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ABSTRACT
PROPERTIES AND DEVICE APPLICATIONS OF

SILICON AND SILICON-GERMANIUM NANOSTRUCTURES WITH
DIFFERENT DIMENSIONS

by
Han-Yun Chang

Defect-free crystalline Si/SiGe(Ge) nanostructures are demonstrated despite the 4%
lattice mismatch between Si and Ge. The lattice mismatch-induced strain is sufficiently
relaxed through the designed, cluster morphology, or nanowire (NW) structures. Future
device applications of these nanostructures require complete understanding of their
structural, optical, electrical and thermal properties. This study explores these properties
in two-dimensional (2D) Si/Si:B delta-doped multilayers, 2D Si/Si;xGex planar
multilayers, three-dimensional (3D) Si/Si;xGex cluster multilayers, one-dimensional (1D)
Si NWs and 1D Si/Ge NW heterojunctions (HJs).

Raman scattering and photoluminescence measurements show that by alternating
heavily boron-doped layers with layers of undoped Si in Si/Si:B multilayers, dopant
segregation and strain can be avoided. Current-voltage and -capacitance-voltage
measurements show Schottky-barrier-like characteristics in these nanostructures. The
studied samples exhibit significant dependence of optical reflection on temperature and
applied electric field, and hence have a potential to be used as electrically controllable
mirrors.

High Ge content 2D (planar) and 3D (cluster) Si/SiGe multilayers are studied
thoroughly using Raman spectroscopy. Low frequency Raman measurements show

formation of strong folded longitudinal acoustic (FLA) phonons in the 2D sample,



indicating abrupt interfaces and good superlattice structure. By utilizing the multi-modal
feature of Raman scattering, local temperatures are found by comparing the intensities of
Stokes and anti-Stokes signals at specific wavenumbers, and the thermal conductivity of
each sample is estimated. A strong correlation between FLA and thermal conductivity is
found: in samples with high intensity FLA, thermal conductivity is almost twice increases,
when compare to samples without FLA.

Fabrications of Si NWs and Si/Ge NW HlJs are explored, including interference-
lithography-based photoresist patterning for Au catalysts. Raman spectroscopy shows
significant strain in Si NWs and Si/Ge NW HlJs. In the HJs, the temperature dependence
in PL peak positions suggested a preferential composition at the hetero-junction.
Raman-spectroscopy-based temperature measurements show significant decrease in the
thermal conductivity of NW HJs: more than one order of magnitude less than that in Si
NWs and two orders of magnitude less than that in c-Si. The high mobility and good
carrier transport, combined with the substantially decreased thermal conductivity gives
these Si/Ge and Si/SiGe nanostructures great potential in CMOS compatible, integrated

thermoelectric device applications.
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CHAPTER 1

INTRODUCTION

For the last forty years, crystalline Si (c-Si) continues to be the major material for
microelectronics, and modern silicon technology is superior compared to other
semiconductors (e.g., II-VI and III-V compounds). In addition to the complementary
metal-oxide-semiconductor (CMOS) technology, SiGe heterojunction bipolar transistors
(HBTs), have become vital in Bi-CMOS and RF applications [1, 2]. Other promising
applications for SiGe devices include CMOS-compatible light sources for optical
communication and various system-on-a-chip components [1]. Beyond these applications,
SiGe heterostructure also has potential for developing thermoelectric (TE) devices. The
thermal conductivity of Si;xGex alloys and Si/SiGe nanostructures could be reduced by
several orders of magnitude compared to that in c-Si. With the added benefit of
controllable electrical conductivity, Si and Si/SiGe nanostructures are ideal for
thermoelectric device applications.

The fabrication of Si/Ge heterojunction (HJ) has always been a challenging task.
Abrupt Si/Ge HJs can not be constructed by conventional thin film technology because of
the 4.2% larger lattice constant of ¢-Ge over c¢-Si. The critical thickness of c¢-Ge films
grown on Si substrates is less than 2 nm, and films exceeding the critical thickness will
have dislocations for strain relaxation [1, 2]. Common solutions to the strain relaxation
problem are pseudomorphic heterostructures formed with with Si and SiGe alloy, such as
graded Ge composition, Sij«Gex alloy structures or symmetrically strained Si/Ge

superlattices (SLs) [3-5]. This dissertation will introduce several novel approaches



to Si and Si/SiGe nanostructures beyond the aforementioned methods. These novel
approaches to Si and Si/SiGe nanostructures, that are dislocation-free crystalline structure
with sufficient strain relaxation, include Si:B delta-doped multilayer SLs,
three-dimensional (3D) cluster morphology Si/SiGe multilayer SLs, two-dimensional (2D)
planar Si/SijxGex multilayer SLs, and one-dimensional (1D) Si/Ge nanowire (NW) HJs.
Specifically, this study will focus on the structural, optical, thermal and electrical
properties of these Si and Si/SiGe nanostructures with different dimensionalities and their
possible device applications. The 3D cluster multilayers and the 2D planar multilayers are
fabricated by using molecular beam epitaxy (MBE) with Stranski-Krastanov (S-K) and
Frank-van der Merwe growth modes, respectively, while the 1D NW HJs are fabricated
using chemical vapor deposition (CVD) and vapor-liquid-solid (VLS) growth. Chapter 2
presents a detaied] review of the growth processes and description of the samples studies in
this dissertation followed by physical properties of the nanostructures. Chapter 3 describes
the characterization techniques, experimental set up and measurement procedures used,
including a novel Raman-based nano-thermometry using specific vibration modes. The
last part of Chapter 3 consists of characterization methods used at collaborating research
facilities.

Detailed experimental results and extensive discussion will be given in Chapter 4.
For the Si:B delta-doped samples, photoluminescence (PL) and Raman spectroscopy (RS)
found no strain and B segregation from the high doping concentration; while the optical
reflection measurement and current-voltage (I-V) measurements illustrate the
nanostructures’ possible application as electrically-controlled mirrors. In 3D (cluster

morphology) and 2D (planar morphology) Si/SiGe multilayer SL samples, low-frequency



RS detects the formation of folded longitudinal acoustic (FLLA) phonons in certain SLs, and
the Raman-based thermometry reveal a correlation of higher thermal conductivity and the
intensity of FLA phonons. As for the Si/Ge NW HJ sample, multi-peak, temperature and
excitation dependent PL reveals preferential Si;xGex composition in the HJ, which is
confirmed by energy-dispersive x-ray spectroscopy (EDX). The performed PL
measurements also find additional strain, consisting with thermal expansion mismatch
between Si and Ge. RS shows evidence of strain and Raman-based thermometry gives an
accurate estimation of thermal conductivity. The found thermal properties with the addition
of preliminary data on thermo-voltage support the possibility of Si/Ge NW applications as
TE generators.

In Chapter 5, this dissertation ends with summary of the presented work and

concluding remarks.



CHAPTER 2

BACKGROUND

2.1 Si/SiGe Nanostructure Fabrication
The most common deposition methods used to grow epitaxial Si and Si/SiGe
nanostructures are molecular beam epitaxy (MBE) and chemical vapor deposition (CVD).
All the samples studies in this dissertation are fabricated using one of these methods.
Following is an overview of MBE and CVD, and detailed descriptions of specific sample
fabrications are given in the subsections.

