into the CCD. That collection area has a diameter of 1 micron, same as laser spot
size, and should be right outside the nanowire. However, in order to avoid any possible
computational effect from the nanowire-environment interface, we always place that area
20nm away from the surface of the nanowire, independent on the diameter of that
nanowire. Therefore, that area for D = 180nm nanowire as depicted in Figure 6-8 (b) is:
ColA = {(x,y,2)|z = 5,x% + y? < 500%}. (6.34)

We can define the Q**/Q9*" as:

(Qﬁmt)z _ JeoralErl*aa
out - N .
gt JeoralELI?dA

(6.35)

By running the simulation twice, once with the dipole source oscillating along
nanowire axis, and the other time with the dipole oscillating perpendicular to the
nanowire axis, we are able to evaluate Eq. (6.35). Do the same for all other nanowires
with different diameter, and we can have the Q**/Q9"* as a function of nanowire
diameter.

With the computed Q/Q, from Mie theory, we are able to fit Rayleigh and

Raman patterns using Eq. (6.29), (6.25) and (6.26). To use FDTD method, we need to
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change Eq. (6.29), (6.25) and (6.26) a little to reflect the idea that Qﬁn/ Q'™ is not the

same as Q"t/Q9.

0 s

O 0 BN gy
120 P &0 120 = 0 120 . . &0

MIE Prediction

Experiment

FDTD Prediction

Figure 6-9: Fitting Rayleigh and Raman antenna patterns using computed ratio of
parallel to perpendicular enhancement factor for one GaP nanowire with 56nm
diameter.

Figure 6-9 to Figure 6-11 depicts fits to Rayleigh and Raman antenna patterns by
use of the computed Q;/Q, in this section by Mie theory and FDTD method. In each
figure, the second row shows experimental results (red dots). The smooth red curves in
the second row are the fits using experimental Rayleigh data which we have discussed in
the previous section. The first columns in the first and third rows are predictions for

Rayleigh antenna patterns from computed Q;/Q, by Mie theory and FDTD method,
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respectively, without any reference to the experimental Rayleigh antenna patterns.
However, in making predictions for Raman LO and TO antenna patterns, we refer to the
experimental antenna patterns in order to adjust the angle 8 so that our prediction will
match the experimental pattern to the best extent.

Regarding the nanowire with diameter of 56nm, fitting using the Mie, FDTD and
Rayleigh methods gives similar results. All three methods fail for the Raman LO mode.
One possible explanation is that for nanowires with extremely high aspect ratio, the
Raman tensor has a minor effect in Raman scattering and therefore Raman intensity is

determined mainly by electric field inside nanowires.

% 2 % 04

120 =t &0 120 &0 120 L

MIE Prediction

Experiment

FDTD Prediction

Figure 6-10: Fitting Rayleigh and Raman antenna patterns using computed ratio
of parallel to perpendicular enhancement factor for one GaP nanowire with
108nm diameter.



o T S T T
E El
w0 , - LI - L.
2 80, 03 . ~.03

150 ' 30
980 frosseeensenfomns o oS pessen s besenent

MIE Prediction

Experiment

FDTD Prediction

Figure 6-11: Fitting Rayleigh and Raman antenna patterns using computed ratio
of parallel to perpendicular enhancement factor for one GaP nanowire with
160nm diameter.

In Figure 6-10, shows the fits using Mie theory and Rayleigh data work equally
well, and predictions from the FDTD method are worse than the other two. Figure 6-11
suggests that we have a trade-off between Rayleigh and TO mode in Raman for all three
fitting methods, and we cannot reach a firm conclusion which method makes the best

predictions for this nanowire.
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6.4 Discussion and Conclusion

By checking fits or predictions for three nanowires in the previous section, we

find that the FDTD method yields unsatisfactory results. Here, we further investigate the
in
difference among these three methods by focusing on (ﬁ)ﬁ,ie, (QL

out
)2 (Qu )2
o om)FDTD> (Qout)FDTD >

and (S—l)ﬁayleigh from Eq. (6.28), (6.33), (6.35) and (6.29) respectively.

100

- (g__)_iﬁe
-= (%)}Dﬂ)
- (QW o

o

o

- (Q_)fﬂaﬁeig}z

0.1

50 75 100 125 150 175 200
NW Diameter (nm)

Figure 6-12: Log-linear scale of (Q;/Q.)? vs. nanowire diameter, obtained in
four different ways.
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The four different (Q,/Q,)? are plotted in a log-linear scale in Figure 6-12.

in in
(%)}Zeayleigh and (Zl_:fl)lz‘“e yield the close answers for most of the nanowires measured

except the one with diameter of 160nm. This result implies that the large solid collection
angle arising from the use of 100x 0.95N.A. lens does not have a significant effect on our

i

W)fme represents the result from considering
1

polarized Raman experiments, since (

in
straight back scattering only while (Z'—Qn)iayleigh contains information from stray
L

scattering collected by the lens. The effect from large collection angle of the lens is
limited by the small back aperture of the lens together with restricting CCD collection

area to minimize the stray light.

out
In Figure 6-12, (%)%DTD exhibits different behavior than the other three and we
1

out
find that the greatest discrepancy between %)%DTD and the others occurs when the
1

diameter of the nanowire is around 100nm. This is the case when the FDTD method fails

in Figure 6-10. This discrepancy, or this failure, comes from our over-simplified model to

QP 2
compute (_Qj)_ut) FDTD-
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Figure 6-13: (a) configurations to test emission efficiency from 7 oscillating
dipoles; (b) emission intensity at collection area from each oscillating dipole
alone.

