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ABSTRACT
This thesis addresses the light scattering, particularly Raman and Rayleigh scattering
from quasi one dimensional semiconductor nanowires, such as Zn1-xMnxS and GaP
nanowires. Many of the results stem from measurements of individual wires.
Four original works are presented in the thesis: (1) The growth of diluted magnetic
semiconductor (DMS) Zn1-xMnxS (0≤x<0.6) nanowires using a three-zone furnace and
two solid sources is reported (Chapter 2.4). The vibrational properties of the DMS
nanowires with different Zn/Mn ratios were studied by correlating their Raman scattering
spectra with the composition and structure measured by x-Ray energy dispersive
spectroscopy (XEDS) and selected area electron diffraction (SAD). We find that the
transverse optical (TO) phonon band disappears at the lowest Mn concentrations, while
the longitudinal optical (LO) phonon band position was found insensitive to x. Three
additional Raman bands were observed between the ZnS q=0 TO and LO phonons when
Mn atoms were present in the nanowires (Chapter 5); (2) Polarized Raman scattering on
individual crystalline GaP nanowires with diameters 40<d<600 nm are systematically
investigated. At small diameters, d<70 nm, the nanowires are found to act like a nearly
perfect dipole antenna and the bulk Raman selection rules are masked leading to a
polarized scattering intensity function I(θ) ~ cos4θ where θ is the angle between nanowire
axis and the incident laser polarization. For larger diameter (70<d<600 nm) nanowires, a
model based on the interplay between photon confinement and bulk Raman scattering are
proposed to explain the experimental data. This work realizes a fundamental
understanding of Raman scattering in semiconductor nanowires and furthermore, the
antenna effects are essential to the analysis of all electro-optic effects in small diameter
iii

filaments (Chapter 7); (3) Results of polarized Rayleigh back-scattering studies are
reported the first time for individual ~10 μm long crystalline GaP nanowires using 514.5
nm excitation. The Rayleigh back-scattering intensity polar pattern I(θ) was measured at
room temperature, where θ is the angle between the incident electric field and the
nanowire axis. The collected radiation was polarized parallel to the incident electric field.
For small nanowire diameter (d~70 nm), we observed ~cos4θ polar patterns. With
increasing nanowire diameter above 100 nm, the polar scattering patterns rotate by 90°
with respect to those seen in small diameter nanowires and then they rotate back again to
cos4θ patterns and finally broaden to a circle. Our experimental data are compared to the
Rayleigh back-scattering efficiency calculated via the discrete dipole approximation
(DDA). Our DDA calculations show that the polar patterns are sensitive to both the
diameter and the nanowire length. Although the calculated polar patterns qualitatively
support our data, improvement in the modeling is still needed (Chapter 8); (4) Giant
nonlinear Raman scattering of both Stokes and anti-Stokes TO and LO phonons from
several GaP nanowire segments with length L<1.2 μm formed by cutting a long 210 nm
diameter GaP nanowire is reported for the first time. The nonlinear Raman effect has
been demonstrated to be stronger when the lengths of nanowire segments become shorter.
We also observed that there exist threshold pump laser powers which separate the linear
and superlinear region of the Raman spectra. The threshold laser powers which are
indentified ~0.7-1.5 mW are two orders of magnitude smaller than reported threshold
laser power for the typical Raman crystals, such as LiIO3 and Ba(NO3)2, one order
smaller than the fabricated silicon waveguide and is comparable with that from SWNTs
suspended between two SiO2 pillars. The threshold laser powers for short GaP nanowires
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are found to decrease linearly with decreasing length of nanowire segments. We
contribute this giant nonlinear Raman effect to stimulated Raman scattering (SRS) in
cavities (Chapter 9). Indeed many of the novel optical properties discussed in this thesis
stem from cavity enhanced electric fields inside the nanowire and cavity enhanced
emission of the scattered field.
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CHAPTER ONE: INTRODUCTION
1.1 Size and Dimensionality
I would like to start my thesis by citing Richard P. Feynman’s classic talk “There’s
Plenty of Room at the Bottom” given on December 29th,1959 at the annual meeting of the
American Physical Society.
“…I would like to describe a field, in which little has been done, but in which an
enormous amount can be done in principle…What I want to talk about is the problem of
manipulating and controlling things on a small scale…I don't know how to do this on a small
scale in a practical way, but I do know that computing machines are very large; they fill
rooms. Why can't we make them very small, make them of little wires, little elements--and by
little, I mean little. For instance, the wires should be 10 or 100 atoms in diameter, and the
circuits should be a few thousand angstroms across…There is nothing that I can see in the
physical laws that says the computer elements cannot be made enormously smaller than they
are now. In fact, there may be certain advantages…”
His talk was considered the beginning of nanoscience and nanotechnology. And in
1965, the Intel Co-founder Gordon E. Moore observed that the number of the transistors per
unit area in the integrated circuits (IC) is increasing exponentially, doubling every two years.
“Moore’s Law” has lasted for many years and to continue will require that Feynman’s
foresight will produce nanoscale circuits. The past half century has witnessed this continuous
shrinking of the size of electronic devices using lithography which is called the “top down”
method. As this method approaches the lithographic limitation of device fabrication, new
concepts will be needed to circumvent this impasse.
Owing to the fast advances in nanoscience and nanotechnology over the last several
decades, researchers are now able to manipulate, assemble and fabricate devices on the
nanometer scale using alternative “bottom-up” approaches. The semiconductor nanowire is a
key element in the bottom-up approach. Something is generally called “nanostructured
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material” when at least one-dimension (1-D) of the material goes into the 1 to 100 nanometer
range. Prototypical nanostructures, such as 2-D graphene [1-3] and quantum wells (QWs) [4],
1-D carbon nanotubes (CNTs) [5-7] and nanowires [8, 9], and 0-D Fullerenes [10] and
quantum dots (QDs) [11-13], are under intensive investigation these days. Figure 1-1 shows
all the nanostructures mentioned above. Carbon-based nanostructure allotropes, such as C60,
CNTs, and graphene, will not be discussed here. Rather, we focus our attention on
semiconductor nanowires in this thesis.
Why are people interested in semiconductor nanostructures? It is because
nanometer-sized semiconductors reach the region where quantum mechanical phenomena
take place. The most distinctive feature is the quantum confinement effect. Semiconductor
QWs, for example, form two-dimensional electron gas (2DEG) due to the 1-D confinement
of electrons. Klitzing et al. [14] and Tsui et al. [15] discovered the integral quantum Hall
effect (IQHE) and the fractional quantum Hall effect (FQHE) in high mobility 2DEG systems.
They were awarded the Nobel Prize in 1985 and 1998, respectively, for their significant
contributions. Another interesting property caused by quantum confinement is the size
dependence of the semiconductor bandgap that increases with decreasing size parameter d.
The size parameter d refers to the thickness of a well, or the diameter of a wire or a dot. A
simple particle-in-a-box calculation indicates that the increase of the bandgap relative to bulk
value is a linear function of 1/d2 [16-19]. Recently, advances in the diameter controlled
synthesis of small semiconductor nanowires and QDs allows us to test this simple theoretical
calculation. Yu et al. [20] revealed that the increase of the bandgap of InP has a linear
function of 1/d1.45 for wires and 1/d1.35 for dots which means higher-order corrections are
2

required for band structure calculation. The capability to engineer the bandgap of a
semiconductor with size parameter d enables many applications, such as tunable light
emitting diodes (LEDs), lasers etc.

Figure 1-1. Nanostructures (a) 2-D graphene and quantum wells; (b) 1-D
carbon nanotubes and nanowires; (c) fullerene and 0-D quantum dots.

1.2 Why Semiconductor Nanowires?
Following the original work of Wagner and Ellis [21] on synthesis of
micrometer-sized single crystal silicon whiskers via vapor-liquid-solid (VLS) growth, many
efforts have been made to investigate the rational growth and characterization of
semiconductor nanowires. Almost all the semiconductors, including group IV, II-VI, and III-V,
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can be made into these quasi 1-D filaments.
Why are semiconductor nanowires so interesting? Compared with another class of
1-D nanomaterial CNTs, semiconductor nanowires offer several unique advantages [22]. First,
it is extremely hard to control the SWNTs’ chirality, which determines their electronic
properties during synthesis. Two-thirds of the CNTs out of one batch of sample are
semiconductors and one-third are metals. Until now, there have not been effective ways to
separate semiconducting and metallic CNTs on a large scale [23]. Semiconductor nanowires,
however, can be synthesized with precise control of diameter [24], length [25], growth
direction, cross section, composition and doping. Second, semiconductor nanowires can be
modified into many other morphologies, such as nanobelts [26, 27], nanocones [28, 29],
nanocombs [30], and nanohelixes [31]. Third, semiconductor nanowire devices can be
assembled in a predictable way because of their size and interfacial properties [32, 33].
Finally, the structures of semiconductor nanowires rationally designed both axially [34, 35]
and radially [36] allow us to integrate new types of functional devices which are probably not
feasible by conventional methods. Figure 1-2 illustrates schematically how a homogenous
semiconductor nanowire (a) can be modified into an axial or radial heterostructure or
superlattice (b), and a branched heterostructure (c). Therefore, research on semiconductor
nanowires opens up a whole new paradigm which is far beyond what conventional device
fabrication can do. They are regarded as the future building blocks for electronics [37, 38],
optoelectronics [39-41], chemical [42, 43] or biological sensors [44-46], thermal, and
mechanical devices [47]. In this thesis, we explore the fundamental interaction of
electromagnetic waves with semiconductor nanowires. For example, according to our
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experimental observation, polarized Raman scattering on single semiconductor nanowires
shows totally different behavior compared with bulk semiconductors and strong nonlinear
optical phenomena are observed (stimulated Raman scattering).

Figure 1-2. Schematic illustration of the evolution of nanowire
structural and compositional complexity enabled today by controlled
synthesis, from (a) homogeneous materials to (b) axial and radial
heterostructures and (c) branched heterostructures. The colors indicate
regions with distinct chemical composition and/or doping [22].

1.3 Organization of This Thesis
The thesis is organized into nine chapters: Chapter 1 gives a review of the physical
properties of semiconductors with different dimensionalities, and explains why
semiconductor nanowires are unique and interesting from both scientific and technological
perspectives. Chapter 2 reviews the synthesis of semiconductor nanowires, and the proposed
growth mechanisms. This chapter also gives detailed information on the nanowire synthesis
in which we have been involved, such as GaN, InN, ZnO, GaP, ZnS, Zn1-xMnxS, Zn1-xCoxS.
Chapter 3 describes the instruments that have used for characterizations of synthesized
nanowires, such as the atomic force microscope (AFM), the scanning electron microscope
(SEM), the transmission electron microscope (TEM), the focused ion beam (FIB) and the
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micro-Raman spectrometer. Chapter 4 gives the theory of phonons and Raman scattering
from bulk semiconductors. Also, it covers detailed information on Raman tensor calculation
for arbitrary crystal axis alignment relative to the incident optical laser beam. Chapter 5
focuses on Raman scattering from an ensemble of diluted magnetic semiconductor (DMS)
Zn1-xMnxS nanowires. By discussing the origin of the additional Raman-active vibrational
modes that arise from Mn doping, polarized Raman scattering has been carried out on single
Zn1-xMnxS nanowires. We discovered that the nanowire diameter plays a crucial factor in the
polarized Raman scattering from single cubic GaP nanowires. This is not a quantum
confinement effect for phonons or electrons, but is the result of photon confinement in the
semiconductor nanowires. In Chapter 6, we review some basic concepts of optical cavities
and progress on enhanced Raman scattering from microcavities. The cavity effects on Raman
scattering are the back bones of this thesis work. Indeed, a model based on the cavity
enhanced electric field intensity Q 2 factor is proposed to explain the behavior of polarized
Raman scattering from single wires compared with bulk semiconductors. Detailed
information is present in Chapter 7. Chapter 8 deals with Rayleigh scattering from single GaP
nanowires to more directly probe the Q 2 factor. In Chapter 9, we discuss a phenomenon ―
stimulated Raman scattering ― discovered in short GaP nanowires. Possible future directions
for research on nanowires are discussed in Chapter 10.
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CHAPTER TWO: SEMICONDUCTOR NANOWIRE GROWTH

2.1 Introduction
The control of the growth of crystalline materials, especially semiconductors, is
always a crucial step before any investigation and applications of the physical properties can
be made. Certainly for crystalline semiconductor nanowires, their structure, morphology, size,
and defects, etc. are important to the physical properties of the system (Chapter 1). Crystal
growth requires either (1) a reversible pathway between a fluid phase (liquid, melt or vapor)
and the solid phase or (2) high surface or bulk mobilities in the solid phase [48].
Semiconductor crystals, for example, are grown typically either from the melt [condition (1)]
or by metal-organic chemical vapor deposition (MOCVD) [condition (2)]. By satisfying
either of the two requirements, different growth mechanisms and methods can be applied.
Semiconductor nanowire growth mechanisms and methods are the topics that will be
addressed in this chapter.
In 1964, Wagner and Ellis [21] achieved the synthesis of micrometer-sized Si
whiskers via the “vapor-liquid-solid” (VLS) growth mechanism. Surprisingly, almost thirty
years passed until Yazawa et al. [49] reported the first VLS growth of crystalline whiskers
with diameters d in the nanometer range. They reported InAs with less than 20 nm grown on
GaAs substrate using metal-organic vapor phase epitaxy (MOVPE). Several years later in
1995, Trentler et al. [50] synthesized polycrystalline or near-single-crystalline III-V
semiconductors (d~100 nm) via an alternative growth mechanism called solution-liquid-solid
(SLS). However, worldwide efforts to explore the growth of semiconductor nanowires did not
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start until the report in 1998 by Morales and co-workers on the rational growth of bulk
elemental Si [8] and Ge [8] nanowires via the VLS mechanism using pulsed laser
vaporization (PLV) of the Si and Ge target to make atomic plumes. Since then, numerous
papers have appeared on the synthesis of a broad range of semiconductor nanowires, such as
binary III-V compounds GaAs [9, 51, 52], GaP [9, 53-55], GaN [56-58], InAs [9, 59, 60], InP
[9, 61-63], InN [64, 65]; II-VI compounds ZnS [9, 66, 67], ZnSe [9, 68, 69], CdS [9, 66, 67],
CdSe [9, 70, 71]; binary IV-IV SiGe [9] alloys, ternary GaAs/P [9], InAs/P [9] alloys and
oxides ZnO [26, 71, 72], In2O3 [73, 74], SnO2 [75, 76]. The growth and properties of
semiconductor nanowires is one of the most active research areas in nanoscience and
nanotechnology today. We spend the remainder of this chapter to review semiconductor
nanowire growth (mechanisms and methods) and especially how we synthesize
semiconductor nanowires in our laboratory.

2.2 Nanowire Growth Mechanisms
A recent review article by Law et al. [77] states that a nanowire growth method must
satisfy three criteria: It must (1) explain how 1-D growth occurs; (2) provide a principle
based on kinetics and thermodynamics; and (3) be predictable and applicable to a wide
variety of systems. Consistent with the above statement, we will discuss six different growth
mechanisms that have been widely studied and accepted in the literature.
2.2.1 Vapor-Liquid-Solid (VLS)
Among all the semiconductor nanowire growth mechanisms, VLS has been
demonstrated to be the most successful and most extensively studied. VLS offers high
crystallinity compared with typical results from other growth mechanisms. As mentioned in
8

the introduction, VLS process was first proposed by Wagner and Ellis [21] in 1964 when
studying the growth of Si whiskers. It was then further investigated by Givargizov [78],
Lieber [8, 9], Yang [79], Samuelson [80], Buhro [50] and Ross [81-83] et al.
It was named VLS because the growth involves a vapor phase of the semiconductor
(the precursor), a liquid semiconductor-metal alloy and a nucleate of solid crystal (the
semiconductor nanowire). The VLS process generally consists of four main steps: (1)
dissolution of gaseous reactants into a metal catalyst particle leading to the formation of a
liquid alloy; (2) diffusion in the liquid phase; (3) nucleation at the liquid-solid interface; (4)
whisker growth from the nucleation site [78, 84]. It is well accepted that the driving force
which determines the growth rate of VLS is the supersaturation of the dissolved
semiconductor in the liquid alloy particles [78]. Supersaturation generally refers to excess
concentration in solution (liquid alloy), i.e., the concentration exceeds the solubility of solute
(semiconductors) in the solvent (metal catalyst particle) under certain circumstances.
VLS growth of small diameter semiconductor nanowires did not receive considerable
attention until Morales et al. [8] demonstrated the first rational synthesis of Si nanowires by
VLS in 1998. The proposed Si nanowire growth via VLS process using Fe as the catalyst is
explained in Figure 2-1. The figure illustrates the four major steps described above.
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Fig. 2-1. Proposed nanowire growth model: (A) Laser ablation with photons
of energy hv of the Si1-xFex target creates a dense, hot vapor of Si and Fe
species. (B) The hot vapor condenses into small clusters as the Si and Fe
species cool through collisions with the buffer gas. The furnace temperature
is controlled to maintain the Si-Fe nanoparticles in a liquid (Liq) state. (C)
nanowire growth begins after the liquid becomes supersaturated in Si and
continues as long as the Si-Fe nanoparticles remain in a liquid state and Si
reactant is available. (D) Growth terminates when the nanowire passes out of
the hot reaction zone (in the carrier gas flow) onto the cold finger and the
Si-Fe nanoparticles solidify [8].

The selection of an appropriate metal catalyst can be one of the challenges in VLS
growth. One proceeds by examining the binary phase diagrams of the metal catalyst and the
semiconductor. Here we use Si/Au binary system as an example to illustrate this important
issue for VLS. Figure 2-2 shows the equilibrium binary phase diagram of Si/Au. There are
four distinct and identified regions, solid(S), Au(solid)+AuSi(liquid), liquid(L) and
AuSi(liquid)+Si(solid), depending on their composition and temperature. The most important
feature in the binary phase diagram is the eutectic point, the lowest melting temperature of
the alloy (composition 18.6% Si in Au). For a temperature raised above eutectic point, Si/Au
starts forming liquid alloy. Once the liquid alloy is supersaturated with Si, nanowire starts to
growth out from the solid-liquid interface. All these growth steps are indicated in the regions
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of the phase diagram where they occur. For compound semiconductors, the prediction of
growth conditions should be more difficult than elemental Si or Ge nanowires due to the
complexity of higher order phase diagrams. The complexity, however, can be significantly
reduced by considering pseudobinary phase diagrams of the catalyst and compound
semiconductors.
The pseudobinary phase diagram of GaAs and Au is shown in Figure 2-3 from which
we could predict that GaAs nanowires are able to grow using Au as the catalyst above the
eutectic temperature 630°C.

Figure 2-2. Binary phase diagram of Si/Au. The steps
of VLS growth are indicated in the diagram [9].
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Figure 2-3. Pseudobinary phase diagram of GaAs and Au [9].

Special transmission electron microscopes (TEM), equipped with hot stages and
environmental chambers can observe the semiconductor nanowire growth in situ. The first
direct observation of nanowire growth via VLS was reported by Wu et al. [79] in 2001. The
series of pictures shown in Figure 2-4 were recorded during Ge nanowire growth. Three
well-defined stages have been clearly indentified: metal-semiconductor alloying, crystal
nucleation and axial growth, which unambiguously demonstrated the validity of VLS growth
for the nanometer-sized semiconductor filaments.
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Figure 2-4. In situ TEM images recorded during the process of nanowire
growth. (a) Au nanoparticles in solid state at 500 °C; (b) alloying initiates at
800 °C, at this stage Au exists 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 forms (f) [79].

In addition, in situ TEM studies on nanowire growth have provided unprecedented
information on growth thermodynamics and kinetics which are essential to understand many
aspects of VLS. In a conventional picture, for example, the narrow wires grow more slowly
than thick ones due to what is known as the Gibbs-Thomson effect [78]; the liquid droplet
which determines the nanowire diameter does not change during growth [21, 78]. A group at
IBM, however, discovered many usual properties of VLS when studying Si nanowire growth
with Au as a catalyst using in situ ultra high vacuum TEM. In contrast to the Gibbs-Thomson
prediction, Kodambaka et al. [82] showed that the growth rate is actually independent of wire
diameter. Hannon et al. [85] reported that surface migration of Au during growth determines
the length, shape and sidewall properties of Si nanowires. Au in small droplet of catalyst will
13

diffuse to a large one over the growth surface between nanowires or wet the nanowire side
walls until it finally disappears and the nanowire growth terminates. This Au migration effect
is ascribed to the nanowire growth on clean substrate under ultra high vacuum. High pressure
CVD nanowire growth has been found to prevent the Au migration.
Nanowire growth dynamics are even related to the spacing between seed particles
according to a recent study on GaP nanowire growth from Philips research laboratories. By
patterning and controlling the Au nanoparticles spacing and diameters with electron beam
lithography, Borgstrom et al. [86] observed that the wires lengths increase with decreasing
wire-to-wire spacing keeping the nominal wires diameters the same. In addition, the wires
lengths also increase with increasing wires diameters giving constant wire-to-wire spacing
and it is called “synergetic growth”. Figure 2-5 shows a SEM image of this interesting
behavior of nanowire growth.

14

Figure 2-5. Cross-sectional SEM image of nanowires grown from a
pattern of gold catalyst particles with different sizes. Nanowires were
grown from 25- and 100-nm catalysts with 300 nm spacing. Wires next to
a thick wire are taller than the second-nearest wires, which are taller than
those in the middle of the field (furthest from the thick wire), showing that
the growth rate of one wire is enhanced by the presence of another one and
dependent on the catalytic alloy amount. Nominal diameter values are
used. Scale bar is 1 mm. Wires in the background have been removed
graphically to clarify the effect [86].

There is another interesting and long-standing concern that should be indentified in
the VLS growth of semiconductor nanowires: will the catalytic particles somehow
contaminate the nanowire? Si nanowires, for example, have been considered as one of the
building blocks for future electronics and they are grown mainly using Au as the catalyst. It is
well known that Au is detrimental for the performance of minority carrier electronic devices
[87, 88]. The possibility of contamination of Si nanowires by Au catalyst has motivated
people to seek the other metal catalysts, such as Al which is compatible with standard Si
CMOS process, to grow Si nanowires [89]. This issue was not clear until the recent direct
detection of single Au atoms in Si nanowires using high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) by Allen et al. [90]. The estimated Au
15

impurities in Si wires are actually in excess of bulk solubility. However, direct measurements
of minority carrier transport in phosphorus-doped Si nanowires, however, demonstrated that
the influence of Au impurities is negligible because the surface recombination of holes and
electrons dominates in the minority carrier transport [90]. A STEM image of lines of single
Au atoms in a twinned Si nanowire is shown in Figure 2-6.

Figure 2-6. STEM image of lines of single gold atoms in a
twinned silicon nanowire [90].

2.2.2 Vapor-Solid-Solid (VSS)
In addition to VLS, VSS is another possible mechanism by which the wires are
claimed to grow via a solid catalyst particle at temperature T below the eutectic temperature
Te. VSS growth has been reported to take place for TiSi2-catalyzed Si nanowires [91],
SiOx-catalyzed InAs nanowires [92], Au-catalyzed Ge [83], InAs [60] and GaAs [93]
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nanowires and Al-catalyzed Si [89] nanowires. However, liquid catalyst has also been
claimed to be possible for GaAs nanowire growth below bulk eutectic temperature. To
resolve this important but controversial issue, in situ TEM was used to study Au-catalyzed Ge
nanowire growth by Kodambaka et al. [83]. Very interestingly, Ge nanowires were observed
to grow below the eutectic temperature with either liquid or solid catalysts at the same
temperature. Moreover the state of the catalysts, unexpectedly, was found to depend on the
growth pressure and thermal history [83]. Figure 2-7 shows how the state of Au catalyst
changes with thermal history.

Figure 2-7. (A-C) Brightfield TEM images showing the solid-to-liquid and
liquid-to-solid transitions in a Au-Ge catalyst particle at the tip of a Ge wire during
cooling and heating, acquired at times t = 0s (A), 328s (B), and 897s (C), respectively.
(D) The sample temperature versus time and catalyst state (open circle, liquid; open
square, solid) are shown. The letters “A”, “B” and “C” refer to the images in the
respective panels in the figure [83].

2.2.3 Solution-Liquid-Solid (SLS)
The discovery in 1995 by Trentler et al. [50] of SLS growth mechanism of
semiconductor nanowires was serendipitous. They were intending to explore the growth of
QDs. SLS is named to distinguish it from VLS process (S stands for solution). The SLS
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process is shown schematically in Figure 2-8. SLS involves a liquid metallic nanoparticle
which catalyzes the decomposition of metal-organic precursor delivered through the solution.
The decomposed semiconductor ingredients are then dissolved by and supersaturate in the
metal alloy particle. Finally, the crystalline semiconductor nanowire nucleates from the
supersaturated liquid droplet. The catalyst particles play a crucial role in SLS process. If the
decomposition of precursor is not catalyzed, the formation of an amorphous or
nanocrystalline semiconductors are found to compete with SLS wire growth [94].

Figure 2-8. Schematic diagram for SLS growth mechanism [50].

In contrast to VLS, the growth temperature TS via the SLS mechanism are generally
low (TS~200°-300°), i.e., below the very low eutectic points of some metals. That means the
metal catalyst particle has to be melt in that temperature range and should not react with or
form the solid solution with the target semiconductor. Additionally, the semiconductor must
have finite solubility in the catalyst. For SLS, In, Bi and Sn are found to be the best
candidates. Bi nanoparticles are especially useful for SLS growth of semiconductor
nanowires. Many semiconductor systems, such as Ge [95], GaP [96], GaAs [96], InP [96, 97],
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InAs [96], InSb, CuInS2, CdSe and PbSe etc, have been grown via SLS till now. Interestingly,
Kan et al. [98] has reported the growth of InAs quantum rods via SLS mechanism using Au
nanoparticles as catalysts. SLS has became an important growth mechanism that is claimed to
be advantageous for producing small diameter nanowires and for variation and control of
surface ligation.
2.2.4 Supercritical Fluid Liquid Solid (SCF-LS)
A supercritical fluid (SCF) is any substance at temperature and pressure above its
thermodynamic critical point. As shown from the phase diagram Figure 2-9, the SCF exists at
temperatures and pressures beyond the critical point at the end of the liquid-gas co-existence
line. This single phase shadowed region, SCF, is where the SCF-LS growth can occur.

