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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 Si1-xGex 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-1) mode, a Ge-Ge (~280 cm-1) mode and a new mode (~390 cm-

1) 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-1 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 SixGe1-x bulk and nanowire batches. Chapter 

five presents three methods to compute the electric field inside a nanowire and the 
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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; (e) 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) II III. 

 

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 Si1-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. 
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2.2 Chemical Vapor Deposition (CVD) Growth Method for Si1-xGex Nanowires 

The growth procedure of Si1-xGex 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 HNO3 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 Si1-xGex 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 Si1-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. Si1-xGex nanowires grown under different growth temperature have different Ge 

concentration x. 

SiH4 and GeH4 were used as gaseous precursor sources for the growth of Si1-xGex 

nanowires growth. The total pressure within the quartz reactor was held constant at 13 

Torr using 10% mixture of SiH4 in H2 and 1% or 2% GeH4 in H2. 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 GeH4 / (SiH4 + GeH4) from 0.01 to 0.67. The difference in the inlet gas 

ratio also had influence over the Ge composition in Si1-xGex nanowires. 
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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. 

 

 

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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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 ω is incident onto a system, it induces a dipole moment p, 

which is given by the following equation in the first order approximation [6]:  

Ԧሺଵሻ݌ ൌ ࢻ ·  ሬԦ, (3.1)ܧ

where ݌Ԧሺଵሻ  is the frequency-dependent linearly induced electric dipole vector, હ is the 

polarizability tensor of the molecule and ܧሬԦ  is the electric field of the incident 

monochromatic light.  

The electric field of the incident light is given by: 

ሬԦܧ ൌ ሬԦ଴ܧ  .ሻݐሺ߱ݏ݋ܿ  (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 ߙఘఙ of 

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

ఘఙߙ ൌ ሺߙఘఙሻ଴ ൅ ∑ ሺడఈഐ഑
డொೖ

ሻ଴ܳ௞ ൅
ଵ
ଶ
∑ ሺ డ

మఈഐ഑
డொೖడொ೗

ሻ଴ܳ௞ܳ௟ …௞,௟௞ ,    (3.3) 

where ሺߙఘఙሻ଴  is the value of ߙఘఙ  at the equilibrium position, ܳ௞, ܳ௟ …  are normal 

coordinates of vibration associated with the molecular vibrational frequencies ߱௞, ߱௟ …, 

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 ܳ higher than the first. This is often called electrical harmonic 

approximation. For simplicity, we limit ourselves to only one normal mode of the 

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

ሺߙఘఙሻ௞ ൌ ሺߙఘఙሻ଴ ൅ ሺߙᇱఘఙሻ௞ܳ௞,   (3.4) 

where 

ሺߙᇱఘఙሻ௞ ൌ ሺడఈഐ഑
డொೖ

ሻ଴.  (3.5) 

The ሺαᇱ஡஢ሻ୩  are components of a new tensor હԢܓ  whose components are 

polarizability derivatives with respect to the normal coordinates ܳ௞.  

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

࢑ࢻ ൌ ૙ࢻ ൅  Ԣ࢑ܳ௞,  (3.6)ࢻ

where હܓ is a tensor with components ሺߙఘఙሻ୩ and Q୩, a scalar quantity, multiplies all 

components of હԢܓ. Assuming simple harmonic motion, Q୩ can be put as: 

ܳ௞ ൌ ܳ௞బܿݏ݋ ሺ߱௞ݐ ൅  ௞ሻ,  (3.7)ߜ

where Q୩బ is the normal coordinate amplitude and δ୩ is a phase factor. Putting (3.7) into 

(3.6), we obtain: 

࢑ࢻ ൌ ૙ࢻ ൅ ݐሺ߱௞ ݏ݋Ԣ࢑ܳ௞బܿࢻ ൅  ௞ሻ.   (3.8)ߜ

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

Ԧሺଵሻ݌ ൌ ૙ࢻ · ሬԦ଴ܧ ሻݐሺ߱ݏ݋ܿ ൅ ݐሺ߱௞ ݏ݋ሬԦ଴ܳ௞బܿܧԢ࢑ࢻ ൅ ௞ሻߜ  ሻ.    (3.9)ݐሺ߱ݏ݋ܿ

Using the relation: 

ሻܣሺݏ݋ܿ ሻܤሺݏ݋ܿ ൌ ଵ
ଶ
ሾܿݏ݋ሺܣ ൅ ሻܤ ൅ ܣሺݏ݋ܿ െ  ሻሿ,  (3.10)ܤ

Eq. (3.9) can be written as: 
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Ԧሺଵሻ݌ ൌ Ԧሺଵሻሺ߱ሻ݌ ൅ Ԧሺଵሻሺ߱݌ െ ߱௞ሻ ൅ Ԧሺଵሻሺ߱݌ ൅ ߱௞ሻ,  (3.11) 

where 

Ԧሺଵሻሺ߱ሻ݌ ൌ Ԧ଴݌
ோ௔௬ܿݏ݋ ሺ߱ݐሻ,  (3.12) 

Ԧሺଵሻሺ߱݌ േ ߱௞ሻ ൌ Ԧ௞బ݌
ோ௔௠ܿݏ݋ ሾሺ߱ േ ߱௞ േ  ሿ,  (3.13)ݐ௞ሻߜ

with 

Ԧ଴݌
ோ௔௬ ൌ ࢟ࢇࡾࢻ ·  ଴ሬሬሬሬԦ , (3.14)ܧ

Ԧ௞బ݌
ோ௔௠ ൌ ࢓ࢇࡾ࢑ࢻ ·  ଴ሬሬሬሬԦ,  (3.15)ܧ

࢟ࢇࡾࢻ ൌ  ૙,  (3.16)ࢻ

࢓ࢇࡾ࢑ࢻ ൌ ଵ
ଶ
 Ԣ࢑ܳ௞.  (3.17)ࢻ

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, ω  (Rayleigh scattering),  ሺω ൅ ω୩ሻ  (Anti Stokes 

scattering) and ሺω െ ω୩ሻ  (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]: 

ሺ݌Ԧሺଵሻሻ௙௜ ൌ ௙߮ۃ
ሺଵሻ|݌Ԧመ|߮௜

ሺ଴ሻۄ ൅ ௙߮ۃ
ሺ଴ሻห݌Ԧመห ௜߮

ሺଵሻ(3.18)  ,ۄ 

where ߮௜
ሺ଴ሻ  and ߮௙

ሺ଴ሻ  are the unperturbed time-dependent wave functions of the initial 

state i and the final state f, ߮௜
ሺଵሻ and ߮௙

ሺଵሻ are the corresponding first-order perturbed time-

dependent wave functions, and ݌Ԧመ 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 ω. Besides, due to the 

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

ሺ݌෤Ԧሺଵሻሻ௙௜ ൌ ௙߮ۃ
ሺଵሻ|݌Ԧመ|߮௜

ሺ଴ሻۄ ൅ ௙߮ۃ
ሺ଴ሻห݌Ԧመห ௜߮

ሺଵሻ(3.19)   ,ۄ 

and define the real induced transition electric dipole moment ሺ݌Ԧሺଵሻሻ௙௜ as 

ሺ݌Ԧሺଵሻሻ௙௜ ൌ ሺ݌෤Ԧሺଵሻሻ௙௜ ൅ ሺ݌෤Ԧሺଵሻሻ௙௜כ ,  (3.20) 

where ሺ݌෤Ԧሺଵሻሻ௙௜כ  is the complex conjugate of ሺ݌෤Ԧሺଵሻሻ௙௜. 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: 

ሺ݌Ԧሺଵሻሻ௙௜ ൌ
ߨ2
2݄෍

ሼ
ൻ߮௙ห݌Ԧመఘห߮௥ൿൻ߮௥ห݌Ԧመఙห߮௜ൿ

߱௥௜ െ ߱ െ ݅Γ୰
෨ఙ଴ܧ expൣെ݅൫߱ െ ߱௙௜൯ݐ൧

௥ஷ௜

൅ ሼ
ൻ߮௙ห݌Ԧመఘห߮௥ൿൻ߮௥ห݌Ԧመఙห߮௜ൿ

߱௥௜ ൅ ߱ ൅ ݅Γ୰
כ෨ఙ଴ܧ expൣ݅൫߱ ൅ ߱௙௜൯ݐ൧ሽ

൅
ߨ2
2݄෍

ሼ
ൻ߮௙ห݌Ԧመఙห߮௥ൿൻ߮௥ห݌Ԧመఘห߮௜ൿ

߱௥௙ െ ߱ െ ݅Γ୰
כ෨ఙ଴ܧ expൣ݅൫߱ ൅ ߱௙௜൯ݐ൧

௥ஷ௙

൅ ሼ
ൻ߮௙ห݌Ԧመఙห߮௥ൿൻ߮௥ห݌Ԧመఘห߮௜ൿ

߱௥௙ ൅ ߱ ൅ ݅Γ୰
෨ఙ଴ܧ expൣെ݅൫߱ െ ߱௙௜൯ݐ൧ሽ

൅  .݁ݐܽ݃ݑ݆݊݋ܿ ݔ݈݁݌݉݋ܿ

  (3.21) 

The wave functions ߮௜, ߮௙, ߮௥ are time-dependent unperturbed wave functions of 

the state i, j and r, respectively. 