Solid source MBE usually takes place in ultra high vacuum, and fluxes or beams of
atoms or molecules is generated from high purity depositing material by heating the
element in effusion cells (Knudsen cells) or by electron beam. The growth rate is based on
the fluxes of the source, which is controlled by shutters of the cells. This gives MBE its
main advantage in Si/SiGe nanostructures: precise control over the layer thickness and Ge
content of the nanostructure, that is subject only to source fluxes and is unaffected by the
substrate temperature. The major drawback of using MBE in SiGe growth is the high
melting points of Si and Ge produce the dilemma of a tradeoff between the lower
deposition rate (using effusion cells) or an unwanted radiation and a higher risk of
background contamination (using electron beam evaporators). Other MBE limitations
include difficulty in introducing dopants and inhomogeneous beam fluxes causing a

non-uniform deposition [1].



The CVD process is based on thermal decomposition of reactants such as silane
(SiHy4) and germane (GeHy). It can be done at atmospheric pressure and high temperature
(900-1000 °C) for depositing Si on Si substrate. However, to prevent surface roughness
and diffusion of Ge, Si/SiGe nanostructure growth is usually performed at a reduced
pressure (10 Pa for ultra-high vacuum CVD and 10-100 Pa for low pressure CVD) and
lower growth temperature (~550-650 °C). CVD has been an industry standard in
commercial production for its great advantages of fast and uniformed deposition with easy
incorporation of dopants as well as the ability for batch process. Major shortcoming of
CVD is in the complexity of controlling the layer thickness and the Ge content, which
depends on multiple growth conditions, such as substrate temperature, precursor gas flow
rate and chamber pressure. Careful adjustments and calibrations are needed when

developing new SiGe nanostructure fabrication procedures [1].

2.1.1 Si:B Delta-doped Multilayer Superlattices

Delta-doping provides a high concentration of dopants spatially distributed as
two-dimensional (2D) layers with sharp and narrow doping profiles [6]. These structures
can be used as prototypes and modeling systems for future nano-devices and devices for
quantum computing [7]. In most cases, delta-doping is achieved by using MBE, which
provides a well-defined doping profile in both the doping concentration and delta-doped
layer thickness [8, 9]. Fabrication of Si delta-doped structures requires particular care in
preventing problems such as dopant segregation on epitaxial Si surfaces and structural
defects due to high embedded strain [10]. In this dissertation, comprehensive studies of
structural and optical properties of MBE-grown Si/delta-doped Si:B multilayer

nanostructures is presented in an attempt to engineer a system where high carrier



concentration is provided via multi-layers of heavily delta-doped Si:B, while nominally
undoped Si spacers play the role of buffer layers. These Si buffer layers reduce the strain,
prevent dopant segregation and improve the overall thermal conductivity of these
nanostructures. Another motivation for this work is a previous report on luminescence
intensity enhancement and weaker luminescence intensity temperature dependence in
heavily B-doped Si samples and possible defect engineering leading to highly luminescent
Si-based materials [11]. Possible application of these nanostructures in electrically

controlled mirrors is explored.

2.1.2. Two- and Three-dimensional Si/SiGe Nanostructures

There are three major modes of semiconductor epitaxial growth, which are illustrated in
Figure 2.1. When there is low strain and enough kinetic energy for the deposition material
to diffuse, the adatoms first start to diffuse at the atomic steps and gradually fill the area in
between, forming a 2D layer. This growth mode is know as Frank-van der Merwe mode
and is the mechanism for growth Si thin films or low Ge content Si;xGex thin films on Si
substrate. On the contrary, when growing Si on Ge substrate, the system is under tensile
strain and can minimize its free energy by trading increased surface area for decreased
interfacial area, a three-dimensional (3D) growth known as Volmer-Weber mode occur.
Similar formation occurs when adatoms are more strongly bound to each other than to the
substrate material, such as Au on c-Si. The last growth mode, Stranski-Krastanov (S-K)
mode is a combination of 2D and 3D growth. The S-K growth mode occurs when there is
significant compression strain (e.g., lattice-mismatch-induced strain from Ge or higher Ge
content Si;.xGey alloy on Si substrate), high kinetic energy adatoms and high substrate

temperature. The growth, in general, starts with a spontaneous 2D Si; xGex, < 1 nm thick
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as a nucleation site such that the size and location of the catalyst determines the size and
location of the nanostructures. Although Au remains the most commonly used catalyst for
Si NWs, many other metals (e.g., Ag, Ti, Ni, Fe, Ga and Al) have been used.

The process of growing Au-catalized Si and Si/Ge NW heterojunctions (HJs) on Si
substrate starts with acquiring and distributing the Au particles in desired sizes by one of
these commonly used approaches. The first approach is using pre-synthesized Au
nanoparticles, often stored in liquid solutions. The particles are distributed on to the
substrate by spin-coating. The second approach is by depositing an ultra-thin Au layer on
the substrate, followed by annealing at temperature significantly lower than the Au-Si
eutectic point. The atomic force interaction between Au atoms is much stronger than the
interaction between Au and Si atoms. As a result, Au atoms form small droplets on the Si
surface after deposition, and the annealing process provides the energy needed form larger
droplets. Figure 2.4 shows a scanning electron microscope (SEM) image of <100 nm
diameter Au clusters formed from sputtering 100 A Au on Si and annealing at 200 °C for
20 minutes. The last approach is photoresist-based patterning of Au films. Besides the
conventional photomask lithography or electron beam (e-beam) lithography, interference
lithography (IL) is an excellent way to pattern Au catalyst for VLS growth, generating
nano-scaled, mask-free and contact-free patterns with parallel processing ability.

When two coherent light beams interfere, they form a standing wave with period

[24, 25]

d= /1 , 2.1)
2sinf

where A is the wavelength of the light and @ is the half angle between the two interfering
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2.1.4 Samples Fabrication

The studied epitaxial Si/Si:B delta-doped multilayers were prepared by the Institute for
Microstructural Sciences of National Research Council (NRC), Canada. The samples were
fabricated in a VG V80 MBE system equipped with electron beam evaporators for Si and
Ge. The wafer preparation consisted of a 600 s ultra-violet light exposure (UV ozone
reactor) to photo-chemically remove surface hydrocarbon contamination. The wafers were
then immediately introduced in the UHV apparatus and the surface native oxide was
desorbed by annealing at about 900 °C for 600 s. The epitaxial Si was deposited at a rate of
0.1 nm/s at a substrate temperature of 640 +/- 25 °C, as measured by infrared pyrometry.
Boron doping was achieved using a high temperature Knudsen effusion cell filled with
elemental boron.

The 2D and 3D Si/SiGe multilayer samples were also prepared in NRC, Canada,
using the MBE system described above. These multilayers are grown on Si (100) wafers
and consist of 10 periods of alternating Ge-rich Si;<Gey layers with separated by layers of
Si. The growth temperature of the 2D multilayer sample was set at ~550 °C to maintain the
planar morphology. The 3D multilayer samples were grown at much higher temperature of
~650 °C for S-K growth mode.