Figure 2-9. A schematic phase diagram of SCF.
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As we have mentioned above, SLS requires relative low melting point metal
catalysts. If the eutectic temperature of the alloy exceeds the boiling point of delivered
solution precursor, high pressure has to be applied to maintain solution phase. Holmes and
co-workers [99] were the first to apply supercritical hexane with a silicon precursor,
diphenylsilane, to synthesize Si nanowires at 500°C and 200-270 bar when the
mono-dispersed low melting-point nanosized metal particles were unavailable. Post-growth
analysis found out that Si nanowires have nearly uniform diameters ranging from 4-5 nm and
several micrometers long. Surprisingly, the growth direction of the Si nanowires could be
controlled by the reaction pressure. Later on, SCF-LS was extended to rational growth of Ge
[100], GaAs [101] and GaP [102] nanowires. Figure 2-10 shows SEM image of the GaAs
nanowires formed by SCF-LS mechanism using (tBu)3Ga and As(SiMe3)3.

Figure 2-10. A SEM image of GaAs nanowires synthesized by
SCF-LS mechanism [101].
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2.2.5 Oxygen-Assisted Growth
Right after the first report on rational synthesis of Si nanowires by VLS using a
pulsed laser to provide Si vapor from a target [8], it was demonstrated that the presence of
oxygen in the target can actually enhance the yield of Si nanowires [103-105]. Table 2-1 [103]
shows the milligram yields of Si nanowires for experiments using different target
compositions with and without metal (Fe) and using increasing amount of SiO2 in the target.
The highest yield can be achieved by adding 50% SiO2 powder to Si powder target even
without catalyst. An “oxide-assisted” growth mechanism was then proposed and confirmed
later by seeing the initial nucleation and early growth stage under TEM.

Table 2-1. Yields of Si nanowires for different experimental conditions [103].

Interestingly, Kodambaka et al. [81] using UHV conditions to produce an oxygen free
environment observed that long and untapered Si nanowires cannot be grown via Au
catalyzed VLS without the oxygen exposure. Figure 2-11 shows the TEM images after Si
nanowire growth without and with the presence of oxygen. Without the oxygen (Figure 2-11
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A), many wires show no catalyst droplets and the growth was terminated. With a little
amount oxygen exposure (Figure 2-11 B), however, the wires grew much longer and have
much more uniform diameters.

Figure 2-11. TEM images of Si nanowires acquired in situ during growth. (A) Si
nanowires grew without oxygen. Many wires show no catalyst droplets. (B) Si
nanowires grew with the presence of oxygen. The wires grew much longer and
have much more uniform diameters than those formed without oxygen [81].

2.2.6 Stress-Induced Growth
Stress-induced growth of whiskers was first proposed by Eshelby [106]. And this
mechanism is used to explain the growth of CuO nanowires [107-109]. Figure 2-12 shows
SEM images of CuO nanowires grown by the oxidation of a copper substrate in air.
Interestingly, CuO nanowires do not grow directly from the copper substrate. A thick Cu2O
buffer layer must first be produced by oxidation and this oxide serves as a precursor to CuO
filament growth (Figure 2-12a). As the Cu2O surface further reacts with O2, free standing
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CuO nanowires will grow vertically from Cu2O surface (Figure 2-12b). This growth can
occur because of the difference of lattice constants of Cu2O and CuO.

Figure 2-12. SEM images of CuO nanowires grown by oxidation
of Cu foil. (a) CuO2 film on Cu with vertical CuO nanowire
growth (b) CuO nanowire only [Unpublished results: courtesy of
Timothy J. Russin].

2.3 Nanowire Growth Methods
Growth methods are physical or chemical processes in which the fundamental
principles of the growth mechanism will be employed and achieved. Chemical vapor
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deposition (CVD), physical vapor deposition (PVD) and epitaxy related methods are
discussed in this section.
2.3.1 Chemical Vapor Deposition (CVD)
CVD can involve complex methods to provide the semiconductor. However, it is
known for great versatility and flexibility. CVD is generally considered to have three steps: (1)
mass transport of reactants to the growth surface; (2) chemical reaction on the growth surface;
(3) removal of the gas-phase reaction by-products from the growth surface. Different CVD
methods, such as atmospheric CVD, low pressure CVD (LP-CVD), metal-organic CVD
(MOCVD), and plasma-enhanced CVD (PE-CVD), have been applied for nanowire synthesis.
An example of LP-CVD semiconductor nanowire synthesis is, e.g., Si [24] and Ge nanowires
grown from gaseous silane (SiH4) and germane (GeH4) precursors. This CVD approach to
VLS is exactly the same method as was used for Si and Ge micrometer-size whiskers growth
in 1960s [21]. Au nanoparticles were dispersed on a substrate. The temperature and the
pressure of the reaction can be controlled and a reducing atmosphere (e.g. admixture of
10%H2 with SiH4) is maintained. At elevated temperature, the source gases will decompose
on the surface of the nanoparticles forming liquid alloy droplets. Then the nucleation will be
initiated and the nanowire will start to grow. For growing compound semiconductor
nanowires, a MOCVD apparatus can be used. For example, trimethyl-gallium has been
demonstrated as an effective precursor to grow GaN nanowires using Au catalysts in the
presence of NH3.
2.3.2 Physical Vapor Deposition (PVD)
PVD is extensively used to deposit thin films. The vapor is produced from a solid by
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electron beam evaporation, thermal evaporation, sputtering, or pulsed laser deposition, etc.
Generally PVD-VLS consists of three main steps: (1) vapor phase generation of the material
by evaporation or sublimation in reduced atmosphere; (2) vapor phase transport from the
source to the substrate; (3) material growth by nucleation and diffusion. Thermal evaporation
of the source materials is most commonly used to grow semiconductor nanowire, such as
GaN, ZnO, ZnS, and CdS, etc. This is an extremely simple, effective and inexpensive way to
provide the vapor phase for VLS growth. It has also been used to prepare different
morphology filaments, i.e., nanobelts, nanospring or nanorings. The disadvantage of this
technique is that for compound materials, the vapor pressure for each individual component
depends on temperature. Therefore, it can be challenging to achieve the optimal
stoichiometry of the vapor reagents from two sources, e.g., Ga and As to form GaAs.
2.3.3 Metal-Organic Vapor Phase Epitaxy, Chemical Beam Epitaxy and Molecular
Beam Epitaxy
Epitaxy is considered one of the most important and delicate growth methods. This
technique has been shown to offer control of crystallinity and orientation of the
nanostructures. Depending on the source materials applied and the apparatus used, three types
of epitaxy techniques are generally used: metal-organic vapor phase epitaxy (MOVPE),
chemical beam epitaxy (CBE), and molecular beam epitaxy (MBE). To the best of my
knowledge, the first report of semiconductor nanowire growth was actually realized by
MOVPE [49] in 1991.
Semiconductor nanowire growth by CBE is turned out to be one of the most
successful epitaxy methods. Figure 2-13 schematically shows the VSS-CBE growth process
for GaP (a) and a SEM image (b) of vertically grown GaP nanowires on Si substrate [53].
25

CBE demonstrated very good control over the crystallinity and orientation. The most
promising point is that one can turn on/off various chemical beams and therefore modulate
structures, such as heterostructures [110], quantum dots in nanowires [111], compositional
superlattices [80], and branched nanowires [112] have been grown by this method.

Figure 2-13. Schematic diagram of VSS growth
mechanism(a) and an SEM image (b) of GaP nanowires
epitaxiallygrown on Si substrate by CBE [53].

2.4 Growth of Nanowires in Our Laboratory
Our laboratory is able to grow many single crystalline semiconductor nanowires
routinely with two primarily different synthesis methods, CVD and PLV. Examples are GaN,
InN, ZnO, ZnMnS, ZnCoS, MnGe, GaP, and ZnS.
2.4.1 Growth of GaN, InN and ZnO Nanowires by Chemical Vapor Deposition
A photograph of one of our CVD growth chambers, established by the author and Dr.
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H.R. Gutierrez, is shown in Figure 2-14. A tube furnace with resist heaters and three
independent hot zones is used to control temperatures up to 1200 °C. A quartz tube is used as
the CVD reactor. Mass flow controllers (MKS, Inc.) and a pressure controller (MKS, Inc.) are
used to control the gas flow and reactor pressure. For the general synthesis procedures, a
substrate (e.g., Si with 100 nm thermal oxide with Au catalyst nanoparticles) and solid CVD
sources are loaded in a quartz tube. By flowing the right carrier gas and setting the
appropriate pressure and temperatures, growth occurs typically in ~40-60 minutes.

Figure 2-14. CVD apparatus in our laboratory. All the
important components are indicated by blue arrows.
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Table 2-2. CVD growth conditions of semiconductor nanowires,
such as GaN, InN and ZnO grown in our laboratory.
The detailed synthesis conditions, such as source and growth temperature, carrier
gases and source materials, are listed in Table 2-2. Some typical SEM images of InN and
ZnO nanowires are shown in Figure 2-15 and 2-16, respectively. Figure 2-16 actually shows
the patterned growth of ZnO nanowires. First Au thin film is patterned with a TEM grid using
shadow mask technique. Then standing ZnO nanowires can be grown on the patterned
substrate following the standard procedures.

Figure 2-15. SEM image of InN Nanowires grew by CVD.
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Figure 2-16. SEM images of patterned growth of ZnO nanowires.
2.4.2 Growth of MnGe Nanowire Heterostructures by Two-Zone Chemical Vapor
Deposition
MnGe nanowire heterostructures were synthesized via thermal vapor transport, using
a simple two-zone CVD approach. Powders of Mn (Alfa Aesar, 99.3%, mesh 320) and Ge
(Alfa Aesar, 99.999 %, mesh 100) were placed centered in a two-zone furnace quartz reactor.
The Ge zone temperature was used to control the Ge vapor pressure at the Mn growth sites
(see Figure 2-17a), Ge was placed in zone 1 upstream of zone 2 that contained the Mn. Ar
was used as carrier gas passing Ge from zone 1 to zone 2 (Mn), providing the possibility of
separately varying the evaporation rate and partial vapor pressure of Mn and Ge. The Mn-Ge
material grew on the surface of particles in the Mn source.
For a fixed Mn temperatures in the range 800-870oC and for variable Ge source
temperature a variety of freestanding nanostructures were observed to form on the surface of
Mn crystals (in the Mn Source). The different nanostructure morphologies of the products
formed were observed by scanning electron microscopy (SEM), as shown in Figure 2-17 (b-e)
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For example, for Ge temperatures between 800-870˚C, cone-like nanostructures are
preferentially formed (Figure 2-13a,b). For higher temperatures of the Mn and Ge sources the
nanocones are sharper (higher aspect ratio). Wire-like (Figure 2-13e) and branched
nanostructures (Figure 2-13d) were obtained for Ge temperatures around 1000˚C, suggesting
that the Ge vapor supply therefore plays an important role on the nanostructure morphology.
The nanowires were observed to grow in the region of the Mn source closest to the Ge source
(right side of the Mn source in Figure 2-13a), while branched nanowires were observed to
form on the left side of the Mn source.

Figure 2-17. (a) Schematic of the experimental setup. (b-e) SEM pictures of the
resulting nanostructures grown at different temperatures. (b) Mn and Ge
temperature 825 oC; (c) Mn and Ge temperature 870 oC; (d and e) Mn at 800 oC
and Ge at 1000 oC, (d) left side of Mn sourceand (e) right side of the Mn source.
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2.4.3 Growth of Diluted Magnetic Semiconductor Zn1-xMnxS and Zn1-xCoxS Nanowires
by Three-Zone Chemical Vapor Deposition

Growth Si
Substrate
Vacuum
Pump

Source ZnS

Doping MnCl2
Carrier Gas
Ar+H2

Figure 2-18. Schematic of the 3-zone CVD growth apparatus
consisting of a 38 mm diameter quartz tube. A Si substrate with Au
nanoparticles was put down stream in the left-hand zone to promote
VLS nanowire growth. Solid CVD materials ZnS and MnCl2 powder
were placed up stream in the center of the other two zones. A flow of
100 sccm of Argon with 10% Hydrogen was used as the carrier gas.
Typical temperatures Tg=700°C, TZnS=850°C and TMnCl2=350-500°C,
where Tg is the growth temperature in left hand zone. TMnCl2 was used
to control the Zn/Mn ratio in the nanowire.

In this section, we demonstrate the control of diluted magnetic semiconductor (DMS)
Zn1-xMnxS nanowire growth over the full range of x using a three-zone furnace CVD
approach. DMS nanowire growth via VLS growth mechanism has actually been reported via
one-zone CVD [113, 114] and metal-organic CVD (MOCVD) [115-118] methods. For
applications, controlling and modulating the doping and/or composition of the nanowires is
very important. Figure 2-18 shows a schematic of our experimental apparatus. A 1x1cm2
piece of (100) silicon wafer with a 100 nm thick thermal oxide layer was used as the substrate.
Au nanoparticles (diameter~10 nm) were deposited randomly from a colloidal solution (Ted
Pella, Inc.) on the substrate surface which was placed down-stream in a quartz reactor tube in
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the 3rd zone, as shown in Figure 2-13. Source material ZnS powder (99.99%, Alfa Aesar) and
MnCl2 powder (99.9%, Alfa Aesar) were placed up stream in the center of the 2nd and 1st
furnace zones as shown. This 3-zone arrangement allows us to control the growth
temperature as well as the Zn and Mn source vapor pressures independently. A flow of 100
sccm of Argon (with 10% Hydrogen) was used as the carrier gas to help evaporate ZnS
powder and carry away Cl as HCl and Cl2. The base pressure in the quartz tube reactor was
maintained at ~1.3 Torr. Our best conditions to grow pristine ZnS nanowires were obtained
when the substrate and ZnS source temperature were maintained at 700°C and 850°C,
respectively. Experiments were then performed to Mn dope the ZnS nanowires during growth.
Temperatures of the Mn source from 350°C to 500°C were found to control the Mn
concentration in the nanowires. Typically, after ~40 minutes growth of Zn1-xMnxS nanowires
at 700°C, the furnace was cooled rapidly (20 minutes) to room temperature and the Si
substrate was observed to be covered by a layer of nanowires. The correlation between the
growth conditions and Mn concentration and crystal structures will be mentioned in Chapter
5. Also Zn1-xCoxS nanowires were grown as the same way using CoCl2 as the doping material.
We believe this simple 3-zone solid source approach could be extended to the controlled
nanowire growth of many transition metal doped oxide and sulfide DMS nanowire systems as
well.
2.4.4 Growth of Axial Zn1-xMnxS/Zn1-yMnyS:O Heterostructure Nanowires by
Three-Zone Chemical Vapor Deposition
Very interestingly, we can also grow axial heterostructure Zn1-xMnxS/Zn1-yMnyS (x<y)
DMS nanowires by three-zone CVD when the temperature of the doping material is set
between 450 °C to 500 °C. Two scanning transmission electron microscopy (STEM) images
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are shown in Figure 2-19 and -20 respectively.

Figure 2-19. STEM image of an axial Zn1-xMnxS/Zn1-yMnyS
heterostructure nanowire (middle panel) with two XEDS spectra at
the upper and bottom panel for two positions, A and B, in the wire.

In the middle panel of Figure 2-19, it shows a STEM image. The bright contrast
indicates the positions where heavy Mn doping was achieved. The dark positions which
connecting two bright portions are low Mn doping areas. Two X-ray energy dispersive
spectroscopy (XEDS) spectra at positions, A (low doping) and B (high doping), were taken
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and they are shown in the bottom and upper panels respectively in Figure 2-19. Quantitative
analysis of XEDS spectra illustrate that Mn/Zn ratio is ~0.1 and then Mn/Zn ratio is ~0.55 in
adjacent axial sections. We also took electron diffraction patterns (DP) at positions with both
low and high Mn doping, which show that the low Mn compound has zinc-blende (ZB)
structure and high Mn compound has Wurtzite structure. A STEM image of another wire is
shown in Figure 2-20. The chemical compositions at different positions are quantified
according to their XEDS spectra. Again the Mn/Zn is first ~0.1 and then Mn/Zn is ~0.55.
From the XEDS spectra, we observed that the regions with low Mn concentration also
contain a small amount of oxygen stemming from surface oxides in the Mn source. At the
high Mn doping regions, unfortunately the concentration of oxygen is even higher than sulfur.

Figure 2-20. A STEM image of another axial Zn1-xMnxS/Zn1-yMnyS
heterostructure nanowire with quantified compositions indicated by arrows.

2.4.5 Growth of InP, GaP and ZnS Nanowires by Pulsed Laser Vaporization
PLV is another method to grow semiconductor nanowires via VLS in our laboratory
(Figure 2-21). It is actually a modified version of pulsed laser deposition (PLD). PLD is a
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highly versatile tool for thin-film and multilayer research. In both PLD and PLV, a high
energy pulsed laser is used to vaporize target. The deposition of ceramic oxides [119],
superconducting films [120], metallic multilayers, various superlattices [121] and even
artificial materials [122] has been demonstrated by PLD. PLD advantages for the film growth
include stoichiometric transfer of the target to the film, growth from an energetic beam,
reactive deposition, and inherent simplicity for the growth of multilayered structures. PLV
was first applied to grow Si nanowires via VLS mechanism by Morales et al. [8]. The process
of PLV can be generally divided into four main steps: (1) laser ablation or vaporization of a
target; (2) creation of plasma or a vapor phase plume of semiconductor vapor; (3)
condensation or deposition of target material on catalyst particles; and (4) nucleation and
VLS growth of nanomaterials. A small amount of metal can be added to the semiconductor
target. In this case, small metal particles from early in the PLV plume and react with the
semiconductor component as they drift down in the quartz reactor. As shown in Figure 2-1,
when metal is added to the target the metal vapor generated by laser ablation will condense
into a particle that starts to dissolve Si vapor and melts. When the liquid droplet
supersaturates, the nucleation and filament growth starts. The driving force is due to the free
energy of formation. The growth will terminate if the particle is “poisoned” (e.g., oxides) or
the particle drifts to a position where the temperature is too low to grow. A resistive-heated
furnace was used to maintain a proper growth temperature. A mass flow controller and a
pressure controller were used to introduce the carrier gases into the growth reactor and to
control the pressure during the growth. The system was pumped down by a mechanical pump
at the beginning and flushed with inert gas to remove residue oxygen in the reactor. Then
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10%H2 in Ar (~100 sccm) atmosphere is maintained for nanowire growth. Till now, PLV has
been used to grow many different composition semiconductor nanowires [9], Si/Ge
superlattice nanowires [123]. PLV method was also used to growth Si nanowires using
oxide-assisted growth mechanism [103-105].
Figure 2-21 shows a photograph of our PLV system, established by Dr. Adu in our
group [124]. Figure 2-22a illustrates a simplified schematic diagram of the furnace and the
gas flows, indicating the position of the target and where the wires were collected when metal
is added to the target. Alternatively, the target can consist of pure semiconductor and the
catalyst particles are pre-deposited on the growth substrate placed at the center of the reactor
or wherever it needs to be to intrigue growth. To make a composite metal-semiconductor
target, GaP (or InP, ZnS, and Si) and Au powders ((GaP)0.95Au0.05, (InP)0.95Au0.05,
(ZnS)0.9Au0.1, and Si0.9Au0.1) were first mixed together by a home-made ball mill. Then the
mixture was pressed for half an hour under a uniaxial pressure using a Carver laboratory
press at ~4,000 psi. The targets were finally compacted further using an isostatic press
(Autoclave Engineers) for 5 minutes at a pressure of 30,000 psi to enhance mechanical
stability and avoid rapid material loss by mechanical failure during laser ablation.
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Figure 2-21. PLV apparatus in our laboratory.
The components are indicated by blue arrows.

We use two quartz tubes (an outer tube and an inner tube) to form a reactor. They
were centered in a tube furnace as shown schematically in Figure 2-22a. The inner tube was
held in two carbon rings placed inside the outer tube. The carrier gas is first introduced and
passed through the space between the outer and inner tube to be pre-heated before reversing
direction and entering the growth zone. The target was centered in the inner tube (diameter is
1 inch) and positioned just outside the furnace to avoid any thermal evaporation of the target
materials and to eliminate possible self-catalytic nucleation. Indeed, it has been reported that
thermal evaporation of these materials can result in the growth of nanobelts or nanowires
[125]. A pulsed Nd: YAG laser (Telescopic Series SL803, Spectron Laser Systems) with a
pulse width of 15 nanoseconds and repetition rate of 10 Hz was used to evaporate the target.
The beam is focused on the target using a quartz lens and scanned across the face of the target
by x-y translator of the lens under computer control. Both the fundamental (1064 nm at 850
mJ/pulse, delayed by ~ 40 nanoseconds) and first harmonic (532 nm at 450 mJ/pulse) lines
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were present. The intentionally delayed 1064 nm pulse is believed to be able to best heat the
plume. The heated plume is then carried down to the central quartz tube by a flow of 100
sccm Ar or Ar/5%H2 at a pressure of 100-300 Torr. The temperature profiles along the furnace
were measured using a type K thermocouple, keeping the gas flow rate and pressure exactly
same as the growth conditions. Figure 2-22b shows two temperature profiles at setting
temperature T= 900 and 700 °C, using the same inert gas flow and pressure for the growth.
Due to the boundary conditions, the temperature profiles exhibit a flat zone at the center of
this particular furnace with a length of ~40 cm, while at both ends of the furnace there is a
dramatic temperature gradient within a length of ~15 cm. The nanowires were collected from
the inner tube wall at point B (Figure 2-22a) ~ 5-10 cm away from the end of the tube furnace.
More details for this PLV growth apparatus can be found in Ref. [124]. Table 2-3 lists all the
growth conditions for Si, GaP, InP and ZnS nanowires grown in this thesis research. The
information on nanowire characterization will be introduced in Chapter 3.

Table 2-3. Growth conditions for several semiconductor
nanowires grown by PLV via VLS.
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Figure 2-22. Schematic of our PLV system (a) and the
temperature profiles measured along the tube furnace (b).

Interestingly, recent studies in our group show that the local temperature can actually
affect the growth of III-V group, such as GaP and InP, nanowires [126]. By deliberately
setting a temperature gradient at the two ends of AB zone, nanowires with twinning
superlattice will grow. The twinning in the nanowires can also be tuned by different
temperature profiles. For more details of this work, please refer to Q. Xiong et al. in Ref.
[127].

2.5 Conclusion
Semiconductor nanowire growth mechanisms and methods were reviewed in this
Chapter. Based on the knowledge obtained from research on growth mechanisms, rationally
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designed growth of semiconductor nanowires with different morphology, structure,
composition (branches, heterostructures or core-shell structures), such as shown in Figure 1-2
have been obtained. When good quality nanowires can be made, substantial progress on the
optical and transport properties of nanowires or nanowire-related quantum structures then has
occurred in the past several years. The rational synthesis of nanowires can drive a bottom-up
approach to large-scale functional circuits at the nanoscale and maybe protect Moore’s Law
for a few more cycles. We also reviewed the synthesis of semiconductor nanowires in our
laboratory. It provides samples for us to investigate the optical and transport properties
resulting from their nanoscale size. We will get into this topic in Chapter 6 and Chapter 8.
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CHAPTER THREE: CHARACTERIZATION OF
SEMICONDUCTOR NANOWIRES

Developments of state-of-art tools that probe the properties of nanoscale materials
have provided tremendous power to see and to test the properties of semiconductor nanowires.
This chapter introduces several techniques used in my thesis work: atomic force microscope
(AFM), scanning electron microscope (SEM), transmission electron microscope (TEM),
focused ion beam (FIB), and micro-Raman spectroscopy.

3.1 Atomic Force Microscope
AFM belongs to a more general technique called scanning probe microscopy (SPM).
An SPM is capable of performing STM (scanning tunneling microscopy), AFM, EFM
(electrostatic force Microscopy), MFM (magnetic force microscopy) if various cantilevers
with different tips near the end are mounted in the instrument (c.f. Figure 3-1). STM was
invented first by Binning and Rohrer in 1981. They received the Nobel Prize for their work in
1986. By applying a voltage between a sharp metal tip and the conducting surface of a
sample, individual atoms on a carefully prepared sample surface can be imaged through the
position dependence of the tunneling current. Five years later, the first prototype of AFM was
introduced by Binning, Quate and Gerber [128]. STM only images conducting surfaces. AFM,
on the other hand, is almost capable to see all surfaces independent of the conductivity. Over
thirty years, AFM has evolved into one of the most versatile SPM instruments; it has been
widely used in nanoscience and nanotechnology. AFM is also applied to manipulate
nanoscale objects, such as CNTs [129-132], nanoparticles [133, 134] and DNA [135, 136],
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etc. And it can be used to probe the electronic properties of low dimensional systems, such as
SWNTs [137] and semiconductor nanowires [138].
The basic principle of AFM operation is quite simple. A flexible cantilever with a
sharp tip acts as a force sensor. The image is a map of the force. Scanning across the sample
surface, the cantilever bends either toward or away from the surface by variable Van de Waals
force between the cantilever and the surface. A laser beam (Figure 3-1) reflects off the back
of the cantilever onto a position-sensitive photon diode (PSPD). The movement of the
cantilever can be monitored by PSPD. The van de Waals force strongly depends on the
distance of the tip to the surface. Therefore an image is a measure of distance of the plane of
the scanning tip to the local surface. Figure 3-1 shows one of my favorite cartoons illustrating
the schematic of AFM operation. The inset is the SEM image of a Si cantilever with a sharp
tip.

Figure 3-1. Schematic illustration of AFM operation.
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Our SPM was purchased from Park System Inc., from NSF funds. Figure 3-2 shows
a photograph of our AFM with all the important components. The true orthogonal xy and z
scanners with an optical microscope are closed in an acoustic enclosure (2) on an air table (1)
to isolate the vibrations. Cables allow communication with an electronic controller (6) which
is interfaced with a computer (9). Images can be achieved and edited by the software
provided. Two screens are provided. One (7) is dedicated to an optical image of the cantilever
tip over the sample.

Figure 3-2. Park Systems XE-100 SPM: (1) air table; (2) acoustic
enclosure; (3) x-y scanner; (4) z scanner; (5) optical microscope with 10X
objective; (6) electronic controller; (7) monitor for optical microscope; (8)
light source for optical microscope; (9) Computer and software interface.
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In general, there are two operational modes for AFM depending on the distance
between the cantilever and sample surface: contact and non-contact mode. Figure 3-3
illustrates the force-distance curve. The distance means the separation between the tip and
sample surface. When the tip reaches in the region where the force becomes repulsive,
contact occurs. The tip-surface force is attractive in the non-contact mode.

Figure 3-3. Force-distance curve for AFM.

Among other tasks, the AFM in my thesis work was used to determine the location
and diameter of semiconductor nanowires on Si substrates. The location information is used
to identify the same nanowire when the substrate is placed in the micro spectrometer. In the
following, I show several images made by our XE-100 SPM using non-contact mode. Figure
3-4 shows an image with Au nanoparticles dispersed on a Si substrate (100 nm thermal oxide).
The z-scan profile indicated that the Au nanoparticles are nominally ~10 nm. Another
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topography image shown in Figure 3-5 indicates a GaP nanowire on a Si substrate. The four
Au markers at the corners were used to identify the nanowire position. They were made by
photolithography. And the diameters of nanowires can be determined by the z-scan profile.
These samples were used to do Raman scattering on single semiconductor nanowires.