Figure 6-13 (a) has the similar setup as the configuration we use to compute

out
(%)IZ;DTD. However, instead of placing a single point dipole at the center of the
nanowire, we use 7 point dipoles now. The 7 dipoles are located all on the z axis and

have their z positions labeled on the figure. To evaluate each dipole’s contribution to the

total emission received at the collection area, we run the simulation with one dipole exists

at a time. Afterwards, we obtain the [. = |E;|?dA at the collection area for each dipole

ColA

and plot them in Figure 6-13 (b). This figure clearly shows that the dipoles near the

surface are more efficient in radiating into the collection area than the dipoles at or near
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the nanowire axis, at least for nanowires with this diameter. Therefore, it is inappropriate
to simplify emission from the nanowire to the radiation from one single dipole at the

of™! o

n
center of the nanowire. If we assume (W)IZ;DTD ~ (Qﬁ)%‘DTD as what we do for Mie and
1 1

Rayleigh method, we will expect FDTD method yield a close pattern to the other two,

because (%)%DTD is in a reasonable agreement with Mie and Rayleigh method in Figure
6-12.

The FDTD simulation also reveals an interesting fact that Raman or Rayleigh
scattering mostly comes from the near surface and far surface of the nanowire. The
results in Figure 6-14 (a) and (b) are obtained from setup in Figure 6-8 (a). The
polarization of incoming laser is parallel to the nanowire axis and the volume of laser
spot is defined in Eq. (6.32). Figure 6-14 (a) illustrates that the average internal electric
field is greatest at the near and far surface of the nanowire relative to the incoming laser.
Figure 6-14 (b) is the summation of internal electric field according to their z
coordinates. Figure 6-14 (c) is the product of Figure 6-13 (b) and 7 points in Figure 6-14

(b), which clearly identifies the far and near surface of the nanowire as two main

contributors to the Raman scattering.
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Figure 6-14: (a) Average and (b) sum of E* within the laser spot as a function of
position z; (c) illustration of strong Raman scattering from near and far surface of
the nanowire.

This finding of unequal contribution to Raman and Rayleigh scattering challenges
our simplified volume average Q'™ used in the Mie method. However, FDTD simulation
that take into account the different efficiency in Raman scattering from different parts of
the nanowire are computationally unrealistic. This chapter ends here with reasonable
agreement between the Mie and Rayleigh predictions for Raman antenna patterns and the
actual experimental results. The discrepancies might come from using average Q'™ and

assuming Q™ = Q.



Chapter 7

Hot Tip Effect in GaP Nanowires

7.1 Introduction to Hot Tip Effect

The so called “Hot Tip Effect” in nanowires was discovered in the Eklund group.
When we collect Raman scattering from different parts of a GaP nanowire, in most cases,

the scattering intensity is strongest at the two tips of the nanowire.

TO Mode

‘ LO Mode

Figure 7-1: Map of Raman scattering intensity from different parts of a GaP
nanowire measured on Si substrate with 514.5nm excitation.

Figure 7-1 is a map of Raman LO and TO mode intensity measured from different
parts of a GaP nanowire on a Si substrate. The positions for the two peaks in each Raman

intensity map coincide with the locations of the two tips of the nanowire. The ratio of
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Raman intensity at one tip to the intensity from the center is about 5 ~ 6 from the above
figure. Since we have s gold particle only at one tip of the nanowire, this hot tip effect
must be due to reasons other than the enhanced Raman scattering near a metal surface.

The detailed experimental procedures for such measurements will be discussed below.

7.2 Hot Tip Effect: Experimental Procedures for GaP Nanowires on Si Substrates

The GaP nanowires we studied in this section were fabricated by PLV, and the
growth conditions were discussed in detail in Chapter 2.3. We took some GaP nanowire
samples, put them in isopropanol alcohol, mildly sonicated for 30 seconds to break
nanowire bundles into isolated nanowires, and dropped the solutions onto a Si substrate.
The Raman measurements were performed using the Renishaw InVia micro-Raman

system.

Laser spot fixed

NW Scan direction 20 x-scans
T — X separated by Ay=50
GaP NW hm

Figure 7-2: 2D map scan setup for tip effect.

The Si substrate containing GaP nanowires is mounted on a computer-controlled
sample stage in the Renishaw InVia micro-Raman system. Figure 7-2 illustrates how the

sample stage moves to map the Raman scattering intensity. The laser spot is fixed and the
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sample stage is free to move in x and y directions. A typical 2D map scan includes 20 x-
scans, each separated by 50 nm apart. In each x-scan, the stage moves from right to left as
indicated by grey arrows in Figure 7-2, and the step between two positions where we take
Raman measurements in one x-scan is 100 nm or 150 nm depending on the nanowire

length.

® Raman Spectrum [ @ Spectrum from Center Point T
~ Voigt Function Fitting| 4 Spectrum from Tip LO ||
LO - T0,50.L0 Modes | 4 |

Intensity (A.U.)
Intensity (A.U.)

340-375ecm?  375-410cm?
TO Region LO Region

(a) (b)

Figure 7-3: (a) Typical Raman spectrum from a GaP nanowire, including
splitting LO and TO mode, and a SO mode; (b) Simplified way to obtain the area
under TO mode and the area under LO+SO mode.