߮௥ ൌ ߮௥బ݁݌ݔ ሾെ݅ሺ߱௥ െ  ሿ,  (3.22)ݐ௥ሻ߁݅

where 

߱௥ ൌ
ଶగாೝ
௛

.  (3.23) 

 ௥ is the energy (unit: J) of the state r, and 2Γ୰ (unit: rad/s) relates to the full widthܧ

of the level r. For the initial and final states i and f, we assume their lifetimes are infinite 

so that ߁௜ ൌ ௙߁ ൌ 0. The double subscript on ߱ means a frequency difference such as: 

߱௥௜ ൌ ߱௥ െ ߱௜.  (3.24) 
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Ԧመఘ݌  and ݌Ԧመఙ  are the ߩ and ߪ components of the electric dipole moment operator. 

෨ఙ଴ܧ  is the ߪ  component of the complex amplitude of the incident plane wave with 

frequency ߱. 

The terms in Eq. (3.21) contain two type of frequency dependence, namely 

frequency of ൫߱ െ ߱௙௜൯  and frequency of ൫߱ ൅ ߱௙௜൯ . The terms involving ൫߱ ൅ ߱௙௜൯ 

describe induced emission of two quanta, ൫߱ ൅ ߱௙௜൯ and ߱, from an initial state which is 

an excited level ߱௜ to a lower level ߱௙. These will not be considered here. 

 If ߱௙௜ is negative, which means the energy of final state is lower than the initial 

state, this is anti-Stokes Raman scattering. If ߱௙௜  is zero, the final state has the same 

energy as the initial state and this is Rayleigh scattering. When ߱௙௜ 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 ߩ component of the real 

induced transition electric dipole moment as: 

ሺ݌ఘሺଵሻሻ௙௜ ൌ
ߨ2
2݄ ෍ ൝

ൻ߮௙ห݌Ԧመఘห߮௥ൿൻ߮௥ห݌Ԧመఙห߮௜ൿ
߱௥௜ െ ߱ െ ௥߁݅

 
௥ஷ௜,௙

൅
ൻ߮௙ห݌Ԧመఙห߮௥ൿൻ߮௥ห݌Ԧመఘห߮௜ൿ

߱௥௙ ൅ ߱ ൅ ௥߁݅
ቋܧ෨ఙ଴ െ݅൫߱ൣ݌ݔ݁ െ ߱௙௜൯ݐ൧

൅  .݁ݐܽ݃ݑ݆݊݋ܿ ݔ݈݁݌݉݋ܿ

   (3.25) 

We now introduce general transition polarizability ሺࢻሻ௙௜ with component ሺߙఘఙሻ௙௜ 

defined as: 
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ሺߙఘఙሻ௙௜ ൌ
ߨ2
݄ ෍ ሼ

௥ஷ௜,௙

ൻ݂ห݌Ԧመఘหݎൿൻݎห݌Ԧመఙห݅ൿ
߱௥௜ െ ߱ െ ௥߁݅

൅ 
ൻ݂ห݌Ԧመఘหݎൿൻݎห݌Ԧመఙห݅ൿ
߱௥௜ ൅ ߱ ൅ ௥߁݅

ሽ. 

  (3.26) 

Here |݅ۄ is the abbreviation for |߮௜ۄ, and so are |݂ۄ and |ۄݎ.  

The energy of the state r, 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 |ۄݎ is above |݅ۄ and |݂ۄ which is normally the case. 

When the frequency of the exciting radiation ߱ is much lower than any absorption 

frequency ߱௥௜  of the molecule, then ߱௥௜ െ ߱ ൎ ߱௥௜  for all states |ۄݎ  and ݅߁௥  can be 

neglected because it is small relative to ߱௥௜. Another case is when ߱ is close to one or 

more absorption frequencies ߱௥௜  of the molecule, then ߱௥௜ െ ߱ െ ௥߁݅ ൎ െ݅߁௥  for a 

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

 

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

 

When ߱ ا ߱௥௜, 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 |ۄݎ 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 Schrödinger 

equation. This process of absorption without energy conservation is called virtual 

absorption. 

As ߱  approaches a molecular transition frequency ߱௥௜  the Raman scattering is 

illustrated by Figure 3-1 (b). When ߱ ൎ ߱௥௜, the Raman process is illustrated in Figure 

3-1 (c) and is called discrete resonance Raman scattering. If ߱ 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 ݅߁௥ can be 

neglected, and eq. (3.26) becomes: 

ሺߙఘఙሻ௙௜ ൌ
ߨ2
݄ ෍ ሼ

௥ஷ௜,௙

ൻ݂ห݌Ԧመఘหݎൿൻݎห݌Ԧመఙห݅ൿ
߱௥௜ െ ߱ ൅ 

ൻ݂ห݌Ԧመఙหݎൿൻݎห݌Ԧመఘห݅ൿ
߱௥௜ ൅ ߱ ሽ. 

 (3.27) 

Using this real transition polarizability, we obtain: 

ሺ݌ఘሺଵሻሻ௙௜ ൌ
ଵ
ଶ
ሺߙఘఙሻ௙௜ሾܧ෨ఙ଴ሺ߱ሻ expሺെi߱௦ݐሻ ൅ כ෨ఙ଴ܧ ሺ߱ሻ expሺi߱௦ݐሻሿ,  (3.28) 

where 

߱௦ ൌ  ߱ െ ߱௙௜.  (3.29) 

Eq. (3.28) can be further rewritten as: 

ሺ݌ఘሺଵሻሻ௙௜ ൌ
ଵ
ଶ
ሼሺ݌෤ఘ଴

ሺଵሻሻ௙௜ expሺെi߱௦ݐሻ ൅ ሺ݌෤ఘ଴
ሺଵሻሻ௙௜כ expሺi߱௦ݐሻሿ,   (3.30) 

where 

ሺ݌෤ఘ଴
ሺଵሻሻ௙௜ ൌ ሺߙఘఙሻ௙௜ܧ෨ఙ଴ሺ߱ሻ,  (3.31) 
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ሺ݌෤ఘ଴
ሺଵሻሻ௙௜כ ൌ ሺߙఘఙሻ௙௜ܧ෨ఙ଴כ ሺ߱ሻ.  (3.32) 

When the electric field amplitude is real, ܧ෨ఙ଴ሺ߱ሻ ൌ כ෨ఙ଴ܧ ሺ߱ሻ ൌ ఙ଴ሺ߱ሻܧ  , then 

ሺ݌෤ఘ଴
ሺଵሻሻ௙௜ ൌ ሺ݌෤ఘ଴

ሺଵሻሻ௙௜כ ൌ ሺ݌ఘ଴ሺଵሻሻ௙௜ and eq. (3.30) becomes: 

ሺ݌ఘሺଵሻሻ௙௜ ൌ
ଵ
ଶ
ሺ݌ఘ଴ሺଵሻሻ௙௜ሾexpሺെi߱௦ݐሻ ൅ expሺi߱௦ݐሻሿ,  (3.33) 

where 

ሺ݌ఘ଴ሺଵሻሻ௙௜ ൌ ሺߙఘఙሻ௙௜ ܧఙ଴ሺ߱ሻ.  (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. 
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3.4.1 Horiba Jobin Yvon T64000 Raman System 

 

Figure 3-2: a schematic diagram of Horiba Jobin Yvon T64000 spectrometer 
internal optics [7]. 

 

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-1) can be obtained by use of the 
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triple additive mode. The ray diagrams for double subtractive and triple additive mode 

are illustrated in Figure 3-3. 

 

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 Si1-xGex alloy nanowires (Chapter 4).  
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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 

 

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 Si1-xGex 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 Si1-xGex bulk material over the range 0≤x≤1 

reveal continuous bandgap tunability from 0.7eV 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 Si1-xGex 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 Si1-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 Si1-xGex alloy nanowires when this work was 

published in 2008. 

Here, I discuss the results of such studies on Si1-xGex alloy nanowires and our 

experimental results will be compared to recent theoretical calculations [19] and 

previously published results for crystalline bulk Si1-xGex samples and thin films [20]. 
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4.2 Experimental Details 

Si1-xGex 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 Si1-xGex 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 Si1-xGex 

nanowires were quantified from the EDS data by the ζ method [24]. The ζ factor, 

absorption corrections, and K-factors of Si and Ge Kα 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, Si1-xGex 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 Si1-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 [1ത12] 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 Si1-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. 

 

Figure 4-1: (a) Low magnification bright-field TEM image of the Si1-xGex 
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 Si1-xGex nanowires, the inset is the corresponding Fourier 
Transform and the white arrow indicates the growth direction ([131ത]) of this 
particular nanowire. Most nanowires were observed to grow in the [111] 
direction. 
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Table 4-1: Summary of Si1-xGex nanowire growth conditions, most probable 
(MP) diameter and Ge at.%. 

 

Table 4-1 summarizes the growth conditions and composition (x) for seven 

batches of Si1-xGex 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. 

 

Figure 4-2: Diameter distribution for Si0.88Ge0.12 nanowires. This distribution is 
typical of all the samples studied here. 

 

Sample T (oC) Substrate MP  Diameter (nm) Ge (at.%)

1 325 Si 88 ± 1 95±0.2

2 325 Si 85 ±1 84±1.6

3 400 Al2O3 107 ± 1 61±2.8

4 375 Al2O3 101 ±1 61±3.0

5 400 Al2O3 107 ± 1 42±3.3

6 425 Si 81 ± 1 31±2.7

7 500 Si 76 ± 1 12±1.1

Sample T (oC) Substrate MP  Diameter (nm) Ge (at.%)

1 325 Si 88 ± 1 95±0.2

2 325 Si 85 ±1 84±1.6

3 400 Al2O3 107 ± 1 61±2.8

4 375 Al2O3 101 ±1 61±3.0

5 400 Al2O3 107 ± 1 42±3.3

6 425 Si 81 ± 1 31±2.7

7 500 Si 76 ± 1 12±1.1
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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 

1at.%. 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 

 

Table 4-2: Experimental Raman band positions for Si1-xGex nanowires.  Data 
collected with 514.5 nm excitation at room temperature. 