(a)

(b)

Figure 3-4. (a) AFM topography image of 10 nm Au nanoparticles
mono-dispersed on Si substrate. (b) The line profile on z-scan indicates
the diameter of the Au nanoparticle is ~10 nm.
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Figure 3-5. AFM topography image of GaP nanowire supported
on a Si substrate. The four Au markers at the corners are used to
identify the nanowire positions in the Raman microscope; they
are large enough to be imaged by a 100X objective.

3.2 Scanning Electron Microscopy (SEM)
It is well known that the resolution of light microscopes is fundamentally limited by
the wavelength of light according to the famous Rayleigh criterion δ =

0.61λ
, where δ is
μ sin β

the smallest distance in the image that can be resolved, λ is the wavelength of the light, μ
is the refractive index of the medium and β is the half-angle of light collection of the
magnifying lens. After Louis de Broglie’s revolutionary theory on particle-wave duality,
electrons demonstrated their wave nature. The electron wavelength λ is a measure of its
momentum, i.e., p = h / λ , where h is Planck’s constant. The momentum p can be
provided by accelerating voltage V . In this case, the wavelength is given by

λ=

h
1/2

⎡
eV ⎤
⎢ 2m0 eV (1 + 2m c 2 ) ⎥
0
⎣
⎦
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,

(3-1)

where m0 is the static mass of electrons, eV is the kinetic energy of electrons and c is
the speed of light. Accelerating the electron through 200 kV, Equantion (3-1) provides the
value λe

0.0025 nm which is five orders smaller than visible light ( λVisibleLight

0.5 μm).

That means microscopes made with electrons should be able to resolve features five orders of
magnitude smaller than light microscopes. The first electron microscope was invented by
Knoll and Ruska in 1930s. Ruska was awarded a Nobel Prize along with Binning and Rohrer
in 1986. SEM is one example of an electron microscope that works in reflection. Recent
generation SEMs allow high quality images of samples with magnification from 5x to
1,000,000x. SEM may be the most indispensable techniques for rapid and inexpensive
nanowire characterization. In this section, I will review electron-specimen interaction which
provides the principles of electron microscope operation; second I will describe the SEM
used in my thesis work and show some images taken by the SEM.
3.2.1 Electron-Specimen Interaction

When a specimen is illuminated by a high energy electron beam, a variety of
processes, such as backscattered electrons, secondary electrons, diffracted electrons and
Auger electrons, etc. will take place. Depending on the process (Figure 3-6), different
techniques can be used for material characterization [139].
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Figure 3-6. Processes generated when a high energy
electron beam interacts with a specimen [139].

The possible processes are summarized in a schematic diagram above in figure 3-6.
The electron-specimen interaction also related to the interaction volume. Figure 3-7 depicts
the interaction volume between electrons and specimen. There are three types of electrons
that can be radiated from the specimen: secondary electrons with energies <50 eV; Auger
electrons produced by the decay of the excited atoms; and backscattered electrons that have
energies close to those of the incident electrons. In the deep interaction region, characteristic
X-rays are emitted as electrons ionize an atom. A continuum of bremsstrahlung X-rays is
produced when electrons are slowed by interaction with the nucleus [140].
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Figure 3-7. Generalized illustration of interaction volumes for various
electron-specimen interactions. Auger electrons (not shown) emerge from a
very thin region of the sample surface (maximum depth about 50 Å) than
do secondary electrons (50-500 Å) [140].
3.2.2 Scanning Electron Microscopy

The primary SEM used in my thesis work was a Hitachi S-3000H. Figure 3-8(a)
shows a picture of the SEM. The most distinctive feature of Hitachi SEM is its ability to
effectively operate within the low voltage regime because of the patterned Dual Bias circuit.
The use of low accelerating voltages is often preferred over the use of high accelerating
voltages under high vacuum conditions. This is because when operating at low voltage, beam
penetration is minimized which enables observation of the “true” surface of the sample. With
the Dual Bias circuit, all non-conductive samples can be easily imaged in the low voltage
mode so that vital surface information can be acquired. Also its low voltage operation in high
vacuum allows the observation of samples avoiding the need to sputter coating this metals
over the sample.
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Figure 3-8. (a) Hitachi S-3000H SEM; (b) Schematic
diagram for dual bias circuit.

Figure 3-8(b) below illustrates the operation of the Dual Bias circuit. Historically,
electron microscope guns have used a single self-biasing (variable) circuit of R1 to keep the
emission current stable. The current flowing through the filament must pass through the bias
resistor (R1), providing a voltage drop (V=R1*Ie) which results in the filament (cathode)
being more positive than the Wehnelt cap. Hitachi has added a second resistor (R2) that
completes a parallel circuit in which both R1 and R2 lower the resistance of the Wehnelt cap
in relation to the filament. This “Dual Bias” system allows in excess of 100 μA or more
emission current to be generated at low voltages from a gun that uses a Tungsten filament.
In Figure 3-9, we show an image of Zn1-xMnxS nanowires taken by this Hitachi
S-3000 SEM without Au over sputtering. Some free standing wires were blurred because of
the charging. Also the SEM is used to measure the length of single GaP nanowires for single
wire Raman spectroscopy study.
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Figure 3-9. Image of Zn1-xMnxS nanowires took by
Hitachi S-3000 SEM.

3.3 Transmission Electron Microscopy
In 1932, Knoll and Ruska [141] developed the idea of electron lenses into a practical
reality and built the first TEM. Only four years later, commercial TEMs were developed.
Nowadays, TEMs became widely available from many companies, such as Hitachi, JEOL,
Philips and RCA, etc. The TEM became the most versatile characterization tool in materials
science and biology providing information on crystal structure and composition.
One of the most important development on applications of TEM in materials science
was made by Heidenreich [142] who first thinned metal foils to electron transparency. In
terms of nanowire characterization using TEM, the most wonderful thing is that the nanowire
is transparent to the electron beam and the TEM sample preparation is fairly simple compared
with other materials such as thin films. Nanowire TEM sample preparation will be described
in the later section 3.6.3. Associated with TEM, there are several analytical microscopy tools,
such as selected area electron diffraction (SAD), convergent beam electron diffraction
(CBED), X-ray energy dispersive spectroscopy (XEDS) and electron energy loss
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spectroscopy (EELS) etc. In this section, we will first review the basic operation modes in
TEM. Then some analytical microscopy techniques used in the thesis work, such as SAD and
XEDS, will be discussed.
3.3.1 Introduction

A TEM is generally made of three sections: illumination system, specimen stage and
imaging system. The illumination system comprises an electron gun and two condenser
lenses which determines the diameter of the electron beam on the specimen. This two
condenser lenses are adjusted to illuminate the specimen either with a parallel or convergent
electron beam. The later is called a convergent beam mode. The convergent beam is a probe
and it can be focused as small as several nanometers (<10 nm). This mode is generally used
when we want to localize the signals coming from the specimen, such as in microanalysis and
convergent-beam diffraction. A parallel beam is essential to get the sharpest diffraction
patterns (DPs) as well as the best image contrast. The following discussions are all based on
parallel beam mode.
The specimen stage or holder is a mechanical device holding the sample. There are
two different types of holders, top-entry and side-entry. And side-entry holders have
becoming the standard.
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Figure 3-10. Ray diagrams of electron optics for two basic
operations of TEM involve (left) projecting the diffraction
pattern on the viewing screen and (right) projecting the
image onto the screen [139].

The imaging system contains at least three lenses that together produce a magnified
image or diffraction pattern of the specimen. Schematic ray diagrams of electron optics of
both diffraction (left panel) and imaging (right panel) modes are shown in Figure 3-10. The
center indicates each component of the vertical TEM column. As mentioned before, the
electron beams are usually adjusted parallel to the optic axis. Then the objective lens takes
the transmitted electrons through the specimen and disperses them to create a DP in the back
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focal plane. This DP can then be projected onto the viewing screen (left panel) or recombined
to form an image on the viewing screen (right panel). To see the DP, the intermediate lens is
adjusted so that its object plane is exactly the back focal plane of the objective lens. In the
imaging mode, however, the intermediated lens is adjusted such that the image plane of the
objective lens is the object plane of the intermediate lens. From Figure 3-10, we can see that
the DP contains all the electrons illuminated on the sample. To avoid damaging the viewing
screen by the intense electron beam, only diffracted electrons of a specific area are selected to
contribute the DP. This is called selected area electron diffraction (SAD) which is the topic of
next section; SAD can be achieved by inserting a SAD aperture on the back focal plane of
objective lens shown in Figure 3-10. Also an objective aperture is inserted into the position
between objective lens and back focal plane to limit the field and to enhance contrast.
3.3.2 Selective-Area Electron Diffraction (SAD)

When the electron beam passes through the sample, electrons will either be
incoherently scattered or coherently scattered, i.e., diffracted. Diffracted electrons can be used
to form the DP of the sample as we can see in the above section. DPs are quite useful and can
help us answer questions, such as 1) is the specimen crystalline? Crystalline and amorphous
materials give totally different DPs; 2) if it is crystalline, what are the crystallographic
characteristics, symmetry and lattice parameters for example, of the specimen? 3) is the
specimen a single crystal? If not, what is the grain morphology, how large are the grains,
what is the grain-size distribution, etc.?
Similar to crystal diffraction by X-rays, there are also two ways to look at electron
diffraction by crystals, either in real space (Bragg) or in reciprocal space (Laue). Figure 3-11
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shows a schematic ray diagram of SAD in real space (left panel) and the construction of
Ewald’s sphere in the reciprocal space (right panel). L is the camera length. R is the distance
between incident beam and the diffracted beam. It is actually the distance measured from the
center spot to another specific spot of interest on the SAD patterns (e.g., negatives). From
Figure 3-11, we obtain tan 2θ = R / L = (1/ d ) / (1/ λ ) and i.e.,
Rd = λ L ,

(3-2)

where λ is determined from the operating voltage according to Equation 3-1 and L is known
from the operating conditions; L can be calibrated using a standard specimen. So from
Equation 3-2, a simple measurement of the distance over the negative films is enough to
determine the interplanar spacing d of the diffraction spot of interest. This equation is very
useful for indexing SAD patterns from known or unknown crystal symmetries.

Figure 3-11. Schematic diagrams for electron diffraction in real
space (left panel) and reciprocal space (right panel). Ewald’s
sphere is only drawn partially.
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Two modes are available to do diffraction in TEM: CBED and SAD. In this thesis
work, because only SAD was used to characterize nanowires; we will not discuss CBED.
One reason we want to select a specific area to contribute to the DP is to prevent
damaging the viewing screen by the intensive electron beam as mentioned in the introduction.
Another reason is that sometimes we need to see the spot-to-spot change (if any) in the
crystal axes orientation. Figure 3-12 shows some TEM images and DP of the Ge:Mn
nanowires. The nanowire in Figure 3-12a is single phase of Mn with O (the O is a
contaminant from the surface Mn oxide in the Mn source). The corresponding electron
diffraction pattern and the HRTEM image shown in Figure 3-12b and c, respectively, reveal a
high quality single crystal nanowire. The symmetry of the electron DP is consistent with an
fcc crystal observed along the [011] zone axis, and lattice constant of ~4.3Å. In this case the
nanowire growth direction is [111]. A linear heterojunction is shown in Figure 3-12d; the dark
contrast region indicates high content of Ge. SAD patterns from the region containing Ge and
Mn (Figure 3-12e), and from the junction (Figure 3-12g) demonstrate that both parts of the
nanostructure are single-crystal. The epitaxial relation is shown in the schematic of Figure
3-12f.
One of the most important applications of electron diffraction from nanowires is to
determine their growth directions. However, SAD is usually performed on a single nanowire,
therefore the DP only tells us the information for only a selected small portion of the wire.
Figure 3-13 shows the DP and a TEM image of a GaP nanowire. DP indicates that the wire
grew along [110] direction.
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Figure 3-12. Single-phase Ge1-xMnx nanowire: (a) TEM image, (b) electron
DP, (c) HRTEM of (a) showing the Fourier Transform (inset) in agreement
with the (b). Linear heterojunction nanowire: (d) TEM image, (e) and (g) are
the electron DPs of the dark contrast region (Ge:Mn alloy) and the interface,
respectively; (f) Scheme showing the epitaxial relation between both sides of
the heterojunction (Courtesy H.R Gutierrez, unpublished results).

Figure 3-13. DP and TEM image of a GaP nanowire grown
by PLV-VLS. The DP indicates that the nanowire grew
along [110] direction.
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3.3.3 X-Ray Energy-Dispersive Spectroscopy

Being developed in late 1960s, X-ray energy-dispersive spectroscopy (XEDS) has
became a commonly used technique associated with TEM. It gives us a spectrum of the
X-rays induced by collision of high energy electrons with the sample. Recall from section
3.2.1, the interaction of electron beam with specimen produces two kinds of X-rays: (1)
characteristic X-rays, that are unique to an ionized atom of the specimen, and (2)
Bremsstrahlung continuum X-rays. The X-ray spectrum is collected by a semiconductor
detector, such as SiLi, and recorded by a multi-channel analyzer. XEDS has become a quick
and easy way to do elemental analysis of specimen on any TEM. However, the window in
front of the detector absorbs low energy X-rays and it causes problems for XEDS to detect
light elements. For these low atomic number Z elements, EELS is preferred. Combined with
STEM mode or energy-filtered TEM, one can actually obtain a nanoscale “map” of elemental
information, i.e., the spatial distribution of the elements in the specimen. Quantitative
analysis is also possible if a standard composition specimen is provided to calibrate the
response of the instrument to the different elements expected in the sample. Details of a
quantitative XEDS analysis can be found in Ref. [139]. Figure 3-14 shows an example of
using XEDS to identify the composition of both the growth tip and the body of one of our
nanowires. Figure 3-14a is a STEM image of a GaP nanowire with a bright growth tip and a
dark body. The image contrast between the tip and body came from the atomic number Z
difference. Higher atomic number Z results in the brighter image. Figure 3-14b is an XEDS
spectrum taken from the growth tip (point “A” in Figure 3-14a). The growth tip (catalyst
particle) consists of a Au-Ga alloy. Interestingly, we cannot detect P in the particle, within the
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detection limit of XEDS. Figure 3-14c is the spectrum taken from the body of the nanowire
(point “B” in Figure 3-14b). Only Ga and P exist, no Au impurity is detected. The C and Cu
peaks are from the TEM grids [55].

Figure 3-14. (a) A STEM image of a nanowire with the tip; (b)
A XEDS spectrum obtained at the spot “A” (a) in the droplet;
(c) Another spectrum taken at spot “B” (a) on the nanowire. The
C and Cu peaks are from the grids [55].
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3.3.4 High-Resolution Transmission Electron Microscopy

High-resolution transmission electron microscopy (HRTEM) is an imaging mode in
TEM that allows us to image the crystallographic structure of a sample at the atomic scale. It
can provide beautiful lattice fringes or crossed lattice fringes. The HRTEM fringes resemble
the atomic planes so much that one can be easily misled into thinking of them as atomic
planes. A HRTEM image along with the SAD of a ZnO nanowire grew from [100] is shown
in Figure 3-15.

Figure 3-15. HRTEM image of ZnO nanowire with SAD
pattern (inset). The growth axis is [001]. Amorphous
surface is ~1-2 nm or 3-6 atomic layers.

The fringes in the figure actually stems from the interferences between two or more
electron beams. When two beams with the same frequency and similar amplitude interfere
with each other, the detected intensity varies sinusoidally with a certain periodicity to form an
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interference HRTEM image. A two-beam situation is first used to schematically illustrate how
lattice fringes are formed in Figure 3-16a, without using mathematical equations. Detailed
treatment is referred to [139]. In Figure 3-16a, directed beam O and diffracted beam G are
aligned symmetrically relative to the optic axis, which means the directed beam is tilted
relative to the optic axis. Then two-tilted beam situation is achieved and in this situation, the
planes of interest lie parallel to the optic axis. Hence the planes are not parallel to the incident
beam. The lattice fringes will look like the parallel bright and dark alternative lines (Figure
3-16a left). If from the diffraction geometry all the diffracted beams are included (Figure
3-16b right), multiple beams will interfere and the results will look like crossing lattice
fringes (Figure 3-16b left). The spacing between the color lines is exaggerated for clarity.

Figure 3-16. Schematic diagrams of how lattice fringes are formed. (a)
two-beam situation, only direct beam (O) and diffracted beam (G) are
selected, so the resultant lattice fringes are parallel lines schematically shown
on the left of (a). (b) Multiple beam situation, in which all the diffracted
beams are selected. The lattice fringes will look like several sets of parallel
lines crossing each other (bright dots array) shown on the left of (b).

Let us first recall that the wavelength of the electron beams at usual 200 kV
accelerating voltage is about 0.025 Å. Considering the resolution of a microscope at a very
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good alignment, this value is about 1.9 Å point-to-point resolution for JOEL 2010F TEM
operated at 200 kV. So any planes with a spacing less than 1.9 Å will not be resolved by TEM.
Assuming cubic lattices, e.g., GaAs (a=5.65 Å), the spacing d111~3.26 Å, d200 ~2.83 Å, d220 ~
2.0 Å. Any other higher Miller index planes have a spacing less than 1.9 Å, and therefore will
not be resolved. So practically speaking, this means in order to see lattice fringes, one has to
orient the specimen so that a low Miller index zone axis is chosen. SAD pattern and Kikuchi
lines are helpful to orient the specimen.

Figure 3-17. HRTEM image of a Si nanowire taken
with two-beam interference, as shown in Figure
3-16a.
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Figure 3-18. HRTEM image of a Si nanowire from multiple beam
interference, as schematically shown in Figure 3-16b. The nanowire
sample is the same batch as the one shown in Figure 3-17.

Figure 3-17 and -18 and show two corresponding HRTEM images of the same batch
of Si nanowires. Figure 3-17 is a tilted two-beam situation. The lattice fringes are parallel
lines corresponding to Figure 3-16a. Figure 3-18 is a multiple beam situation corresponding
to Figure 3-16b. From the above analysis, we want to emphasize that the lattice fringes are
not direct images of the structure. They rather give information about the lattice spacing
information. We can obtain the information of crystal structure from these lattice images by
performing a Fourier transform which gives the electron diffraction patterns. In Figure 3-19,
we display an HRTEM image (a) of the growth tip and the “neck” of the nanowire, and the
SAD pattern from both the growth tip and the nanowire (b). High single crystallinity is
demonstrated both in the growth tip and the body of the nanowire. The SAD pattern (b) from
position shows two sets of patterns, one [110] two fold-symmetry pattern from the nanowire
with [111] as growth direction and the other two-fold symmetry [110] pattern from the
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growth tip. The spacing from the SAD pattern doesn’t match any existing Au-Ga alloy phases.
It rather indicates an orthorhombic phase with lattice constants elongated. Figure 3-20 is an
HRTEM image of a ZnO nanowire with growth direction [101]. The inset is a Fourier
transform of the HRTEM image showing an SAD pattern indexed [12 16] as zone-axis.

Figure 3-19. HRTEM image and SAD pattern from the VLS growth tip
of GaP nanowire using Au. (a) HRTEM image of a growth tip and
neck. Single crystallinity is shown both in the growth tip and the
nanowire body. The nanowire is grown along [111] direction. (b) SAD
pattern from the tip and in body of the nanowire. Two sets of SAD
patterns superimpose on each other: a [011] zone axis two-fold
symmetry from the nanowire and a [110] two-fold symmetry pattern
from the Au-Ga alloy growth tip.
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Figure 3-20. HRTEM image of a ZnO nanowire growing
by CVD-VLS in our lab. Inset: Fourier transform of the
lattice image to yield an artificial DP.

3.4 Focused Ion Beam
Focused ion beam (FIB) was used to cut a long GaP nanowire into axial segments
with lengths ranging from 3.3 μm to 300 nm. These nanowire segments were used for
exploring nonlinear stimulated Raman scattering (SRS). SRS results will be examined in
Chapter 8.
A FIB produces a high energy ionized atoms, such as Ga+, to do imaging, milling,
deposition and implantation in samples. For example, it can be used to remove materials
locally on sub 100 nm scale or to locally deposit conducting (Ga, W or Pt) or insulating
materials in a pattern in the direct writing mode.
The FIB system we used is the Quanta 200 3D Dual Beam FIB which combines a
thermal emission SEM and conventional FIB. Figure 3-21 shows a four probe device of core
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shell ZnCoS/ZnCoO nanowire. The four contacts are made by tungsten deposited by FIB and
connect the nanowire to the contact pads.

Figure 3-21. A SEM image of a core shell ZnCoS/ZnCoO nanowire
four probe device made by FIB. The contacts are tungsten.

3.5 Raman Scattering Spectroscopy
Raman effect is an inelastic light scattering phenomenon which occurs when light
interacts with gaseous, liquid or solid media. It is named after its discoverer Sir
Chandrasekhara V. Raman who was awarded Nobel Prize in 1930. At the early stage after its
discovery, it was really difficult to detect Raman peaks because of the small scattering cross
section and luck of an intense light source. The first successful Raman experiments were
actually made by sunlight. The experimental situation changed dramatically in the 1960s with
the advent of the laser, providing an ideal light source for Raman spectroscopy. Now Raman
66

scattering is a useful technique to study the vibrational properties of molecular, liquid and
solid materials. Here we use it to probe electromagnetic cavity effects in long and short
nanowires. This is discussed in Chapter 7, spontaneous Raman scattering and in Chapter 9,
stimulated Raman scattering.
3.5.1 Basic Principle of Raman Scattering

Several optical processes, such as reflection, absorption, scattering and luminescence
etc., can occur when a medium is illuminated by a light source. Figure 3-22 shows a
schematic diagram of possible three processes for scattered light. The far left and right are
inelastic photon scattering (Raman) and the center is elastic scattering (Rayleigh). Generally
speaking, the scattering can be regarded as a two step process. First, an electron in the initial
vibrational energy state Evi is excited to a higher energy state by absorbing a photon with
r
energy hωi and wavevector ki . This higher energy state does not need to be a real one and

we call it a virtual energy state. Then the excited electron relaxes back to another possible
vibrational energy state Evs by emitting another photon with energy hωs and wavevector
r
k s . If the absorbed and emitted photon have the same energy, i.e. ωi = ωs , it is an elastic

scattering event and called Rayleigh scattering. Otherwise, inelastic Raman scattering occurs.
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Figure 3-22. Schematic illustration of Rayleigh and Raman
Scattering processes.

In Raman scattering, the total energy and momentum are conserved. In solids, that
r
r r
means a quantum with energy hωq = ± h(ωs − ωi ) and wavevector hkq = ± h(ks − ki ) has to
be evolved. In scattering from lattice vibrations, the quanta are called phonons; they are
quantized. If ωs > ωi , a phonon is absorbed and it is called Stokes Raman scattering. If

ωs < ωi , a phonon is emitted and it is called anti-Stokes Raman scattering. Normally, optical
phonons are studied by Raman scattering. Small wavevector acoustic phonons participate in
inelastic scattering of light. However, this process is called Brillouin scattering. A grating
spectrometer cannot be easily used to carry out Brillouin scattering as the stray laser light is
too intense. We will discuss phonons and the tensor formalism of Raman scattering in
semiconductors in details in Chapter 4.
Generally speaking, the light sources used in Raman spectroscopy are lasers; we can
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use a variety of lines from 363-765 nm. Using a wavelength λ of the laser λ ~500 nm, i.e. the
wavenumber ν(=1/ λ) is ~2×106 m-1. However, a typical width of the first Brillouin zone is
π/a~109 m-1 (given a typical crystal lattice constant a is ~2 Å). By noticing that the
wavenumber ν is proportional to the photon momentum ( p = h / λ ) and this is much smaller,
the phonons studied by Raman scattering is the zone-center phonons of the first Brillouin
zone. More detailed discussion on Raman scattering will be provided in next Chapter.
3.5.2 Instrumentation

The measurement of a Raman spectrum generally requires the following equipment
[4]: (1) a coherent and monochromatic light source; (2) an efficient optical system to collect
the weak scattered radiation; (3) A spectrometer to reject stray laser radiation and analyze the
scattered radiation; (4) a highly sensitive multichannel detector.
Commercial Raman microscopes are now available that perform well enough to
detect the Raman signal from single nanoscale objects that strongly scatter. We have two
Raman spectrometers in our laboratory: (1) Horiba Jobin-Yvon T64000 and (2) Renishaw
Invia. Both use microscopes to excite the Raman scattering and collect the back scattered
signal. For this thesis, Raman scattering experiments on bulk DMS Zn1-xMnxS nanowires
were carried out by Jobin-Yvon T64000 Raman spectrometer. All the single wire experiments,
including Raman and Rayleigh scattering, were carried out by the more sensitive Renishaw
Invia microscope spectrometer.
(1) Horiba Jobin-Yvon T64000 micro-Raman system equipped with three gratings, a

double subtractive foremonochromator followed by a spectrograph. Figure 3-23a shows a
picture of our T64000 micro-Raman with each important component labeled. Figure 3-23b
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presents a schematic diagram of the optics of spectrometer. A polychromatic radiation enters
the first monochromator through the entrance slit S1 and is dispersed by the grating G1. The
exit slit of the first monochromator (entrance slit of the 2nd monochromator) S2 works as a
bandpass to select the desired light range. The grating G2 in the 2nd monochromator
recombines all the dispersed radiation on the exit slit S3 giving again a polychromatic
radiation, but limited to only the spectral range selected by slit S2. Finally, the combined
radiation from this spectral range is dispersed again by the third grating G3 and imaged onto
a liquid nitrogen cooled charge-coupled device (CCD) detector. The spectrum is dispersed
across the multichannel CCD detector which outputs spectral information to a PC.
In Figure 3-24 we show the external excitation and collection optics. The excitation
laser beam is first “cleaned” by an iris and a plasma filter and then is split by a beam splitter
(BS). The beam stop stops the light transmitted though the BS. The objective focuses the
other split laser beam into ~1.0 μm spot size with 100X magnification and collects the
backscattered photons. The collected scattered light passes through the BS and then is
focused by lens L3 onto the adjustable confocal aperture. After the confocal aperture, the
Raman scattered light is then focused onto the entrance slit of the monochromator by lens L5.
The subtractive double monochromator processes the incoming light and defines a spectral
bandpass that is determined by an internal slit width (S2 in Figure 3-23b). This bandpass is
selected to reject strong stray laser and Rayleigh scattered light. The third grating disperses
the spectrum onto the CCD detector.
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Figure 3-23. Jobin-Yvon T64000 Raman microscope: (a)
A picture of our MicroRaman system labeled with
important components on the right. (b), A simplified
diagram of the spectrometer internal optics.
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Figure 3-24. External optical diagram of T64000
micro-Raman system.
(2) Renishaw Invia Raman microscope is a fully automated micro-Raman system. It

is equipped with some feedback controlled optics for directing incoming and collecting
scattered light, a Leica DMLM optical microscope, and a thermoelectrically cooled CCD.
Figure 3-25 shows a photograph of the Renishaw Invia Raman microscope with the
components indicated by green arrows. The internal optics in this Renishaw Raman
microscope are optimized for three laser lines (514.5, 647, 785 nm), allowing us to detect
very small signals from even single semiconductor nanowires without using the techniques,
such as resonance Raman and surface enhanced Raman scattering (SERS). The notch filter is
designed to pass light displaced about ~50-60 cm-1 on either side of the laser light. Thus the
useful range of the instrument is for vibrations with ν > 50 cm-1. Excitation at 514.5 nm was
used in all my single wire experiments on both Raman and Rayleigh scattering from GaP
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nanowires.