The overall mapping setup is like a 2D mesh covering the GaP nanowire we want
to study. At each grid point of that 2D mesh, we take a Raman spectrum, such as the one
shown in Figure 7-3 (a). The Raman spectrum has three modes, one splitting TO mode,
one splitting LO mode and one surface optical (SO) mode [42]. However, the intensity of
each mode varies a lot among the Raman spectra taken from different positions of the

same nanowire. Therefore it is difficult to use auto fitting, and it is impractical to
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manually fit all the spectra in a scanning map. For the study in this chapter, we use the
term “TO area or LO area” to refer to the area in the TO region and the LO region labeled

in Figure 7-3. The formula for the calculation is:

Area = %"= (i + Yier) - %0 — xppall (7.1)
where, the i,,;, and i,,,,, is the lower and upper boundary for the TO or LO region, x is
the wavenumber, and y is the intensity. Before applying Eq. (7.1), we first subtract a
straight baseline from the raw Raman spectrum. After the subtraction, the Raman
intensities for the first wavenumber and the last wavenumber are both zero. The TO area
calculated in this way should be close to the area we would obtain if we fit the TO mode
by two voigt functions (convolution of Gaussian and Lorentz functions) and then sum the
areas under these two voigt curves. However, the LO area calculated in this way is
actually the area under the LO mode and SO mode together. Therefore, in this study, we
focus our analysis on the TO mode area. This protocol yields Raman intensity maps such
as in Figure 7-1.

A simplified version of this experimental procedure is to take a 1D line scan
instead of a 2D map scan. This setup is similar to the one in Figure 7-2, but the laser spot
is initially on the extended line of the nanowire axis and then scanned along the nanowire
axis, as the arrow right on the nanowire indicates in Figure 7-2. The line-scan is much
faster than a 2D map, typical taking 20 minutes ~ 1 hour to complete one scan, compared
to almost half day for a 2D map scan. However, in a line scan, we need to be assured that

the scanning is along the nanowire axis. In addition, we lose information from the side

edges of the nanowire.
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7.3 Hot Tip Effect Results for GaP on Si Substrates
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Figure 7-4: Example of hot tip effect of GaP nanowire on Si substrate with
514.5nm excitation. Inlet is microscopic image of the nanowire.

Figure 7-4 ~ Figure 7-6 display three line profile examples of GaP nanowire
measured on a Si substrate. The horizontal axis records the position where we take the
Raman measurement. Note that zero on the horizontal axis is not the tip of the nanowire.
The vertical axis is the LO and TO area calculated as we described in the previous

section.
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Figure 7-5: Example of hot tip effect of GaP nanowire on Si substrate with
514.5nm excitation. Inlets are microscopic images of the nanowire.

The insets in Figure 7-4 to Figure 7-6 are images taken by the microscope in the
Renishaw InVia micro-Raman system. The green dots in those images are laser spots.
The straight line in each image should be the scan path, but due to the imperfect
calibration of the coordinates for the laser spot, the path shown on these figures are off

the nanowire. In each experiment, the laser was always on the nanowire axis.



95

16x10° 4

A\ o =10
o RD o A L0

Raman Intensity

4 6 8 10
Position Along the NW (micron)

Figure 7-6: Example of non-hot tip effect of GaP nanowire on Si substrate with
514.5nm excitation. Inlets are microscopic images of the nanowire.

Figure 7-4 and Figure 7-5 shows the hot tip effect from a GaP nanowire on Si
substrate, while the nanowire in Figure 7-6 does not have hot tips. In fact, for all the
nanowires on Si substrate I have studied, about two-thirds of them exhibit hot tip effect.
Here, we define the enhancement factor (EF):

_ Min(Max(Itip1)Max(Itip2)) (7.2)

Average(Icenter) ’

EF

where I;;,; is the intensity (TO area) around one tip, I;;p, is the intensity around the other
tip, and I opnter 1S the intensity around the nanowire center. We use the Min() function

here because a large enhancement may be caused by the gold particle at one tip. For most
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GaP nanowires on Si substrate with hot tip effect, the enhancement factor is between 3
and 5.

Until now, we only know hot tip effect exists in most GaP nanowires on Si
substrate, and the enhancement factor varies among different nanowires. In the following
sections, we will study the GaP nanowires on TEM grid so that we have access to the tip
geometry of each nanowire from TEM images and we are able to remove any existing
effects from the interaction between the GaP nanowire and Si substrate. We will
experimentally study the correlation between the hot tip effect and the profile of the
incident laser, i.e., polarization and frequency of the incident laser. Further, we will
simulate the hot tip effect in the classical Raman scattering realm by the FDTD method
and obtain the expected enhancement factor. Afterwards, we can quantitatively judge
whether a nanowire has the hot tip effect or not, by using that expected enhancement

factor as a threshold to hot tip effect.

7.4 FDTD Simulation for Hot Tip Effect from GaP Nanowires

We assume that our GaP nanowire is single crystal and therefore the Raman
tensors at different parts of the nanowire are the same. To study the Raman intensity in
the classical realm, we only need to know how efficiently the laser enters into the
nanowire and how efficiently the oscillating dipole emission can emerge from the
nanowire and into the collection area.

The FDTD simulations in this chapter are very similar to the FDTD simulations in

the Chapter 6. With the incident laser polarization parallel/perpendicular to the nanowire
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axis, the electric field inside nanowire is almost parallel/perpendicular to the nanowire
axis. When the point dipole is oscillating parallel/perpendicular to the nanowire axis, the
electric fields at the collection area are also almost parallel/perpendicular to the nanowire
axis. Thus, in this simulation, since the incident laser’s polarization is always parallel to
the nanowire axis, we only consider electric fields inside the nanowire whose
polarizations are parallel to the nanowire axis, we only use point dipoles that are
oscillating along the nanowire axis, and we only sum electric fields intensity at the

collection area whose polarizations are parallel to the nanowire axis.