 

Micro-Raman spectra were collected at room temperature on the seven batches of 

Si1-xGex 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-1 for the LO-TO mode of Si at q = 0 cm-1, in agreement with experiments 

on the bulk. For all Raman spectra, the power of the laser was measured to be ~ 0.7 mW 

Ge% 
(x) 

Peak Position 

TA Band 
(cm‐1) 

Ge‐Ge 
(cm‐1) 

Si‐Ge   
(cm‐1) 

Weak Peak 
(cm‐1) 

Shoulder 
(cm‐1) 

Si‐Si     
(cm‐1) 

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          
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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 µm 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 SixGe1-x 

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-1 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-1 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 is 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-1 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-1 is called the Si-Ge band. Theory has shown that the ~ 400 cm-1 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 Si1-xGex 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-1); (2) the Si-Ge band (~ 
400 cm-1); and (3) the Si-Si band (~ 500 cm-1). The dashed vertical lines refer to 
the position of the q = 0 LO-TO Raman band in pure crystalline Ge and Si. 
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Figure 4-4: Micro-Raman spectra (225 - 330 cm-1) for Si1-xGex 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-1) for Si1-xGex 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. 
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Figure 4-6: Low frequency Micro-Raman spectra (20 – 200 cm-1) for crystalline 
Si1-xGex 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-1 (Figure 4-4) and 330 – 

550 cm-1 (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-1) 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-1 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 Si1-xGex 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 Si1-xGex 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-1 for the Si-Si 

peak in a Si nanoparticle, whereas 520 cm-1 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-1 lower than experiment, particularly 

for the higher frequency Si-Si modes. 

 

 

Figure 4-7: Vibrational density of states (VDOS) calculated for Si1-xGex 
nanoparticles using the “mass difference only” approximation for the lattice 
dynamics [19]. Color coding added to aid in the band identification. 
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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-1 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-1 from the Renishaw 

Invia Micro-Raman spectrometer. We therefore used a Jobin-Yvon T64000 Raman triple 

grating spectrometer for spectra below 100 cm-1. 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-1) is lower than their 

predicted value (~ 50 cm-1). 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 Si0.69Ge0.31 nanowires and the VDOS for Si0.7Ge0.3 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-1 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-1 in the calculated VDOS does 

not appear in the Raman spectrum. This might be explained by the fact that: (1) the 340 

cm-1 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.  

 

Figure 4-8: Comparison of the experimental Raman spectrum for Si0.7Ge0.3 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 Si1-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 Si1-xGex 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-

3Ge1Si 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 Si1-xGex, 

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-1. 

 

 

Figure 4-9: Comparison of our experimental Raman band maxima for Si1-xGex 
nanowires to (a) VDOS band maxima calculated for nanoparticles in Ref. [19]; 
and to (b) experimental Raman peak positions (excluding shoulders) for Si1-xGex 
bulk and LPE films as reported in Ref. [20]. 

 

In Figure 4-9 (b), we compare our experimental Raman results in Si1-xGex 

nanowires to previous Raman results for Si1-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-1 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 μm 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 
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peak position so much as observed in the Si-Si peak, especially for nanowires with Ge 

concentration (x) greater than 0.6. 

 

 

Figure 4-10: (a) TEM image of one Si1-xGex 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 Si1-xGex nanowire [27]. 

 

A Ge coating on the outside of the Si1-xGex 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 Si1-xGex 

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 Si1-xGex nanowires studied in this thesis, the author points 

out that it is possible to have a thin Ge coating over the Si1-xGex nanowires, if the inlet 

gas ratio of GeH4 / (SiH4 + GeH4) falls into a certain range during fabrication. It is also 

mentioned in Ref. [31] that Si1-xGex 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 Si1-xGex 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, Si1-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 Si1-

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 Si1-xGex 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<1. The 

nanowires were found to have uniform Si to Ge ratio along their axis. The Raman spectra 

of these Si1-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 Si1-xGex 

nanowire. The nanowire’s Raman bands appear downshifted by 5 ~ 15 cm-1 (depending 

on x) relative to those observed previously in bulk Si1-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: 

ߘ · ሬሬԦܦ ൌ  ி,  (5.1)ߩ

ߘ ൈ ሬԦܧ ൅ డ஻ሬԦ

డ௧
ൌ 0,  (5.2) 

ߘ · ሬԦܤ ൌ 0,  (5.3) 

ߘ ൈ ሬሬԦܪ ൌ ிሬሬሬԦܬ ൅
డ஽ሬሬԦ

డ௧
,  (5.4) 

where ܧሬԦ is the electric field, ܤሬԦ is the magnetic field, ߩி and ܬி are the free charge density 

and current density, respectively. The definitions of ܦሬሬԦ and HሬሬԦ are: 

ሬሬԦܦ ൌ ሬԦܧ଴ߝ ൅ ሬܲԦ,  (5.5) 

ሬሬԦܪ ൌ ଵ
ఓబ
ሬԦܤ െ  ሬሬԦ.  (5.6)ܯ

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

ிሬሬሬԦܬ ൌ  ሬԦ,  (5.7)ܧߪ

ሬԦܤ ൌ  ሬሬԦ,  (5.8)ܪߤ

ሬܲԦ ൌ  ሬԦ,  (5.9)ܧ଴ࣲߝ

where ߪ is the conductivity, ߤ is the permeability, and ࣲ 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: 

ሬԦ௜ܧ ൌ ሺ݅ ݌ݔሬԦ଴݁ܧ ሬ݇Ԧ · Ԧݔ െ  ሻ,  (5.10)ݐ߱݅

ሬሬԦ௜ܪ ൌ ሺ݅ ݌ݔሬሬԦ଴݁ܪ ሬ݇Ԧ · Ԧݔ െ  ሻ,  (5.11)ݐ߱݅

and we are able to obtain the following: 

ሬԦܧଶߘ ൅ ݇ଶܧሬԦ ൌ 0,  (5.12) 

ሬሬԦܪଶߘ ൅ ݇ଶܪሬሬԦ ൌ 0,  (5.13) 

where ݇ଶ ൌ ߱ଶߤߝ. In addition, ܧሬԦ and ܪሬሬԦ are not independent, they must satisfy: 

ߘ  ൈ ሬԦܧ ൌ  ሬሬԦ,  (5.14)ܪߤ߱݅

ߘ ൈ ሬሬԦܪ ൌ െ݅߱ܧߝሬԦ.  (5.15) 

Suppose that, given a scalar function ߮ and an arbitrary constant vector Ԧܿ, we 

construct a vector ܯሬሬԦ: 

ሬሬԦܯ ൌ ׏ ൈ ሺ Ԧܿ߮ሻ.  (5.16) 

This vector ܯሬሬԦ satisfies: 
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ߘ · ሬሬԦܯ ൌ 0,  (5.17) 

ሬሬԦܯଶߘ ൅ ݇ଶܯሬሬԦ ൌ ׏ ൈ ሾ Ԧܿሺߘଶ߮ ൅ ݇ଶ߮ሻሿ.  (5.18) 

Therefore, M satisfies the vector wave equation (5.12) if ߮ is a solution to the 

scalar wave equation: 

ଶ߮ߘ ൅ ݇ଶ߮ ൌ 0.  (5.19) 

We may rewrite Eq. (5.16) as ܯሬሬԦ ൌ െ Ԧܿ ൈ ሺ߮׏ሻ , which clearly shows ܯሬሬԦ  is 

perpendicular to vector Ԧܿ. Now let us construct another vector: 

ሬܰሬԦ ൌ ൈMሬሬሬԦ׏

୩
.  (5.20) 

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

ଶߘ ሬܰሬԦ ൅ ݇ଶ ሬܰሬԦ ൌ 0  (5.21) 

and 

ߘ ൈ ሬܰሬԦ ൌ  ሬሬԦ.  (5.22)ܯ݇

Therefore, ܯሬሬԦ  and ሬܰሬԦ  have all the properties of an electromagnetic wave: they 

satisfy vector wave equation, they are divergence free, curl of ܯሬሬԦ is proportional ሬܰሬԦ, and 

curl ሬܰሬԦ of is proportional to ܯሬሬԦ. 

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”, “l”, 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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ଵ
௥
డ
డ௥
ቀݎ డఝ

డ௥
ቁ ൅ ଵ

௥మ
డమ௥
డథమ

൅ డమఝ
డ௭మ

൅ ݇ଶ߮ ൌ 0.  (5.23) 

 

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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The solution to Eq. (5.23) takes the following form: 

߮௡ሺݎ, ߶, ሻݖ ൌ ܼ௡ሺߩሻ݁௜௡థ݁௜௛௭                     ሺ݊ ൌ 0,േ1,… ሻ,  (5.24) 

where ߩ ൌ ଶ݇√ݎ െ ݄ଶ and ܼ௡ is a solution to the Bessel equation: 

ߩ డ
డఘ
ቀߩ డ

డఘ
ܼ௡ቁ ൅ ሺߩଶ െ ݊ଶሻܼ௡ ൌ 0.  (5.25) 

The linearly independent solutions to Eq. (5.25) are the Bessel functions of the 

first and second kind, ܬ௡ and ௡ܻ with integer n. The constant ݄ 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: 

ሬሬԦ௡ܯ ൌ ׏ ൈ ൫ Ԧ݁መ௭߮௡൯ ൌ √݇ଶ െ ݄ଶ ቀ݅݊ ௓೙ሺఘሻ
ఘ

Ԧ݁መ௥ െ ܼ௡ᇱ ሺߩሻ Ԧ݁መథቁ ݁௜ሺ௡థା௛௭ሻ,  (5.26) 

ሬܰሬԦ௡ ൌ
ൈெሬሬԦ೙׏
୩

ൌ √௞మି௛మ

௞
ሺ݄ܼ݅௡ᇱ ሺߩሻ Ԧ݁መ௥ െ ݄݊ ௓೙ሺఘሻ

ఘ
Ԧ݁መథ ൅ √݇ଶ െ ݄ଶܼ௡ሺߩሻ Ԧ݁መ௭ሻ݁௜ሺ௡థା௛௭ሻ.  