Figure 3-25. Renishaw Invia Raman microscope with
components indicated by green arrows.

Figure 3-26. Schematic optical ray diagram of Renishaw Invia
Raman microscope with each optical component indicated.
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The internal optics of Renishaw is much simpler than Jobin-Yvon T46000. The optical
ray diagram with all the optics is illustrated in Figure 3-26. The incoming laser passes
through a plasma filter, a neutral density filter (for attenuation), two lenses, four mirrors and
finally focused to the sample stage by an objective lens. Then the back scattered light is
collected by the objective lens passes through a Rayleigh filter (edge filter or notch filter) and
is dispersed by a grating before collected by the thermal CCD. To do polarized Raman
scattering on single wires, we need two rotators, a sample rotator to align the nanowire and a
half wave plate (HWP) to rotator the laser polarization, and a polarizer in addition to the
optics in Figure 3-26. The HWP is inserted before the objective lens. It actually rotates both
the incident and scattered light. And Figure 3-27 shows the polarization rotators (top) and the
sample rotator (bottom right).

Figure 3-27. Sample Rotator and polarizer rotator used for polarized
Raman scattering on single semiconductor nanowires.
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3.6 Sample Preparation
In this section, we summarize the sample preparation for different characterization
methods used to study the morphology, structure, composition and other physical properties
of semiconductor nanowires. Due to the different character for each characterization tool,
different preparation procedures are necessary in order to optimize in their use.
3.6.1 Sample Preparation for Scanning Electron Microscopy

Samples prepared for SEM are either as-grown nanowires (Zn1-xMnxS) on Si substrate
or nanowires (GaP) deposited on Si substrates with Au/Cr markers fabricated by
microfabrication techniques. The procedures to make the markers will be present in section
3.7. As mentioned before, the Hitachi S-3000H does not require Au coating to avoid charging
the sample. As-grown nanowire samples generally do not need additional treatment unless
acid treatments are used to reduce their diameter. We describe how to deposit isolated GaP
nanowires on patterned Si substrate such as can be used for polarized Raman scattering or
photoluminescence studies. The as-grown GaP nanowires were collected from the reactor
tube walls (section 2.4.4) and then dispersed into spectral grade (high purity) isopropanol or
ethanol by mild ultrasonication bath (Aquasonic, P250HT). This provides a metastable
suspension. Several drops of the suspension are then dropped on top of the patterned Si
substrates and the solvent is allowed to vaporize. Depending on the concentration of
nanowire suspensions, either an ensemble of entangled nanowires, or well-separated single
nanowires are obtained. Figure 3-28 shows an SEM image of an individual GaP nanowire on
Si with alignment markers that was deposited from solution in this way. AFM was then used
to measure the nanowire diameter by z-scans, as discussed above.
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Figure 3-28. SEM image of a GaP nanowire with
alignment markers.

3.6.2 Sample preparation for Atomic Force Microscopy

In this thesis work, AFM is used to measure the diameters of the GaP nanowire
samples prepared in the last section. For AFM studies, it is crucial to use a clean and flat
substrate. Generally clean Si with native oxide is a good choice. The samples were prepared
the same way as described in the previous section. Here we just provide the recipe for Si
substrate cleaning. Si substrates were clean by the Piranha method. Mix 98% concentrated
sulfuric acid with 30% concentrated hydrogen peroxide (4:1) and submerse the Si substrates
into the mixture for ~20 minutes. Then take the substrates out and rinse thoroughly with DI
water and blow dry with nitrogen gas. Piranha method is very effective to remove any
organic or metal residue.
3.6.3 Sample preparation for Transmission Electron Microscopy

To prepare samples for TEM, the nanowires were first dispersed in isopropanol by
ultrasonication to obtain a metastable suspension. To prevent breaking the nanowires,
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ultrasonication is carried out at low power. A uniform suspension was usually obtained using
ultrasonication cycles, i.e., several cycles each for a time ~10 seconds. Then a drop of the
nanowire suspension was placed either onto a lacy carbon TEM grid (Electron Microscopy
Sciences, Inc) or a copper TEM grid with 2000 mesh holes (Ted Pella, Inc.) and the solvent
was allowed to vaporize before in lab air before introducing the grid into the microscope. The
TEM work on DMS Zn1-xMnxS nanowires was primarily carried out on JOEL 2010F
microscope and the GaP nanowires, that required more diffraction analysis, was carried out
by the PHILIPS EM420T.
3.6.4 Sample preparation for Raman Spectroscopy and Rayleigh Scattering

A variety of Raman scattering experiments have been carried out in this thesis,
slightly different sample preparation procedures were followed. For Raman scattering on
DMS Zn1-xMnxS nanowires (Chapter 5), we use either as grown ensemble of wires on Si
substrates or single nanowires on indium foil. Indium foil creates a very low and uniform
spectral background identified with stray laser light. Therefore it is an ideal substrate for
Raman study of single nanowires that produce low Raman signals. Isolated GaP nanowire
samples on Si with markers (section 3.6.1) were also used for polarized Raman scattering
studies. Low energy SEM was used to locate these individual nanowires and also was used
measure the length. AFM z-scans were then used to measure the nanowire diameters.
Nanowires with a length ranging from 10-100 μm and a diameter ranging from 45-600 nm
were studied in polarization dependent Raman scattering (Chapter 6, 7 and 8). The reason
that the Si substrates instead of indium foil can be applied for Raman scattering on individual
GaP nanowires is that the Raman signal of single GaP nanowires is much stronger than the
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Rayleigh scattering from the Si substrate at the excitation laser wavelength (514.5 nm). And
the optical phonon from the Si substrate (~520 cm-1) is higher than GaP TO (~362 cm-1) and
LO (~400 cm-1) mode. GaP nanowires on TEM grids (section 3.6.3) were also used for
polarized Raman and Rayleigh scattering study.

3.7 Au/Cr Marker Generation
In this section, procedures to generate Au/Cr alignment markers on Si substrates will
be presented briefly. The alignment markers were made by photolithography. Lift-off
procedures were used to avoid wet chemical etching. In Figure 3-29, we schematically show
the fundamental two-layer resist technique that is applicable not only for photolithography
but also for e-beam lithography. For photolithography, LOR1A and SPR3012 (MicroChem,
Inc) were used as the lift-off resist and the imaging resist, respectively. When the resist was
exposed to light through a mask, an under-cut structure will be formed because different
layers have different sensitivity to the light.

Figure 3-29. Schematic flow chart showing how to fabricate
metal pattern by lift-off process.
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CHAPTER FOUR: POLARIZED RAMAN SCATTERING
FROM BULK POLAR SEMICONDUCTORS

Some basic concepts of Raman scattering have been introduced in the last chapter. In
this chapter, the main task is to get deep understanding of polarized Raman scattering from
polar semiconductors in bulk form. First, phonons in polar semiconductors are introduced.
Second, polarized Raman scattering and Raman tensor calculation for polar semiconductors
with zinc-blende (ZB) structures are discussed. Finally, we calculated Raman tensors and
intensity polar patterns of optical phonons of polar semiconductors with wire geometry.

4.1 Phonons in Semiconductors
Phonons are quanta of vibrational energy of crystal lattice. They are important in
electronics, optoelectronics and heat transport etc. Carrier mobilities of semiconductors, for
example, are fundamentally limited by the carrier and phonon interaction. This section will
mainly deal with phonons in zinc-blende (ZB) polar semiconductors, such as group II-VI and
III-V semiconductors. Semiconductors with ZB structures can be regarded as two
face-centered cubic (fcc) lattices displaced relative to each other by a vector
(a / 4, a / 4, a / 4) , where a is the cubic lattice constant. Generally speaking, for any crystal
which has n atoms in the unit cell, there are total 3n normal vibrational modes, 3
acoustic modes and 3n − 3 optical modes. For ZB polar semiconductors, n = 2 and there
are six modes: one longitudinal acoustic (LA) mode; two transverse acoustic (TA) modes;
one longitudinal optical (LO) mode and two transverse optical (TO) modes. In non-polar
semiconductors, such as Si and Ge, the TO and LO modes are degenerate. In polar
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semiconductors, however, the additional electromagnetic restoring force stemming from the
ions displacement in the lattice increases the LO frequencies relative to TO phonon
frequencies. The lattice dynamics of polar modes in cubic crystals were first treated
comprehensively by Huang [143].

Figure 4-1. Raman spectra of several ZB semiconductors with
both Stokes and anti-Stokes Raman peaks [144].

Huang and many others have shown that zone-center phonon frequencies of TO and
LO modes, ωTO and ωLO , follow the famous Lyddane-Sachs-Teller relation,
2
ωLO
ε (0)
=
,
2
ωTO ε (∞)

(4.1)

where ε (0) and ε (∞) are the static and high frequency dielectric constant, respectively.
The first laser Raman experiment on polar semiconductors was carried out by Hobden and
Russell [144] in 1964. Figure 4-1 shows the Stokes and anti-Stokes Raman spectra of three
polar semiconductors showing the splitting of the q ≈ 0 TO and LO clearly recorded [145].
The ratio of Stokes and anti-Stokes Raman peaks is actually a very important experimental
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parameter which theory has shown measures the local temperature of the sample within the
focal spot. It can be written as [146]
IS
= A exp( hω0 / k BT ) ,
I AS

(4.2)

where I S and I AS are the intensities of Stokes and anti-Stokes Raman peaks, ω0 is the
phonon frequency, k B is the Boltzmann constant, and T is the sample temperature in the
focal spot. High power lasers at a few mWs are capable of raising the temperature T of the
sample by ~500 to 1000 K. A nanowire is more easily laser heated than bulk material because
the thermal conductivity is geometrically confined in the wire.

4.2 Classical Theory of Raman Scattering
First order Raman scattering from optical phonons, TO and LO, on bulk
semiconductors is a well studied and established field from both theoretical and experimental
perspective [4, 147]. The macroscopic theory of inelastic scattering by phonons in a solid can
be found in many standard textbooks [4, 146]. We summarize the theory below.
Let us start with a sinusoidal plane electromagnetic (EM) field described as
r r
r r
r r
E (r , t ) = Ei (ki , ωi ) cos(ki ⋅ r − ωi t ) .

(4.3)

r r
When this EM field is present in semiconductors, the induced polarization P (r , t ) will also
have a sinusoidal form
r r
r r
r r
P (r , t ) = P (ki , ωi ) cos(ki ⋅ r − ωi t ) ,

(4.4)

and it can be written as
r
r r
r r
P (ki , ωi ) = χ (ki , ωi ) ⋅ E (ki , ωi ) ,

(4.5)

r
where χ (ki , ωi ) is the electric susceptibility of the semiconductors at the EM field
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frequency ωi . The k -dependent of χ can often be ignored.
Because lattice vibration can modulate the susceptibility of the semiconductor, we
treat the lattice vibration as the perturbation and the electric susceptibility χ can be
r
expanded in Taylor series in terms of the atomic displacements Q , i.e.
r

r

r

r

r r

χ (ki , ωi , Q) = χ 0 (ki , ωi ) + (∂χ / ∂Q)0 Q(r , t ) + ... ,

(4.6)

r r
r r
r r
where the atomic displacements Q (r , t ) = Q (q , ω0 ) cos(q ⋅ r − ω0t ) . Substituting equation (4.6)

in (4.5) and neglecting the higher order terms in (4.6), we have
r r r
r r
r r r
P (r , t , Q ) = P0 (r , t ) + Pind (r , t , Q ) ,

(4.7)

r
r r
r r
r r
where P0 (r , t ) = χ 0 (ki , ωi ) ⋅ Ei (ki , ωi ) cos(ki ⋅ r − ωi t ) ,
r r
r r r
r r
r r r
and Pind (r , t , Q ) = (∂χ 0 / ∂Q )0 Q (r , t ) ⋅ Ei (ki , ωi ) cos(ki ⋅ r − ωi t )
r r
r r r
r r
r r
= (∂χ 0 / ∂Q)0 Q(q , ω0 ) cos(q ⋅ r − ω0t ) ⋅ Ei (ki , ωi ) cos(ki ⋅ r − ωi t )
r r r
r r
1
= (∂χ 0 / ∂Q)0 Q(q , ω0 ) Ei (ki , ωi )
2
r r r
r r r
× cos[(ki + q ) ⋅ r − (ωi + ω0 )t ] + cos[( ki − q ) ⋅ r − (ωi − ω0 )t ]

{

(4.8)

}

r
r r
r
Therefore Pind has two components: a Stokes wave with wavevector k S = ki − q and
r
r r
frequency ωS = ωi − ω0 and an anti-Stokes wave with wavevector k AS = ki + q and

frequency ω AS = ωi + ω0 .
The intensity of scattered radiation depends on its polarization eˆs which is
2
r
&&r
perpendicular to kS is proportional to Pind ⋅ eˆs . If the incident polarization of incident

radiation is denoted as êi , the intensity of scattered radiation I s calculated from (4.8) is
proportional to
r r
2
I s ∝ eˆi ⋅ (∂χ / ∂Q )0 Q (ω0 ) ⋅ eˆs .

r r
By introducing an unit vector Qˆ = Q / Q , we define a second rank tensor ℜ as
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(4.9)

r
ℜ = (∂χ / ∂Q )0 Qˆ (ω0 ) .

Then we have from (4.9) and (4.10) that
2

I s ∝ eˆs ⋅ℜ ⋅ eˆi .

(4.10)

The second rank tensor ℜ is called the Raman tensor and its form is related to the
symmetries of Raman-active phonons. For ZB semiconductors, the Raman tensors for TO or
LO phonons when the atoms are displaced along three principle crystallographic axes are
given by [4, 146]
⎡0 0
ℜ(eˆ1 ) = ⎢⎢0 0
⎢⎣0 d

0⎤
⎡0 0 d ⎤
⎡0
⎥
⎢
⎥
d ⎥ , ℜ(eˆ2 ) = ⎢ 0 0 0 ⎥ , ℜ(eˆ3 ) = ⎢⎢ d
⎢⎣ d 0 0 ⎥⎦
⎢⎣ 0
0 ⎥⎦

0⎤
0 0 ⎥⎥ ,
0 0 ⎥⎦

d

(4.11)

where the unit vectors eˆ j ( j =1,2,3) represent atom displacement along the crystallographic
axes [100], [010], and [001] respectively; we use subscripts j to distinguish them from the
polarizations of incident and scattered light eˆi and eˆs . The element d in the tensors is a
non-zero constant and they are generally different for TO and LO modes, i.e.,
d (TO) ≠ d ( LO) . Our Raman tensor calculations for nanowires are totally based on equations
(4.10) and (4.11) and require a coordinate transformation that is consistent with the nanowire
growth direction and eˆi and eˆs referred to their axes.

4.3 Raman Tensor Calculation for Bulk Cubic Semiconductor
Let’s first describe the polarized Raman scattering configurations shown in Figure
4-2 for a bulk semiconductor slab (a). The incoming laser is directed along − x̂ axis and the
back scattered light is collected along x̂ . Both incoming and scattered light are polarized at
the same direction, which has an angle θ with respect to ŷ axis. In the wire geometry, there
is another degree of freedom not required in the slab, the rotational angle φ with respect to ŷ
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axis. In the following we will first use equations (4.10) and (4.11) to study two examples,
bulk cubic GaP [100] and [111], under configuration in Figure 4-2 (a) to explore how the first
order Raman scattering intensities of optical phonons change with the angle θ , which were
plot using polar graphs. And we compare our calculations with experiments.

Figure 4-2. Schematic representation of coordinate systems
in slab and wire geometry.

Using the configuration described above, the polarization of the incident and back
scattered radiations are
eˆi = eˆs = ( 0 sin θ

cos θ ) ;

and the wave vectors of the incident and back scattered lights, k̂ i and k̂ s respectively, are
parallel to x̂ axis. According to the law of wave vector conservation, the wave vector of the
optical phonon q̂ involved in the Raman scattering has to be parallel to the x̂ axis. Then
the displacement of the LO phonons must be along the x̂ axis and the displacement of the
TO phonons has to be perpendicular to the x̂ axis. Then we have from equation (4.10):
I LO (θ ) ∝ (0 sin θ

cos θ ) ⋅ℜ( xˆ ) ⋅ (0 sin θ

and
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cos θ )T

2

(4.12a)

ITO (θ ) ∝ (0 sin θ
+ (0 sin θ

cos θ ) ⋅

2

1
ℜ( yˆ ) ⋅ (0 sin θ
2

1
cos θ ) ⋅
ℜ( zˆ) ⋅ (0 sin θ
2

cos θ )T
(4.12b)

2

cos θ )T

For bulk GaP [100], we set the laboratory coordinates ( x̂ , ŷ , ẑ ) to correspond to
the three principle crystallographic axes [100], [010], [001] respectively, i.e.,
ℜ( xˆ ) = ℜ(eˆ1 ) , ℜ( yˆ ) = ℜ(eˆ2 ) , ℜ( zˆ ) = ℜ(eˆ3 ) .

(4.13)

From equations (4-12a) ,(4-12b) and (4.13), we have
ITO (θ ) = 0 and I LO (θ ) ∝ sin 2 (θ ) ⋅ cos 2 (θ ) .

(4.13)

For bulk GaP [111], we set
xˆ = [111], yˆ = [112], zˆ = [1 10] .

Then we have
⎡
⎢
⎢
⎢
ℜ( xˆ ) = ℜ([111]) = ⎢
⎢
⎢
⎢
⎣
⎡
⎢
⎢
⎢
ℜ( yˆ ) = ℜ([112]) = ⎢
⎢
⎢
⎢
⎣

1
3
1
6
1
2

1
3
1
6
1
2

⎡
⎢
⎢
⎢
ℜ( zˆ ) = ℜ([1 10]) = ⎢
⎢
⎢
⎢
⎣

1
3
1
6
−1
2

1 ⎤
⎡
⎢
⎥
3⎥
⎢
−2 ⎥ 1
⎢
⋅{ [ℜ(eˆ1 ) + ℜ(eˆ2 ) + ℜ(eˆ3 )]} ⋅ ⎢
⎥
6⎥
3
⎢
⎢
⎥
0 ⎥
⎢
⎦
⎣

1
3
1
6
−1
2

1 ⎤
⎡
⎢
⎥
3⎥
⎢
−2 ⎥ 1
⎢
⋅ { [ℜ(eˆ1 ) + ℜ(eˆ2 ) − 2ℜ(eˆ3 )]} ⋅ ⎢
⎥
6⎥
6
⎢
⎢
⎥
0 ⎥
⎢
⎦
⎣

1
3
1
6
1
2

1
3
1
6
−1
2

1 ⎤
⎡
⎢
⎥
3⎥
⎢
−2 ⎥ 1
⎢
⋅ { [ℜ(eˆ1 ) − ℜ(eˆ2 )]} ⋅ ⎢
⎥
6⎥
2
⎢
⎢
⎥
0 ⎥
⎢
⎦
⎣
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1
3
1
3
1
3

1
6
1
6
−2
6

1 ⎤
⎥
2⎥
−1 ⎥
⎥
2⎥
⎥
0 ⎥
⎦

(4.14a)

1
3
1
3
1
3

1
6
1
6
−2
6

1 ⎤
⎥
2⎥
−1 ⎥
2 ⎥⎥
⎥
0 ⎥
⎦

(4.14 b)

1
3
1
3
1
3

1
6
1
6
−2
6

1 ⎤
⎥
2⎥
−1 ⎥
⎥.
2⎥
⎥
0 ⎥
⎦

(4.14c)

Substituting the above Raman tensors (4.14a), (4.14b) and (4.14c) into equations
(4.12a) and (4.12b), we obtain
I TO (θ ) = Constant and I LO (θ ) = Constant.

Figure 4-3 shows the above calculated polar patterns and experimental data for bulk
GaP [100] and [111], respectively. In Figure 4-3(b), the experimental data points are
connected for guiding the eyes. For GaP [100], both the theory and experiment show the LO
mode has a quadrupole pattern. The TO mode, however, disappears in backscattering from
GaP [100]. For GaP [111], the polar plots are circles for both TO and LO modes. The
theoretical calculations and experiments are in good agreement and demonstrate the
functionality of our polarization rotator (1/2 λ wave plate).

Figure 4-3. (a) Polar plots based on Raman tensor of
GaP [100] and [111]. (b) Polar plots of polarized Raman
scattering on GaP [100] and [111].
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4.4 Raman Tensor Calculations for Wire Geometry
In the last section, we calculated the Raman tensors and the TO and LO intensity
polar patterns for bulk cubic GaP [100] and [111] slabs. Next, we will demonstrate how to
calculate the Raman tensors of cubic GaP with wire geometry for different growth directions.
We calculate the TO and LO intensity polar patterns for wires axes along [100], [110], and
[111]. We need to consider the rotational angle φ with respect to wire axis ŷ . Let’s consider
a nanowire in Figure 4-2(b). The yˆ ( yˆ ′) axis indicates the growth direction of the wire and
x̂′ and ẑ ′ are the other two crystallographic axes of the nanowire, which are perpendicular

to the growth direction.
First, we suppose that
xˆ ′j = ∑ α jm eˆm , xˆ j = ∑ β jm xˆm′

where j , m =1,2,3, xˆ1′( xˆ1 ) = xˆ ′( xˆ ) , xˆ2′ ( xˆ2 ) = yˆ ′( yˆ ) , xˆ3′ ( xˆ3 ) = zˆ′( zˆ ) and eˆm is defined as
before. We define two transformation matrices Τ′ and Τ which are constructed from α jm
and β jm , i.e.
⎛ α11 α12 α13 ⎞
⎛ β11
⎜
⎟
⎜
Τ′ = ⎜ α 21 α 22 α 23 ⎟ and Τ = ⎜ β 21
⎜α
⎟
⎜β
⎝ 31 α 32 α 33 ⎠
⎝ 31

β12
β 22
β32

β13 ⎞ ⎛ cos ϕ − sin ϕ 0 ⎞
β 23 ⎟⎟ = ⎜⎜ sin ϕ cos ϕ 0 ⎟⎟ .
β 33 ⎟⎠ ⎜⎝ 0
0
1 ⎟⎠

α jm are known from the growth direction of the nanowire.
Then, we can calculate the Raman tensors for optical phonons displaced along the
directions xˆ ′j in terms of the coordinate system eˆ j :
ℜ( xˆ ′j ) = ∑ α jmℜ(eˆm ) ;

and the Raman tensors in the directions xˆ ′j in terms of the coordinate system xˆ ′j :
ℜ′( xˆ ′j ) = ∑ α jm Τ′ ⋅ℜ(eˆm ) ⋅ Τ′−1
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Similarly we have the Raman tensors in the directions xˆ j in terms of the coordinate system
xˆ ′j :
ℜ′( xˆ j ) = ∑ β jmℜ′( xˆ ′j ) ;

and the Raman tensors in the directions xˆ j in terms of the coordinate system xˆ j :
ℜ( xˆ j ) = ∑ β jm Τ ⋅ℜ′( xˆ j ) ⋅ Τ−1 .

Following the above recipe, we calculated the Raman tensors ℜ( xˆ j ) for nanowires
that grow along [100], [110] and [111]. By applying the calculated Raman tensors to equation
(4.12), we then calculate and plot the changes of TO and LO intensities with the polarization
angle θ. They are shown in Figures 4-4, 5, and 6 respectively. In Figure 4-4, the blue
rectangle represents the nanowire and the green arrow indicates the polarization of incident
and scattered light. The angle θ increases in the counter-clockwise direction. All the polar
patterns shown in later text are plot in the same way as Figure 4-4.

Figure 4-4. TO and LO polar plots based on Raman tensor
calculation on GaP nanowire along [100]. For only the [100]
orientation, the polar patterns do not change with the
rotational angle φ.
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The polar plots of GaP [100] nanowire are the simplest. The shapes of both TO and
LO modes stay the same except for changes of the overall TO and LO relative intensity. Our
φ analysis for GaP [111] nanowires (Figure 4-5) indicate that the LO mode patterns do not
change with φ. While the TO patterns show some variety between 0° ≤ φ ≤ 30°. For GaP [110]
nanowires, both TO and LO show a rich variety patterns through 0° to 180°, as shown in
Figure 4-6. We have only calculated Raman tensor polar patterns for [100], [110] and [111]
nanowires. There are two reasons: (1) [100], [110] and [111] are the three high symmetry
directions; (2) most of the GaP nanowires studied in later chapters grew along [110] direction
according to the SAD patterns and only a few nanowires were found to grow along [111].

Figure 4-5. TO and LO polar plots based on Raman tensor
calculation on GaP nanowire along [111].
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Figure 4-6. TO and LO polar plots based on Raman tensor
calculation on GaP nanowire along [110].

4.6 Conclusion
Raman tensors and intensity polar plots are calculated based on simple Raman
scattering theory for a cubic material (GaP) both slab and wire geometry. Calculations were
compared to polarized Raman scattering data from bulk GaP [100] and [111]; good
agreement was obtained.
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CHAPTER FIVE: RAMAN SCATTERING FROM DMS
Zn1-xMnxS NANOWIRES

5.1 Introduction
Spintronics is currently a very active research area [148, 149]. The main
technological goal is to fabricate a new generation of electronic devices by simultaneously
controlling and manipulating both the charge and spin degrees of freedoms of the conduction
electrons [148, 149]. In this context, diluted magnetic semiconductors (DMS) have been
shown to be among the most promising candidates to realize spin-based electronics. DMS are
obtained in general by adding a few percent magnetic ions, such as Mn, Co, etc, to the host
semiconductor [150]. Bulk and thin film DMS materials have been studied extensively [151,
152]. Surprisingly, DMS materials, such as the thoroughly studied (Ga,Mn)As system, have
been reported to exhibit ferromagnetism at temperatures as high as 170 K [152]. Fabrication
of Spin-LEDs [153] and the electrical control of ferromagnetism [154] using thin film III-V
ferromagnetic semiconductors have also been successfully demonstrated, even though these
phenomena have been observed at low temperature. Very interestingly, theory predicts that
hole-mediated Ga0.95Mn0.05N and Zn0.95Mn0.05O have ferromagnetic transition temperature
above room temperature [155], although experiments have shown controversial results.