7.4.1 GaP Nanowires with Smooth Surface

In this section, our subject is a GaP nanowire with a smooth surface. It is
represented by a cylinder with length L = 8 microns and diameter D = 180nm. The setup
in Optiwave OptiFDTD software is illustrated in Figure 7-7 (a). The cylinder is along x
axis, and the center of the nanowire is at x=y=0, and z = 180nm. The incident laser
always has its focal plane at z = 20nm, but the center of the incident beam moves along
the x axis. For the tip effect, we have studied the following cases: the center of laser is at
x=0,4.0,3.9, 3.8, 3.7, 3.6, 3.5, 3.4, 3.3 microns. Figure 7-7 (a) is the setup for laser
center x = 3.4 microns. We treat the classical Raman scattering by (1) setting up internal
electric field from incident laser; (2) creating oscillating dipoles from internal field; and
(3) collecting electric field emissions from dipoles at the collection area. We have already
shown in Chapter 6.4 that it is too simplified to use only one dipole on the nanowire axis

to represent all oscillating dipoles in the laser spot, therefore Figure 7-7 (b) illustrate how
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we classify electric fields into regions based on x and z coordinates, and later we are

going to place one dipole (green dot) for each region.

x(um)
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Figure 7-7: (a) one example of setups in FDTD simulation software; (b) post-
simulation categorization of electric fields inside nanowire.

The same as in Chapter 6, we assume a perfect confocal condition. For internal
electric field, we only investigate those within the 1 micron size laser spot. For electric
field emission, we only count those electric field passing through a collection area with
diameter D = 1 micron, having the same center x as the incident laser and 20nm away
from the nanowire surface. Therefore, with the setup in Figure 7-7 (a), we divide the

nanowire into many categories as depicted by each black rectangle in Figure 7-7 (b). The
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general categorization rules are as following. First, we define the region within the laser
spot:

VOL(LaserX) = {(x,y,2)|(z — 180)%? + y? < 902, (x — LaserX)? + y* <
5002, —4000 < x < 4000}, (7.3)
where LaserX is the position of laser center x, and all numerical values are in the unit of
nm. Afterwards, we only classify points within the above region. The nanowire axis is

along z = 180nm, and the z_categories are always:

(105,if z < 117.5

130,if 117.5 < z < 142.5

155,if 142.5 <z < 167.5

z_category = { 180,if 167.5 <z <1925 (7.4)
205,if 192.5 <z < 217.5

230,if 217.5 <z < 242.5

\  255,if 2425<z

The categories based on position x are:

LaserX —n,if LaserX —n — 0.05 < x < LaserX —n + 0.05
x_category = LaserX,if LaserX — 0.05 < x < LaserX + 0.05
LaserX + n,if LaserX + n — 0.05 < x < LaserX + n + 0.05

2

(7.5)
where n is any positive integer divided by 10. After Eq. (7.5), we need to modify the
X_category by:

x —04,if x_category = x — 0.5
x_category = 3.9,if x_category = 4 . (7.6)
x + 0.4,if x_category = x + 0.5

After the classification, we can sum the |E,|? according to each x and z category,

and assign the notations |E*|?(x_category, z_category, LaserX) to them.
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To study the efficiency of emissions from internal oscillating dipoles, we have the

configuration depicted in Figure 7-8.
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Figure 7-8: setup in FDTD simulation to compute efficiency for dipole emission.

The green dots in Figure 7-8 are oscillating dipoles. Their locations (x, y, z) are at
all possible (x_category, 0, z_category), where x_category = -0.4 to 0.4, 2.9 to 3.9
increment by 0.1, and z_category = 105 to 255 increment by 25. The red circle in the
figure is the collection area, having a diameter of 1 micron, and its center is at position
(LaserX,0,70), 20nm left to the leftmost surface of the nanowire. We define the region
within that circle:

ColA(LaserX) = {(x,v,z)|(x — LaserX)? + y? < 500%,z = 70}. (7.7)
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This region is a function of LaserX, and all numerical values in Eq. (7.7) are in
the unites of nm.

For each simulation run, we only place one oscillating dipole, and the output is
electric fields with polarizations parallel to the nanowire axis on the plane z = 70nm. We
denote these electric fields as E2%t(x, y; x_category, z_category). The Raman intensity

from Eq. (6.20) can be rewritten as:

n" /ot o0 0 Q" 0 0\ /,1
I§“m°<|<0> 1o e ofR[ 0 o o0 '<0>|2~ (7.8)
0 0 0 0 o o0 o/ \0

Here, since we have assumed Raman tensor R is the same everywhere, the
Raman intensity should be:

I8 (LaserX) = Yy categoryz categoryl|EX"|? (x_category, z_category, LaserX) -

Z(x,y)eColA(LaserX) |Efcmt(x: Vi Xcategory> antegory) | 2} . (7.9)

Applying Eq. (7.9) for different laser incident position LaserX we have
simulated, and normalizing to the Raman intensity from the center of the nanowire, i.c.,
IR (LaserX) /IR*™(0), we obtain our FDTD simulated result in Figure 7-9. From this
figure, we see that the maximal Raman intensity occurs at 500nm away from the tip. That
is when the full laser spot just hits the nanowire. Figure 7-10 is a plot of maximal, and
average |E[(x,y,z) € VOL(LaserX)]|?/|E[(x,y,z) € VOL(0)]|?. From Figure 7-9 and
Figure 7-10, as the laser spot moves from tip towards center, the average internal E?
reaches it maximal first, followed by maximal E?, and after these two, Raman intensity
reaches its maximal. This is reasonable because the Raman intensity we observed not

only depends on how efficiently incident laser excites internal dipoles and how efficiently
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electric emission from internal oscillating dipoles can reach external detector, but also on

the volume of the nanowire illuminated by the laser.
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Figure 7-9: Relative Raman intensity IR*"(LaserX)/IR%™(0) when laser
incident on different positions LaserX of the GaP nanowire.