 (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: 

ሬԦ௜ܧ ൌ ߞ݊݅ݏ଴൫ܧ Ԧ݁መ௭ െ ߞݏ݋ܿ Ԧ݁መ௫൯݁ି௜௞ሺ௥௦௜௡఍௖௢௦థା௭௖௢௦఍ሻ  (5.28) 

in vector cylindrical harmonics as: 

ሬԦ௜ܧ ൌ ∑ ሾܣ௡ܯሬሬԦ௡
ሺଵሻ ൅ ௡ܤ ሬܰሬԦ௡

ሺଵሻሿஶ
௡ୀିஶ .  (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 ݎ ൌ 0. To determine the coefficients ܣ௡ and ܤ௡, we 

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

௡ܣ ൌ 0,  (5.20) 

௡ܤ ൌ
ாబሺି௜ሻ೙

௞௦௜௡఍
.  (5.21) 

Therefore, we can write the incident electromagnetic field as: 

ሬԦ௜ܧ ൌ ∑ ௡ܧ ሬܰሬԦ௡
ሺଵሻஶ

௡ୀିஶ ,  (5.22) 

ሬሬԦ௜ܪ ൌ
ି௜௞
ఠఓ

∑ ሬሬԦ௡ܯ௡ܧ
ሺଵሻஶ

௡ୀିஶ ,  (5.23) 

where 

௡ܧ ൌ ଴ܧ
ሺି௜ሻ೙

௞௦௜௡఍
.  (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: 

ሬԦ௟ܧ ൌ ∑ ሬሬԦ௡ܯ௡ሾ݃௡ܧ
ሺଵሻ ൅ ௡݂ ሬܰሬԦ௡

ሺଵሻሿஶ
௡ୀିஶ ,  (5.25) 

ሬሬԦ௟ܪ ൌ
ି௜௞
ఠఓ

∑ ௡ሾ݃௡ܧ ሬܰሬԦ௡
ሺଵሻ ൅ ௡݂ܯሬሬԦ௡

ሺଵሻሿஶ
௡ୀିஶ .  (5.26) 

The scattered electromagnetic field should be expressed in terms of Bessel 

functions of the third kind, an outgoing wave: 

ሬԦ௦ܧ ൌ െ∑ ௡ሾܾ௡ூܧ ሬܰሬԦ௡
ሺଷሻ ൅ ݅ܽ௡ூܯሬሬԦ௡

ሺଷሻሿஶ
௡ୀିஶ ,  (5.27) 

ሬሬԦ௦ܪ ൌ
௜௞
ఠఓ
∑ ሬሬԦ௡ܯ௡ሾܾ௡ூܧ

ሺଷሻ ൅ ݅ܽ௡ூ ሬܰሬԦ௡
ሺଷሻሿஶ

௡ୀିஶ .  (5.28) 

If we apply the boundary conditions at ݎ ൌ ܽ, we can obtain the coefficients: 

ܽ௡ூ ൌ
஼೙௏೙ି஻೙஽೙
ௐ೙௏೙ା௜஽೙మ

,  (5.29) 
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ܾ௡ூ ൌ
ௐ೙஻೙ା௜஼೙஽೙
ௐ೙௏೙ା௜஽೙మ

,  (5.30) 

௡ܦ ൌ ௡ܪሻߟ௡ሺܬߟߞݏ݋ܿ݊
ሺଵሻሺߦሻሺక

మ

ఎమ
െ 1ሻ,  (5.31) 

௡ܥ ൌ ሻሺߦ௡ሺܬሻߟ௡ሺܬߟߞݏ݋ܿ݊
కమ

ఎమ
െ 1ሻ,  (5.32) 

௡ܤ ൌ ௡ᇱܬߦሾ݉ଶߦ ሺߟሻܬ௡ሺߦሻ െ ௡ᇱܬߟ ሺߦሻܬ௡ሺߟሻሿ,  (5.33) 

௡ܸ ൌ ௡ᇱܬߦሾ݉ଶߦ ሺߟሻܪ௡
ሺଵሻሺߦሻ െ ௡ܪሻߟ௡ሺܬߟ

ሺଵሻᇱሺߦሻሿ,  (5.34) 

௡ܹ ൌ ௡ܪሻߟ௡ሺܬߟሾߦ݅
ሺଵሻᇱሺߦሻ െ ௡ᇱܬߦ ሺߟሻܪ௡

ሺଵሻሺߦሻሿ,  (5.35) 

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

ߦ ൌ  (5.36)  ,ߞ݊݅ݏݔ

ߟ ൌ ඥ݉ଶݔ െ  (5.37)  ,ߞଶݏ݋ܿ

ݔ ൌ ݇ܽ.  (5.38) 

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

ܽ௡ூ ൌ 0,  (5.39) 

ܾ௡ூ ൌ
௃೙ሺ௠௫ሻ௃೙ᇲ ሺ௫ሻି௠௃೙ᇲ ሺ௠௫ሻ௃೙ሺ௫ሻ

௃೙ሺ௠௫ሻு೙
ሺభሻᇲሺ௫ሻି௠௃೙ᇲ ሺ௠௫ሻு೙

ሺభሻሺ௫ሻ
 , (5.40) 

௡݂ ൌ
௃೙ሺ௫ሻି௕೙಺ு೙

ሺభሻሺ௫ሻ
௃೙ሺ௠௫ሻ

, (5.41) 

݃௡ ൌ 0.  (5.42) 

5.1.2 Incident Electric Field Perpendicular to the xz Plane 

In this case, the incident electric field is: 

ሬԦ௜ܧ ൌ ଴ܧ Ԧ݁መ௬݁ି௜௞ሺ௥௦௜௡఍௖௢௦థା௭௖௢௦఍ሻ ൌ െ݅ ∑ ௡ஶܧ
௡ୀିஶ ሬሬԦ௡ܯ

ሺଵሻ.  (5.43) 
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The scattered field can be written as: 

ሬԦ௦ܧ ൌ ∑ ௡ሾܾ௡ூܧ ሬܰሬԦ௡
ሺଷሻ ൅ ݅ܽ௡ூூܯሬሬԦ௡

ሺଷሻሿஶ
௡ୀିஶ ,  (5.44) 

ܽ௡ூூ ൌ
஺೙௏೙ି௜஼೙஽೙
ௐ೙௏೙ା௜஽೙మ

,  (5.45) 

ܾ௡ூூ ൌ െ݅ ஼೙ௐ೙ା஺೙஽೙
ௐ೙௏೙ା௜஽೙మ

,  (5.46) 

where ܥ௡, ܦ௡, ௡ܹ and  ௡ܸ are defined in the previous section, and 

௡ܣ ൌ ௡ᇱܬߦሾߦ݅  ሺߟሻܬ௡ሺߦሻ െ ௡ᇱܬߟ ሺߦሻܬ௡ሺߟሻሿ.  (5.47) 

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

ܽ௡ூூ ൌ
௠௃೙ሺ௠௫ሻ௃೙ᇲ ሺ௫ሻି௃೙ᇲ ሺ௠௫ሻ௃೙ሺ௫ሻ

௠௃೙ሺ௠௫ሻு೙
ሺభሻᇲሺ௫ሻି௃೙ᇲ ሺ௠௫ሻு೙

ሺభሻሺ௫ሻ
 , (5.48) 

ܾ௡ூூ ൌ 0,  (5.49) 

௡݂ ൌ 0,  (5.50) 

݃௡ ൌ ݅ ௔೙಺಺ு೙
ሺభሻሺ௫ሻି௃೙ሺ௫ሻ

௠௃೙ሺ௠௫ሻ
.  (5.51) 

5.1.3 Conclusion of Mie Scattering 

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 െ∞ to ∞ in these equations, they converge very quickly 

and we only need to sum from ݊ ൌ െ15  to ݊ ൌ 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 ܰ dipoles at position ݎ௜  with polarizability 

tensor ࢏ࢻ, the polarization is: 

ሬܲԦ௜ ൌ ࢏ࢻ ·  Ԧ௜ሻ,  (5.52)ݎሬԦ௜ሺܧ

where ܧሬԦ௜ሺݎԦ௜ሻ is the sum of incident plane wave 

ሬԦ௜௡௖,௜ܧ ൌ ሬԦ଴exp ሺ݅ܧ ሬ݇Ԧ଴ · Ԧ௜ݎ െ  ሻ,  (5.53)ݐ߱݅

and contributions from dipoles at other sites 

ሬԦ௢௧௛௘௥,௜ܧ ൌ െ∑ ࢐࢏࡭ · ሬܲԦ௝௝ஷ௜ .  (5.54) 

Here ሬ݇Ԧ଴  is the propagation vector in vacuum, หሬ݇Ԧ଴ห ൌ
ఠ
௖

ሬԦܧ ,  and ሬܲԦ  are three-

dimensional vectors, and matrix ࡭ is a ܰ ൈ ܰ array of 3ൈ3 tensor. 