5.2 Raman Scattering by Bulk DMS
Raman scattering is an effective tool to study vibrational properties of alloy crystals
with defects. This topic has been reviewed comprehensively by Barker and Sievers [156]. If a
point defect, such as a substitutional atom, is introduced into a crystal, there activates several
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possible modes can be activated [156, 157]:
1. Local modes arising from vibrations of light impurities: This type of mode
occurs at frequency above the vibrational bands of the perfect crystal and gives
rise to bands with narrow line width.
2. Gap modes occur with frequency between acoustic and optical vibrational bands
when a heavy ion replaces the light atom in a diatomic crystal.
3. Resonance modes within the vibrational bands of the perfect crystal: They give
rise to broader peaks and may be activated by many kinds of defects.
4. Band modes of the host crystal are activated by the removal of translational
symmetry.
As the concentration of defects increases, it will reach a point where an alloy or mixed
crystal is formed. As mentioned in the introduction, DMS is an alloy and we shall discuss the
Raman scattering on DMS based on Raman scattering from mixed crystals.
We consider here a general case, a semiconductor ternary alloy A1-xCxB where atoms
A are substituted by dopant atoms C. Dean reviewed the numerical method for calculating the
lattice vibrations of mixed crystals. Simple models, such as virtual-ion crystal model,
isodisplacement model and coherent potential approximation etc., exhibit all the major effects
that other more sophisticated models have shown. Based on modified random-element
isodisplacement (MREI) model, three distinct modes can be expected in the mixed crystal:
one-, two-, and mixed-mode behavior. For the “one-mode” case, the zone-center optical
phonon frequencies vary continuously with concentration with the frequencies of the two end
member. For the “two-mode” case, each TO and LO phonon pairs for an end member
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degenerates to an impurity mode of the other end member. Between these two modes lies the
mixed mode, which shows intermediate behavior.
We will discuss Mn doped II-VI group DMS materials here. Mn atoms are
isoelectronic substitutions for II-VI semiconductors. Raman scattering on II-Mn-VI systems
has been reviewed by Ramdas and Rodriguez [158]. Cd1-xMnxTe, for example, shows
two-mode behavior [159]. In the case of Zn1-xMnxS, the situation is a bit unusual because the
mass of Zn and Mn are nearly equal (MA~MC). In this case, the expected additional modes
are similar to the resonant modes, i.e., their frequencies are expected within the optical
phonon band.

5.3 Raman Scattering from DMS Zn1-xMnxS Nanowires
Bulk ZnS is known to have a band gap Eg = 3.7 eV which is attractive for UV-LED
and photonic crystal devices [160] and Zn1-xMnxS has been shown to be an efficient phosphor
for flat-panel displays [161]. Recent theoretical calculations show that ZnS co-doped with Cr
and Fe ions (i.e. Zn0.9Cr0.05Fe0.05S) is a half metallic [162] antiferromagnet, i.e., metallic in
one spin direction and insulating in the other spin direction. These materials are also
promising candidates for spintronics [163]. Here, we make the first report on the structural
and Raman scattering properties of DMS Zn1-xMnxS (0≤x≤1) nanowires. The growth of
Zn1-xMnxS nanowires has described in Chapter 2. SEM characterization of the samples
showed a high-yield of wires typically tens of microns in length (Figure 5-1a). The nanowire
diameter was observed to range from 10 to 100 nm with an estimated average diameter

d ≅ 40 nm. Further inspection of the nanowires by TEM revealed a dark metallic particle at
the base of the nanowire, as seen in the inset of Figure 5-1a. The elemental composition of
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this particle and the body of the nanowire was measured by spatially-resolved EDS in the
TEM. Several particles were studied and observed to be a Zn-Au alloy (Figure 5-1b). No
sulfur could be detected in the particle (detection limit ~1%). We attribute this to a rapid
out-diffusion of sulfur from the particle into the nanowire after the growth was terminated
and while the furnace was cooling down. The presence of a metallic particle at the base of the
nanowires suggests that the growth was via the VLS mechanism [21, 78]. Mn doping along
the nanowire was also studied by EDS (Figure 5-1c). Within EDS detection limits, no gold
was found in the body of all the nanowires examined. For a given batch of nanowires from
our 3-zone CVD reactor (Chapter 2), the Mn concentration x can slightly vary 1-2 at% from
one wire to another. For this reason, to determine an average x to correlate with Raman
spectra, we measured EDS spectra from a broad area including hundreds of nanowires. Table
5-1 summarizes the different growth conditions and the corresponding average composition,
as well as the crystalline structure of the nanowires.

Table 5-1. Growth conditions and crystal structures of the
Zn1-xMnxS nanowires.
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Figure 5-1. (a) Typical SEM image of Zn1-xMnxS nanowires on the (100) Si
growth substrate; the inset shows a TEM image close to a nanowire Tip. (b)
and (c) show EDS spectra taken at the base and the body of the nanowire
(inset), respectively. The dark contrast observed in the particle at the base is
in agreement with the high Au concentration observed by EDS. No traces of
Au were observed in the nanowire body.

The crystal structures, as well as the nanowire growth direction, were determined by
HRTEM and the corresponding Fourier transform of the lattice image, as shown in Figure 5-2.
For low Mn concentration (x ≤ 0.1), the nanowires were found to exhibit the zinc-blende
structure; The wurtzite structure was obtained for x > 0.1. These structures are consistent with
results reported for bulk samples [151]. Interestingly, pristine MnS nanowires could be
obtained when the MnCl2 source was maintained at 500°C and the sulfur came from the ZnS
source at 700°C. We could not detect Zn in these MnS nanowires by EDS (detection limit
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~1%). We found the MnS nanowires exhibited the rock salt (NaCl) structure. Our analysis of
many wires from different nanowire batches indicates that all the nanowires exhibit high
crystalline quality in the core which is surrounded by a ~1-2 nm shell of native oxide.

Figure 5-2. HRTEM images (and its Fourier Transforms) of a
Zn0.5Mn0.5S (a) and MnS (b) nanowires. EDS spectra from each
nanowire are shown in (c) and (d), respectively. An amorphous
coating appears on the nanowire walls which may have developed
by direct deposition of source material during growth.
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Very little is known about the vibrational properties of the Zn1-xMnxS system. In this
regard, it is the least studied Mn-doped II-VI group DMS material. In the bulk state,
Beserman, et al.[164] found that Mn
LO
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Figure 5-3. First Order Raman Scattering
from Zn1-xMnxS nanowires (0 ≤ x ≤ 1).
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scattering of bulk Zn1-xFexS and Zn1-xMnxS
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and they found the third band is 10 cm-1 lower, i.e., at ~323 cm-1. However, in contrast to
previous work, they assigned this band to an S ion “breathing mode”. All these phonon
modes should be considered “localized”.
Raman spectra in the range from 250 cm-1 to 370 cm-1 for Zn1-xMnxS (0≤x≤1)
nanowires are presented in Figure 5-3. Raman spectra were collected in air at room
temperature using a Jobin-Yvon T64000 MicroRaman triple grating spectrometer with
excitation from an Ar ion laser at the 5145 Å green line and using a liquid-nitrogen-cooled
CCD detector. A 100x objective lens was used to focus the laser on the substrate surface
(~1μm spot-size); 1000s’ of NWs were illuminated within this sport size. So the Raman
spectra presented below represent the contribution from many NWs with random orientation
with respect to the incident electric field of the laser. The data are shown after we have
subtracted a broad but weak photoluminescence background. A wurtzite ZnS (w-ZnS)
nanowire Raman spectrum also grown by Pulsed Laser Vaporization (PLV) [67] is shown for
comparison. For w-ZnS nanowires, a strong first-order Raman scattering peak is observed at
347.4 cm-1 that can be assigned to unresolved A1 and E1 symmetry LO phonon modes [136].
Similar to our previous work [136], we attribute a noticeable shoulder on the low frequency
side of the LO band at ~336 cm-1 to surface optical phonons (SO) generated by a
quasi-periodic diameter modulation of the nanowires. The modulation was previously
identified with the VLS growth instability. By analogy with the previously reported bulk ZnS
Raman spectrum [167, 168], the ZnS nanowire peak ~268 cm-1 must be assigned to TO
phonons. The two broad features observed in MnS nanowires at ~277 cm-1 and 319 cm-1
should be the second order Raman peaks associated with scattering from pairs of optical
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phonons, as the first order Raman scattering is forbidden for NaCl (Rock Salt) structures.
Surprisingly, we could not find any report on Raman scattering of MnS.

Figure 5-4. Peak Positions versus Mn concentration (The text at the top
indicates the crystal structures of the nanowires and the bottom blue line
shows the possible position of TO). The bands observed are 1st order,
except for x=1 MnS which exhibits only 2nd order scattering.
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When Mn is introduced into our ZnS nanowires, we observe three additional Raman
bands between the TO and LO bands of the ZnS. This is consistent with previous results on
bulk Zn1-xMnxS. Here we use the notation, ω1, ω2 and ω3 to indentify these bands (ω1< ω2<
ω3). Also, we find that the intensities of the host TO and LO Raman bands are very sensitive
to Mn doping. After ~10% Mn substitution, the ωj Raman bands are all more intense than the
host bands. In fact we could not find the TO band in any samples with x > 0. Although we
cannot discuss the behavior of the TO band associated with Mn in our analysis, we have fit
the ωj and LO Raman bands to a simple Lorentzian line shape and the results of the peak
fitting versus Mn(x) are displayed in Table 5-2. In Fig. 5-4 we plot the Raman band positions
versus x for all the bands (ω1, ω2, ω3 and LO). The low frequency shoulder to the LO band at
~336 cm-1 (c.f., spectrum for x=0.08) is assigned to a surface optic mode (SO) mode.
Interestingly, the SO modes cannot be observed at high Mn concentrations, despite noticeable
diameter modulation along the nanowire axis observed by TEM (Figure 5-2a). Diameter
modulation has been reported to active SO modes in GaP and ZnS nanowires. The LO band
position (~347 cm-1) is found independent of Mn concentration x and is observed to broaden
with increasing x. The intensities of the ωj bands measured relative to the LO band is plotted
versus Mn concentration in Fig. 5-5. These relative intensities are observed to increase almost
linearly with increasing x as expected. We also find that the positions of the ω1, ω2 and ω3
bands do not change significantly with x; although ω2 and ω3 appear to down-shift slightly. In
reference, this insensitivity of the ωj frequency to Mn doping is consistent with “frozen”
behavior which is said to occur when the condition Δμ ≤ 2 is fulfilled, where Δμ = μ1 − μ2
is
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Table 5-2. Raman band position versus Mn composition x.
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5.4 Polarized Raman Scattering from Single DMS Zn1-xMnxS Nanowires
Polarized Raman scattering from bulk semiconductors gives information on phonon
symmetry (Chapter 4) which is crucial to indentify the origin of phonons. To get more
insights on phonon symmetries of additional phonon bands of Zn1-xMnxS, we did polarized
Raman scattering on a single Zn1-xMnxS nanowire which is dispersed on a indium foil. Wires
were taken from the batch with average Mn concentration ~0.08. These wires are zinc blende
and their phonon symmetry analysis is relatively simpler than the ones with wurtzite
structures. The sample preparation is described in Chapter 3.

Figure 5-6. Polarized Raman scattering from a single
Zn1-xMnxS nanowire on indium foil. The inset is an
optical micrograph showing the wire on the foil.

102

Table 5-3. Relative intensities of different
Raman-active modes for Zn1-xMnxS nanowire.

Polarized Raman scatterings of a Zn1-xMnxS nanowire were performed for four
different configurations, which were labeled as HH, VV, HV, and VH. “H” (“V”) represents
the parallel (perpendicular) polarization of the light relative to the nanowire axis. And the
first (second) letter represents the polarization of incident (scattered) light. The spectra were
shown in Figure 5-6. The dots are experimental data and the solid lines are fittings with five
Lorentzian peaks, ω1 , ω2 , ω3 , SO, and LO, which are shown under each spectrum. The
inset is an optical micrograph of a wire on indium foil taken by the camera in the Raman
microscope. We were not able to locate the position of the wire. So we could not measure its
diameter. The only thing we can tell from the optical micrograph is that the wire is most
probably in the range of 100-200 nm. To be able to identify the symmetry, we calculated the
relative intensity of each peak listed in Table 5-3 at VV, HV, and VH configurations to HH.
One interesting feature we observed from Table 5-3 is that the intensity changes for ω1 and
SO modes show almost the same behavior. They are highlighted by yellow color. This
observation is further confirmed by polarized Raman scattering from another Zn1-xMnxS
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nanowire. The spectra and the relative intensities are shown in Figure 5-7 and Table 5-4,
respectively. There are several differences when comparing Table 5-3 and 5-4. The first
nanowire shows the strongest scattering at HH. The second nanowire, however, scattered the
most at VV or VH. The difference may be caused by different growth directions of these two
wires. From the later study on polarized Raman scattering from individual GaP nanowire, we
learned that wire diameters also cause a change of scattering efficiency for different
polarization directions. Unfortunately, we did not get much information on differences
associated with growth direction or diameter. The only thing we can conclude from our
polarization study is that ω1 and SO modes have the same symmetry.

Figure 5-7. Polarized Raman scattering from another
single Zn1-xMnxS nanowire on indium foil. The inset again
is an optical micrograph showing the wire on the foil.
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Table 5-4. Relative intensities of different Raman-active
modes for another Zn1-xMnxS nanowire.

5.5 Conclusion
In conclusion, we have synthesized single crystal nanowires of the system Zn1-xMnxS
Nanowires via a 3-zone CVD process. This system may be a promising spintronics candidate.
The nanowires grow by the VLS mechanism using solid ZnS and MnCl2 sources maintained
at independent temperatures. This 3-zone solid source approach allows the production of
crystalline nanowires over the entire composition range 0≤x≤1. At room temperature, with
increasing Mn(x), the Raman TO and LO band intensities decrease rapidly. In fact, we could
not observe the TO band in Mn-doped nanowires. Three additional Raman bands, induced by
Mn doping, were found to appear between the TO and LO bands. The band positions were
found insensitive to the Mn concentration. As we have mentioned earlier, the eigenvectors
appropriate for the ωj bands still appear to be controversial. We do observe their intensity
measured relative to the LO band increase linearly with x. This is consistent with local mode
behavior. Polarized Raman experiments on individual nanowires were performed to identify
the origin of the ωj bands. However, polarized Raman scattering from individual GaP
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nanowires is found to be strongly affected by nanowire diameter. This study will be
investigated comprehensively in the following chapter.
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CHAPTER SIX: ENHANCED RAMAN SCATTERING
FROM MICROCAVITIES

One of the major weaknesses of Raman scattering is related to the small cross section
(10-30 cm2) of inelastic scattering process. Two techniques have been developed to overcome
this problem: “resonant Raman scattering (RRS)” [4] and “surface-enhanced Raman
scattering (SERS)” [169]. RRS is related to the amplification of the Raman-scattering
amplitude when the laser or scattered-field energies are tuned to electronic inter-band
transitions of the molecule or solid. Raman amplifications using RRS can go typically up to
~105. SERS exploits the huge enhancement of the electromagnetic field in the near-field of
specially designed metallic nanostructures, when their Plasmon excitations are resonantly
excited. Raman amplification based on SERS can be as high as 1014 orders of magnitude
[169].
In this Chapter, we will address an alternative approach to Raman amplification:
Raman enhancement by optical confinement in resonant cavities.

6.1 Introduction to Optical Cavities
An optical cavity or resonator confines and stores light at resonance frequencies of the
cavity. The simplest cavity is the Fabry-Perot resonator build from two parallel planar
mirrors.
6.1.1 Cavity Modes

For a Fabry-Perot resonator with cavity length L , the light intensity inside the cavity
can be build up only for specific frequencies. These are called resonant mode frequencies. An
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ideal Fabry-Perot cavity can be regarded as a 1-D resonator and the allowed wavelength
should satisfy equation

L=q

λ

, q = 1, 2,...,

2

(6.1)

where λ is the wavelength, q is an integer and called the mode number. Then the
wavevector is
k =q

π
L

.

(6.2)

The associated mode frequencies ν q = ck / 2π are

νq = q

c
.
2L

(6.3)

The frequency difference between two adjacent modes is a constant as shown in Figure 6-1,

νF =

c
.
2L

(6.4)

Figure 6-1. Two fundamental mode frequencies for a
Fabry-Perot cavity. The mode spacing is νF=c/2L.

For 3-D resonator cavities with dimension (L x , L y , L z ) , the standing wave solution
r
requires that the components of the wavevector k = (k x , k y , k z ) are
k x = qx

π
Lx

, k y = qy

π
Ly

, k z = qz

π
Lz

, qx = 1, 2,..., q y = 1, 2,..., qz = 1, 2,...,

(6.5)

where qx , q y and qz are mode numbers for the x , y and z directions. Then the
resonant frequencies can be written as
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2
2
2
ν q = qx2ν Fx
+ q y2ν Fy
+ qz2ν Fz
,

where ν Fx =

c
c
c
, ν Fy =
, ν Fz =
2L x
2L y
2L z

(6.6)

are frequency spacings. For a dielectric cavity, we

need to consider the refractive index of the cavity. Figure 6-2 shows the calculated mode
frequencies of a GaP wire with square cross section. Its dimension is L1 = L2 = 200nm ,
L3 = 300nm . The mathematica code for the mode calculation is shown in Appendix C. In
Figure 6-3, we blew up the region 0-6×1014 Hz. The green line indicates the position of
514.5 nm laser line which is close to one of the resonant frequencies of the rectangular cross
section GaP nanowire.

Figure 6-2. Calculated mode frequencies of a GaP wire with dimension
L1=L2=200 nm, L3=300 nm: (a) mode frequencies up to 5×1015 Hz; (b)
mode frequencies up to 6×1014 Hz. The green line indicates the position
of 514.5 nm laser line. (Courtesy to Timothy J. Russin).
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For a spherical or circular cavity, their resonant modes are called whispering gallery
modes (WGMs) [170]. In WGMs, light is either confined in a 2-D circular resonator by
repeated reflections from the circular boundary (Figure 6-3(a)) or tightly confined near a
great circle of the sphere (Figure 6-3(b)).

Figure 6-3. Whispering gallery modes for a circular (a)
and a sphere (b) optical cavity.

6.1.2. Quality Factor of Optical Cavity

An optical cavity is characterized by two key parameters [170]: (1) modal volume V ,
which is the volume occupied by the confined optical mode; (2) quality factor Q , which is
proportional to the storage time in units of the optical period. The quality factor Q is
defined as [170]
Q = 2π

store energy
ν
= F ,
energy loss per cycle δν

(6.7)

where δν is the full width half maximum (FWHM) of the mode. For a lossless cavity, the
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modes are delta functions and quality factor Q is infinite. But real resonator cavities are
open systems that are leaky and non-conservative, therefore the quality factor Q is finite.
Resonator loss generally arises from either imperfect reflection at the mirrors or absorption
and scattering by the medium. Because we deal mainly with microcavities, Figure 6-4 [171]
shows a variety of microcavities that have been fabricated and studied and their quality factor
Q . Micropillars, also called distributed Bragg reflectors (DBRs), have the lowest the quality
factor Q which is ~2000 indicated in Figure 6-4. The quality factor Q of a microsphere
can be as high as 108.

Figure 6-4. The microcavities are organized by column according to the
confinement method used and by row according to high Q and ultrahigh
Q. Upper row: micropillar, microdisk, semiconductor, polymer add/drop
filter, photonic crystal cavity. Lower row: Fabry-Perot bulk optical cavity,
microsphere, microtoroid. V is the modal volume and was not available if
not indicated. Microsphere volume V was inferred using the diameter
noted in the cited reference and finesse (F) is given for the ultrahigh-Q
Fabry–Perot as opposed to Q. Two Q values are cited for the add/drop
filter: one for a polymer design, QPoly, and the second for a III–V
semiconductor design, QIII–V [171].
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6.2 Enhanced Raman Scattering from Microcavities
In 1946, Purcell [172] proposed that spontaneous emission from an atom in a cavity
can be enhanced due to a modification in the density of electromagnetic states compared with
the density in a free space. Various cavity effects have been observed in optical processes of
microcavities [173-175]. The most extensively studied microcavity by Raman scattering is
DBR (micropillar) [176] shown in Figure 6.3. Also it has played a major role in recent
applications of the Purcell effect to triggered, single-photon sources [171]. It is made of a
periodic multilayer quarter-wavelength stack made of the periodic alternance of two dielectric
compounds with different refractive index. The DBR is fabricated using MBE. Dielectric
microsphere is another type of interesting microcavity due to its high quality factor. In this
section, we will mainly review cavity effects on Raman scattering from microspheres.
Chang et al. [177, 178] observed sharp resonant peaks from dye-impregnated single
polystyrene microspheres when the fluorescence frequency coincides with one of the natural
modes of the dielectric microsphere. Then a double resonance mechanism in both
fluorescence and Raman scattering by molecules in small particles when both the incident
and scattered light frequencies have resonance with mode frequencies of dielectric
microsphere were proposed theoretically by H. Chew et al. [179]. In Figure 6-5, computed
intensities [179] of fluorescence as a function of scattering angle for a spherical particle of
refractive index 2.2+0.00409i under different conditions are present. The calculated intensity
at double resonance is approximately the square of the intensity of single resonance. The
double resonance of confined photons in a cavity is especially important for Raman scattering
from our semiconductor nanowires. In Chapter 7, a model based on the interplay between
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photon states confined in the waist of semiconductor nanowires and phonon symmetry
(Raman tensor) is proposed to explain the polarized Raman scattering from single GaP
nanowires. In the model, two field intensity enhancement factors (ratio of internal field
intensity inside a nanowire by incident field intensity) for both incident and scattered field,
2
, are introduced.
QEi2 and QEs

Figure 6-5. Computed intensity of fluorescence as a function of
scattering angle for a spherical particle of refractive index
2.2+0.00409i with different conditions. Δ=double resonance; σ=single
resonance, SR I; s=single resonance, SR II; ν=nonresonance [179].
For our studies on nanowires, θ=180°.
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An enhancement of stimulated Raman scattering (SRS) is also expected for spherical
microcavities. Indeed, low threshold SRS was observed with either pulse [180-182] or
continuous wave [183, 184] optical pumping in micrometer-sized liquid droplets.
Microcavity QED (Quantum Electrodynamics) enhancement of Raman gain has also been
inferred from measurements of a dependence of the SRS threshold on the size and materials
of the microdroplet [183-185]. Recently, a micrometer-scale, nonlinear Raman source with a
highly efficient pump-signal conversion and a pump thresholds nearly 1000 times lower than
demonstrated previously has been reported [186]. This discovery represents a general route to
compact, ultralow-threshold sources for numerous wavelength bands that are usually difficult
to access.
For a microsphere with quality factor Q , a field will be built up in the cavity when
the incident light is on a cavity resonance. The field intensity calculated by Purcell is [173]
Ic
3
λ
≈
QD( )3 ,
2
I 0 32n0π
a

(6.8)

where I c is the field intensity inside the microcavity, I 0 is the incident field intensity, n0
is the refractive index of the cavity, D is the mode degeneracy, λ is the wavelength, and
a is the radius of the microsphere.

In terms of SRS, the threshold pump power Pthreshold of the microsphere cavity occurs
when cavity round-trip gain equals round-trip loss and it can be written as [186, 187]
Pthreshold =

π 2 Veff 1
,
λP λR ΓBg Q 2

(6.9)

where λP and λR denote the pump and Raman wavelengths, Veff is the effective pump
modal volume, Γ is the spatial mode overlap factor between pump and Raman modes
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( Γ ≈ 1 ), B is a correction factor of the circulating power due to internal backscattering
(between 0.5 and 1) and g is the nonlinear bulk Raman gain coefficient. Equation (6.9)
indicates that the threshold pump power scales inversely with the factor Q 2 / Veff . This result
is a classical conclusion, neglecting the additional benefit due to enhancement of the gain
coefficient by “cavity QED” [183, 185].
Another quantity we need to consider for SRS in a cavity is the effective interaction
length Lc . It is generally written as [187]
Lc =

Qλ
.
2π n0

(6.10)

In Chapter 9, we will deal with SRS from short GaP nanowires (d≈210nm, 0.3μm≤ L
<1.2 μm). We will show that these short GaP nanowires act as nanocavities for SRS. By
analogy with microsphere SRS, we estimated quality factor Q in the range of 103 to104,
based on the observed threshold pump power of short GaP nanowires.
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CHAPTER SEVEN: POLARIZED RAMAN SCATTERING
FROM SINGLE GALLIUM PHOSPHIDE NANOWIRES

In Chapter 4, we discussed polarized Raman scattering from bulk cubic
semiconductors. Raman intensities were plot versus the angle θ between the laser polarization
and a high symmetry crystal axis and compared to calculations based on the Raman tensor for
TO and Lo phonons. Bulk GaP [100] and [111] were used to experimentally to verify the
theoretical Raman intensity polar plot. Non-resonant Raman scattering from bulk
semiconductors relies totally on the Raman tensors. It is really interesting to investigate
polarized Raman scattering from individual semiconductor nanowires because the data, at the
first glance, indicates the bulk Raman tensor does not apply. Only recently has polarized
Raman scattering from individual nanowires been reported. The first example was GaN [188,
189] and then SiC [190]. Both were shown to exhibit a spectrum with a strong dependence on
the wire diameter. However, these authors provided no convincing physical explanation for
the diameter dependence. In fact, their Raman spectra cannot be explained based on the
Raman tensor. In ref. [189], a complex-valued Raman tensor was proposed to understand the
results. In the case of SiC nanowires, however, it was proposed that a “shape resonance”
should be taken into account [190]. But no calculations were made to support their
arguments.
In this Chapter, we present results of systematical investigation of polarized Raman
scattering from over 40 individual GaP nanowires with diameters 40<d<600 nm. GaP
nanowires were chosen because the Raman intensity from single GaP nanowires using 514.5
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nm laser excitation is high; only ten seconds is needed to collect each data point. Also GaP
nanowires grown in cubic ZB structure that has a simple Raman tensor compared to the
wurtzite phase, such as formed for GaN nanowires [189]. The data and our calculations show
that the nature of the Raman scattering from semiconductor nanowires is critically dependent
on the interplay between a photon confinement effect (cavity resonance) and bulk Raman
scattering. At small diameter, d<70 nm, the nanowires are found to act like a nearly perfect
dipole antenna and the bulk Raman selection rules are masked leading to a polarized
scattering intensity function IR ~ cos4θ for both TO and LO modes, independent of the growth
axis. Underscoring the importance of this work is the realization that a fundamental
understanding of the “optical antenna effect” in semiconductor nanowires is essential to the
analysis of all electro-optic effects in small diameter filaments. Our results were published in
reference [191].