The enhancement factor obtained from these FDTD simulations is 1.40, much
smaller than the enhancement factor we observed in experimental results from GaP
nanowires on Si substrate. The possible explanations include: (1) in experiments, we have
additional enhancement from the interface of GaP nanowire and Si substrate; (2) in
experiments, the GaP nanowires have surface roughness along the nanowire; (3)
nanowire’s diameter may play an important role in enhancement factor, and this
calculated one (1.40) is only correct for nanowires whose diameters are 180nm; (4) real

nanowires have more complicated structures, such as twinnings and coatings.
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Simulation Results for Internal E field
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Figure 7-10: Ratio of Max and Average internal E* when laser is incident on the
tip area to the corresponding value when laser is incident at the center of the
nanowiere.

7.4.1 GaP Nanowires with Sinusoidal Surface Roughness

In the previous section, we assume our nanowires can be represented by a
cylinder. Here, we take into account the surface roughness along the nanowire. Instead of
a cylinder with length L = 8 microns and diameter D = 180nm, we model a nanowire with
400 small cylinders and each cylinder has a length of L = 20 nm. Referring to the
coordinates in Figure 7-7 (a), the cylinder whose centers of tips locate at (—4000 +
(n—1)%20,0,180 ) and ( —4000+n=*20,0,180 ) has a diameter of

180 + 10cos (2m %) All numerical values are in the unit of nm. Thus, in this model, the

nanowire has a sinusoidal surface roughness with wavelength of 400nm and amplitude of
10nm for diameter. The spatial computation step is Snm in y and z direction, and 10 nm

in x direction. Figure 7-11 shows the surface roughness near the tip by plotting the
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number of computation grid points within the nanowire on each yz plane against the

location of the yz plane.
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Figure 7-11: Illustration of surface roughness by the number of grid points
contained by the nanowire at different positions along the nanowire.

We follow the same procedures as those in the previous section, and obtain the

[Ram (LaserX) /IR (0) from a nanowire with such sinusoidal surface roughness in

Figure 7-12. In this figure, we still have our strongest Raman intensity at 500nm away

from the tip, the same as the result from a smooth nanowire. The enhancement factor in

this model is 1.46, almost the same as the enhancement factor from a smooth nanowire. A

unique feature here is the dip at 600nm away from the tip. This can be explained by the

diameter dip at 600nm away from the tip as depicted in Figure 7-11. Electric fields near

the surface of x = 3400nm are expected to be smaller than those fields at its two sides,

and dipoles near surface have more contributions to the electric fields within the emission
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collection area which has already been illustrated by Figure 6-13 (b). These two factors

together, lead to the dip in Raman intensity for x = 3400nm.
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Figure 7-12: Relative Raman intensity IR (LaserX)/IR*™(0) when laser
incident on different positions LaserX of the GaP nanowire with rough surface.

7.5 Hot Tip Effect Experimental Procedures for GaP Nanowires on TEM Grids

The GaP nanowires studied were fabricated by CVD as described in Chapter 2.4.
The nanowires were harvested from the quartz boat and did not have gold particles on
their tips. Figure 7-13 shows TEM images for 6 different GaP nanowires over TEM grid.
The diameters of the nanowires studied here are between 100nm to 200nm. Their tips

have different shapes but none of them have gold particles attached.
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The procedures for experiments with GaP nanowires on TEM grids are the same
as the procedures described in Chapter 7.2. However, in addition to the 514.5nm
excitation with polarization parallel to the nanowire axis, we also investigated the
nanowires under 514.5nm excitation but with polarization perpendicular to the nanowire
axis, and 488nm and 647nm excitation with polarization parallel to the nanowire axis.
The order of experiments was parallel 514.5nm, perpendicular 514.5nm, 488nm, 647nm,
and TEM. Studies under 514.5nm excitation with polarization parallel to the nanowire

axis have the largest sample space, and subjects under other studies are randomly drawn

from the parallel 514.5nm sample space.

Figure 7-13: Selected TEM image of GaP nanowires over TEM grid.
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7.6 Results and Discussions for GaP Nanowires on TEM Grids

7.6.1 Hot Tip Effect’s Dependence on Incident Laser’s Polarization

NWID EF(514) parallel | EF{514) perpendicular
0,-4 1.13 1.32
0.-8 1.69 5.96
5,31 2.14 2.61
-6,-74 1.21 2.83
-7,-63top 1.57 1.14
-39,-66 1.77 1.23
-42,-67 top 1.80 1.32
-19,-63 1.67 0.79
-42,-67 bottom 1.91 0.78
-7,-63 bottom 0.75 1.66
-3,-9 1.06 1.00

Table 7-1: Comparison of enhancement factor (EF) for GaP nanowires on TEM
grid when excited by laser with different polarization.

The experimental results for the test of hot tip effect’s dependence on incident
laser’s polarization are summarized in Table 7-1. We studied 9 samples in total, under
514.5nm excitation with polarization parallel to the nanowire axis and 514.5nm
excitation with polarization perpendicular to the nanowire axis. 4 of the 9 nanowires
shadowed in Table 7-1 exhibit significantly different enhancement factors excited by the
two different polarizations. For each of these 4 samples, the enhancement factor under
one polarization is at least twice as greater as the EF under the other polarization.
Therefore, the enhancement factor under one polarization is not the same as the

enhancement factor under the other polarization. Besides, a test for correlation between
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the two groups of enhancement factors reveals the correlation is only 0.1 which indicates

nearly no linear relation between these two group of enhancement factors.