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

ሺ࢏ࢻሻିଵ · ሬܲԦ௜ ൅ ∑ ࢐࢏࡭ · ሬܲԦ௝௝ஷ௜ ൌ  ሬԦ௜௡௖,௜.  (5.55)ܧ

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 

ܰ ൐ 10ହ [34]. 

Representing a continuum object with a array of dipoles requires us to specify (1) 

the locations of each dipole ݎԦ௜; and (2) the polarizability tensor of individual dipole ࢏ࢻ. 

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 ܰ dipoles and suppose 

that the volume of our target is ܸ. The lattice spacing can be determined as ݀ ൌ ሺ௏
ே
ሻଵ/ଷ. 

The continuum target is characterized by its complex dielectric function ߝ and complex 

refractive index ݉ ൌ ଵ/ଶߝ , in the limit of ݇଴݀ ՜ 0 ࢏ࢻ ,  is the Clausius-Mossotti 

polarizability [33]: 

௜஼ெߙ ൌ ଷௗయ

ସగ
ሺ௠೔

మିଵ
௠೔
మାଶ

ሻ.  (5.56) 

But with a finite ݇଴݀ , the polarizability ߙ௜  should include a radiative-reaction 

correction [33]: 

௜ߙ ൌ
ఈ೔
಴ಾ

ଵିమయ௜
ഀ೔
಴ಾ

೏య ሺ௞బௗሻయ
.  (5.57) 

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 ݀: (1) ݀ should be 

smaller than any structural length in the target; (2) ݀ 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 |݉|݇଴݀ , the accuracy 

decreases with increasing |݉|, and with this software, the best accuracy can be achieved 

with |݉ െ 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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డு೥
డ௧

ൌ െ ଵ
ఓ
డா೤
డ௫

,  (5.60) 

where ߝ  is the dielectric permittivity and ߤ  is the magnetic permeability. With the 

locations of ܧ௬, ܪ௫ and ܪ௭ in Figure 5-3, Eq. (5.58) can be written as: 

ா೤೙ሺ௜,௞ሻିா೤೙షభሺ௜,௞ሻ
∆௧

ൌ ଵ
ఌ
ሺ
ுೣ
೙షభమቀ௜,௞ାభమቁିுೣ

೙షభమቀ௜,௞ିభమቁ

∆௭
െ ு೥

೙షభమሺ௜ାଵ/ଶ,௞ሻିு೥
೙షభమሺ௜ିଵ/ଶ,௞ሻ

∆௫
ሻ.  (5.61) 

The eq. (5.58) – (5.60) will take the forms: 

,௬௡ሺ݅ܧ ݇ሻ ൌ ,௬௡ିଵሺ݅ܧ ݇ሻ ൅
ݐ∆
ݖ∆ߝ ቈ

௫ܪ
௡ିଵଶ ൬݅, ݇ ൅

1
2
൰ െ ௫ܪ

௡ିଵଶ ൬݅, ݇ െ
1
2
൰቉

െ
ݐ∆
ݔ∆ߝ ቈܪ௭

௡ିଵଶ ൬݅ ൅
1
2 , ݇൰ െ ௭ܪ

௡ିଵଶ ൬݅ െ
1
2 , ݇൰቉, 

 (5.62) 

௫ܪ
௡ାଵ/ଶሺ݅, ݇ ൅ 1/2ሻ ൌ ௫ܪ

௡ିଵ/ଶሺ݅, ݇ ൅ 1/2ሻ ൅ ∆௧
ఓ∆௭

ሾܧ௬௡ሺ݅, ݇ ൅ 1ሻ െ ,௬௡ሺ݅ܧ ݇ሻሿ,  (5.63) 

௭ܪ
௡ାଵ/ଶሺ݅ ൅ 1/2, ݇ሻ ൌ ௭ܪ

௡ିଵ/ଶሺ݅ ൅ 1/2, ݇ሻ ൅ ∆௧
ఓ∆௫

ሾܧ௬௡ሺ݅ ൅ 1, ݇ሻ െ ,௬௡ሺ݅ܧ ݇ሻሿ.  (5.64) 

The superscript ݊ labels the time steps and the indices ݅, ݇ 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: 

ݐ∆ ൑ 1/ሺܿඥ1/ሺ∆ݔሻଶ ൅ 1/ሺ∆ݖሻଶሻ.  (5.65)  

For a 2D TM wave travelling along z axis, it will have non-zero ܪ௬, ܧ௫ and ܧ௭ 

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 (݅, ݇), but ܧ௫ of that cell 

locates at (݅, ݇ ൅ ଵ
ଶ
ሻ, and ܧ௭ of that cell locates at (݅ ൅ ଵ

ଶ
, ݇ሻ.  
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Figure 5-4: Location of 2D TM field in computational domain [36]. 

 

Figure 5-5: Displacement of electric and magnetic vector about a cubic unit cell 
[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: 

ܪ
௫,௜,௝ିభమ,௞ି

భ
మ

௡ାଵ/ଶ ൌ ܪ
௫,௜,௝ିభమ,௞ି

భ
మ

௡ିଵ/ଶ ൅ ∆௧
ఓ∆௭

൬ܧ௬,௜,௝ିభమ,௞
௡ െ ௬,௜,௝ିభమ,௞ିଵܧ

௡ ൰ െ ∆௧
ఓ∆௬

ሺܧ௭,௜,௝,௞ିభమ
௡ െ

ܧ
௭,௜,௝ିଵ,௞ିభమ

௡ ሻ,   (5.66) 

ܪ
௬,௜ିభమ,௝,௞ି

భ
మ

௡ାଵ/ଶ ൌ ܪ
௬,௜ିభమ,௝,௞ି

భ
మ

௡ିଵ/ଶ ൅ ∆௧
ఓ∆௫

൬ܧ௭,௜,௝,௞ିభమ
௡ െ ௭,௜ିଵ,௝,௞ିభమܧ

௡ ൰ െ ∆௧
ఓ∆௭

ሺܧ௫,௜ିభమ,௝,௞
௡ െ

௫,௜ିభమ,௝,௞ିଵܧ
௡ ሻ,   ሺ5.67ሻ 

ܪ
௭,௜ିభమ,௝ି

భ
మ,௞

௡ାଵ/ଶ ൌ ܪ
௭,௜ିభమ,௝ି

భ
మ,௞

௡ିଵ/ଶ ൅ ∆௧
ఓ∆௬

൬ܧ
௫,௜ିభమ,௝,௞
௡ െ ܧ

௫,௜ିభమ,௝ିଵ,௞
௡ ൰ െ ∆௧

ఓ∆௫
ሺܧ

௬,௜,௝ିభమ,௞
௡ െ

௬,௜ିଵ,௝ିభమ,௞ିଵܧ
௡ ሻ,   ሺ5.68ሻ 

௫,௜ିభమ,௝,௞ܧ
௡ାଵ ൌ ଶఌିఙ∆௧

ଶఌାఙ∆௧
௫,௜ିభమ,௝,௞ܧ
௡ ൅ ଶ∆௧

ሺଶఌାఙ∆௧ሻ∆௬
൬ܪ

௭,௜ିభమ,௝ା
భ
మ,௞

௡ାଵ/ଶ െ ܪ
௭,௜ିభమ,௝ି

భ
మ,௞

௡ାଵ/ଶ ൰ െ

ଶ∆௧
ሺଶఌାఙ∆௧ሻ∆௭
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భ
మ

௡ାଵ/ଶ ሻ,   ሺ5.69ሻ 

௬,௜,௝ିభమ,௞ܧ
௡ାଵ ൌ ଶఌିఙ∆௧

ଶఌାఙ∆௧
௬,௜,௝ିభమ,௞ܧ
௡ ൅ ଶ∆௧

ሺଶఌାఙ∆௧ሻ∆௭
൬ܪ
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௫,௜,௝ିభమ,௞ି

భ
మ

௡ାଵ/ଶ ൰ െ

ଶ∆௧
ሺଶఌାఙ∆௧ሻ∆௫

ሺܪ
௭,௜ାభమ,௝ି

భ
మ,௞

௡ାଵ/ଶ െ ܪ
௭,௜ିభమ,௝ି

భ
మ,௞

௡ାଵ/ଶ ሻ,   ሺ5.70ሻ 
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൬ܪ
௬,௜ାభమ,௝,௞ି

భ
మ

௡ାଵ/ଶ െ ܪ
௬,௜ିభమ,௝,௞ି

భ
మ

௡ାଵ/ଶ ൰ െ

ଶ∆௧
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ሺܪ
௫,௜,௝ାభమ,௞ି

భ
మ

௡ାଵ/ଶ െ ܪ
௫,௜,௝ିభమ,௞ି
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మ

௡ାଵ/ଶ ሻ .  ሺ5.71ሻ 



61 

 

Similar to Eq. (5.65), the time step should satisfy the Courant-Friedrichs-Levy 

condition: 

ݐ∆ ൑ 1/ሺܿඥ1/ሺ∆ݔሻଶ ൅ 1/ሺ∆ݕሻଶ ൅ 1/ሺ∆ݖሻଶሻ.  (5.72) 

The field propagated by the FDTD algorithm takes the form of: 

,ݔሬԦሺܧ ,ݕ ሻݖ ൌ ,ݔሬԦ଴ሺܧ ,ݕ ݐሺ߱ ݊݅ݏሻݖ ൅ ߮ሻ.  (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: 

ࢿ ൌ ,ࡿߝ ࣆ ൌ  (5.74)  ,ࡿߤ

where 

ࡿ ൌ ൭
ଵିݏ 0 0
0 ݏ 0
0 0 ݏ

൱ , ݏ ൌ ߢ െ ݅ ఙ
ఌబఠ

 .  (5.75) 
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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 ࡿ in Eq. (5.74) to be: 

ࡿ ൌ ቌ
௫ିଵݏ 0 0
0 ௫ݏ 0
0 0 ௫ݏ

ቍቌ
௭ݏ 0 0
0 ௭ݏ 0
0 0 ௭ିଵݏ

ቍ , ௫ݏ ൌ ௫ߢ െ ݅ ఙೣ
ఌబఠ

, ௭ݏ ൌ ௭ߢ െ ݅ ఙ೥
ఌబఠ

 . (5.76) 

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.  