6.1 Optical Antenna Effect on Small Nanowires
An intriguing application of quasi one-dimensional nanofilaments, such as SWNTs
or semiconductor nanowires, would be their use as nanoscale antennas [192]. The simplest
antenna is a linear structure. It receives and transmits polarized electromagnetic (EM)
radiation with a cos2θ or dipolar dependence, where θ is the angle between the antenna axis
and the incident or radiated electric field [193]. When the length of the classical antenna
matches a multiple of the half wavelength of the EM field, it is said to “resonate”, and
radiation is most easily received and radiated. An antenna effect in SWNTs was first
predicted by Ajiki and Ando [194]. From calculating the electric dipole matrix elements for
this molecular wire, they predicted that the optical absorption is strongly suppressed when the
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incident electric field is perpendicular to the nanotube axis. This is a manifestation of the
symmetry of the electronic wavefunction in the nanotube. Indeed, a “Raman antenna effect”
was first reported by Duesberg et al. [195] in resonant scattering from SWNTs where it was
observed that the Raman backscattering intensity from both radial and tangential nanotube
phonons both exhibited classic cos2θ dependence, i.e., a dipole pattern, in apparent
contradiction with expectations based on group theory for non-resonant scattering [195, 196].
A more complicated multipolar antenna effect was also observed in Raman scattering from
SWNTs [197]. They are shown in Figure 7-1. The pattern in SWNTs is not thought to be a
shape effect but rather a molecular selection rule [195].

(a)

(e)

(d)

(b)

(C)

(f)

(g)

Figure 7-1. Polarized Raman scattering from SWNTs: (a) Raman spectra of a thin
SWNT rope in the VV configuration for various angles αi between the rope axis and
the polarization of the incident laser beam, as depicted in the inset. (b) and (c) are
the polar diagrams showing the Raman mode intensities I of SWNTs as a function of
the angle αi for the components G1 of the G line and for RBM in the VV scattering
configuration [194]. (d) and (e) show the VV and VH G-band Raman spectra taken
with different angles. The filled symbols in (f) and (g) show the VV and VH G-band
integrated intensity (Lorentzian fit) shown in (d) and (e) [195].
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Recently, an array of multi-walled carbon nanotubes (MWNT) on a substrate has
demonstrated the ability to absorb light as an antenna when the length of the MWNTs in the
array matches the wavelength of the light [198]. Strongly polarized Raman scattering has also
been observed in WS2 nanotubes, but no theory for this observation or a connection with a
nanowire antenna effect was made [199]. In this section, we focus our discussion of a similar
optical antenna effect observed only from small diameter GaP nanowires. As the diameter
increases, surprising changes in the pattern are observed. A numerical calculation is present to
explain the experimental data. And we propose that the Raman antenna effect in long
nanowires is a manifestation of photon confinement within the waist of semiconductor
nanowires.
All polarized Raman scattering on individual nanowires follows the same
configuration as illustrated in Chapter 3, which is shown again in Figure 6-2(a) for
convenience. The coordinate system x′ , y′ , z′ (blue) is fixed to an orthogonal set of crystal
directions of the nanowire. The x , y , z system (red) are the “lab” axes that define the
electric field polarization and propagation for the incident and scattered light. Light from a
laser is incident along the − z direction onto the nanowire lying along the x axis. Using a
r
half wave plate placed above the 100x objective lens, the incident electric field Ei from the

laser was polarized at an angle θ with respect to the nanowire axis and the backscattered light
was collected along the x direction. Using a polarization analyzer, we collected Raman
r
r
spectra with the scattered electric field E s // Ei for low laser power (P<2 mW). The

experiments were conducted under ambient conditions.
The GaP nanowires studied here were grown by the pulsed laser vaporization (PLV)
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of a (GaP)0.95Au0.05 target in argon gas. Detailed information about our growth conditions for
PLV-GaP and our characterization procedures have been described in Chapter 2 and Chapter
3. TEM (lattice images and SAD patterns) shows that most, if not all, of the GaP nanowires
grown in our PLV system are crystalline. They exhibit the cubic zinc-blende structure. From
TEM observations, the <110> growth direction seems to be slightly preferred, but several
other growth directions are also observed, e.g., <111>. Isolated GaP nanowires were prepared
for Raman scattering studies by dispersing them in ethanol using mild ultrasound and
immediately depositing a drop of this suspension onto either a Si substrate with lithographic
markers to define the nanowire position, or by depositing the nanowire directly onto TEM
grids (Sample preparation in Chapter 3). AFM or TEM were then used to measure the
diameter of the nanowires. Due to fluctuations in the nanowire diameter along its length, we
estimated that the experimental value of the diameter d is accurate to ±1.5 nm.
In Figure 7-2(b), we display a typical polarized Raman spectrum for an individual
GaP nanowire (d=80 nm) showing two peaks due to longitudinal optic (LO) and transverse
optic (TO) phonon scattering. The data were collected as shown in Figure 7-2(a)
(backscattering) using 514.5 nm excitation and for polarization angle θ=0°. Raman bands are
observed at 363 cm-1 (TO) and 400 cm-1 (LO), in good agreement with first order scattering
from bulk crystalline GaP. In some of our GaP nanowires, a weaker Raman band may appear
on the lower frequency side of the LO phonon peak. This is due to scattering from surface
optical (SO) modes activated by surface roughness and/or faceting on the nanowire surface
[200]. The inset to Figure 7-2(b) shows a low magnification TEM image of an individual GaP
nanowire protruding over a hole in a TEM grid with a SAD pattern indicating that this
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particular nanowire grew along direction <110>. If the wires were deposited on a Si wafer,
the growth direction for the individual wires could not be confirmed by SAD, although <110>
and <111> are the prevalent growth directions. AFM z-scan was then used to determine the
nanowire diameter.

Figure 7-2. (a) Backscattering geometry used for polarized Raman
experiments individual GaP Nanowires. The incident electric field is
polarized at an angle θ with respect to the nanowire axis (b) Typical
polarized Raman scattering spectrum (θ=0°) for the GaP nanowire shown in
the accompanying TEM image as protruding over a hole in the TEM grid.
The SAD pattern (inset) shows the wire grew along <110>.
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Figure 7-3 shows an example of the antenna effect observed for a 55 nm GaP
nanowire. The wire is 11.4 μm long. A series of Raman spectra taken with θ=0º to 180º of
angle θ for the nanowire were shown in Figure 7-2(a). Spectra from 180º to 360º are almost
the same as those from 0º to 180ºas expected. Figure 7-2(b) and (c) illustrate the polar plots
of both TO and LO phonon mode. We fit the data with function ( A + B cos 2 (θ + δ )) 2 , which
is shown as the solid red curves. For the 55 nm GaP nanowire, the backscattered Raman
intensities versus θ for both TO and LO are observed to exhibit a ~ cos 4 θ response. Actually
this behavior has been found for all GaP nanowires with d<70 nm. Also we cannot match any
polar patterns from the calculated Raman polar plots for bulk GaP (Chapter 3) to the polar
patterns in Figure 7-3. Therefore the antenna effect on small GaP nanowires (d<70 nm) is
independent of the nature of the vibration (phonon) participating in the Raman scattering. We
believe it is a universal effect for all small semiconductor nanowires. However, as the
nanowire diameter increases, more complex polar scattering patterns emerge. We will discuss
these observation later in this Chapter.
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Figure 7-3. (a) A series Raman spectra taken only from 0º to 180º of angle
θ for the 55 nm GaP nanowire. Spectra from 180º to 360º are almost the
same as those from 0º to 180º. (b) and (c) show the polar plots of both TO
and LO phonon mode. The solid curves are the fitting functions. They both
follow closely the cos4θ form.

As mentioned in the beginning that the Raman antenna effect has also been observed
for WS2 nanotubes, but no theory was provided to explain this anomalous effect. Here we
propose a theory based on the interaction between polarized plane laser field and the
dielectric response of the cylindrical nanowires to explain Raman antenna effect. Light
scattering from infinite dielectric cylinders was first investigated theoretically by Lord
Rayleigh [201]. However, the actual experiments were carried out on finite length GaP
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nanowires and the excitation laser spot was less than the wire length. In the case of SWNTs,
edge effect due to finite length is crucial to determine the antenna properties [192]. To
understand the exact physical properties of scattering from a finite nanowire, numerical
methods are probably most convenient. The exact solutions to Maxwell’s equations are quite
complex and we have not put them on the computer. Instead, we compute the internal electric
fields inside the nanowires using a program based on discrete-dipole approximation (DDA).
This is a well developed tool [202, 203]. The DDA software package allows us to compute
scattering and absorption of EM waves numerically from targets with arbitrary geometries.
By replacing the target with an array of point dipoles, the interaction between EM waves and
the point dipoles can be solved very accurately. This computational software is free for use
and is attributed to Prof. B.T. Draine (Princeton University) and Prof. P.J. Flatau (University
of California at San Diego).
We consider two polarization cases for plane waves at normal incidence to the
r
r
nanowire axis: TM ( Elaser parallel to the wire axis) and TE ( Elaser perpendicular to the wire

axis). We have used DDA to calculate the TM and TE intensity distribution inside the
nanowire. Figure 7-4 shows the DDA calculated TM and TE field distribution inside a 50 nm
thick and 500 nm long GaP nanowire at 488 nm excitation. At the same color scale, it can be
seen that the internal field for TM (a) has several “hot spots” and is much stronger than TE
(b). The same behavior is also observed for some other small diameter wires at 514.5 nm
excitation, such as d=50 nm, L=1000 nm wire. Based on all of our DDA calculations, we
notice that the electric field distribution inside the nanowire is strongly dependent on the
diameter, aspect ratio, and the polarization and wavelength of the incoming laser field.
124

Figure 7-4. E field intensity plots calculated from DDA for a finite
GaP nanowire (d=50nm, L=500 nm) at 488 nm excitation. (a) TM
polarization, i.e., laser polarization is parallel to the nanowire axis. (b)
TE polarization, i.e., laser polarization is perpendicular to the wire
axis at the same scale as (a). Much weaker field intensity is seen in
TE polarization. The solid circles in (a) and (b) represent the
nanowire cross section. In both (a) and (b), the laser is incident from
left to righ wire along z direction. The nanowire is along y in the
figure.
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The experimental Raman scattering intensity should be proportional to the average
field intensity inside the nanowire per unit length. We compute the normalized average
internal field intensity inside the nanowire by
QE2 =

1
V

∫

L

0

2
r
2π
a
dz ∫ ρ d ρ ∫ dϕ Eint / E0
0

0

(7.1)

for different polarization angle θ. V is the volume of the object. E0 is the incident electric
field. QE is called field enhancement factor. Equating the integral to QE2 allows us to
connect the value to the quality factor Q of the cavity. Using DDA, we have calculated this
integral versus various polarization angle θ and for several characteristic wire diameters.
r
Figure 7-5 displays the polar plot of the calculated Eint

2

integral for a GaP nanowire with

d=50 nm and L=1000 nm at 514.5 nm excitation. Since the dielectric tensor for cubic
material is a scalar, the results for QE do not depend on the growth axis. The polarization
dependent pattern in Figure 7-5 follows the cos 2 θ function instead of the cos 4 θ observed
experimentally. The additional cos 2 θ factor comes from the emission process. And we have
I Raman ∝ QE2 ∝ cos 4 θ .

(7.2)

The quantity QE is very important for Raman scattering of nanomaterials. This formalism
will be justified later in the chapter.
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Figure 7-5. DDA calculated integrated electric field intensity
polar plot inside a GaP nanowire with d=50 nm and L=1 μm.
The pattern follows the cos2θ form.

7.2 Polarized Raman Scattering on Large Single Semiconductor Nanowires
As the wire diameter increases, we experimentally found that the antenna behavior is
suppressed and complex Raman polar patterns were then observed. Before we get into that,
let’s first present results for the experimental and theoretical ratio of I int / I ⊥int versus
diameter. The symbols // and ⊥ refer, respectively, to polarization θ=0° and 90°, c.f., Figure
7-2(a).
In the left hand panels in Figure 7-6, we plot experimental results for the ratio of the
integrated Raman band intensity

(I

int X
//

/ I ⊥int X

)

versus the nanowire diameter (d), where X

refers to LO(TO) phonons that are participating. The Raman intensity data shown in these
panels were all collected from nanowires of known diameter (AFM z-scan) lying on a Si (100)
substrate with a 200 nm oxide. Data in Figure 7-6(a) were obtained using 514.5 nm excitation
and a Renishaw Invia microRaman spectrometer and data in Figure 7-3(b) were obtained
using 488 nm excitation and a Jobin-Yvon T64000 microRaman spectrometer. For clarity, the
TO data in each case have been displaced vertically. Notice that the smallest diameter wires
127

studied, i.e., d~50 nm, exhibit a very large anisotropy in the scattering, i.e., the intensity ratio

(I

int X
//

/ I ⊥int X

)

~ 30 for 488 nm excitation and ~100 for 514.5 nm excitation. These small

diameter wires therefore appear to act like a classical dipole antenna, i.e., they are essentially
responding only to radiation polarized parallel to the antenna (nanowire) axis. We have
discussed this antenna effect in the previous section.

Figure 7-6. GaP nanowire diameter (d)-dependence of the EM field intensity ratios

(I

//

/ I ⊥ ) , where // and ⊥ refer to the direction of the electric field relative to the

nanowire axis. (a) and (b): integrated Raman backscattering ratio (I //R / I ⊥R ) for both
LO and TO scattering; (a) 514.5 nm and (b) 488 nm excitation. (c) Calculated
d-dependence of the internal EM intensity ratio (I //Int / I ⊥Int ). (top) L=2 μm nanowire
with 488 nm excitation, (middle) L=∞ nanowire with 488 nm excitation and (bottom)
514.5 nm radiation (bottom). (Numbers above the peaks refer to the diameter at the
resonance in nm)
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In the right panel of Figure 7-6, i.e., Figure 7-6(c), we plot the calculated
volume-averaged internal electromagnetic (EM) field intensity ratio of the nanowire, i.e.,

(I

Int
//

/ I ⊥Int ) versus the nanowire diameter d. The calculations are made for 488 nm light

r
incident at right angles to the nanowire axis with E polarized either // or ⊥ to the wire

axis. Results are shown for infinitely long wires (L=∞) and also for finite length wires (L=2
µm). Since the GaP crystal lattice is cubic, the electric susceptibility tensor is a scalar, and

information on the orientation of the nanowire crystal axes relative to the incident electric
field is not needed in these calculations. Recall that the solution for scattering from infinitely
long wires (L=∞) was first published by Lord Rayleigh in 1918 [201], who expanded the
incident, scattered, and internal electric fields in terms of Bessel functions of the first kind
and order n. His derivation has been re-examined several times in the literature [193, 204].
Lossless solutions to this L=∞ problem have been used recently to explain the Raman
scattering from Si nano-cones [205]. For short wires L=1-2 µm, we have used a numerical
approach based on the discrete-dipole approximation (DDA). It should be pointed out that the
calculations on short wires were made with the entire nanowire illuminated by an infinitely
wide plane wave. However, in the experiments, the incident light was focused onto a ~1 µm
spot on a much longer wire (~20 µm), i.e., the nanowire was under-illuminated by a
converging beam.
It is interesting to compare the theoretical results for infinite (L=∞) and short (L=2
µm) GaP nanowires (Figure 7-6(c)). For L=∞, results are displayed for light incident both at
488 nm (blue curve) and 514.5 nm (green curve). For L=2 µm, only results for 488 nm
excitation have been made and are shown. From the figure, it can be seen that analytical and
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DDA calculations predict a similarly-placed, lowest order (broad) resonance centered at d~30
nm. The infinite wire (L=∞) calculations predict three more higher-order resonances in the

range 150<d<300nm. These additional resonances are significantly narrower than the
fundamental resonance. As shown for L=∞ wires, the peaks or resonances in the calculated
internal electric field intensity ratio shift noticeably with the incident wavelength. This is a
simple consequence of the fact that the classical EM theory of scattering depends on the
variable nx/λ, where x is a physical dimension of the scattering object (diameter or length or
both), and n is the real part of the complex refractive index n*=n+ik . For L=2 µm nanowires
with d<300 nm, our DDA calculations predict six resonances altogether, i.e., two more than
predicted for infinite wires. This is the case because the resonances in short wires will depend
not only on the nanowire d, but also on the length L. The more numerous resonances in

(I

Int
//

/ I ⊥Int ) for the L=2 µm wire therefore should correspond to EM standing wave patterns

that are forced to fit both radially and longitudinally into the nanowire.
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Figure 7-7. Calculated internal electric field amplitude maps (488 nm)
for GaP nanowires with color coded scale appearing to the right. TM and
TE refer, respectively, to transverse magnetic (θ=0°) and transverse
electric (θ=90°) excitation with the light incident at right angles to the
nanowire axis. (a) results for the radial cross section of L=∞ nanowires.
(b) results for the axial cross section of L=2 μm nanowires.

In Figure 7-7, for 488 nm light incident as in Figure 7-2a, we show the calculated
r
electric field amplitude E set up inside the nanowire. The color coded amplitude maps are

a manifestation of volume antenna effects within the nanowire. In Figure 7-7(a), we show the
maps within the radial cross section of an infinite length GaP nanowire; results are shown for
several diameters between d=50 and d=210 nm; the color scale is fixed. Light was taken to be
incident (blue arrow) normal to the nanowire axis and polarized either // (TM), or ⊥ (TE),
to the nanowire axis. The usual notation, TM or TE, refers to either transverse magnetic field
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(TM) excitation or transverse electric field (TE) excitation relative to the nanowire axis. In
r
Figure 7-7(b), we display the TM and TE results for E calculated for an axial cross section

of an L=1µm wire (DDA) for d=100,150,200 nm. The amplitude color scale in Figure 7-7(b)
is variable to allow the patterns to be more easily observed. Finally, one should notice that the
position of the diameter dependent resonances for the calculated internal field ratio (I //Int / I ⊥Int )
(Figure 7-6(c)) and the experimental Raman scattering intensity ratios

(I

TO
//

(I

LO
//

/ I ⊥LO ) and

/ I ⊥TO ) (Figure 7-6(a)) are correlated at small diameters where we have many

experimental observations. The correlation between (I //X / I ⊥X ) X=LO,TO and

(I

Int
//

/ I ⊥Int )

versus d suggests that photon confinement strongly impacts the polarized Raman scattering
from nanowires.
We next develop a model to connect photon confinement and Raman scattering in
nanowires. Out of the model comes the realization that a polar plot of the X=TO and X=LO
Raman back scattering intensity IX(θ) from an individual crystalline nanowire can provide
detailed information on the diameter, the growth direction and the complete orientation of the
nanowire crystal axes relative to the plane of the substrate. Suppose the incident (i) and
r r
Raman scattered (s) photons are plane waves each specified by the pair of vectors ( E , k ) ,
r
r
where E = Eeˆ and k are the photon electric field and wavevector, respectively. The

scattering geometry can then be summarized in the conventional notation popularized by
Porto

and

co-workers

in

the

early

60’s,

r
r
i.e., k i [eˆi , eˆs ]k s ,

or

specifically

as

z ( x cos θ + y sin θ , x cos θ + y sin θ ) z using the lab coordinates (x,y,z) shown in red in Figure

7-2(a). The Raman scattering intensity from a nanowire can be written as a simplified
expression which incorporates the selection rules for the scattering process incorporating the
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crystal symmetry as well as the internal electric field intensity set up inside the nanowire by
the incoming plane wave [176, 179, 205, 206].
2

I s ≈ ωi4 eˆi ⋅ℜ ⋅ eˆs QEi 2QEs 2 I i

(7.3)

where ωi and Ii are, respectively, the frequency and intensity of the incident laser beam,
eˆi ⋅ℜ ⋅ eˆs

2

is the Raman scattering tensor and QEi , QEs are dimensionless internal electric

field enhancement factors that depend on the geometry of the scattering object. The QE2
factors are the signature of photon confinement and depend on the polarization angle θ,
photon frequency ω and the nanowire dimensions (d,L). Since the Raman frequency shift (Δω)
is small, we set QEi = QEs ≡ QE and the enhancement factor in Equation 7.3 is simply QE4 .
In the previous section, we use our DDA calculated results for the volume averaged internal
electric field intensity to obtain a result for QE2 as shown in Equation (7.1). R is the same
Raman tensor as used in bulk scattering for LO or TO scattering involving a phonon of wave
r
r
vector q = 2k i (backscattering). It is helpful that the (3x3) Raman tensor for LO and TO

scattering can be different in form. In this case (zinc-blende structure), one can obtain
independent information from the experimental LO and TO polar scattering patterns.
In Figure 7-8, we display the results (DDA) for the volume-averaged internal electric
field intensity I Int versus polarization angle θ for an L=1 µm GaP nanowire for eight
diameters in the range 50-265 nm and for 514.5 nm incident radiation as shown in Figure
7-1(a). We choose L=1 µm to correspond to the spot size of the laser beam on the nanowire.
These calculations are independent of the specific growth direction <hkl>, as the first order
electric susceptibility tensor is a scalar for the cubic zinc-blende structure. For a d=50 nm, we
obtain I Int ≈ cos 2 θ , i.e., a simple dipolar response as shown in section 7.1 already. For
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diameters d=80 nm and 120 nm, the responses I Int are nearly dipolar, indicating that these
values of d are near resonance peaks for L=1 µm wires, such as shown for L=2 µm wires in
Figure 7-6(c). As can be seen in Figure 7-8, for d=122–265 nm, the θ-dependence of the
average internal field intensity is much more isotropic (almost perfectly isotropic for d=122
nm) and the most efficient polar angle for inducing a strong internal field alternates in this
range of d between TE and TM excitation. The large change in the polar plots between d=118
nm and d=120 nm indicates that I Int (~ QEi2 ) can be very sensitive to diameter as evidenced in
Figure 7-6(c). The diameter of the nanowire along its growth axis can vary by 1-2 nm.
Therefore, some of our results does not compare well to theory.
The Raman tensor term of zinc-blende nanowires in Equation (7.3) has been
demonstrated in Chapter 4. For the case of a <110> growth axis, Figure 4-6 displayed the
θ-dependence of the tensor factor in Equation 7.3 eˆi ⋅ℜ ⋅ eˆs

2

for eˆi || eˆS and for several

angles φ between the < 1 1 2 > direction and the lab z-axis (Figure 7-1a). As can be seen in
the Figure 4-6, since the form of ℜ depends on the type of phonon scattered, the polar plots
for TO and LO scattering can be different. The varieties of patterns seen in the Figure 4-6
indicate the sensitivity of the scattering pattern to the nanowire orientation. As indicated in
Equation 7.3, the polar plot for TO and LO Raman scattering is proportional to the product of
the two factors QE4 ~ ( I int2 / I i2 ) and eˆ0 ⋅ R ⋅ eˆs .
2

134

Figure 7-8. Polarization angle (θ) dependence of the calculated internal EM

intensity I Int (θ ) (DDA) for L=1µm GaP nanowire for several diameters in
the range 50<d<265 nm using 514.5 nm excitation.

In Figure 7-9, we display the experimental polarized Raman scattering patterns Is(θ)
for LO and TO backscattering collected on various individual GaP nanowires using 514.5 nm
excitation. Data in the figure (dots) are taken on wires either suspended over a hole in a TEM
grid (c.f., d=80 nm, 133 nm) or supported on a Si substrate (d=50 nm, 265 nm, 265 nm). As
already discussed, for wires on a TEM grid, the TEM image and SAD pattern were used to
determine the wire diameter and the growth axis; for nanowires on Si substrates, AFM z-scan
was used to measure the diameter and the growth direction is not known. The data are plotted
as dots and the curves are calculated on the basis of Equation 7.3 using the DDA to compute
Q 4 = (I int / I i ) for a L=1 µm nanowire. In Figure 7-9(a), we show the results for a d=50 nm
2
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wire with unknown growth axis supported on a Si substrate. The LO and TO Raman
scattering patterns are dominated by the Q 4 factor and it is therefore difficult to determine
the growth axis and φ that stem from the Raman tensor factor. However, we present the
calculated result for the TO and LO patterns for d=50 nm, <110> growth axis, φ≈90° or 160°.
The TO and LO patterns both exhibit ~ cos4θ dependence. For two nanowires on TEM grids,
we know the <hkl> growth axis from SAD. These wires have d=80 nm and 133 nm nanowire
and they both grew along <110>. Both the experimental TO and LO patterns of a d=80 nm
wire (Figure 7-9(b)) can be described as an “open dipole” (i.e., the patterns are dipole-like
and open at the origin); the solid curve is for a <110> wire with φ=120°. For the d=133 nm
<110> nanowire (Figure 7-9(c)) the experimental TO pattern is also an “open dipole”, while
the experimental LO pattern is nearly elliptical and with a relative rotation of 90° with respect
to the TO pattern. Our best model calculation (the solid curve is for a <110> wire with φ=85°)
has trouble with the LO pattern. The model predicts weak scattering LO scattering for θ=90°.
Finally, for two d= 265 nm nanowires supported on Si, we observe two distinct pairs of
experimental polar scattering patterns. The difference can be identified with different growth
directions, <110> (Figure 7-9(d)) and <100> (Figure 7-9(e)). The former direction produces
nearly elliptical LO and TO patterns, both oriented along θ=90° for φ ~162°. The <100>
nanowire, on the other hand, produces a “quadrupole-like” LO pattern and a rotated and
distorted “dipolar-like” pattern for the TO scattering. For nanowires with a <100> growth
axis, we lose information about φ because the calculated Raman tensor polar patterns for both
TO and LO phonons are shown to be independent of φ.
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Figure 7-9. Experimental polar (θ) plots (dots) of the TO (upper) and LO
(lower) polarized Raman backscattering from individual GaP nanowires
collected with 514.5 nm excitation. Solid curves calculated according to
Eq. 1. Column (a) d=50 nm wire on Si, column (b) d=80 nm wire on a
TEM grid, column (c) d=133 nm on a TEM grid, column (d) d=265 nm on
Si, and column (e) d=265 nm on Si. The labels found below the diameter
values indicate the growth axis and tipping angle φ used in the
calculations.

The detailed information of all the nanowires discussed above are listed in Table 7-1.
As we mentioned previously, we use the DDA calculated internal electric field inside a 1 μm
long GaP nanowire as the Q 2 factor. From the calculations, we found out that all the DDA
patterns can be simulated as the function A + B cos 2 (θ + δ ) , where A , B are constants and

δ is the phase shift. Instead of the DDA calculated Q 2 , we propose a series of Q 2 factors
according to the above function and will substitute them into our model. All the proposed Q 2
factor patterns for different diameter wires are shown in Figure 7-10.
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Nanowire
number
1

Diameter
(nm)
55

Length
(μm)
~ 11

Growth
Direction
Unknown

2
3
4
5
6
7

80
105
133
210
265
265

~7
~ 72
~ 10
~ 86
~8
~ 49

[110]
Unknown
[110]
Unknown
Unknown
Unknown

Simulation Conditions
Q2 factor only
Phonon symmetry broken
[110] and φ=90°
[110] and φ=100°
[110] and φ=100°
[110] and φ=94°
[110] and φ=162°
[100]

Table 7-1. Information for the polarized Raman
scattering studied GaP nanowires.