NWID(6,31), Polarization Parallel to
NW Axis,514.5nm Excitation

NWID(6,31), Polarization Perpendicular

to NW Axis, 514.5nm Excitation

I I I \ I I I |
‘{"\‘ « TEM Grid Hole Region ‘ f‘\ I TEM Grid Hole Region ‘
3N 5 '
/] W A 3] AlTio |
R EEYA [\l Tip | s § | AP
B \ ¥ V Py | 1 < L. / *
3 Vi W ol | 4V A A
> W/ \ N
S \/ \_~
V
0 1 2 3 4 5 0 1 2 3 4 5
Laser Position Along the Nanowire (micron) Laser Position Along the Nanowire (micron)
Figure 7-14: A GaP nanowire on TEM grid shows hot tip under both 514.5nm
excitation with polarization parallel to the nanowire axis and 514.5nm excitation
with polarization perpendicular to the nanowire axis.
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Figure 7-15: A GaP nanowire on TEM grid shows hot tip only under 514.5nm
excitation with polarization perpendicular to the nanowire axis.
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Figure 7-14 and Figure 7-15 are two examples of GaP nanowires. The first
exhibits hot tip effects independent of the polarization of the incident laser, while the
second nanowire only shows a hot tip effect when the polarization of the incident laser is

perpendicular to the nanowire axis.

7.6.2 Hot Tip Effect’s Dependence on Incident Laser’s Frequency

NWID EF(488) | EF(514) | EF(647)
0,-4 1.59 1.13
0.-8 1.03 1.69 0.79
6,31 0.80 2.14 1.93
6,-74 2.81 1.21 1.29
' 7,-63 top 1.44 1.57 3.53
'7,-63 bottom 0.74 0.75
119,-63 1.93 1.67 0.93
139,-66 2.12 1.77 1.33
42 ,-67 bottom 6.08 1.91 1.23
42,-67 top 1.59 1.80 0.84

Table 7-2: Summary of hot tip effect’s dependence on incident laser’s energy.

In this section, we investigate the hot tip effect from three different laser
excitations — 488nm, 514.5nm and 647nm. The photon energies from both 488nm and
514.5nm are between the direct and indirect bandgap of a GaP crystal. The 647 excitation
is below the indirect bandgap.

The experimental results for the test of hot tip effect’s dependence on incident

laser’s frequency are summarized in Table 7-2. To obtain the hot tip effect’s dependence
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on the incident laser frequency, we will test two hypotheses: (1) the enhancement factor
increases under a higher frequency excitation which means the condition that the incident
photon energy is closer to the bandgap is a favorable factor for the EF; (2) the
enhancement factor decreases under a higher frequency excitation which means the
condition that the incident photon energy is closer to the bandgap is an unfavorable factor
for the EF.

In Table 7-2, the blue colored row (NWID: -7, -63 top) is a clear conflict to our
first hypothesis and the red colored rows (NWID: (0,-4); (-19, -63); (-39,-66); (-42, -67
bottom)) are conflicts to the second hypothesis. The shadowed rows exhibit mixed trends
for increasing incident photon energy. Therefore, we cannot draw any definite
conclusions for the two proposed hypotheses.

A noteworthy point here is that since we are comparing enhancement factors from
different excitation energies, we must be aware that resonance inside the nanowire could
be different for cases with different incident laser’s wavelength. This resonant effect is
presented in section 7.7. It adds complexity to our analysis for the hot tip effect
dependence on incident laser energy, but does not affect our conclusion here that we do
not have sufficient data to draw any statistically significant inference.

Figure 7-16 shows the line profile the Raman intensity as the laser scans along the
nanowire axis. Both nanowires have hot tip effect under 514.5nm excitation, but the
nanowire shown on the left column exhibits hot tip effect under 488nm excitation but not
647nm excitation, while the nanowire shown on the right column has hot tip effect under

647nm excitation but not 488nm excitation.
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Figure 7-16: Examples of two GaP nanowire on TEM grid with hot tip effect
under 514.5nm excitation exhibit different behavior under 488nm and 647nm
excitation.

7.6.3 Factors Correlated to Hot Tip Effect

In this section, we will explore phenomena associated with hot tip effect. Before

this discussion, I will first present several definitions and the treatment for data.
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Figure 7-17: Illustration of how to find tip and center on a Raman intensity line
scan profile.

Since the tip position is not directly labeled on a Raman intensity line scan
profile, and the recorded scanned lines such as those in the insets of Figure 7-4 through
Figure 7-6 are usually not accurate due to imperfect stage coordinates calibration, we are
flexible in defining the “tip” in a Raman intensity line scan profile. We want to limit this
flexibility here so that we can have a uniform treatment for all data.

Figure 7-17 illustrates the procedures to mark the tip. From the FDTD simulations
in this chapter, we have learnt that starting from the tip until 500nm away from the tip,
the Raman intensity increases as the laser spot moves along the nanowire axis towards
the center. That result is based on the assumption that our laser spot is strictly 1 micron in

diameter. We release this restriction a little bit, and expect that the Raman intensity right
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on the tip is a start point for a continuously increasing curve from a relative small value
to a regional maximal value within 800nm. Thus, the region between that starting point
and the regional maximal point is defined as “Tip Region”. We verify this region by two
ways. The recorded scanned lines such as those in the inlets of Figure 7-4 to Figure 7-6
are off the actual scanning lines, but they still provide useful information for possible
positions of the scanning start/end point and TEM grid edge. The position of TEM grid
edge can be further verified in a line scan profile as a sudden increasing of Raman
intensity around the possible point of TEM grid edge. The actual distance between TEM
grid edge and nanowire tip can be measured from TEM image. Therefore, we can check
the position of tip by tip’s distance to TEM grid edge and scanning start/end point.