 

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 

 

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. 

 

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 

[11ത0] and [112ത ] in the figure, and denote the nanowire’s relative orientation to the 
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incident laser by the angle ߚ which is between the incident laser and axis [112ത] 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: 

Ԧோ௔௠݌ ן Ԣ࢑ܳ௞ࢻ ·  ଴ሬሬሬሬԦ.  (6.1)ܧ

The intensity of radiation from this oscillating dipole is: 

௦ܫ ן Ԧሷோ௔௠݌| · ݁̂௦|ଶ ן |݁̂௦
் · ᇱ࢑ܳ௞ࢻ · ݁̂௜|ଶܫ଴ ൌ |݁̂௦

் · ࡾ · ݁̂௜|ଶܫ଴, (6.2) 

where ܫ଴ is the incident light intensity inside sample, and ࡾ is the Raman tensor, which is 

defined as: 

ࡾ ൌ  ᇱ࢑ܳ௞. (6.3)ࢻ

For zincblende crystals, such as GaP, the Raman tensors for both LO and TO 

mode are take the following form, but with different constants ݀: 

ሻݔሺࡾ ൌ ൭
0 0 0
0 0 ݀
0 ݀ 0

൱,  (6.4) 
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ሻݕሺࡾ ൌ ൭
0 0 ݀
0 0 0
݀ 0 0

൱,  (6.5) 

ሻݖሺࡾ ൌ ൭
0 ݀ 0
݀ 0 0
0 0 0

൱,  (6.6) 

where ࡾሺݔሻ ሻݕሺࡾ ,  and ࡾሺݖሻ  are the Raman tensor when the phonon displacement is 

along ݕ ,ݔ, and ݖ directions, respectively. ݕ ,ݔ, and ݖ are along [100], [010] and [001] 

crystallographic axes. [39]. 

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

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

polarization enters the nanowire. 

 

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 ߠ 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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௜௡௦௜ௗ௘צܧ ൌ ௜௡צܳ ·  ௢௨௧௦௜ௗ௘,  (6.7)צܧ

௜௡௦௜ௗ௘ୄܧ ൌ ܳୄ௜௡ ·  ௢௨௧௦௜ௗ௘.  (6.8)ୄܧ

or in a matrix form: 

ሬԦ௜௡ܧ ൌ ௜௡ࡽ ·  ሬԦ௢௨௧,  (6.9)ܧ

where 

௜௡ࡽ ൌ ቌ
௜௡צܳ 0 0
0 ܳୄ௜௡ 0
0 0 0

ቍ.  (6.10) 

௜௡ࡽ  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 ࡽ௜௡, we 

define ࡽ௢௨௧, as the enhancement tensor for light coming out from the nanowire: 

ሬԦ௢௨௧ܧ ൌ ௢௨௧ࡽ ·  ሬԦ௜௡.  (6.11)ܧ

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: 

௦ܫ ן |݁̂௦
் · ௢௨௧ࡽ · ࡾ · ௜௡ࡽ · ݁̂௜|ଶ, (6.12) 

where, 

݁̂௦ ൌ ݁̂௜ ൌ ൭
ߠݏ݋ܿ
ߠ݊݅ݏ
0

൱, (6.13) 

where ߠ 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 ࡽ௜௡ and ࡽ௢௨௧. 

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]: 

௜௡ࡽ ൌ ௢௨௧ࡽ ൌ ࡽ ൌ ൭
צܳ 0 0
0 ܳୄ 0
0 0 0

൱  (6.14) 

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

௦ܫ
ோ௔௬ ן |݁̂௦

் · ࡽ · ࡽ · ݁̂௜|ଶ ൌ ሺܳצଶܿݏ݋ଶߠ ൅ ܳୄଶ݊݅ݏଶߠሻଶ  (6.15) 

Eq. (6.15) points out one way to obtain the enhancement tensor ࡽ – from the 

experimental Rayleigh antenna patterns. Once we have the enhancement tensor ࡽ and the 

growth direction of the nanowire, we only have one unknown parameter in the Raman 

antenna model, the angle ߚ. We are able to find out this angle ߚ by trial and error, i.e., 

comparing calculated Raman antenna pattern with the experimental pattern. I 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 ܵ, has its ݔ along nanowire axis, 

 The second set is .ݖ and ݔ is perpendicular to both ݕ along laser incident direction, and ݖ
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the crystal coordinates ܵ’, whose ݔ’ is along crystallographic axis [100], ݕ’ is along [010] 

and ݖ’ is along [001]. We denote, in ܵ’, the growth direction as [ܣ௫ᇲ, ,௬ᇲܣ  ௭ᇲ], the axisܣ

used to define angle ߚ  with laser incident direction as [ܥ௫ᇲ, ,௬ᇲܥ ௭ᇲܥ ], and the axis 

perpendicular to the previous two as [ܤ௫ᇲ, ,௬ᇲܤ ௭ᇲܤ ]. All these axis notations are 

normalized. In Figure 6-2, [ܣ௫ᇲ, ,௬ᇲܣ ,௫ᇲܤ] ,௭ᇲ] is ሾ1,1,1ሿ/√3ܣ ,௬ᇲܤ ,௭ᇲ] is ሾ1ܤ െ1,0ሿ/√2, 

and [ܥ௫ᇲ, ,௬ᇲܥ ,௭ᇲ] is ሾ1,1ܥ െ2ሿ/√6. 

In coordinates ܵ’, the laser is along: 

௦ᇲܭݎ݁ݏܽܮ ൌ ቌ
௫ᇲܭݎ݁ݏܽܮ
௬ᇲܭݎ݁ݏܽܮ
௭ᇲܭݎ݁ݏܽܮ

ቍ ൌ ߚݏ݋ܿ ቌ
௫ᇲܥ
௬ᇲܥ
௭ᇲܥ

ቍ െ ߚ݊݅ݏ ቌ
௫ᇲܤ
௬ᇲܤ
௭ᇲܤ

ቍ.  (6.16) 

The ݕ in coordinates ܵ, written in coordinates ܵԢ, is: 

௦ᇲݕ ൌ ൭
௫ᇲݕ
௬ᇲݕ
௭ᇲݕ

൱ ൌ ߚ݊݅ݏ ቌ
௫ᇲܥ
௬ᇲܥ
௭ᇲܥ

ቍ ൅ ߚݏ݋ܿ ቌ
௫ᇲܤ
௬ᇲܤ
௭ᇲܤ

ቍ.  (6.17) 

Now, we introduce the transform matrix ࢀ, for any vertical vector ሬܸԦ, we have: 

ࢀ · ሬܸԦௌ ൌ ሬܸԦௌᇲ.  (6.18) 

By picking ݕ ,ݔ and ݖ as our ௌܸ, it is easy to obtain: 

ࢀ ൌ ቌ
௫ᇲܣ ௫ᇲݕ ௫ᇲܭݎ݁ݏܽܮ
௬ᇲܣ ௬ᇲݕ ௬ᇲܭݎ݁ݏܽܮ
௭ᇲܣ ௭ᇲݕ ௭ᇲܭݎ݁ݏܽܮ

ቍ.  (6.19) 

Eq. (6.12) can be written in coordinates ܵ as: 

௦ோ௔௠ܫ ן |൭
ߠݏ݋ܿ
ߠ݊݅ݏ
0

൱
்

· ൭
צܳ 0 0
0 ܳୄ 0
0 0 0

൱ · ௦ࡾ · ൭
צܳ 0 0
0 ܳୄ 0
0 0 0

൱ · ൭
ߠݏ݋ܿ
ߠ݊݅ݏ
0

൱ |ଶ.  (6.20) 

Or, if we want to express the Raman tensor in coordinates ܵԢ: 
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௦ோ௔௠ܫ ן |൭
ߠݏ݋ܿ
ߠ݊݅ݏ
0

൱
்

· ൭
צܳ 0 0
0 ܳୄ 0
0 0 0

൱ · ଵିࢀ · ௦ᇲࡾ · ࢀ · ൭
צܳ 0 0
0 ܳୄ 0
0 0 0

൱ · ൭
ߠݏ݋ܿ
ߠ݊݅ݏ
0

൱ |ଶ.  

 (6.21) 

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

௦ᇲࡾ
௅ை ൌ ൭

0 0 0
0 0 1
0 1 0

൱ ௫ᇲܭݎ݁ݏܽܮ ൅ ൭
0 0 1
0 0 0
1 0 0

൱ ௬ᇲܭݎ݁ݏܽܮ ൅ ൭
0 1 0
1 0 0
0 0 0

൱ܭݎ݁ݏܽܮ௭ᇲ. 

  (6.22) 

Since ݀ 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 ݔ or ݕ direction. 