The metal-catalyzed Si NWs and Si/Ge NW HJs were prepared by
Hewlett-Packard Laboratories (HP Labs). The Si NWs were grown by depositing Au and
Ti on a Si (100) wafer. The wafers were then annealed at 900 °C in H, for 5 min to form
Ti-Si or Au-Si alloy droplets. To grow Si NWs, the samples were exposed to a mixture of

SiHy, HCI, and H, at ~650 °C for ~30 min.
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The Si/Ge NW HJ samples were grown using the VLS technique, Au catalysts, and
the thermal decomposition of SiHs and GeHs. The NW HJs were grown in a
reduced-pressure, lamp-heated, CVD reactor. The substrate was p-type Si (111) with a
resistivity of 0.01-0.02 Q-cm. A thin layer of Au was deposited on the cleaned Si substrate
and annealed in the CVD reactor for 10 min at 670 °C at 95 Torr in a H, ambient. The Si
segments of the NWs were grown at 680 °C at 30 Torr using the gaseous precursors SiHy
and HCl in a H, ambient. The sample was cooled to 350 °C at a nominal rate of 75 °C/min
with the SiH4—~HCI-H, mixture flowing. The Ge segments of the NWs were then grown at

350 °C and 90 Torr, using GeH, and HCl as the gaseous precursors in the H, ambient.

2.2 Characteristics and Properties of Si and Si/SiGe Nanostructures

2.2.1 Structural Properties

In nano-scale Si and SiGe devices, the structural properties greatly affect the other
characteristics. The most common structural characterizations are SEM and TEM with the
addition of TEM-related techniques such as high-resolution TEM (HR-TEM) and
energy-dispersive x-ray spectroscopy (EDX). These microscopy methods provide images
of the nanostructure as well as qualitative analysis (e.g., dislocation, growth mode,
crystalline orientation) and quantitative analysis (e.g., sizes and SiGe compositions).

The epitaxially grown Si:B delta-doped multilayers have structural properties
nearly identical to bulk crystalline Si (c-Si), except for the possible dopant segregation at
the heterointerfaces and structural defects from the high embedded strain, both due to the
high doping concentrations. However, these characteristics can not be detected using

microscopy because even with the highest doping concentration, only < 0.1% of the Si
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atoms is replaced by dopants (B), which has similar atomic sizes. Thus, the structural
properties of delta-doped multilayers (e.g., existence of dopant segregation or defects) are
often extracted using SIMS, Auger electron spectroscopy and optical characterization.

In Si/SiGe multilayers, although MBE gi‘owth provides better control over the
average SiGe layer composition, because of interdiffusion during growth, the layer
composition is not uniform. Particularly, in the 3D multilayers, the clusters have
ununiformed Ge composition within the cluster volume [32-34]. The fully grown, 3-10 nm
high and initially near-pyramid-shaped SiGe clusters have a Ge-rich core (~50%,
depending on the Ge flux), although the exact final cluster shape and composition strongly
depends on the fabrication conditions (Figure 2.2). Detailed structural analysis also
indicates that the Si matrix in the valleys between SiGe clusters is slightly compressed. To
summarize, the buried SiGe clusters consists of Si;Gex crystalline alloys with x
increasing toward the cluster center and reaching near 50% in the center; the clusters are
surrounded by Si, which is tensile-strained above each SiGe cluster and compressed
laterally between the clusters to maintain a low overall strain [32-34].

Unlike the 2D and 3D thin-film-based nanostructures, NWs do not follow the
crystalline orientation of the substrate. The surface and edge tension during the liquid-solid
phase of the VLS growth process results in preferential growth directions that is dependent
of NW or catalyst nanoparticle sizes [35, 36]; NWs with diameters >40 nm are presumed to
have preferential growth in the (111) direction. There are several possible structural defects;
for instance, potential unwanted un-catalyzed NWs, worm-like amorphous NWs and kinks
and bends. Figure 2.10 shows examples of the amorphous and bent NWs, prepared by

plasma enhanced CVD and Au catalysts [37].
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Figure 2.11 Energy band diagrams of (a) bulk, intrinsic Ge and Si and (b) ideal band
alignment of Ge on Si derived from Anderson’s affinity rule [38].

However, experimental measurements show the energy bands as well as the band
alignment does change in the presence of strain and does depend on interface properties.
Further investigation into the band edge modification is warranted to establish the proper
HJ band alignment. In general, for a strained Si;xGey layer grown on (001) Si;yGe, virtual
substrate (unstrained), the calculated valence band offsets is comparable to the

experimental results: AE,  =(x-»)-(0.47-0.06y) eV, where AEy, is weighted

averaged potential of strain-split heavy hole (HH) and light hole (LH) bands [12, 40]. The
HJ band alignment of a strained Si;«xGey layer on relaxed Si;.;Gey substrate has several
general features. First, the valence band maximum always occurs in the higher Ge content
layer. Second, for x <y, the energy band alignment is always of type-1I regardless of x and
y. Lastly, for x >y, the conduction energy band is expected to be nearly flat with AE: <20
meV. Thus, for Ge or Ge-rich layer grown on unstrained Si, the alignment is quasi type-II
(Figure 2.12) with the difference in the materials’ bandgaps reflected as valence band offset

(i.e., Eg or AE, depends on Ge content and/or strain at the heterointerface) [40, 41].
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Figure 2.12 Band alignment of Ge or SiGe on relaxed Si substrate.

Under the presence of strain, not only do the relative energy levels (AEy and AE()
differ from the bulk characteristics but the bandgaps of the materials alter. Si and Ge, as
well as Si.;xGey alloys have indirect bandgaps with similar valence band structures and
different conduction band structures in reciprocal space. For unstrained bulk Si, the
conduction band minima are sixfold degenerates along the [100] direction, between I" and
X points and commonly referred to as the A minima. On the other hand, unstrained bulk Ge
has conduction band minima that are eightfold degenerate along the [111] direction, at the
edge of Brillouin zone, near the L point and referred to as the L minima (Figure 2.13).

In unstrained Si.;xGey alloys, the room temperature bandgap changes from 1.12 to
0.66 eV as the Ge content x increases from 0 to 1. For low to moderate Ge content (x <
0.85), the conduction band is Si-like with A minima along the [100] direction. At high Ge
content (x > 0.85), the conduction band is Ge-like with L minima along the [111] direction

(Figure 2.14, top curve) [40, 42].
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2.2.3 Thermal Properties