From Figure 7-9, we have learnt that the Raman intensity decreases quickly after
the laser passes the maximal Raman intensity position for a smooth nanowire. Therefore,
on a Raman intensity line scan profile, we label the region containing the minimal
intensity as long as that position is at least 500nm away from the maximal intensity point
in the tip region to be the center region. We use the same number of points in the center
region as the number of points in the tip region.

As long as we are able to identify at least 5 points for the tip and center region,
respectively, we include that nanowire for our study. The nanowire may be
polycrystalline, may have a sharp tip or even a smaller nanowire attached to the tip

(NWID: -19,-63 in Figure 7-13).
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After the definition of tip region and center region, we review the Raman spectra

taken from the tip and center as depicted in Figure 7-18. One of the obvious difference is

the peak shift in the LO region. We quantify all the differences and later investigate the

correlation between these differences and hot tip enhancement factor.

We denote x as the position along nanowire — the horizontal axis in a Raman

intensity line scan profile, k as the wavenumber (in unit of cm™) in a Raman spectrum,

and I (k) as the intensity for a specific k in a Raman spectrum.
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For each x in a Raman intensity line scan profile, we have one Raman spectrum
I(k) vs. k. TO and LO mode area has already been defined in Eq. (7.1). Here we define
peak position of TO and LO as:

Y3540 1(k)k

POSTO(x) = 21?:53401(]() ’ (710)
Y410 I(k)k
POS5(x) = % : (7.11)
The width of TO and LO mode is defined as:
_[3375,0 100 [k—POSTo ()2
Wibro(x) = \/ D 011 (7.12)
LRSI [£419,5100]-1 :

Therefore, for each nanowire, its LO or TO peak position and width at the tip or
center region is the average of corresponding equation among Eq. (7.10) — (7.13) over x
in the tip or center region. The TO or LO enhancement factor is defined as the ratio of
maximal TO or LO area in the tip region to average TO or LO area in the center region.
All these quantitative values are summarized in Table 7-3. In Table 7-3, “T” means “Tip”
and “C” represents “Center”. We will further normalize these data, but first compute the
average and standard deviation of peak position and width for LO and TO by pooling

data from tip and center together. The normalized TO peak position is defined as:

POS_TO(T or C)—Average(POS_TO)

N_POS_TO(T or C) = Stdev(POS_TO)

(7.14)
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NW D TOoT/C LOT/C POS_TOT|POS_TOC|WID_TO_T | WID_TO_C | POS_LOT | PO5S_LOC | WID_LOT | WID_LOC
14,75 072 0.82 364.57 | 363.76 529 529 387.05 | 386.15 7.75 8.02
.7,-63 bottom 075 114 3§3.59 | 363.47 463 473 39277 | 390.68 7.01 7.65
-40,-69 0.82 0.83 36295 | 363.23 5.14 5.21 387.82 | 386.99 8.69 9.00
-14,-66 0.85 0.85 362.92 | 364.19 5.93 5.74 38594 | 386.17 7.78 7.81
-28,-65 1.00 0.73 366.00 | 365.14 5.64 563 38550 | 386.46 8.83 8.64
-17,-67 1.05 1.23 363.24 | 360.42 5.39 5.45 387.07 385.95 7.85 7.86
-3,-9 1.06 382 36264 | 364.01 5.01 498 39200 | 38747 7.11 8.28
0,-4 113 1.14 36445 | 364.31 5.20 5.16 387.10 | 386.48 8.10 7.83
6,74 121 2.32 36311 | 363.20 464 472 394.07 351.67 7.16 813
-7,-63 top 157 3.15 363.17 | 363.18 481 5.07 392.02 387.85 6.80 8.09
-19,-63 167 1.70 363.15 | 362.54 5.13 5.03 388.58 388.84 7.99 8.19
0.-8 1.69 241 363.65 | 363.90 445 465 396.27 394.49 7.45 8.24
-39,-66 177 2.60 36179 | 362.00 167 451 392.86 391.65 8.35 8.29
-42,-67 top 1.80 2.89 362.30 | 362,07 488 496 392.99 390.13 7.40 7.74
|42,-67 bottom | 151 285 362.08 | 362.37 5.00 498 39165 | 39125 7.35 7.73
6,31 214 2.00 367 56 363.07 457 450 39203 393.53 7.59 752

Average() Average() Average() Average()
Stdev() Stdev() Stdev() Stdev()

Table 7-3: Summary of LO and TO enhancement factor, peak position and width
from tip and center for all GaP nanowires on TEM grid.

The other normalized variables follow the similar definition in Eq. (7.14). These
normalizations assure us to compare the effects from different variables on an equal
footing.

The TO peak position and TO peak width have relatively small deviations among
GaP nanowires and between tips and centers. Any TO properties has little correlations
with the TO enhancement factor.

LO enhancement factor, as we have already observed in above line scan profiles,
is highly correlated with the TO enhancement factor. However, (%)T / (%)C, an indicator

for change of nanowire growth direction, does not exhibit linear relation with TO
enhancement. Therefore, twinnings along the nanowire axis are not responsible for tip

enhancement or suppression.
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LO peak positions and width vary a lot among nanowires or between tip and
center of the same nanowire. TO tip enhancement factor has a stronger positively linear
relation with LO peak position at the center and a weaker positively linear relation with
the LO peak position at the center. The enhancement factor does not correlate with LO
peak width either at the tip or at the center. Besides, the LO peak position at the tip is
highly correlated with the LO peak position at the center.