௦ᇲࡾ
்ைଵ ൌ ൭

0 0 0
0 0 1
0 1 0

൱ܣ௫ᇲ ൅ ൭
0 0 1
0 0 0
1 0 0

൱ܣ௬ᇲ ൅ ൭
0 1 0
1 0 0
0 0 0

൱ܣ௭ᇲ.  (6.23) 

௦ᇲࡾ
்ைଶ ൌ ൭

0 0 0
0 0 1
0 1 0

൱ݕ௫ᇲ ൅ ൭
0 0 1
0 0 0
1 0 0

൱ݕ௬ᇲ ൅ ൭
0 1 0
1 0 0
0 0 0

൱ݕ௭ᇲ.  (6.24) 

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

models as: 

௦ܫ
ோ௔௠,௅ை ן | ൭

ߠݏ݋ܿ
ߠ݊݅ݏ
0

൱ · ൭
צܳ 0 0
0 ܳୄ 0
0 0 0

൱ · ଵିࢀ · ௦ᇲࡾ
௅ை · ࢀ · ൭

צܳ 0 0
0 ܳୄ 0
0 0 0

൱ · ൭
ߠݏ݋ܿ
ߠ݊݅ݏ
0

൱ |ଶ,  

 (6.25) 
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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 ߚ, and using ܳצ and ܳୄfrom 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 ࡽ 

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 ܧሬԦሺݎԦሻ within the cylinder, and define: 

ሺܳ஽஽஺௜௡ ሻଶ ൌ
׬ |ாሬԦሺ௥Ԧሻ|మௗ௏಴೤೗೔೙೏೐ೝ

ாబమ௏
,  (6.27) 

where ܧ଴ is the amplitude of the incident plane wave, ܸ is the volume of the cylinder. 
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focus our discussions on ሺொצ
ொ఼
ሻ஽஽஺ଶ , ሺொצ

ொ఼
ሻெ௜௘ଶ  for DDA and Mie theory method. Eq. (6.15) 

can be rewritten as: 

௦ܫ
ோ௔௬ ן ሺொצ

మ

ொ఼మ
ߠଶݏ݋ܿ ൅  ሻଶ  (6.29)ߠଶ݊݅ݏ

In the Mie theory method, we only have one variable – the diameter ܦ and can 

obtain the relation between ሺܳצ/ܳୄሻଶ and the diameter ܦ. However, in the DDA method, 

besides the variable ܦ, we also need to make a choice for the length of the cylinder. 

Should it be the whole length of the nanowire, such as 10 =  ܦ microns, or only part of 

the nanowire illuminated by the incident light, such as 1 = ܦ 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 ሺொצ
ொ఼
ሻ஽஽஺ଶ  to the ሺொצ

ொ఼
ሻெ௜௘ଶ  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), ሺܳצ/ܳୄሻଶ 

for 92 = ܦ nm is about 3.36. All fitted ሺܳצ/ܳୄሻଶ from Eq. (6.29) will be shown later in 

this chapter, together with ሺொצ
ொ఼
ሻெ௜௘ଶ , and ሺொצ

ொ఼
ሻி஽்஽ଶ . 
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To obtain the ܳצ௢௨௧/ܳୄ௢௨௧ , 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 180 = ܦnm nanowire as depicted in Figure 6-8 (b) is: 

ܣ݈݋ܥ ൌ ሼሺݔ, ,ݕ ݖ|ሻݖ ൌ 5, ଶݔ ൅ ଶݕ ൑ 500ଶሽ.  (6.34) 

We can define the ܳצ௢௨௧/ܳୄ௢௨௧ as: 

ሺொצ
೚ೠ೟

ொ఼
೚ೠ೟ሻଶ ൌ

׬ |ாሬԦצ|మௗ஺಴೚೗ಲ

׬ |ாሬԦ఼ |మௗ஺಴೚೗ಲ

 . (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 ܳצ௢௨௧/ܳୄ௢௨௧  as a function of nanowire 

diameter. 

With the computed ܳצ/ܳୄ  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 ܳצ௜௡/ܳୄ௜௡ is not the 

same as ܳצ௢௨௧/ܳୄ௢௨௧.  

 

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 ܳצ/ܳୄ 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 ܳצ/ܳୄ  by Mie theory and FDTD method, 
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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 

difference among these three methods by focusing on ሺொצ
ொ఼
ሻெ௜௘ଶ , ሺொצ

೔೙

ொ఼
೔೙ሻி஽்஽ଶ , ሺொצ

೚ೠ೟

ொ఼
೚ೠ೟ሻி஽்஽ଶ , 

and ሺொצ
ொ఼
ሻோ௔௬௟௘௜௚௛ଶ  from Eq. (6.28), (6.33), (6.35) and (6.29) respectively. 

 

Figure 6-12: Log-linear scale of ሺܳצ/ܳୄሻଶ  vs. nanowire diameter, obtained in 
four different ways. 
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The four different ሺܳצ/ܳୄሻଶ  are plotted in a log-linear scale in Figure 6-12. 

ሺொצ
೔೙

ொ఼
೔೙ሻோ௔௬௟௘௜௚௛ଶ  and ሺொצ

೔೙

ொ఼
೔೙ሻெ௜௘ଶ  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 

polarized Raman experiments, since ሺொצ
೔೙

ொ఼
೔೙ሻெ௜௘ଶ  represents the result from considering 

straight back scattering only while ሺொצ
೔೙

ொ఼
೔೙ሻோ௔௬௟௘௜௚௛ଶ  contains information from stray 

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. 

In Figure 6-12, ሺொצ
೚ೠ೟

ொ఼
೚ೠ೟ሻி஽்஽ଶ  exhibits different behavior than the other three and we 

find that the greatest discrepancy between ሺொצ
೚ೠ೟

ொ఼
೚ೠ೟ሻி஽்஽ଶ  and the others occurs when the 

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 

compute ሺொצ
೚ೠ೟

ொ఼
೚ೠ೟ሻி஽்஽ଶ . 
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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 

center of the nanowire. If we assume ሺொצ
೚ೠ೟

ொ఼
೚ೠ೟ሻி஽்஽ଶ ൎ ሺொצ

೔೙

ொ఼
೔೙ሻி஽்஽ଶ  as what we do for Mie and 

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

because ሺொצ
೔೙

ொ఼
೔೙ሻி஽்஽ଶ  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 ݖ 

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 E2 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 ܳ௜௡ 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 ܳ௜௡ and 

assuming ܳ௜௡ ൌ ܳ௢௨௧. 



 

 

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.  

 

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. 

 

 

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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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: 

ܽ݁ݎܣ ൌ ∑ ሾଵ
ଶ
ሺݕ௜ ൅ ௜ାଵሻݕ · ௜ݔ| െ ௜ାଵ|ሿݔ

௜೘ೌೣିଵ
௜೘೔೙

 ,  (7.1) 

where, the ݅௠௜௡ and ݅௠௔௫ is the lower and upper boundary for the TO or LO region, ݔ is 

the wavenumber, and ݕ 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. 



93 

 

7.3 Hot Tip Effect Results for GaP on Si Substrates 

 

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.  
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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): 

ܨܧ ൌ ெ௜௡ሺெ௔௫൫ூ೟೔೛భ൯,ெ௔௫൫ூ೟೔೛మ൯ሻ
஺௩௘௥௔௚௘ሺூ೎೐೙೟೐ೝሻ

  , (7.2) 

where ܫ௧௜௣ଵ is the intensity (TO area) around one tip, ܫ௧௜௣ଶ is the intensity around the other 

tip, and ܫ௖௘௡௧௘௥ is the intensity around the nanowire center. We use the ݊݅ܯሺሻ 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 8 = ܮ microns and diameter 180 = ܦnm. The setup 

in Optiwave OptiFDTD software is illustrated in Figure 7-7 (a). The cylinder is along ݔ 

axis, and the center of the nanowire is at 0=ݕ =ݔ, and 180 = ݖnm. The incident laser 

always has its focal plane at 20 = ݖnm, but the center of the incident beam moves along 

the ݔ axis. For the tip effect, we have studied the following cases: the center of laser is at 

 microns. Figure 7-7 (a) is the setup for laser 3.3 ,3.4 ,3.5 ,3.6 ,3.7 ,3.8 ,3.9 ,4.0 ,0 = ݔ

center 3.4 = ݔ 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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general categorization rules are as following. First, we define the region within the laser 

spot: 

ሻܺݎ݁ݏܽܮሺܮܱܸ ൌ ሼሺݔ, ,ݕ ݖሻ|ሺݖ െ 180ሻଶ ൅ ଶݕ ൑ 90ଶ, ሺݔ െ ሻଶܺݎ݁ݏܽܮ ൅ ଶݕ ൑

500ଶ, െ4000 ൑ ݔ ൑ 4000ሽ , (7.3) 

where ܺݎ݁ݏܽܮ is the position of laser center ݔ, and all numerical values are in the unit of 

nm. Afterwards, we only classify points within the above region. The nanowire axis is 

along 180 = ݖnm, and the z_categories are always: 

ݕݎ݋݃݁ݐܽܿ_ݖ ൌ

ە
ۖۖ
۔

ۖۖ
ۓ

105, ݖ ݂݅ ൏ 117.5
130, ݂݅ 117.5 ൑ ݖ ൏ 142.5
155, ݂݅ 142.5 ൑ ݖ ൏ 167.5
180, ݂݅ 167.5 ൑ ݖ ൑ 192.5
205, ݂݅ 192.5 ൏ ݖ ൑ 217.5
230, ݂݅ 217.5 ൏ ݖ ൑ 242.5

255, ݂݅ 242.5 ൏ ݖ

 . (7.4) 

The categories based on position ݔ are: 