Figure 7-10. Proposed Q2 factors for different diameter of GaP
nanowires based on function A+Bcos2(θ+δ).

We observed that there are typically four types of polar patterns summarized from
more than 40 nanowires: Type I, Both TO and LO polar patterns are dipole-like; Type II, TO
is dipole-like, while LO is 90° rotated dipole-like; Type III, Both TO and LO are 90° rotated
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dipole-like; Type VI. TO is 90° rotated dipole-like and LO is quadrupole-like. More than 90%
are type I and II, while only less than 10% patterns are observed to be type III and IV.
Type I. Both TO and LO polar patterns are dipole-like
Figure 7-11(a) shows the polarized Raman scattering polar patterns of both TO and
LO phonons from a 55 nm GaP nanowire on Si substrate. Again the red square dots are data
points. And the blue solid curve is the normalized intensity polar plot of the proposed Q 4
factor for 55 nm GaP nanowire. Both TO and LO act as the function cos4θ. For all the GaP
nanowires with diameters smaller than 70 nm, they all perform like a classical dipole. The
same behavior has been observed in the other 1-D systems, such as SWNTs, 20 nm WS2
nanowires. We believe that this “optical antenna effect” should be universal in all quasi 1-D
systems when their diameters are small compared with the wavelength of the incident light.
And the phonon symmetry breaks in those small cylindrical semiconductor nanowires.
However, when the antenna effect dominates, we lose the information about the nanowire
growth direction and the rotational angle φ.
Another example of this type behavior is shown in Figure 7-11(b). The 80 nm GaP
wire is suspended on a TEM grid. The SAD pattern indicates it grew along [110]. The polar
plots of both TO and LO show that the centers of the polar patterns open up almost equally.
That means the TE excitation is much more efficient than found for smaller diameter wires.
The solid blue lines are the simulation for the known growth direction [110] and the
rotational angle φ=90°.
Figure 7-11(c) displays one more interesting situation we want to discuss here. The
wire is sitting on the Si substrate and it is 105 nm. The center of the TO polar pattern fairly
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opens, while LO pattern opens wider than the TO mode. In this particular case, the solid
curve gives the best simulation in which the wire grow along [110] and have the rotational
angle φ=100°.

Figure 7-11. Polar patterns of TO and LO phonons of type I:
(a) the wire is 55 nm and is on Si substrate. (b) the wire is on
TEM grid with [110] growth direction and is 80 nm. (c) the
wire is 105 nm and is on Si substrate.

Type II. TO is dipole-like, while LO is 90° rotated dipole-like
This is the case where the model fails when we apply the calculated internal field in a
1 μm GaP nanowire by DDA to the model (Figure 7-9(c)). For this 133 nm GaP nanowire, it
grew along [110]. The experimental data and the simulation are shown in Figure 7-12(a).
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Using the proposed Q 2 , much better qualitative simulation has achieved at the rotational
angle φ=100° for this [110] wire. Figure 7-12(b) shows another example with the same type.
This wire is 210 nm big and 86 μm long. Compared with figure 7-12(a), the center of the TO
pattern in figure 7-12(b) opens more than the previous case. The blue solid curves simulate
the wire with [110] growth direction and the rotational angle φ=94°.

Figure 7-12. TO and LO polar patterns of type II: (a) a 133 nm
wire grew along [110] on TEM grid. (b) A 210 wire on Si
substrate.
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Type III. Both TO and LO are 90° rotated dipole-like
Several patterns of type III are observed out of 40 wires. Figure 7-13 represents one of
them. The same pattern has already shown in Figure 7-9. This nanowire is dispersed on the Si
substrate and its diameter is 265 nm. The data is simulated by the wire with [110] growth
direction and rotational angle φ=162°.
Type VI. TO is 90° rotated dipole-like and LO is quadrupole-like
Only one polar pattern of this type has been observed. It is shown in Figure 7-14. The
wire is also on the Si substrate with diameter 265 nm. Figure 7-14(a) just show how the raw
polar patterns of TO and LO look like. The red dots are the experimental data and the lines
connecting between dots are to guide the eyes. The best simulation to this type is for the wire
growth direction with [100] which is shown in Figure 7-14(b). We couldn’t derive any
information on the rotational angle φ here because the intensity patterns results from Raman
tensor only for [100] wire does not change with the angle φ as mentioned in section IV.

Figure 7-13. TO and LO polar patterns of type III.
The wire is 265 nm and is on Si substrate.
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Figure 7-14. TO and LO polar patterns of type IV: (a)
Raman raw data of the 265 nm wire on Si substrate. (b)
Raman data with simulated patterns.

7.3 Conclusion
We have systematically studied the polarized TO and LO Raman scattering from both
many GaP nanowires. We have shown that the polarized Raman scattering from GaP
nanowires presents four types of patterns which stem from the interplay of photon
confinement (electromagnetic cavity effect) and phonon symmetry (Raman tensors)
determined by the wire growth direction and the orientation of the nanowire crystallographic
axes. For small diameter GaP wires (d< 70 nm), the polar scattering patterns are dominated
by cavity effects ~ QE4 and show a simple cos4θ pattern. This “antenna effect” should be a
general result for any semiconductor nanowire whose diameter is small compared with the
incident laser wavelength. As the diameter of the GaP nanowire increases, other much
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different patterns were observed and all the experimental results can be explained by cavity
model. Even though qualitatively good agreement between theory and experiments has
achieved, there are still questions we should ask. Raman tensor calculation shows a rich
variety of patterns for three growth directions, [100], [110], and [111], but why do we only
observed four typical types of polar patterns out of 40 nanowires? The model we proposed
may need further refinement. Future experimental work on other nanowires is planned to test
the model.
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CHAPTER EIGHT: POLARIZED RAYLEIGH BACK
SCATTERING FROM INDIVIDUAL GALLIUM PHOSPHIDE
NANOWIRES

8.1 Introduction
As seen from Chapter 4, the patterns or shapes of polar plots of polarized Raman
scattering from bulk semiconductors depend only on the phonon symmetries, i.e. the Raman
tensors. When light interacts with single semiconductor nanowires with diameters small
compared with the light wavelength, however, the patterns of polarized Raman scattering
from single semiconductor nanowires changed completely. We have attributed the change to
confinement of photons inside the semiconductor nanowires and the Raman scattering from
single semiconductor nanowires is given by [191]
2

2

I s ∝ ωi4 eˆi .ℜ.eˆs QEi 2QEs 2 I i ≈ ωi4 eˆi .ℜ.eˆs QE4 I i

(8.1)

where ωi and Ii are, respectively, the frequency and intensity of the incident laser beam, ℜ
is the Raman tensor, eˆi and eˆi are the polarization of incident and scattered light and QEi2 ,
2
( QEi
QEs

QEs = QE ) are dimensionless internal electric field enhancement factors that

depend on the geometry of the scattering objects. In reference [191], we numerically
calculated internal field enhancement QE2 factors of 1 μm GaP nanowires with different
diameters using the DDA. By adopting the calculated QE2 factor and appropriate Raman
tensor considering the nanowire growth direction and the rotational angle φ, the calculated
patterns according to equation (8.1) match pretty well with most of the patterns generated
from experimental Raman data. Well, at the same time, another interesting question we asked
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ourselves is whether we are able to probe the QE2 factor of semiconductor nanowires
experimentally. In this chapter, we address this question via Rayleigh scattering from single
GaP nanowires. That the probe of QE2 can be done without complications from a scattering
tensor. Rayleigh scattering depends on the dielectric tensor which is a scalar for cubic
systems.
Recently there is continuously growing of interests using Rayleigh spectroscopy to
study the electronic and optical properties of CNTs [207]. Rayleigh spectroscopy on
individual SWNTs showed its capability to characterize the chirality of SWNTs [208, 209]
and study the interactions between two SWNTs using super-continuum white light laser [210].
Also it was used to directly measure the band structure change of SWNTs with curvatures
[211]. Figure 8-1 shows the Rayleigh scattering amplitude as a function of the scattered light
polarization for a SWNT. This polarization dependence follows closely the cos 2 θ form
expected for dipole emission along the nanotube axis [208]. For a nanowire with diameter
smaller than 70 nm, we would expect a cos 4 θ behavior based on our Raman scattering
results.

Figure 8-1. Rayleigh scattering intensity as a function of the angle
between the electric field polarization and the tube axis. The solid line
is a cos2θ fit [208]. The plot is actually adapted from ref. [208] that the
angle is arranged as the same way in this thesis.
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8.2 Experimental Setup and Observation
Rayleigh scattering study was carried out on single GaP nanowires using our
Renishaw Invia Raman microscope with 514.5 nm excitation. GaP nanowires were
synthesized by PLV via the VLS growth mechanism. All the wires studied were tens of
micrometers long. The growth apparatus and conditions are given in Chapter 2; the
characterization of the wires and sample preparations are discussed in Chapter 3. The
experimental setup is the same as that used for Raman scattering from single GaP nanowires,
as described in Chapter 7. The elastically back-scattered light was collected by the thermal
CCD instead of Raman light.
A typical TEM image of a 85 nm GaP nanowire suspended on the TEM grid is shown
in Figure 8-2. The nanowire has a black Au tip at the end which indicates that the wire grew
via VLS. The inset image is the low magnification TEM image of the grid. The TEM grid is
supported by the sample rotator which is drilled all the way through in the center to avoid
laser back scattering from any objects.

Figure 8-2. A TEM image showing a GaP nanowire suspended on a TEM
grid. Inset picture is another TEM image with low magnification.
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Polarized Rayleigh back-scattered intensities polar plots for six different diameter
GaP nanowires are shown in Figure 8-3. The red squares are data points and the solid lines
are fitting curves to the data points. We choose QE4 = ( A + B cos 2 (θ + ϕ ) ) as the fitting
2

function. The fitting parameters A and B weight isotropic and dipolar contributions; φ
describes a rotation of the dipolar axis relative to the wire axis. The justification is that both
the incident laser and scattered light are polarized along the nanowire axis in our studies. In
the case of SWNTs in Figure 8-1, however, the polar plot is fit by cos 2 θ giving that only
scattered light has polarization along the tube axis. As seen from Figure 8-3, the polar plots
for GaP nanowires show some really interesting behavior. Figure 8-3 (a) is the polar plot of a
80 nm GaP nanowire. The strongest scattering is achieved when the incident laser and
scattered light are polarized parallel to the wire axis. And the polarization dependence acts
closely the cos 4 θ form. Actually the same behavior is found for all the wires with
diameters smaller than 80 nm. For nanowires with larger diameters (~80 nm<d <~120 nm),
such as the case in Figure 8-3 (b), the centers of the dipolar patterns open up. That means the
Rayleigh scattering intensity for perpendicular polarization is competing with the parallel
polarization scattering. For nanowires with diameter ~100 nm<d<~150 nm, the strongest
Rayleigh scattering is actually obtained when the incident and scattered light is polarized
perpendicular to the wire. The dipolar rotation angle φ is close to 90°; the polar pattern
appears rotated by 90° with respect to the ones for smaller diameters. Two of these patterns
with diameters at 133 nm and 145 nm are illustrated in Figure 8-3 (c) and (d). At diameter
~170 nm as shown in Figure 8-3 (e), the pattern is close to the cos 4 θ form again. Finally
the pattern in Figure 8-3 (f) became almost a circle for a d=300 nm nanowire.
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Figure 8-3. Polar plots of polarized back scattered
Rayleigh intensities versus angle θ between laser
polarization and nanowire axis. It shows a variety of
Rayleigh patterns.

The Rayleigh polar patterns in Figure 8-3 show dramatic changes between 92 nm to
133 nm thick wires and 145 nm to 170 nm thick wires. Theoretically, these patterns should
evolve continuously with the change of wire diameters. One simple postulation according to
Figure 8-3 is that the polarization dependence of Rayleigh scattering follows the cos 4 θ
form for nanowires smaller than ~80 nm. Then the Rayleigh pattern evolves from the cos 4 θ
form to a circle and from the circle to a ~ sin 4 θ function and to a circle again. And this circle
will evolve to a cos 4 θ function at a ~170 nm wire and finally to a circle at a wire with ~300
nm diameter.
Recall that our motivation to study Rayleigh scattering of nanowires was to
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experimentally probe the polar pattern of the enhancement factor QE2 of different diameter
of GaP nanowires proposed in the polarized Raman study. It is definitely necessary to
compare the calculated factor QE2 patterns in Raman scattering with the experimental
Rayleigh scattering. Figure 8-4 shows again the DDA calculated internal electric field
intensity of 1 μm GaP nanowire for different diameters with 514.5 nm excitation. The QE2
polar plots evolve from cos 2 θ to a circle then back to cos 2 θ again. Between 133 nm to
150 nm wires, a A + B cos 2 θ pattern evolves to a A + B sin 2 θ form via a circle. The
nature of the evolution reverses for wires between 150 nm to 210 nm. Finally, there is one
more pattern transition for nanowire diameters from 210 nm to 265 nm, that is similar to that
between d=133 nm to 150 nm. One feature that we could conclude from Figure 8-4 is that the
patterns are very sensitive to the change of diameters.

Figure 8-4. Polarization dependence of internal electric field
intensity of 1 μm long GaP nanowires with different diameters
calculated by DDA.
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We also calculated by DDA the Rayleigh back scattering efficiencies of 1 μm and 2
μm long GaP nanowires respectively for several diameters. All polar plots were illustrated in
Figure 8-5. Very interestingly, these polar patterns show qualitatively the same transition, i.e.,
from cos 4 θ pattern to open cos 4 θ pattern and then the pattern rotate 90° relative to

cos 4 θ pattern.

Figure 8-5. DDA calculations of Rayleigh scattering
efficiency for 1 μm and 2 μm long GaP nanowires with
different diameters.

There is another way to compare the theoretical predictions with our experimental
data. We noticed that the shape of the polar pattern determines by the ratio of intensities at 0°
and 90°. In Figure 8-6 and -7, we plot I / I ⊥ ratio versus the wire diameter for experimental
Rayleigh data, DDA integrated internal field intensity for 1 μm long GaP nanowire, Rayleigh
scattering efficiency for 1 μm and 2μm GaP nanowires, as well as the analytical calculation
for infinitely long GaP nanowires. The figure shows that the Rayleigh scattering from long
GaP nanowires follows more closely with the analytical calculation for infinitly long GaP
nanowires.
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Figure 8-6. I / I ⊥ ratio of Rayleigh scattering and DDA calculated

internal electric field and Rayleigh scattering efficiency.

Figure 8-7. I / I ⊥ ratio of Rayleigh scattering and analytical

calculation for infinite long GaP nanowires.
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8.3 Conclusion
Polarized Rayleigh scattering experiments have been performed on single GaP
nanowires 10’s of micros in length with different diameters. It was motivated to
experimentally probe the QE2 factor directly proposed. Experimental Rayleigh data are then
compared with the DDA calculated internal electric field intensity, DDA calculated Rayleigh
scattering efficiency for 1 μm and 2 μm GaP nanowires, as well as the analytical results
calculated for infinite long GaP nanowires. We find the Rayleigh scattering behaves more like
the prediction of the infinite long GaP nanowire analytical calculations.
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CHAPTER NINE: STIMULATED RAMAN SCATTERING
FROM SHORT GALLIUM PHOSPHIDE NANOWIRES

In this chapter, we discuss our interesting discovery of very strong non-linear optical
behavior in short GaP nanowire segments. They were formed by cutting a ~40 μm long and
210 nm diameter GaP nanowire into various lengths using a FIB. This approach allows us to
study length as the variable in the non-linear behavior. A giant nonlinear Raman amplification
has been observed in these segments for the first time. The nonlinear Raman effect has been
demonstrated to increase as the lengths of nanowire segments decreases. As far as the
relationship between Raman scattering intensity and laser pump power, we also observed that
there exists a threshold pump laser power (~1mW) which separates the linear and super-linear
regions. We attribute this giant nonlinear Raman effect to stimulated Raman scattering (SRS).
We believe our observation suggests the possibility to make a new type of SRS
semiconductor laser.

9.1 Introduction
Until 1962, Raman scattering was thought to occur by only a two photon process that
is linear in the pump intensity. However, the discovery of SRS in that year by Woodbury and
Ng [212] changed that view. While studying the Q-switching of a ruby laser with a
nitrobenzene Kerr cell, they detected an unusually strong output beam that was downshifted
1345 cm-1 from the laser frequency. The output beam matched exactly with the vibration
frequency of the strongest Raman active mode of nitrobenzene. It was later recognized in
1968 by Woodbury and Eckhardt that this strong output has to be from stimulated Raman
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emission in nitrobenzene [213]. This work soon attracted other researcher’s interest and
similar effects were also discovered in many gases, liquids and solids.
The nonlinear optical properties of solids were pioneered by Bloembergen [214] in
the early 1960s. In general, he argued that solids should start showing nonlinear optical
effects when the electric field inside the media are comparable to interatomic electric fields
[170], which are ~105-108 V/m.
Generally, we can write the electric polarization as
r
r
P = ε0χ E ,

(9.1)

where ε 0 is the permittivity of free space and χ is the electric susceptibility of the

r
medium. We expand the electric susceptibility χ in terms of electric field E , i.e.

χ = χ (1) + χ (2) E + χ (3) E 2 + .... ,

(9.2)

where χ (1) is the linear susceptibility, χ (2) and χ (3) are the second and third order

r
r
susceptibilities, respectively. The nonlinear response P to the incident field E is seen to
involve χ (2) and χ (3) . The typical values for χ (2) of semiconductors are in the range of
10-24 – 10-21 (C/V2 in MKS unit). For centrosymmetric solids, however, χ (2) vanishes. The
highest nonlinear term is then χ (3) , with typical values for semiconductors 10-34 – 10-29
(Cm/V3 in MKS unit). SRS is related to the third order susceptibility χ (3) . The detailed
theoretical description of SRS will be discussed in the next section.
Many applications have been found for SRS. The most important application is to
achieve lasing through Raman amplification. SRS in solid materials has been demonstrated to
be quite useful to build Raman lasers which allow the extension of the spectral range for solid
state laser spectroscopy. Table 9-1 [215] lists most of the Raman crystals which support high
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SRS gains via χ (3) . The most efficient and practical bulk material solid-state Raman lasers
reported are based on Ba(NO3)2, LiIO3, and a variety of tungstate (WO4) crystals including
KGd(WO4)2 and CaWO4.

Table 9-1. Characteristics of selected Raman crystals which have been
used for frequency conversion [215].

Conventional injection diode lasers have been made from direct band-gap compound
semiconductors. However, indirect band-gap bulk semiconductors, such as Si and GaP, are
not considered to be good candidates for such solid state lasers because their low emission
efficiencies. SRS, however, provides another way to circumvent the poor performance of
indirect band-gap semiconductors lasers. Early SRS work, more than two decades ago
[216-219], focused on the properties of bulk crystals. Recently, a SRS solid state lasers
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renaissance may have been observed in Si micron-sized waveguide [220-224]. Research has
shown that it is possible to build practical and inexpensive Si lasers via standard CMOS
fabrication techniques. Figure 9-1a shows the configuration of the Si waveguide laser. Figure
9-1b shows the spontaneous and stimulated Raman emission from the waveguide. There were
no reports of SRS in nanomaterials until a group in Japan discovered the SRS for the Radial
Breathing Mode (RBM) of suspended SWNTs [225]. The tubes were suspended between two
SiO2 pillars separated by 1 μm, as shown in Figure 9-2. The SRS showed a clear threshold at
~0.5 mW with excitation at 514.5 nm. The natural question we asked was: are we able to
achieve SRS in semiconductor nanowires? As we shall see, the physics behind both the
antenna effect and SRS in SWNTs is very different from that in GaP semiconducting wires.
The former is uniquely tied to 1D spikes in the DOS and the latter to electromagnetic cavity
effects.

(a)

(b)

Figure 9-1. (a) Cross-section of a silicon-on-insulator rib waveguide
containing a reverse biased p-i-n diode structure with an applied voltage
of V. (b) Laser spectrum at an average pump power of 0.7mW (red
trace). For comparison, the blue trace shows the spontaneous Raman
emission spectrum from a waveguide without a cavity [220].
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Figure 9-2. (a) SEM images of suspended SWNTs between SiO2
pillars. (b) Plot of the integrated peak intensity as a function of laser
intensity in logarithm-linear and linear-linear scales, respectively.
The threshold of laser intensity for stimulated Raman scattering was
0.6 mW. The solid lines are guides for the eye [225].

9.2 Theory of Stimulated Raman Scattering
Let us first provide the theoretical background of SRS. We treat the theory of SRS
semiclassically [226]. The full quantum mechanical description of SRS can be found in ref.
[227].
SRS is a third-order optical process (occurring via χ (3) ) that can be understood as a
special case of four wave mixing by which two incident laser photons interact with existing
Stokes photon and further produce another Stokes photon. A Stokes photon has the frequency

ωS = ωL − ω phonon , where ωL is the laser frequency. Four-wave mixing in a bulk solid
involves a parametric coupling between the incident laser and Stokes beam. In this case, the
frequency and phase matching conditions are satisfied automatically and the Stokes beam is
amplified when propagating through the nonlinear media.
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In the semiclassical description in a bulk solid that does not exit cavity effect, the
electric fields of the pump and Stokes beams are represented by
r r
E1 = E1 exp(ik1 ⋅ r − iω1t ) ,
r r
E2 = E2 exp(ik2 ⋅ r − iω2t ) .

(9.3)

In the equilibrium state, they obey the nonlinear wave equations []

r
ω 2 t r 4πω 2 r
∇ × (∇ × E1 ) − 12 ε1 ⋅ E1 = 2 1 P (3) (ω1 ) ,
c
c
r
ω 2 t r 4πω 2 r
∇ × (∇ × E2 ) − 22 ε 2 ⋅ E2 = 2 2 P (3) (ω2 ) ,
c
c

(9.4)

r
r
where P (3) (ω1 ) and P (3) (ω2 ) can be viewed as source terms. After some tedious algebra,
r
r
P (3) (ω1 ) and P (3) (ω2 ) (in centrosymmetric medium with χ (2) = 0 ) are given by []
r
r 2
r 2 r
P (3) (ω1 ) ≅ ( χ1(3) E1 + χ R(3)1 E2 ) E1 ,
r
r 2
r 2 r
P (3) (ω2 ) ≅ ( χ R(3)2 E1 + χ 2(3) E2 ) E2 ,

(9.5)

where the χ (3) ’s are the third-order nonlinear susceptibility and χ R(3) ’s are called Raman
susceptibilities.
r
r
Suppose the waves ( k1 and k2 ) propagating along ẑ and the energy transfer
r
r
between E1 and E2 is slow which means | ∂ 2 E1/ ∂ 2 z |

k | ∂ E1/ ∂z | where k = ωε 1/2 / c .

r
r
And for a cubic or isotropic media, ∇ × (∇ × E ) = −∂ 2 E / ∂z 2 . Then (9.2) can be reduced to
r
∂ E1/ ∂z = i (2πω12 / c 2 k1 ) χ R(3)1 E2 E1,
r
∂ E2/ ∂z = i (2πω22 / c 2 k2 ) χ R(3)2 E1 E2.

(9.6)

And further, we obtain
∂ |E1|2/ ∂z = −(4πω12 / c 2 k1 )(Im χ R(3)1 ) |E1|2 |E2|2,
∂ |E2|2/ ∂z = −(4πω22 / c 2 k2 )(Im χ R(3)2 ) |E1|2 |E2|2.
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(9.7)

The Raman gain factor is defined as
GR = −(4πω22 / c 2 k2 )(Im χ R(3)2 ) |E1|2 = g R |E1|2 = g R I 0 .

(9.8)

where I 0 is the intensity of pump field and g R is the Raman gain per unit pump intensity.
If |E1|2

|E2|2, we have the famous result
|E2 ( z ) |2 =|E2 (0) |2 exp( g R I 0 z )

(9.9)

which shows explicitly the exponential growth of the Stokes field with the product I 0 z , i.e.
length of the media or the pump field.

9.3 Stimulated Raman Scattering from Short GaP Nanowires
Nanomaterials have recently making an impact in optoelectronics. For example,
lasers made from semiconductor nanowires have been achieved in several systems, such as
GaN [40], ZnO [40], and CdS [228] nanowires. In some cases they were optically pumped
[40], in other cases they were electronically pumped [228]. Research on nonlinear optical
properties and applications of semiconductor nanowires has also just started [229]. Optically
trapping in single KNbO3 nanowires, for example, have been demonstrated for tunable
second harmonic generation [230].
The first semiconductor SRS Raman laser was made from a GaP crystal [219]. GaP is
considered as the most appropriate semiconductor Raman laser medium due to its large
Raman polarizability, small lattice damping constant and high transparency below the
absorption edge [231]. So it is natural to choose GaP nanowires as the test bed to study SRS
in nanowires.
First, in the backscattering geometry, we checked for SRS in GaP [111] (wafer) and
also in a ~40 μm long, 210 nm diameter GaP nanowire. The experimental geometry with the
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Renishaw Invia is the same as described for the single wire Raman study previously (Chapter
6). The integrated TO and LO peak intensity plots as a function of laser power for the wafer
and the nanowire are shown in Figure 9-3 and 9-4 respectively. The solid (blank) squares are
data points for TO (LO) mode and the solid lines are the linear fitting curves. For the bulk
GaP wafer (Figure 9-3), the integrated TO and LO peak intensities in vs laser power display
linear behavior for powers P up to 8 mW focused within an 800 nm spot size by the 100x
objective. Unfortunately, we also observed the same linear behavior for the long GaP
nanowire for laser power up to 4 mW.

Figure 9-3. Plots of Integrated peak intensity of TO and LO modes versus
laser power for bulk GaP [111] wafer. The solid lines are linear fits to the
data. The plot shows linear behavior for laser powers up to 8 mW.
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Figure 9-4. Plots of Integrated peak intensity of TO and LO modes
versus laser power for 40 μm long GaP NW (diameter=210 nm). The
solid lines are linear fits to the data. The plots show linear behavior for
laser powers up to 4 mW.