The regression equation for TO enhancement factor against LO peak position at
the center N_POS_LO_C is:

EF(TO) = 1.396 + 0.355- N_POS_LO_C +¢€, (7.15)
where the last term € is the error term and it represents contributions to EF(TO) from

factors other than the N_POS LO _C.

Regression Statistics
Multiple R 0.697
R Square 0.486
itdjusted R Square 0.449
standard Error 0.344
Observations 16.000
ANOVA
df 55 MS F Significance F

Regression 1 1.564 1.564 13.217 0.003
Residual 14 1.657 0.118
Total 15 3.222

Coefficients | Standard Error tStat P-value Lower95% | UpperS5%
Intercept 1.396 0.088 15.795 0.000 1.206 1.585
N POS LO C 0.355 0.098 3.636 0.003 0.145 0.564

Table 7-4: Tables of fitting results for linear regression.
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The y-intercept in Eq. (7.15) is the enhancement factor we should obtain if the
nanowire have its LO peak at the average position. This number is very close to the
enhancement factor obtained from FDTD simulation.

The enhancement factor is positively correlated with the LO peak position at the
center and the tip. Therefore, the LO peak position represents the characteristics of the
whole nanowire. Any effect causing the LO peak position to upshift is possibly
responsible for the hot tip effect, such as strain. Since the LO mode in this study is
actually the mixure of LO and SO mode, any downshift of the SO mode or increase in the
SO/LO ratio would suppress of the enhancement factor. Because increasing the dielectric
constant of the surrounding medium would downshift the SO mode [26], coatings around
the GaP nanowires could downshift SO peak position and decrease enhancement factor.

Adding any other variables, even the LO enhancement factor, to Eq. (7.15) does
not make the additional variable statistically significant for a multi-variable linear
regression. With the difficulty in quantifying the geometrical information in the TEM
image, Eq. (7.15) is the best we can achieve.

In Figure 7-19, the blue diamonds represent measured TO enhancement factors
from each GaP nanowire and is plotted against computed N_POS_LO_C. The red straight
line is the prediction of enhancement factors which Eq. (7.15) gives. From this figure, we
can see that the fit works well when the N_POS_LO_C is either small (~ -1) or large (> 1),
but when the N_POS_LO_C is near zero, our fit deviates away from the measurements.
This explains that the N_POS_LO_C is the main factor affects EF and when its value
diminishes to zero, contributions to the EF from other unidentified minor factors start to

dominate and deviate our predictions away from the measurements.
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Predicted vs. Measured TO Enhancement Factor
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Figure 7-19: Comparison between measured TO enhancement factor and
predicted TO enhancement factor vs. normalized LO region peak position using
Eq. (7.15).

7.7 FDTD Simulations for E Field Resonance within GaP Nanowires

In the previous section, we explained the variance in TO enhancement factors
using raw and structured experimental data. Here, we show that the variance may due to
different degree of resonance inside GaP nanowires with different diameters. We applied
FDTD method to compute electric field distributions and intensities inside the nanowire
and within the laser spot. The simulations presented here were performed in the early
stage of the whole hot tip effect project and thus some simulation parameters used here

were not the same as those presented before. For example, the waist of incident laser is
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220nm compared to the 663nm used elsewhere in this dissertation. This waist does not
represent the experimental condition and therefore the simulation results in this section
should not be compared to either the experimental results or the simulation results in
other sections. Besides, the length of the nanowire used here is 10 microns. However, a
comparison of the total electric field intensity within the laser spot inside the GaP
nanowires with different diameters, as illustrated in Figure 7-20, clearly shows that for
certain diameter we observe relatively large resonance compared to the resonances in

other nanowires.

Resonant Effectin GaP NWs with Different Diameters
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Figure 7-20: E field resonance inside GaP nanowires with different diameters.

In Figure 7-20, the x-axis records the position of incident laser spot relative to the
nanowire tip. Zero on the x-axis represents that the center of laser spot is at the tip of the

nanowire and 500 on the x-axis means that the center of the laser spot is on the nanowire
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axis and 500nm away from the tip. The y-axis represents the sum of electric field
intensity within the laser spot and inside the nanowire when the center of the laser spot is
at x divided by the sum of electric field intensity when the center of the laser spot is at the
nanowire center (x=5000). For this set of simulations, a large resonance occurs when the
diameter of the nanowire is 150nm. Therefore, we believe that when certain conditions
meet, such as the relative position of laser to the nanowire tip and a combined
requirement for laser wavelength, nanoiwre’s diameter and length, there constructs a
strong electric resonance inside the nanowire and thus the nanowire exhibits a large

enhancement factor.

7.8 Conclusion

The hot tip effect for GaP nanowires grown by either PLV or CVD method is not
correlated with the polarization of the incident laser, nor does it correlate with the
incident laser’s energy. The theoretical enhancement factor is 1.40 for a well-shaped
smooth nanowire and this value is in good agreement with the y-intercept in the fit of
experimental data from GaP nanowires on TEM grids. Electric field resonance inside
nanowire is a possible explanation to the variance of enhancement factors among
nanowires. Other underlying factors increasing or decreasing the EF remain unknown.
However, we know from the fit that the underlying factor(s) should also affect the peak
positions of the LO or SO mode or the relative intensity of LO/SO. The mechanism for
additional enhancement from GaP on Si substrate hasn’t been studied yet. There is a long

journey ahead for a thorough understanding of the hot tip effect.
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