In addition to the unique electronic and structural properties of bulk c-Si, single crystal Si
possesses one of the best known lattice thermal conductivity [45, 46]. This exceptional heat
conductance is critically important for Si device heat management and circuit reliability.
However, most of the modern CMOS platforms are no longer single crystal Si wafers but
rather thin layers of Si-on-insulator (SOI), ultra-thin strained Si and SiGe hetero-structures
that are the foundation of SiGe HBTs, and high mobility metal-oxide-semiconductor
field-effective transistors (MOSFETSs). Major properties of these Si-based nanostructures
are very different compared to that in bulk c-Si. For example, thermal conductivity in
ultra-thin SOI layers, SiGe alloys and Si/SiGe nanostructures could be reduced by more
than an order of magnitude compared to that in c-Si [18, 20, 47, 48], and heat dissipation
has became an important issue for modern nanoscale electronic devices and circuits. Thus,
the understanding and improvement of heat management in Si-based nanostructures is
critically important for the evolution of microelectronic industry. On the other hand, many
interesting applications of mnano-structured Si (ns-Si) in photonic devices and
CMOS-compatible light emitters were recently discussed [49-53]. These ns-Si materials
and devices produce an efficient and tunable light emission in the near-infrared and visible
spectral region [54, 55]. Also, it has been shown that under photoexcitation with energy
density > 10 mJ/em?, optical gain is, possibly, achievable [56-60]. Such energy density
absorbed by a sub-micrometer film generates a lot of heat. Thus, thermal properties and
heat dissipation in ns-Si based photonic devices need to be understood in great details.
Many device applications were recently proposed for the Si and SiGe nanostructures

studies in this dissertation (e.g., Si nanowire electrical interconnects [36, 61], Si nanowire
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thermoelectric devices [62, 63], Si nanowire sensors [64-66], SiGe cluster-based memory
devices [67-69], SiGe cluster-based near-infrared light emitters [70-74], etc.), and detailed
understanding of thermal processes in these nano-structures is absolutely necessary.

In general, thermal energy in a solid is transported by the means of particles or
quasi-particles moving to restore thermodynamic equilibrium in a system with a
temperature gradient VT . In metals, heat is mainly conducted by mobile electrons (i.e.,

electronic thermal conductivity «,), while in insulators and lightly doped semiconductors,

heat is primarily transported by phonons. Phonons are quasi-particles representing lattice

vibrations, and phonon processes are responsible for the lattice thermal conductivity «;.

An ideal pure single crystal is an excellent thermal conductor because phonon
inharmonicity (i.e., inelastic phonon scattering) is the only phonon mean free path
limitation. When electronically active dopants (donors and acceptors) and other impurities
are introduced into a pure single crystal, phonon scattering associated with impurity atoms
strongly reduces the lattice conductivity. For crystallites with reduced dimensions, such as
micro- or nano-crystals (nc), the conductivity decreases as the grain size of the crystallites
decreases, mainly due to phonon scattering at the grain boundaries. This effect becomes
dominant as the grain size approaches the phonon mean free path in a single crystal.
Thermal conductivity in amorphous Si (a-Si) is drastically reduced, mainly because the
ideal Si crystal lattice with the long range atomic order is replaced by an amorphous
network of Si atoms. Furthermore, amorphous materials might have significant number of
structural defects providing additional phonon scattering. Similarly, crystalline alloys (e.g.,
SiGe, SiCGe, etc.) have strongly reduced thermal conductivity due to compositional

disorder. Figure 2.16 summarizes experimental results on thermal conductivity in different
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be found in Appendix A. It mainly consider lattice thermal conductivity in semiconductors,
and specifically focuses on phonon boundary scattering, which is primarily responsible for
the observed thermal conductivity reduction in different forms of Si nanostructures (Figure
2.16). A brief overview of thermal conductivity measurement techniques for micro- and
nano-scale materials and devices is provided in Appendix A. The following is a general
discussion and comparison of thermal properties of the Si and Si/SiGe nanostructure
studied in this dissertation.

A strong thermal conductivity size-dependence is found in 1D Si nanostructures or
NWs with typical diameter < 100 nm. One of the proposed applications for the NWs is
thermoelectric devices. Thermal conductivity of individual Si NWs was studied using a
micro-device containing two bridging membranes, a technique specifically developed for
low-volume objects [63, 78, 79]. In individual Si NWs with diameters ranging between 115
and 22 nm, the measured thermal conductivity clearly exhibits a dependence on the NW
diameter, which is summarized in Figure 2.18 (from ref. [80]). It has been proposed that
phonon boundary scattering is the dominant mechanism controlling thermal conductivity
in Si NWs [80]. Thus, in 1D Si nanostructures, thermal conductivity is controlled by the
nanostructure characteristic size (when it is comparable or smaller than phonon mean free
path) and by quality of the interfaces.

Bulk crystalline SiGe alloys have quite low thermal conductivity, mainly due to
their compositional disorder [81, 82]. It has been proposed that Si/SiGe superlattices (SLs)
with an enhanced carrier transport and an even lower thermal conductivity due to the
nanometer-thick layers could be used in efficient thermoelectric devices [18-21]. Figure

2.17 summarizes some studies demonstrating that, in undoped Si/SiGe SLs, thermal
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2.2.5 Optical Properties: Raman Scattering

When light travels through a medium, most of it is reflected, transmitted or absorbed
following the laws of reflection and refraction and a small portion of the light is scattered
by inhomogeneities inside the medium. From the quantum mechanics point-of-view, when
a photon is incident on a molecule, the energy it carries excites an electron and elevated the
electron to a higher energy state. Scattering happens when the incident photon excites a
conduction band electron to virtual energy states that has lower in energy than real
electronic states. The electron then relaxes quickly either to a vibrational state or to the
ground state, often with a change in vibrational energy, and emits a photon. There are two
types of scattering: elastic and inelastic. Elastic scattering, e.g. Rayleigh scattering, emits
photons with the same frequency as the incident photon. Inelastic scattering emits photons
with different frequency (energy) from the incident photon. Raman scattering is an
example of inelastic scattering due to energy transfer as molecular vibrations, i.e.
interactions between photons and phonons [95].

In solids with transitional symmetry, such as crystals, the wave vectors are
restricted in the first Brillouin zone, whose zone edge is defined as the reciprocal space
7/ R, where R is the translational period [95]. In a crystal, the wave vectors take the
forms a phonon energy-momentum dispersion relationship in reciprocal space. Figure 2.21
(a) shows the first Brillouin zone (commonly referred to as just “Brillouin zone™) of the
phonon dispersion relationship with zone edge 7z /a, where a is the lattice constant. In
the Brillouin zone, the optical phonon has near constant energy while the acoustic phonon
energy increase linearly around from zone center (£ =0). When a light of wavelength A

incites the crystal, its wave vector is represented as a vertical line at position k=7 /4 in
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reciprocal space, clo§e to the zone center (A >>a). The photon-phonon interaction is
shown as the intercepting points of the 7z /A line and the phonon curves: the interception
with acoustic phonon is Rayleigh scattering and the interception with optical phonon is
Raman scattering. The strong optical phonon can be detected while acoustic phonons, at
low frequencies close to the laser line, are hard to detect.

In an ideal, periodic, multi-layered heterostructure with abrupt and defect free
interfaces, such as superlattices, interference by reflected wave vectors, which satisfy the
Bragg condition, forms a standing wave known as the reduced Brillouin zone or Brillouin
minizone (BMZ), with new edge 7z /d , where d is the period of the structure [95-98]. The
phonon dispersion relationship folds between the zone center and the BMZ edge, and
Figure 2.21 (b) is an illustration of the phonon folding. When probing the BMZ, the
excitation wave vector becomes in the center of the BMZ or even close to the zone edge,
enabling the detection of the characteristic doublets of the folded acoustic phonons at
higher frequency. These measurements can be use to reconstruct the BMZ for a better
understanding of spatial localization in semiconductor nano-structures [99]. The optical
phonon folding, however, is difficult to resolve, and the detected Raman scattering of the
optical phonon, in the presence of BMZ formation, becomes a broader peak.