ݕݎ݋݃݁ݐܽܿ_ݔ ൌ ቐ
ܺݎ݁ݏܽܮ െ ݊, ܺݎ݁ݏܽܮ ݂݅ െ ݊ െ 0.05 ൑ ݔ ൏ ܺݎ݁ݏܽܮ െ ݊ ൅ 0.05

,ܺݎ݁ݏܽܮ ܺݎ݁ݏܽܮ ݂݅ െ 0.05 ൑ ݔ ൑ ܺݎ݁ݏܽܮ ൅ 0.05
ܺݎ݁ݏܽܮ ൅ ݊, ܺݎ݁ݏܽܮ ݂݅ ൅ ݊ െ 0.05 ൑ ݔ ൏ ܺݎ݁ݏܽܮ ൅ ݊ ൅ 0.05

, 

 (7.5) 

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

x_category by: 

ݕݎ݋݃݁ݐܽܿ_ݔ  ൌ ቐ
ݔ െ 0.4, ݕݎ݋݃݁ݐܽܿ_ݔ ݂݅ ൌ ݔ െ 0.5

3.9, ݕݎ݋݃݁ݐܽܿ_ݔ ݂݅ ൌ 4
ݔ ൅ 0.4, ݕݎ݋݃݁ݐܽܿ_ݔ ݂݅ ൌ ݔ ൅ 0.5

 . (7.6) 

After the classification, we can sum the |ܧ௫|ଶ according to each x and z category, 

and assign the notations |ܧ௫௜௡|ଶሺݕݎ݋݃݁ݐܽܿ_ݔ, ,ݕݎ݋݃݁ݐܽܿ_ݖ  .ሻ to themܺݎ݁ݏܽܮ
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To study the efficiency of emissions from internal oscillating dipoles, we have the 

configuration depicted in Figure 7-8. 

 

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 (ݔ, ,ݕ  are at (ݖ

all possible (ݕݎ݋݃݁ݐܽܿ_ݔ, 0,   to 0.4, 2.9 to 3.9 0.4- = ݕݎ݋݃݁ݐܽܿ_ݔ where ,(ݕݎ݋݃݁ݐܽܿ_ݖ

increment by 0.1, and 105 = ݕݎ݋݃݁ݐܽܿ_ݖ 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 

,ܺݎ݁ݏܽܮ) 0, 70), 20nm left to the leftmost surface of the nanowire. We define the region 

within that circle: 

ሻܺݎ݁ݏܽܮሺܣ݈݋ܥ ൌ ሼሺݔ, ,ݕ ݔሻ|ሺݖ െ ሻଶܺݎ݁ݏܽܮ ൅ ଶݕ ൑ 500ଶ, ݖ ൌ 70ሽ . (7.7) 
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This region is a function of ܺݎ݁ݏܽܮ, 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 70 = ݖnm. We 

denote these electric fields as ܧ௫௢௨௧ሺݔ, ;ݕ ,ݕݎ݋݃݁ݐܽܿ_ݔ  ሻ. The Raman intensityݕݎ݋݃݁ݐܽܿ_ݖ

from Eq. (6.20) can be rewritten as: 

௦ோ௔௠ܫ ן |൭
1
0
0
൱
்

· ቌ
௢௨௧צܳ 0 0
0 ܳୄ௢௨௧ 0
0 0 0

ቍ · ௦ࡾ · ቌ
௜௡צܳ 0 0
0 ܳୄ௜௡ 0
0 0 0

ቍ · ൭
1
0
0
൱ |ଶ . (7.8) 

Here, since we have assumed Raman tensor ࡾ௦  is the same everywhere, the 

Raman intensity should be: 

ሻܺݎ݁ݏܽܮ௦ோ௔௠ሺܫ ൌ ∑ ሼ|ܧ௫௜௡|ଶሺݕݎ݋݃݁ݐܽܿ_ݔ, ,ݕݎ݋݃݁ݐܽܿ_ݖ ሻܺݎ݁ݏܽܮ ·௫_௖௔௧௘௚௢௥௬,௭_௖௔௧௘௚௢௥௬

∑ ,ݔ௫௢௨௧൫ܧ| ;ݕ ,௖௔௧௘௚௢௥௬ݔ ஼௢௟஺ሺ௅௔௦௘௥௑ሻא௖௔௧௘௚௢௥௬൯|ଶሽሺ௫,௬ሻݖ  . (7.9) 

Applying Eq. (7.9) for different laser incident position ܺݎ݁ݏܽܮ  we have 

simulated, and normalizing to the Raman intensity from the center of the nanowire, i.e., 

 ௦ோ௔௠ሺ0ሻ, we obtain our FDTD simulated result in Figure 7-9. From thisܫ/ሻܺݎ݁ݏܽܮ௦ோ௔௠ሺܫ

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 |ܧሾሺݔ, ,ݕ ሻݖ א ,ݔሾሺܧ|/ሻሿ|ଶܺݎ݁ݏܽܮሺܮܱܸ ,ݕ ሻݖ א  ሺ0ሻሿ|ଶ. From Figure 7-9 andܮܱܸ

Figure 7-10, as the laser spot moves from tip towards center, the average internal ܧଶ 

reaches it maximal first, followed by maximal ܧଶ, 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.  

 

 

Figure 7-9: Relative Raman intensity ௦ோ௔௠ሺ0ሻܫ/ሻܺݎ݁ݏܽܮ௦ோ௔௠ሺܫ  when laser 
incident on different positions ܺݎ݁ݏܽܮ 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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Figure 7-10: Ratio of Max and Average internal E2 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 8 = ܮ microns and diameter 180 = ܦnm, we model a nanowire with 

400 small cylinders and each cylinder has a length of ܮ  = 20 nm. Referring to the 

coordinates in Figure 7-7 (a), the cylinder whose centers of tips locate at (െ4000 ൅

ሺ݊ െ 1ሻ כ 20,0,180 ) and ( െ4000 ൅ ݊ כ 20,0,180 ) has a diameter of 

180 ൅ ߨሺ2 ݏ݋10ܿ ௡
ଶ଴
ሻ. 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 5nm in ݕ and ݖ direction, and 10 nm 

in ݔ  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 ݖݕ plane against the 

location of the ݖݕ plane. 

 

 

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 

௦ோ௔௠ሺ0ሻܫ/ሻܺݎ݁ݏܽܮ௦ோ௔௠ሺܫ  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 3400 = ݔnm 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 3400 = ݔnm. 

 

 

Figure 7-12: Relative Raman intensity ௦ோ௔௠ሺ0ሻܫ/ሻܺݎ݁ݏܽܮ௦ோ௔௠ሺܫ  when laser 
incident on different positions ܺݎ݁ݏܽܮ 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  

 

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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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 7-17: 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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Figure 7-18: Examples of significant different spectra taken at the tip and center 
of a GaP nanowire on TEM grid. 

 

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 ݔ as the position along nanowire – the horizontal axis in a Raman 

intensity line scan profile, ݇ as the wavenumber (in unit of cm-1) in a Raman spectrum, 

and ܫሺ݇ሻ as the intensity for a specific ݇ in a Raman spectrum.  
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For each ݔ in a Raman intensity line scan profile, we have one Raman spectrum 

 ሺ݇ሻ vs. ݇. TO and LO mode area has already been defined in Eq. (7.1). Here we defineܫ

peak position of TO and LO as: 

்ܱܲܵைሺݔሻ ൌ
∑ ூሺ௞ሻ·௞యళఱ
ೖసయరబ
∑ ூሺ௞ሻయళఱ
ೖసయరబ

 , (7.10) 

ܱܲܵ௅ைሺݔሻ ൌ
∑ ூሺ௞ሻ·௞రభబ
ೖసయళఱ
∑ ூሺ௞ሻరభబ
ೖసయళఱ

 . (7.11) 

The width of TO and LO mode is defined as: 

ሻݔைሺ்ܦܫܹ ൌ ට∑ ூሺ௞ሻ·ሾ௞ି௉ைௌ೅ೀሺ௫ሻሿమయళఱ
ೖసయరబ

ሾ∑ ூሺ௞ሻయళఱ
ೖసయరబ ሿିଵ

 , (7.12) 

ሻݔ௅ைሺܦܫܹ ൌ ට∑ ூሺ௞ሻ·ሾ௞ି௉ைௌಽೀሺ௫ሻሿమరభబ
ೖసయళఱ

ൣ∑ ூሺ௞ሻరభబ
ೖసయళఱ ൧ିଵ

 . (7.13) 

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 ݔ 

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: 

ܰ_ܱܲܵ_ܱܶሺܶ ܥ ݎ݋ሻ ൌ ௉ைௌ_்ைሺ் ௢௥ ஼ሻି஺௩௘௥௔௚௘ሺ௉ைௌ_்ைሻ
ௌ௧ௗ௘௩ሺ௉ைௌ_்ைሻ

 . (7.14) 
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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, ሺ௅ை
்ை
ሻ்/ሺ

௅ை
்ை
ሻ஼, 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 ܰ_ܱܲܵ_ܥ_ܱܮ is: 

ሺܱܶሻܨܧ ൌ 1.396 ൅ 0.355 ·  ܥ_ܱܮ_ܱܵܲ_ܰ ൅ ߳ , (7.15) 

where the last term ߳ is the error term and it represents contributions to EF(TO) from 

factors other than the ܰ_ܱܲܵ_ܥ_ܱܮ. 

 

Table 7-4: Tables of fitting results for linear regression. 

 



118 

 

The ݕ-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 ܰ_ܱܲܵ_ܥ_ܱܮ. 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 ܰ_ܱܲܵ_ܥ_ܱܮ is either small (~ -1) or large (> 1), 

but when the ܰ_ܱܲܵ_ܥ_ܱܮ is near zero, our fit deviates away from the measurements. 

This explains that the ܰ_ܱܲܵ_ܥ_ܱܮ  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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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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