However, strong SRS was observed in shorter NWs cut from the d=210 nm diameter
GaP NW using a focused ion beam apparatus located at MRI. Figure 8-5(a) shows a SEM
image of several segments of the d=210 nm crystalline GaP nanowire produced from the
nmaster nanowire with initial length ~40 μm. The gaps formed between segments by the FIB
are ~30-50 nm. An in situ micromanipulator was used to push the segments away from each
other (Figure 8-5(b)) so that one segment at a time could be illuminated and studied; also
shown in Figure 8-5(b) is a schematic of the microRaman focal spot (green dot drawn to scale)
which is larger than the diameter of the nanowire segments and also larger than some of the
segment lengths.
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Figure 9-5. (a) SEM image of a GaP nanowire (d=210 nm) cut into
segments by a FIB beam at the positions indicated (white arrows). The gaps
between segments are ~ 30-50 nm. A Tungsten tip was used to manipulate
the position of the wires after cutting, as shown in (b). The laser spot size
for Raman studies is indicated schematically in (b).

A typical Raman spectrum (Stokes) in the vicinity of the LO and TO peaks is shown
in Figure 9-6. The LO-TO spectrum was fit by four Lorenztian functions (method of least
squares). The individual Lorentzian components are indicated by the dashed blue lines, while
the purple dots represent the Raman data. The solid red line represents the composite
lineshape . As can be seen in the figure, the TO phonon splits into two modes at ~354 cm-1
and ~362 cm-1 respectively. The shoulder at ~390 cm-1 below the LO phonon (~398 cm-1) is
assigned to optical surface phonon (SO), since the position of this component changes when a
liquid with higher dielectric constant surrounds the nanowire [200]. Below, we focus our
discussion on the non-linear behavior of the Stokes TO band with GaP NW length. The
behavior of the LO integrated intensity is essentially the same.
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Figure 9-6. A typical Raman spectrum of a GaP NW segment.
Purple dots are the experimental data points and the solid red
curve is a fit of four Lorentzians to the data. The blue dashed
curves represent the individual line components.

Figure 9-7 shows the Stokes Raman emission for the 300 nm long GaP nanowire
segment vs laser power. The laser power increases from bottom to top and the values are
listed to the left. The spectra are vertically displaced for clarity. The peak broadening and
shifting are caused by laser heating, which will be discussed below. In Figure 9-8, we plot in
(a; left hand panel) the integrated intensity ITO of the Stokes TO phonon band intensity vs. the
laser power P measured at the sample position and in (b, right hand panel) the log10ITO vs.
log10P. The plots in Figure 9-8 represent data from eight different lengths L (3.27 μm, 2.25
μm, 1.12 μm, 836 nm, 725 nm, 720 nm, 525 nm, and 300 nm). TO phonon band intensity
(dots) in the figure includes the contributions from the two barely resolved TO Stokes
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components shown in the example spectrum in Figure 9-6. The origin of the small TO
splitting in III-V semiconductor nanowires remains controversial and has been discussed
elsewhere [232]. As seen in Figure 9-8a, we see that the longest two segments exhibited
spontaneous Raman scattering for P up to the limit of the plots ( P ~ 3.5 mW). However,
the shortest six segments exhibited spontaneous (linear) Raman scattering only for P below
a threshold power PT ; above PT the intensity increases very non-linearly. This non-linear
response is best observed in the log-log plots of Figure 9-8b, where for P < PT , an exponent
n ~1 for P n is observed. However, for P > PT the super-linear regions have exponents

which grow rapidly to n~4.5 with decreasing nanowire length, i.e., I S ~ P n . In addition, I
should mention that a similar data analysis of Stokes LO, anti-Stokes TO and LO scattering
vs P all show the same behavior as observed for the TO Stokes scattering. For brevity, we
therefore do not present data for these other Raman bands here.
The observation of a threshold power PT is the hallmark of elelctromagnetic
cavity-driven SRS. When the nanowire segments become shorter, the SRS intensity and
nonlinear behavior of the backscattered Raman intensity becomes significantly stronger.
Interestingly, (Figure 9-8b) the threshold power PT can also be observed to decrease with
decreasing segment length L.
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Figure 9-7. Raman spectra of the 525 nm GaP nanowire segments at
different laser powers. The spectra were vertically displaced for clarity.
The black dashed arrows indicate the direction where the laser power goes
higher. It shows that both TO and LO peaks were broadened and red
shifted with increasing laser power. The labels to the right indicate the
laser power used to collect each spectrum.

It should be noted that the laser focal spot substantially overfills the width (d=210 nm)
of all the nanowires and overfills the length of some of the shorter nanowire segments. This
means that the actual pump power incident on small handheld detector overestimates the
actual power on the semiconductor nanowire segment. In Figure 9-9, we correct for this
overfilling and plot the actual threshold laser power vs the segment length L (red), as well as
the exponent n describing the non-linear scattering intensity vs L (blue). Both of these
quantities are seen to be approximately linear in L, with PT and the exponent n, respectively,
decreasing and increasing with L. We observe values of PT can be as low as 0.2 mW that are
three orders of magnitude smaller than reported for conventional nonlinear bulk Raman
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crystal cavities, such as LiIO3 and Ba(NO3) [222]. On the other hand, On the other hand, our
values for PT are comparable with that reported for SRS from individual SWNTs (~0.6 mW)
[225].

Figure 9-8. (a) Plot of integrated TO intensity versus laser power for seven
nanowire segments with length LS in the range of 300 nm to 3.3 μm. Data
points are connected by solid lines to guide the eyes. Nonlinear Raman
effect was observed for lengths shorter than 1.2 μm. (b) Log10-log10 plot of
integrated TO intensities vs. laser power. Solid lines are linear fittings to the
data points. The data points in (b) are vertically displaced for clarity.
Threshold laser power was observed to separate the linear and super-linear
regions for shorter nanowire segments behavior.
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Figure 9-9. Plot of the effective threshold laser power versus length
of nanowire segments. The threshold laser powers are on the order
of 0.5 mW. The solid lines represent linear least squares fits to the
threshold and exponent data.

Why is such a low threshold pump power for SRS observed in these semiconductor
nanowire segments? We believe this is also due to cavity enhancement effects, similar to
what drives the unusual behavior we observe for the polarization dependence of the
spontaneous Raman scattering from long GaP nanowires. In Chapter 6, we have discussed
some basic concepts of optical cavities and reviewed the progress on optical microcavities.
The quality factor Q of microcavities is one of the key parameters to describe the properties
of cavities. And high Q optical microcavities promise ultralow threshold lasing behavior
[174]. Low threshold pump power of SRS on high Q droplet or silica microspheres has
been demonstrated [183, 184, 186]. In Chapter 6, we pointed out that the threshold pump
power of the microsphere with quality factor Q can be written as
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2

Pthreshold

π 2 n 2 Veff ⎛ 1 ⎞
,
=
λ p λR ΓBg ⎜⎝ Q ⎟⎠

(9.10)

where n is the index of refraction, Veff is the effective pump mode volume, λP and λR are the
pump and Raman wavelengths, Γ is the spatial mode overlap factor between pump and
Raman modes ( Γ <1), g is the nonlinear bulk Raman gain coefficient, and B is a correction
factor of the circulating power due to internal backscattering (between 1 and 0.5). Equation
(9.10) has the important feature that the threshold pump power scales inversely with the
factor Q 2 / V .
Considering the threshold pump power and effective pump mode volume for our
nanowire segments (Figure 9-9), we can estimate that the quality factor of our nanowire
segments QNWS ~ 6000 using the above equation. Their quality factor is as the same order as
that of micropillars ( Qmicropillar ~ 2000 ) in Figure 6-3. Technologically speaking, it is important
to find a tradeoff between the importance of the cavity size decrease and effort spent. In our
case, the NW segments demonstrated here have higher quality factor than micropillars, but
the fabrication process is much simpler than that of micropillars which involves sophisticated
fabrication techniques, such as MBE.
In conventional SRS theory, the SRS intensity can be rewritten as

I TO ∝ exp( g b ⋅ Lb ⋅ I b ) ,
where

(9.11)

I b is incident laser intensity, gb and Lc are the bulk Raman gain and interaction

length, respectively. The Raman gain for bulk material gb can be written as:
2

4π 2ωS N ⎛ ∂α ⎞
8πωS
gb =
Im( χ R(3) ) ,
⎜
⎟ =−
2
nL nSc mωR Γ b ⎝ ∂q ⎠
nSc
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(9.12)

where ωR and ω S are the angular frequencies of lattice vibration and Raman line,
respectively. nL and nS are the refractive indices of Raman media at laser and Raman
frequencies, respectively. N is the density of atoms per unit volume, m is the reduced mass
associated with the vibration and Γ b is the line width of the Raman peak. χ R( 3) is the
Raman susceptibility. Considering the size of our nanowire which is ~210 nm, we do not
expect any changes on nS and χ R( 3) compared with bulk GaP. Giving the value of χ R( 3) is
in the order of 10-10 esu [233], we could estimate the value of Raman intensity gain factor gb
is ~10 cm/GW.
In Figure 9-11, we plot ln I TO versus the laser power P for those nanowire segments
which show the nonlinear behavior. It indicates that ln I TO are roughly linear functions with
laser power. In microcavities, the SRS intensity is generally written as

I TO ∝ exp( g c ⋅ Lc ⋅ I c ) ,

(9.13)

where I c is the electric field intensity build up in the cavity, g c is the Raman gain of the
cavity and Lc is the effective interaction length in the cavity.
We know that the intensity build up for the light resonant within a cavity is
Ic
Qλ
= 2
,
I 0 π n0 a

(9.14)

where I 0 is the intensity of the input light, λ is the wavelength, a is the radius of the
microsphere, and n0 is the refractive index.
And the effective interaction length in the cavity is
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Lc =

Qλ
.
2π n0

(9.15)

We are able to estimate I c and Lc using the estimated quality factor QNWS ~ 6000 from
equations (9.14) and (9.15). Then we can find out the value of Raman gain gc by the slopes
of the fitted lines in the Figure 9.10. The estimate the SRS gain gc of the nanowire
segments is at least in the order of 1000 cm/GW which is two orders of magnitude larger than
bulk GaP Raman gains (~10 cm/GW) [233]. Cavity QED enhanced Raman gain has
previously claimed from microdroplets [183-185]. Even though experimental observation
[186] and theoretical study [187] have shown that the behavior of SRS on microspheres can
be explained classically, not including QED effect in cavities. Our observation on enhanced
Raman gain from nanoscale cavities may need further investigation.

Figure 9-10. Plot of lnITO versus laser power for the GaP nanowire segments
which show nonlinear Raman effect. The data points are vertically displaced
for clarity. Solid lines are the linear fittings to the data points.
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We then calculated the electric field distribution for the 300 nm long and 210 nm thick
GaP nanowire by DDA. The color contour plots in Figure 9-12 and -13 illustrate the
calculated electric field distribution inside the short GaP nanowire segment at the cross
section of XY and YZ plane. The definition of XY and YZ planes follows the experimental
configuration in Figure 4-2. The simulated results clearly show a hot spot at the center of the
wire. The integrated average electric field intensity is ~25 times of the field intensity without
the wire, i.e. the Raman intensity can be actually enhanced by two orders of magnitude.
Using equation (9.14), we can again estimate that the quality factor Q of these nanowire
segments is in the order of 103 which is consistent with the value estimated from the
threshold pump power.

Figure 9-11. DDA calculated electric field distribution of a short GaP
nanowire at the cross section of XY plane. The wire is 210 nm diameter
and 300 nm long. It shows a hot spot is in the center of the nanowire.
The green arrow indicates the direction of incident laser and the dashed
white lines represent the short GaP nanowire.
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Figure 9-12. DDA calculated electric field distribution of a
short GaP nanowire at the cross section of YZ plane. The
green arrow indicates the direction of incident laser and the
dashed white lines represent the short GaP nanowire.

The last thing we want to discuss in this section is lasing heating. As we can see from
Figure 9-7, the spectra of nanowire segments were asymmetrically broadened and the peak
positions red shift with increasing laser power. These are the signatures of laser heating. We
show in Figure 9-14 the local temperature of the 525 nm long GaP nanowire segment by
taking the Stokes and anti-Stokes ratio I S / I AS which is related to the temperature T by
I S / I AS = β exp(hν / k B T) ,

(9.16)

where the coefficient β is calculated by using T = 300 K at the smallest laser power. At
2.5 mW, Equation 9.16 indicates that the nanowire segment was heated to 800 K.
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Figure 9-13. Temperature profile of the 525 nm long GaP
nanowire segment caused by laser heating. The solid line is
the linear fitting curve of the experiment data.

9.4 Conclusions
Length dependent giant nonlinear Raman scattering of both TO and LO phonons on
short GaP nanowires has been observed the first time. We attribute this effect to SRS from
these nanocavities by observing the feature of existence of low threshold laser power and
enhanced the Raman gain. The discovery of SRS on short semiconductor nanowires may
further extend their applications, such as building large gain and ultra-low threshold
nanoscale Raman lasers. And also exploring the synthesis of nanowires on solid Raman laser
materials, such as LiIO3, Ba(NO3)2 et al., may substantially benefit the development of
solid-state Raman lasers.
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CHAPTER TEN: FUTURE WORK

Two major directions are addressed in current research on semiconductor nanowires.
On the one hand, new applications on self powering electronics [234-236], wavelength
controlled lasers [237] and solar cell devices [238, 239] have continuously motivated the
interests of people on semiconductor nanowires. On the other hand, fundamental research on
physical or chemical properties of semiconductor nanowires may further benefit or inspire
their applications. In this thesis, fundamental issue of light scattering, especially polarized
Raman scattering, on single semiconductor nanowires has been addressed. We think it
provides fundamental understanding of light scattering on filaments at nanoscale. In this
chapter, we will discuss the possible works that could be done in the near future following
this thesis work or possible new research directions.

In Chapter 2, we described the synthesis of DMS Zn1-xCoxS nanowires. It has been
predicted that n-type Zn1-xCoxO is a room temperature ferromagnetic DMS material. By
oxidizing

Zn1-xCoxS

nanowires

with

different

time

period,

either

core-shell

Zn1-xCoxS/Zn1-xCoxO or polycrystalline Zn1-xCoxO nanowires can be formed. Transport
studies, especially magneto-transport measurements, on these nanowire systems should be
valuable for the field of spintronics. Also exploring the synthesis and transport measurements
on many other possible room temperature single crystal DMS nanowires, such as (Ga,Mn)N,
(Ga,Mn)P, (Zn, Co)O, and (In2,Cr)O3 may also interesting.
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The most important work in the thesis is the investigation of polarized Raman
scattering on single semiconductor nanowires. To further testify the model proposed to
explain the experimental Raman polar patterns generated from individual GaP nanowires, it is
worthwhile to study polarized Raman scattering on wires with [100] growth directions.
Because the Raman tensors for wires grew along [100] are independent of rotational angle φ,
it eliminates one possible fitting parameter in the model. Polarized Raman scattering on these
wires may definitely help us to truly understand their behaviors. Polarized Raman scattering
on wires with the same growth direction and orientation but different length may also help us
to justify our model. Because the QE2 factor should change with nanowire length, so the
polar patterns observed should also change according to the QE2 factor.

The discovery of SRS on short GaP nanowires opens up the opportunities to build up
high gain and low threshold Raman lasers using semiconductor nanowires. Interestingly, we
also observed that the Raman intensity at the gap of two headed nanowires with the same
lengths and diameters can be enhanced by several times. It is well known the SERS can
increase the Raman intensity of molecules by up to 1014 order of magnitude [169]. A recent
study on molecules adsorbed on Au nanoparticles coated long Si nanowires [206] shows that
it can further increase the Raman signal from molecules by 2 to 3 orders. We are thinking a
series possible and interesting experiments that can be done. We can study the Raman
scattering on gap nanowire segments shown in Figure 10-1(a) and see how the enhancement
changes with lengths and diameters of nanowire segments. We can also coat the nanowire
segments with Au nanoparticles (Figure 10-1(b)). Nanowire segments has already shown a
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sever orders of increase in terms of Raman gain (Chapter 9). By investigating the laser power
dependent Raman scattering on these Au coated short GaP nanowires, we believe SERS can
further increase the Raman gains by several orders. This should be extremely important in
both fundamental and application perspective. By combining Figure 10-1(a) and (b), we can
study Au nanoparticle coated gap nanowire segments shown in Figure 10-1(c). Also we
design and fabricate arrays of Au nanoparticle coated gap nanowire segments (Figure 10-1(d))
on a chip which could be a possibility to achieve lasing by SRS.

Figure 10-1. Possible designed experiments that could be
done: (a) Raman scattering on gap nanowire segments;
(b) Raman scattering on Au nanoparticle coated nanowire
segments; (c) Raman scattering on Au nanoparticle coated
gap nanowire segments; (d) Au coated nanowire segments
arrays. Blue cylinders represent nanowire segments.
Yellow circles represent Au nanoparticles.
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APPENDIX A: FITTING FUNCTION CODES
1. Multiple Lorentzian Lineshape Fitting
Function MultiLorentzianFit(w,x)
Wave w; Variable x
Variable r,r1,r2,r3
variable npts= numpnts(w),i=1
do
if( i>=npts )
break
endif
r1 = (x-w[i+1])^2
r2 = (w[i+2]/2)^2
r3 = w[i]/(r1+r2)
r = r + r3 + w[0]
i+=3

//w[i+1] is the peak position of Lorentzian
//w[i+2] is the FWHM of the Lorentzian

while(1)
return r
End
Function MultiLorentzianLinearFit1(w,x)
Wave w; Variable x
Variable r,r1,r2,r3
variable npts= numpnts(w),i=2
do
if( i>=npts )
break
endif
r1 = (x-w[i+1])^2
r2 = (w[i+2]/2)^2
r3 = w[i]/(r1+r2)
r = r + r3 + w[0] + w[1]*x

//w[1] is the linear background slope

while(1)
return r
End
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Macro PeakDisplay_MultiLorentzianFit()

//Multiple Lorentzian peak display macro

String bname = "RamanPeak",fname
Variable i=0, j=0, gNumPeaks=(numpnts(test)-1)/3
do
fname= bname+num2istr(i+1)
CheckDisplayed/W=$WinName(0, 1) $fname
if( V_Flag == 1 )
RemoveFromGraph $fname
KillWaves $fname
endif
i += 1
while(i<16)
Duplicate/R=(xcsr(A),xcsr(B))/O dwnt_he2x wave00; i=0
do
fname= bname+num2istr(i+1)
Duplicate/R=(xcsr(A),xcsr(B))/O dwnt_he2y $fname
$fname= test[j+1]/((wave00-test[j+2])^2+(test[j+3]/2)^2)+433
AppendToGraph $fname vs wave00
ModifyGraph lsize($fname)=0.3
ModifyGraph rgb($fname)=(21845,21845,21845)
i+=1
j+=3
while(i<gNumPeaks)
end
Macro PeakDisplay_MultiLor_Linear_Fit()

//Multiple Lorentzian with linear background

peak diaplay macro
String bname = "RamanPeak",fname
Variable i=0, j=1, gNumPeaks=1+(numpnts(wave0)-2)/3
do
fname= bname+num2istr(i+1)
CheckDisplayed/W=$WinName(0, 1) $fname
if( V_Flag == 1 )
RemoveFromGraph $fname
KillWaves $fname
endif
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i += 1
while(i<16)
Duplicate/R=(xcsr(A),xcsr(B))/O y7x wave00; i=0
fname= bname+num2istr(i+1)
Duplicate/R=(xcsr(A),xcsr(B))/O y7y $fname
$fname= wave0[0]+wave0[1]*wave00
AppendToGraph $fname vs wave00
ModifyGraph lsize($fname)=0.3
ModifyGraph rgb($fname)=(21845,21845,21845)
i+=1
do
fname= bname+num2istr(i+1)
Duplicate/R=(xcsr(A),xcsr(B))/O y7y $fname
$fname=wave0[j+1]/((wave00-wave0[j+2])^2+(wave0[j+3]/2)^2)
+wave0[0]+wave 0[1]*wave00-0
AppendToGraph $fname vs wave00
ModifyGraph lsize($fname)=0.3
ModifyGraph rgb($fname)=(21845,21845,21845)
i+=1
j+=3
while(i<gNumPeaks)
end

2. COSINE_THETA4
Function COSINE_Theta4(w,x)
Wave w; Variable x
Variable r, r1
r1=x*3.14159265/180
r = w[0]+w[1]*(cos(r1+w[2]))^4
return r
End
Macro PeakDisplay_COSINE_Theta4()
String bname = "RamanPeak",fname
Variable i=0, j=1
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fname= bname+num2istr(i+1)
CheckDisplayed/W=$WinName(0, 1) $fname
if( V_Flag == 1 )
RemoveFromGraph $fname
KillWaves $fname
endif

Duplicate/R=(xcsr(A),xcsr(B))/O Angle, i=0
fname= bname+num2istr(i+1)
Duplicate/R=(xcsr(A),xcsr(B))/O ITO $fname
$fname= TO[0]+TO[1]*(cos(wave00*3.14159265/180+TO[2]))^4
AppendToGraph $fname vs wave00
ModifyGraph lsize($fname)=0.3
ModifyGraph rgb($fname)=(21845,21845,21845)
end
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APPENDIX B: MATHEMATICA CODE FOR CUBIC
SEMICONDUCTOR RAMAN TENSOR CALCULATION

⎛
⎜
⎜
⎜
T1= ⎜
⎜
⎜
⎜⎜
⎝

1
2
1
3

1
2
1
−
3

1
6

−

1
6

⎞
0 ⎟
⎟
1 ⎟
⎟;
3 ⎟
2⎟
⎟
−
3 ⎟⎠

⎛
⎜
⎜
⎜
T1p= Transpose[T1]= ⎜
⎜
⎜
⎜⎜
⎝

1
2
1
2

1
2
1
−
3

0

1
3

1 ⎞
⎟
6 ⎟
1 ⎟
−
⎟;
6⎟
2⎟
⎟
−
3 ⎟⎠

⎛ cos[α ] − cos[ β ]sin[α ] − sin[α ]sin[ β ] ⎞
⎜
⎟
T2= ⎜ sin[α ] cos[α ]cos[ β ] cos[α ]sin[ β ] ⎟ ;
⎜ cos[α ]
⎟
cos[ β ]
− sin[ β ]
⎝
⎠
cos[α ]
sin[α ]
cos[α ] ⎞
⎛
⎜
⎟
T2p=Transpose[T2]= ⎜ − cos[ β ]sin[α ] cos[α ]cos[ β ] − sin[ β ] ⎟ ;
⎜ − sin[α ]sin[ β ] cos[α ]sin[ β ] cos[ β ] ⎟
⎝
⎠
⎛0 0 0⎞
⎜
⎟
R[x]= ⎜ 0 0 1 ⎟ ; R[y]=
⎜0 1 0⎟
⎝
⎠

⎛0 0 1⎞
⎜
⎟
⎜ 0 0 0 ⎟ ; R[z]=
⎜1 0 0⎟
⎝
⎠

⎛0 1 0⎞
⎜
⎟
⎜1 0 0⎟ ;
⎜0 0 0⎟
⎝
⎠

T=T2·T1; MatrixForm[T]
Tp=Transpose[T]; MatrixForm[Tp]
R[xp]=1/ 2 R[x]+1/ 2 R[y]; MatrixForm[R[xp]]
R[yp]=1/ 3 R[x]-1/ 3 R[y]+1/ 3 R[z]; MatrixForm[R[yp]]
R[zp]=1/ 6 R[x]-1/ 6 R[y]-2/ 6 R[z]; MatrixForm[R[zp]]
Rp[xp]=T1·R[xp]·T1p; Simplify[MatrixForm[Rp[xp]]]
Rp[yp]=T1·R[yp]·T1p; MatrixForm[Rp[yp]]
Rp[zp]=T1·R[zp]·T1p; Simplify[MatrixForm[Rp[zp]]]
R[xpp]= cos[α ] ·Rp[xp]- cos[ β ]sin[α ] ·Rp[yp]- sin[ β ]sin[α ] ·Rp[zp];
Simplify[MatrixForm[R[xpp]]]
R[ypp]= sin[α ] ·Rp[xp]+ cos[ β ]cos[α ] ·Rp[yp]+ sin[ β ]cos[α ] ·Rp[zp];
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Simplify[MatrixForm[R[ypp]]]
R[zpp]=- sin[ β ] ·Rp[yp]+ cos[ β ] ·Rp[zp]; Simplify[MatrixForm[R[zpp]]]
Rp[xpp]=T2·R[xpp] ·T2p; Simplify[MatrixForm[Rp[xpp]]]
Rp[ypp]=T2·R[ypp] ·T2p; Simplify[MatrixForm[Rp[ypp]]]
Rp[zpp]=T2·R[zpp] ·T2p; Simplify[MatrixForm[Rp[zpp]]]
TO1[α_, β_]={{1,0,0}}·Rp[xpp] ·{{1},{0},{0}}
TO2[α_, β_]={{1,0,0}}·Rp[ypp] ·{{1},{0},{0}}
LO[α_, β_]={{1,0,0}}·Rp[zpp] ·{{1},{0},{0}}
ITO[α_, β_]=(TO1[α, β].TO1[α, β]+TO2[α, β].TO2[α, β]//Simplify)
ILO[α_, β_]=(LO[α, β].LO[α, β]//Simplify)
PolarPlot[ILO[α ,10 Degree],{α,0,2π}]
ILO95=Table[ILO[α,10 Degree],{α,0,360 Degree,10 Degree}]//N
Export["C:\Documents and Settings\FTIR\Desktop\ILO10.dat",ILO10]
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APPENDIX C: MATHEMATICA CODE FOR OPTICAL
CAVITY MODE CALCULATION

c=299792458000000000 nm;
nk=Import["C:\\Documents and Settings\\Tim Russin\\Desktop\\GaP nk.txt","Table"];
For[p=1,p≤Length[nk],p++, nk p ,1 *=1000]
n=Table[{nk p ,1 ,nk p , 2 },{p,1,Length[nk]}];
k=Table[{nk p ,1 ,nk p ,3 },{p,1,Length[nk]}];
nn=Table[n m ,{m,1100,1180}]
nnn=Interpolation[nn]
Show[Plot[nnn[λ],{ λ ,343,650}], ListPlot[nn]]
λ 0=514 nm;
λ = λ 0/n;
dx=200 nm;
dy=200 nm;
dz=300 nm;
x=(c/nnn[2 dx/nm])/(2 dx);
y=(c/nnn[2 dy/nm])/(2 dy);
z=(c/nnn[2 dz/nm])/(2 dz);
ν[qx_,qy_,qz_]=;
ν [0,0,1]//N
tt=Flatten[Table[ν [n,m,l],{n,0,20},{m,0,20},{l,0,20}]//N];
tp=Table[{tt n ,1},{n,1,Length[tt]}];
ListPlot[tp,PlotRange→{{0,5×1015},{0,2}},Filling→Axis,FillingStyle→Thick,PlotStyle→Po
intSize[0.003]]
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