Raman shift is the difference between the incident and scattered photon frequencies.

When a phonon is emitted in the scattering process (@ = w, —@,), the scattered light
frequency is Stokes shifted; on the other hand, an anti-Stokes shift is when the scattered
light has higher energy than the incident light due to phonon absorption (@, = @, + @,).
Note that oy, @, @, and @, are the Stokes, anti-Stokes, incident light and vibrational

phonon frequencies, respectively.
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the local temperature, which can be obtained from the Boltzmann relation [102-105]:

ho
T = 0
ky-In(Ig/1,)° (2:3)

where 7, k,, I, and I ,; are the reduced Planck constant, Boltzmann constant, Stokes

intensity and anti-Stokes intensity, respectively.

Figure 2.22 is a Raman spectrum in c-Si (n-type Si wafer). Si exhibits a strong and
narrow single phonon peak at ~520 cm’!, which corresponds to the zone-center optical
(transverse, TO and longitudinal, LO) phonons. The two broad Raman features on either
side of the optical phonon line are originated from scattering involving two or more
phonons. The much weaker low frequency band around 200-450 cm” is an overtone of
acoustic phonons, the features around 600-700 cm” is the combination of one optical
phonon and one acoustic phonon, and the high frequency peak around 900-1050 cm’,
commonly referred to as the Si second order, is an overtone of two optical phonons in

combinations with some acoustic phonons [95, 106].









CHAPTER 3

EXPERIMENTAL METHODS

3.1 Scanning Electron Microscopy
Using the short wavelength of electron beams (<1 A), electron microscopes are able to
achieve much higher resolution than their optical counterparts. In a scanning electron
microscope (SEM), by moving a tightly focus electron beam across the sample surface,
collecting and counting either the reflected electrons or secondary electrons, 3D images of
the sample surface can be generated on the control monitor. Figure 3.1 shows a schematic
of the SEM and a high magnification SEM image of Si NWs grown using VLS technique
in CVD with Au catalyst. The SEM images in this research are prepared using a LEO
1530VP field emission scanning electron microscope in the Material Characterization
Laboratories at NJIT. The microscope operates at high voltage mode with voltages ranging
from 0.1k eV to 30k eV, magnification of 20k to 900k times and resolution up to 1 nm. The
sample is held in high vacuum on a sample stage that is equipped with motorized controller
for moving and rotating laterally, allowing access to multiple samples. The stage also tilts
along a central axis with manual control outside the chamber, enabling scans of the sample
at angles from -15° to 90°. The images shown in this research are taken by collecting the

reflection of electrons with the in-lens detector at moderate voltages of 1k-10k eV.
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~2 kW/em? (with 457.9 nm). The scattered light is analyzed by a Jobin Yvon U-1000
double spectrometer with focal length of 1000 mm, wavelength range of 185-40000 nm
and resolution up to 0.004 nm [109]. The spectrometer is equipped with a
thermoelectrically cooled Hamamatsu R943-02 photomultiplier tube (PMT) and photon
counting system. The PMT has maximum spectral response in the wavelength range of
300-800 nm and a low dark current count of ~20/s. The measurements done in this research
include detecting scattered light with wavelength in the range of approximately 430-550
nm, which is located in the optimal region for the spectrometer and PMT performances
[110].

In Raman-based thermometry, the Ar" laser beam is used both as the heating source
and as the photo-excitation source. Although the index of refraction is temperature
dependent, the change is miniscule and the resultant change in reflectivity is well within
the estimated 3% reflection error. For instance, Si has refractive indexes of ny, * =4.8 and

n% = 4.9 [111] and room temperature Brewster’s angle of 8;"°% =78.232°, at which the

laser incident angle is set. When the surface temperature is increase to 450 K, the increased

index of refraction changes reflectivity. Using Fresnel equations, the reflectivity can be
foundas R*¥ ~1x10™ ~0.01% (calculated with 8% and ng**). Similar calculations

are done using Si;Gey indexes of refraction and the change in reflection from 300 to 450K
is found to be within 2%. Therefore, taking in account the surface scattering (measured by
the optical power meter) and the changes in reflectivity due to increase of temperature and
refractive index, the difference between power intensity measured by the detector and
power absorbed in the sample is <10%. Note that this discrepancy in applied power does

not affect the Raman-based temperature calculation.
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3.4 Electrical Measurements
For the electro-optical and electrical measurements of the delta-doped Si/Si:B multilayers,
the top contacts are fabricated by sputtering thin, semi-transparent (~50 nm) Au dots on the
samples and connected to Ag wires by soldering with Wood’s alloy. The back contacts are
made by affixing the sample on thin Cu tape with silver paste, and Ag wires are soldered to
the Cu tape with Wood’s alloy (Figure 3.5). The room temperature pulse-modulated optical
reflectance of the Ar" laser is measured using a LeCroy 9310M oscilloscope. The electrical
measurements, including current-voltage (I-V) and capacitance-voltage (C-V)
characteristics in the dark and under illumination by an Ar+ laser were performed at room

temperature using an automated system based on a Keithley 6517A electrometer.

3.5 Transmission Electron Microscopy (Collaboeration)
The transmission electron microscopy (TEM) uses high-energy electron beam transmitting
through ultra thin samples. As the beam passes through the sample, the interactions of
electrons and the sample form an image that is magnified and recorded by detectors. The
TEM is commonly used to analyze thin film or multilayer samples in the cross-sectional
direction. Comparing to SEM, TEM provides much high resolution. High resolution TEM
can provide details of lattice structures by recording the lattice fringes as the electron beam
diffracts at the lattice planes. The Si/SiGe multilayer TEM images shown in this
dissertation are performed by NRC Canada on a JEOL JEM-2100F field emission source
transmission electron microscope operating at 200 kV. High angle annular dark field

(HAADF) scanning TEM images were obtained using a Fischione annular dark field
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detector attached to the JEM-2100F to enhance chemical contrast in SiGe heterostructures.
The Si/Ge NW HJ sample is analyzed by high-resolution TEM (HR-TEM) and dark-field
TEM (DF-TEM) in HP Labs using a Philips CM20 field-emission TEM.

The chemical composition of the various SiGe nanostructures is studied
quantitatively by the TEM analytical techniques of energy-dispersive x-ray spectroscopy
(EDX). EDX provides a fast and nondestructive analysis a sample at a single point, along a
line or over a plane. The EDX spectra of Si/SiGe multilayers shown in this dissertation are
done in NRC, Canada using an Oxford INCA Energy TEM 200 attached to the JEM-2100F
and electron energy loss spectroscopy (EELS) using a Gatan GIF Tridiem attached to the
JEM-2100F. The EDX spectra are calibrated by probing thick Si/Si;-xGey heterostructures

of known germanium composition [14].



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Si/Si:B Delta-doped Multilayers
The nominal physical parameters for the various delta-doped samples are presented in
Table 4.1. The doping profile for these samples was measured by secondary ion mass
spectrometry (SIMS) using a Cameca 4f magnetic sector SIMS system. Figure 4.1 shows
one of the SIMS dopant concentration profiles. The profiles were calibrated using a
boron-doped Si(001) standard. For these measurements, an oxygen ion primary beam and a

sputtering rate of about 0.5 nm/s is used.

Table 4.1 Details on Sample Fabrication of Si/Si:B Multilayers

Sample # T (B cell) [°C]  tsip [nm] tsi [nm] Na [cm'3]
1815 1575 4 10 1-10"®
1816 1575 4 20 1-10™®
1817 1650 2.5 40 5-10'®
1818 1530 2.5 10 5-10"
1819 1650 2.5 10 5-10'8
1820 1650 2.5 10 510"
1821 1650 1 10 5-10'8

Note: T (B cell), temperature of the Knudsen effusion cell filled with elemental boron; ts;, delta-doped Si:B
layer thickness; ts; Si separating layer thickness; N, nominal dopant concentration
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4.2 Si/SiGe Multilayers
The sample details of the two-dimensional (2D) and three-dimentional (3D) Si/Si;Gex
multilayers, including nominal physical parameters and growth temperatures are presented
in Table 4.2. The samples’ physical structures are examined by cross-sectional
transmission electron microscopy (TEM) and shown in Figure 4.12. Special attention is
given to Sample 1810 (Figure 4.12(a)), which has developed as 2D planar multilayers with
uncommonly high Ge content. The 2D morphology is achieved by carefully monitoring the
growth conditions, in particular, the growth temperature, which has to be high enough to
prevent the formation of defects and maintain epitaxial growth, and yet low enough to
prevent Stranski-Krastanov (S-K) mode. The TEM data (Figures 4.12 and 4.13) reveal
good epitaxial structures, and the observed slight waviness at the layer boundaries

indicates strain-induced interdiffusion between Si and SiGe layers.

Table 4.2 Details on Sample Fabrication of Si/Si;.xGex Multilayers

Sample # Morphology X tsige [Nm] tsi [nm]
1810 2D planar 0.518 3.9 13.5
1814 3D cluster 0.53 35 14.9
1830 3D cluster 0.6 33 11.4
1834 3D cluster 0.6 3.0 14.0

Note: tgyg. — SiGe layer thickness, tg; — Si separating layer thickness, x — nominal Ge content.
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4.2.1 Raman Spectroscopy

Figure 4.16 compares the result of Raman spectroscopy using different excitation
wavelengths. Note the spectra are shifted for clarity. In Si/SiGe nanostructures, the Raman
spectra have three major vibrational modes known as the Si-Si vibration (at ~520 cm™),
the Si-Ge vibration (at ~400 cm™) and the Ge-Ge vibration (at ~300 cm™). Note that,
under excitation with A=514.5 nm, the ratio of the Raman peak intensity associated with
Si-Si vibration to the Si-Ge or Ge-Ge Raman peaks is much higher than that of under a
shorter wavelength excitation, which indicates that under a longer wavelength excitation
with deeper penetration depth, the Raman signal at ~520 cm™ has a stronger contribution
from the crystalline Si substrate. Figure 4.17 shows a closer look of the Si-Si vibration by
comparing normalized Stokes and anti-Stokes Raman spectra in the vicinity of 500 cm™.
Besides the main peak associated with the Si-Si vibration mode at ~£520 ¢cm™, an
additional Raman feature at ~£505 cm™, which corresponds to the Si-Si vibration in the
presence of a Ge atom and/or associated with strained Si sandwiched between SiGe cluster
multilayers [85-90] can be clearly seen, especially when using the shorter wavelength

(Figure 4.17(a)).
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In a sample without a temperature gradient, these normalized Stokes/anti-Stokes
Raman lines should be identical. In Figure 4.17(b) (with longer wavelength), the Stokes
and anti-Stokes Raman signals at ~+520 cm™ are similar to each other, are symmetrical and
have a FWHM of <5 cm™'. The narrow peak indicates the signal is originated from c-Si;
presumably, most of the ~+520 em™ signal in this spectra is collected from the substrate,
which corroborates the finding in Figure 4.16. However, the small difference between
Stokes and anti-Stokes signals around £505 is cm should not be overlooked. The increase
in anti-Stokes Raman signal around -505 cm’ indicates that under laser excitation, the
sample surface temperature (associated with the Si/SiGe multilayers) is higher than the Si
substrate temperature.

In Figure 4.17(a), when using 457.9 nm excitation wavelength with shallower
penetration depth of ~100 nm, the signals are collected only from the Si/SiGe
nanostructure and the difference in the Stokes and anti-Stokes Si-Si peaks (around
+520 cm™) is much more pronounced as the peaks asymmetrically broadened. In addition,
the Raman feature around +505 cm™ has even more noticeable asymmetrical broadening
with FWHM of 14 and 21 cm™ for Stokes and anti-Stokes, respectively. The large
difference between the intensity ratio of the Stokes and anti-Stokes peaks indicates a large
temperature gradient between strained Si and c-Si. Since the entire laser excitation energy
is absorbed in the nanostructure, the temperature gradient, in this case, exist not between
the nanostructure and the substrate but wholly within the nanostructure, as differences in

¢-Si separating layers and the strained Si in the SiGe layers.
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the characteristic doublets (Figure 4.16(a) and Figure 4.18). The highest FLA intensity is
found in the 2D Si/Si; xGex multil‘:ayers with Ge concentration approaching x=0.4 (which is
much higher compared to conventional Si/SiGe SLs with Ge concentration x~0.1-0.2). It is
believed that the quasi-planar structure is a key factor in forming BMZ. On the other hand,
no FLA signal is detected in samples with higher Ge content (1831 and 1834, Figure
4.16(b)). The 4.2% lattice mismatch between Si and Ge induces strain and more
interdiffused interfaces. Such strain presumably shapes the multilayers into wavy SL
structures, which does not form BMZ. Our measurements show that the BMZ formation
and the FLA intensity are not only sensitive to multilayer morphology (SiGe planar alloy or
SiGe clusters) but also to interface quality, and can be a useful, quick detection tool in

characterizing Si/SiGe nanostructures.

4.2.2 Raman-based Nano-thermometry and Thermal Conductivity Calculations

Using Equation 2.3 and the Raman Stokes and anti-Stokes peak intensity ratio of Si-Ge
vibrations, the surface temperature can be found. The Si-Si vibration peak intensity ratio
can be used to find either the temperature of the substrate immediately underneath the
nanostructure (under 514.5 nm excitation) or separating layers (under 457.9 nm excitation).
These calculated temperatures are listed in Table 4.3. The Si substrate has temperature
close to the temperatures measured on the back of the sample with a thermal-couple
thermometer and the ambient temperature in the laboratory. Comparing the FLA formation
and intensity to the temperature measurements, a clear correlation can be seen: in sample
with high intensity FLA signals, the temperature gradient between Si-Ge and Si-Si modes

is nearly half of that in samples without FLA. Since thermal conductivity is inversely
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structure, there-is more Si/SiGe interface scattering from the strained and interdiffused
wavy interfaces. Moreover, the cluster morphology with strain in and around the clusters
and inhomogeneous Ge compositions (up to ~50 % Ge at the core) further reduces the

thermal conductivity.

4.3 Si Nanowires

4.3.1 Photoluminescence

At low temperatures, the Au-catalyzed Si nanowires (NWs) have PL peaks close to the Si
TO line around 1 eV (Figure 4.19). The peaks are not as well defined, significantly
broadened and shifted toward lower energy, all of which is strong evidence of significant
strain in the nanostructure. The PL temperature dependence is more sensitive in the Si
NWs than in ¢-Si PL signals and can not be clearly detected above 40 K, presumably also
due to the strain in the NWs. The PL spectra of the Ti-catalyzed Si NWs have very different
characteristics (Figure 4.20). These spectra have weak or no ~1.1 ¢V PL signal that is
associated with ¢-Si. Instead, a strong <1 eV PL signals (presumably associated with Ti-Si
alloy or Titanium Silicides). Note that the rapid decrease of PL intensities below 0.78 eV is
due to detector cut-off. The absence of ~1.1 eV PL signal could be a result of additional

strain due to the even smaller Si NW diameters (<50 nm).
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4.4 Si/Ge Nanowire Heterojunctions
Figure 4.23 shows a scanning electron microscopy (SEM) image of the Si/Ge NW
heterojunction (HJ) sample and a high resolution TEM (HR-TEM) micrograph of a single
NW HIJ. In both images, it is clearly visible that the HJ interface is very sharp with NW
diameter expansion from Si to Ge, which is a result of the 4.2% lattice constant mismatch.
However, the closer inspection by the HR-TEM reveals that the expansion of the NW
diameters is not as abrupt as predicted (see Figure 2.9) but rather tapered over several tens
of nanometers. It is believed that over this tapered expansion, Si lattice is under tensile
strain while Ge lattice is under compressive strain. Figure 4.24 is a dark field TEM
(DF-TEM) image showing lattice fringes in the (111) direction around the Si/Ge
heterointerface. Note that the lattice fringe spacing does not directly reflect lattice constant

but rather the distance between parallel planes in the same direction (hkl), as

Ay =ax (W + k> +1)"?, where a is the lattice constant. For unstrained Si and Ge (111)

crystals, d;,;, are 0.3136 and 0.3267 nm, respectively. The DF-TEM image shows lattice

fringes exhibiting expansion in Si side of the HJ and compression in Ge side of the HI,

confirming that Si is under tensile strain and Ge is under compressive strain.
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4.4.1 Photoluminescence
Figure 4.25 compares the normalized Si/Ge NW PL spectra to the c-Si PL spectrum
measured at the same (T=20 K) temperature under different excitation intensity. The Si/Ge
NW PL spectra clearly exhibit at least two peaks (a narrower PL peak at ~1.08 eV, and a
broader PL peak at ~1.025 eV) and, no significant PL with photon energies close to the
bulk c-Si TO PL peak at ~1.1 eV. The relative intensities of the two Si/Ge NW PL peaks are
found to be excitation and temperature dependent (Figures 4.25 and 4.26). Upon further
inspection, the ~1.025 eV is found to be comprised of two peaks, which is most clearly
seen at T>60 K, with the peak positions at ~0.96 and ~1.0 eV (Figures 4.26 and 4.27). The
~1.08 eV PL peak exhibits an asymmetric broadening at higher temperatures (1>60 K),
which can be well fitted using Boltzmann thermal broadening on the high photon energy
side of the PL spectrum [131]. The PL peaks at ~1.08 eV and 0.96 eV do not change their
positions significantly with temperature, while the PL peak at ~1.0 eV shifts
nonmonotonically and exhibits the lowest photon energy between 60 and 80 K.

The absence of bulk, c-Si TO phonon PL at 1.1 eV indicates that in a heavily doped
Si substrate the PL is suppressed by Auger processes. The PL related to pure c-Ge is
outside of the detector sensitivity spectral range. Thus, the observed PL (Figures 4.25 and
4.26) is associated with radiative transitions in Si/Ge NW Hls. Since no PL associated with
D-lines is observed, these Si/Ge nanostructures are found to be substantially
dislocation-free, as confirmed from TEM analysis. The PL peak at ~1.08 eV is ~20 meV
redshifted and strongly broadened when compared to the c-Si PL spectrum (Figure 4.25),
indicating, in agreement with the Raman data and theoretical analysis in Ref. [132],

significant strain in the Si/Ge NWs. The PL at hv ~1.0 eV indicates spontaneous formation
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Indeed, the PL peak at ~1.0 eV corresponds to the bandgap PL in a strained Sij—Gex
alloy on (111) Si with an alloy composition close to x~0.15-0.2 [1, 12, 133]. Since the PL
peaks at ~0.96 and ~1.0 eV show different temperature dependences, they are not
associated with TO-phonon replica and no-phonon PL, which is frequently observed in
SiGe alloys [1, 12]. Most likely, the PL peaked at ~0.96 eV corresponds to the bandgap of a
Si;—xGey alloy with x~0.5 [1, 12].

The spontaneous SiGe intermixing found in VLS grown Si/Ge NW HlJs is, most
likely, due to residual Si atoms in the eutectic Si-Au alloy after switching to Ge deposition
and to strain-induced Si and Ge interdiffusion caused by the 4.2% lattice mismatch
between Si and Ge. Our PL data show that the concentration gradient from Si to Ge within
the VLS grown Si/Ge NW HJ is not constant and that the Si;-Gey alloy composition x
does not change uniformly from 0 to 1. Instead, the PL data suggests the formation of
Si;xGey alloys with preferential compositions of x~0.15-0.2 close to the Si part of the
Si/Ge NW and x~0.5 close to the Ge part of the Si/Ge NW. This conclusion, supported by
the preliminary TEM and EDX analysis (Figures 4.23, 4.24 and 4.28), is also in agreement
with the PL data and SiGe composition measurements in Si/ Si;—xGey 3D (i.e., cluster
morphology) nanostructures, where x~0.2 is a typical composition of the SiGe wetting

layer and x<0.5 is a stable composition close to the SiGe cluster core [3, 12, 34, 133].
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4.4.2 Raman Spectroscopy

Raman scattering measurements of several similar Si/Ge NW HJs (using 514.5 nm
excitation wavelength) are shown in Figures 4.30. The Raman spectra confirm the
presence of Ge in the NWs (Raman peak at 300 cm’™’) as well as strong SiGe intermixing (a

! associated with Si-Si

peak near 400 cm™). Also, a broad Raman peak near 500 cm’
vibration in SiGe indicates a nonuniform strain [136], while the Raman signal associated
with the Si substrate is found at 520 cm™. A correlation between the strain Si-Si
signal near 500 cm™ and PL is also found: PL can only be detected in samples with weaker
near 500 cm™ Raman scattering. The absence of PL in samples 1292 (Figure 4.30 (a)) and
1909 (Figure 4.30 (b)) are most likely due to the severe strain and possibly, surface defects
in the NWs. Note that the PL spectra discussed in subsection 4.3.1 is sample 1301 (black

curve in Figure 4.30 (a)), on which the following Raman-based thermometry and thermal

conductivity estimation will focus in details.
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In the NW HIs, due to the long, thin NW geometry, the (111) substrate and NW
crystal orientation (i.e., NW preferential growth direction is perpendicular to the wafer
surface [35, 36]) and extremely short penetration depth of 457.9 nm light in Ge (<20 nm),
most of the laser power is presumed to be absorbed in the Ge part. From the ~300 nm
penetration depth of 457.9 nm light in Si, the Raman temperature calculated from Si-Si
vibration modes are presumed to be the average temperature in Si part of the NWs, rather
than the substrate. The large temperature gradient between the Si-Si and Ge-Ge modes is
presumably over only a couple hundred nanometers in length (compare to temperature
gradient between Si-Si Raman temperature and backside temperature over ~200 um)
indicates the NW HJs have thermal conductivity ( x o L/ AT ) much lower than the system
thermal conductivity shown in Figure 4.31. With the reduced thermal conductivity, good
carrier transport and high carrier mobility, the Si/Ge NW HIJs are good candidates for

thermoelectric (TE) device applications.

4.4.4 Thermal Voltage Measurements
In general, the TE figure of merit (FOM) is expressed as:

zr=51-Z @D

K
where S is the Seebeck coefficient or TE power, 7 is the temperature, ¢ is the electrical
conductivity and x is the thermal conductivity. The studies shown in this dissertation, in
particular, the Raman-based thermometry have illustrated that the SiGe nanostructures
have very low thermal conductivity, which enhances the TE FOM. The Seebeck coefficient

can be found by measuring the thermal voltage (V' ) induced by a temperature gradient AT :
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The small difference can be explained by the fact that flowing air is not a sufficient enough
heat sink, thus the cold side temperature is actually higher than laboratory ambient
temperature used in the calculations. Although a more complex experiment setup is needed
to measure the precise thermal voltage of the nanostructure, these preliminary results

shows definite applicability of Si/Ge NW HJs in TE devices.



CHAPTER 5

CONCLUSION

This dissertation has presented detailed studies of the structural, optical, electrical and
thermal properties of Si and SiGe nanostructures, including Si:B delta-doped multilayer
SLs, three-dimensional (3D) cluster morphology and two-dimensional (2D) planar
Si/Si;.xGex multilayer superlattices, one-dimensional (1D) Si nanowire (NW) and Si/Ge
NW heterojunctions (HJs). A review of the nanostructure fabrication techniques, their
fundamental properties (structural, optical, electrical and thermal) and characterization
methods (performed by the author at NJIT and by the collaborators) is given in the first half
of the dissertation. The second half is devoted to the experimental results and extensive
discussions. Finally, this chapter will serve as a summary of this research’s original
contribution to the field and provide an outlook for potential device application and future
research.

In the Si:B delta-doped multilayer, the optical characterizations revealed low strain
and no dopant segregation from the heavily B delta-doped multilayers. It proves that
multi-layer delta-doping is an effective way to achieve highly localized dopants without
creating significant dopant-induced strain or dopant segregation. Raman-based
thermometry showed no significant change in the overall thermal conductivity of the
multilayer structures. Temperature dependent optical reflectance, current-voltage (I-V) and
capacitance-voltage (C-V) characteristics, as well as pulse-modulated electro-reflectance
measurements show that carrier concentration dependent optical reflectivity in these

samples is quite significant. These results show that these delta-doped multilayer
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nanostructures can achieve nearly the same performance goals as heavily doped bulk
materials without significant strain or dopant segregation and that they can be used as
electrically controlled mirrors in high speed, sub-micron electro-optical devices and
systems.

The structural analysis of the Si/SiGe multilayers reveals that they are defect-free,
high Ge content, truly epitaxial Si/SiGe nanostructures. The lattice-mismatch-induced
strain is partially relaxed by the 3D clusters morphology and, possibly, slightly graded Ge
composition near the Si/SiGe heterointerfaces. Raman-based thermometry measurements,
at the first time, finds a correlation between the thermal conductivity and the intensity of
the Raman signal associated with the folding of longitudinal acoustic phonons. These
results suggest that such Si/SiGe nanostructures can be specifically engineered and used as
highly anisotropic “heat sinks.” For example, 2D Si/SiGe multilayers can be designed to
provide a very low vertical heat conductance and efficient lateral heat dissipation. This
particular device design can significantly improve the previously reported anisotropy in
cross-plane and in-plane thermal conductivity in Si/Ge multilayers [86, 138]. Their
application can be found in CMOS-compatible, highly directional thermal insulators
(vertical or cross-plane direction) and heat sinks (lateral or in-plane direction).

In the metal-catalyzed Si NWs, photoluminescence (PL) and Raman spectroscopy
reveals substantial strain as the result of the highly non-equilibrium, high growth rate
vapor-liquid-solid-based fabrication. Raman-based temperature measurements and
thermal conductivity estimates shows that the NW thermal conductivity is reduced by a
factor of ~102, and it is limited by the NW surface scattering rather than the reduction of

the phonon mean free path due to the small NW diameter.
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The characterizations on axial Si/Ge NW HJs show that it is feasible to grow
dislocation-free and abrupt interface Si/Ge HJs without traditional limitations of critical
thicknesses. Although the lattice-mismatched strain is partially relax by the expansion of
the NW diameter at the heterointerface, substantial built-in strain is found. The Raman, PL,
and electron dispersive x-ray spectroscopy measurements show the spontaneous formation
of several nanometer-thick Si;Gey transition layers between the Si and Ge parts of the
NW HIJs and indicate preferential alloy compositions of x~0.15-0.2 (close to the Si NW
part) and x~0.5 (close to the Ge NW part). The mismatch in Si and Ge coefficients of
thermal expansion is found to be responsible for additional strain and an unusual PL peak
shift as a function of temperature. Raman-based thermometry shows that the thermal
conductivity in Si/Ge NW HIJs is lower than that in Si NWs. With the reduced thermal
conductivity, and presumably high carrier mobility, the Si/Ge NW HJs are good candidates
for thermoelectric (TE) device applications. Preliminary measurements show that in these
undoped Si/Ge NWs, the Zeebeck coefficient is in the order of ~ 40 uV/K; by using doped
materials it could be significantly improved.

Lastly, this dissertation places a special emphasis on thermal properties of Si-based
nanostructures using the Raman-based thermometry as a fast, non-destructive and
contact-free measurement allowing an accurate estimation of thermal conductivity;
possible TE device applications are discussed as well [139]. A summary of thermal
conductivities of the studied Si-based nanostructures is shown in Figure 5.1. The dotted
lines are experimental data taken from Ref. [18, 20, 63, 75, 77]; the red line and the bubbles
are thermal conductivity estimates performed in this research. Thermal conductivities of

these nanostructures are foundto be greatly reduced (up to 10%-10° times less than ¢-Si),
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due to the strong reduction in carrier mobility, diffusion coefficient and lifetime. For
example, thermal conductivity in a-Si is reduced by ~100 times compared to that in ¢-Si,
while carrier mobility is reduced by factor of 10*-10° [140, 141]. Therefore, continued
theoretical and experimental work in realizing Si- and SiGe-nanostructure-based TE
devices should not be entirely focused on the thermal conductivity reduction but rather on
an engineering solution utilizing the balance between thermal and electric transport in

these truly fascinating systems.
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