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ABSTRACT

Off-axis electron holography (EH) has been used to characterize electrostatic
potential, active dopant concentrations and charge distribution in semiconductor
nanostructures, including ZnO nanowires (NWs) and thin films, ZnTe thin films, Si NWs
with axial p-n junctions, Si-Ge axial heterojunction NWs, and Ge/LixGe core/shell NW.

The mean inner potential (MIP) and inelastic mean free path (IMFP) of ZnO NWs
have been measured to be 15.3V+0.2V and 55+3nm, respectively, for 200keV electrons.
These values were then used to characterize the thickness of a ZnO nano-sheet and gave
consistent values. The MIP and IMFP for ZnTe thin films were measured to be 13.7+0.6V
and 46+2nm, respectively, for 200keV electrons. A thin film expected to have a p-n
junction was studied, but no signal due to the junction was observed. The importance of
dynamical effects was systematically studied using Bloch wave simulations.

The built-in potentials in Si NWs across the doped p-n junction and the Schottky
junction due to Au catalyst were measured to be 1.0£0.3V and 0.5+0.3V, respectively.
Simulations indicated that the dopant concentrations were ~10°cm for donors and ~10*’
cm for acceptors. The effects of positively charged Au catalyst, a possible n*-n"-p junction
transition region and possible surface charge, were also systematically studied using
simulations.

Si-Ge heterojunction NWs were studied. Dopant concentrations were extracted by
atom probe tomography. The built-in potential offset was measured to be 0.4+0.2V, with
the Ge side lower. Comparisons with simulations indicated that Ga present in the Si region

was only partially activated. In situ EH biasing experiments combined with simulations



indicated the B dopant in Ge was mostly activated but not the P dopant in Si. I-V
characteristic curves were measured and explained using simulations.

The Ge/LixGe core/shell structure was studied during lithiation. The MIP for LixGe
decreased with time due to increased Li content. A model was proposed to explain the
lower measured Ge potential, and the trapped electron density in Ge core was calculated to
be 3x10*8 electrons/cm?. The Li amount during lithiation was also calculated using MIP

and volume ratio, indicating that it was lower than the fully lithiated phase.
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CHAPTER 1

INTRODUCTION

1.1 Background

Materials in the solid state can be classified into three types, namely insulator,
semiconductor and conductor, based on their electrical conductivity. Materials with
conductivity in the range of 108 siemens per centimeter to 10° siemens per centimeter are
usually defined as semiconductors, and their conductivity is sensitive to temperature,
photon luminance, magnetic field and dopant atoms. Semiconductor materials are often
crystalline and due to their periodic potential field, the electron energy band structure
becomes discontinuous and forms forbidden bands. A schematic for the energy band
structure of a semiconductor is shown in Figure 1.1, where the valence band is filled with
electrons, the conduction band is empty and the electron Fermi level is at the middle of the
forbidden band. The band-gap gap (Eg) is defined as the energy difference between the
highest point of the valence band and the lowest point of the conduction band, which is

usually less than ~2eV [1].

—

Conduction band

Forbiddenband------ i Fermi Level

Electron Energy

Valence band

Figure 1.1 Schematic of electron energy band structure for intrinsic semiconductor.



When the temperature is higher than OK or there is photon luminance, some of the
electrons are excited from the valence band to the conduction band. Thus, electrons in the
conduction band or empty states in the valence band (holes) can move under the influence
of an external electric field and the material becomes conductive. However, the number of
excited electrons is usually relatively small at room temperature and the conductivity is
still low compared to conductors such as metals.

The conductivity of a semiconductor can be changed by doping with different types
and concentrations of impurities, which are called dopants. For n-type doping, electrons
are not fully bonded and the ionized atom is positively charged. For p-type doping,
electrons are missing and the ionized atom is negatively charged. Figure 1.2 shows the
schematic bonding diagram for intrinsic silicon, n-type doped silicon and p-type doped
silicon. These dopants shift the position of the Fermi level in the band structure and thus
the conductivity. Doping can also result in an electric field where the charge carriers are
depleted and only ionized impurity atoms are left behind and act as charge barriers. These

properties are discussed in more detail in later sections [2].

(@) o)

Figure 1.2 Schematic diagram of Si bonding: (a) Intrinsic Si with no dopant. (b) n-type

doped Si (with phosphorus). (c) p-type doped Si (with boron) [2].



Si and Ge are two of the most important semiconductor materials and they have been
widely investigated because of their abundance. The most important properties for Si and

Ge are summarized in the following table:

Table 1.1 Properties of Si and Ge [2].

Properties Ge Si
Crystal Structure Diamond Cubic Diamond Cubic
Lattice constant (A) 5.6575 5.4310
Indirect energy gap (eV) 0.66 1.12
at 300K
Direct Energy Gap (eV) 0.7 3.4
Electron affinity (eV) 4.0 4.05
Dielectric constant 16 11.9
Intrinsic carrier 2.4x10%° 1.45x10%°
concentration (cm)
Effective density of 1.04x10% 2.8x10%°
states in conduction band
Nc (cm™)
Effective density of 6.0x10'8 1.04x10%
states in valence band Nv
(cm)

Since the first recorded semiconductor effect in 1833, different types of
semiconductor devices have been developed, based on p-n junctions, Schottky junctions,
heterojunctions and other device structures [3]. The reduction in transistor dimensions
continues to increase the speed and density of transistors in an integrated circuit, as
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predicted by Moore’s law [4]. The traditional Si-based top-down approach has scaled down
to 18nm (Logic Half-Pitch) in 2013 [5]. However, this approach becomes more and more
challenging as photolithography reaches the diffraction limit and alternative device
geometries are needed [6]. Nanowires (NWSs) are one of the most promising nanoscale
device structures for future applications. Instead of top-down fabrication, NW growth
utilizes a bottom-up self-assembly approach and thus provides better size control, for
example, by controlling the size of the metal catalyst particles used for NW growth in the
vapor-liquid-solid growth method [7]. Reproducible electronic properties with high yield
can be easily achieved using this type of synthesis for large-scale integrated systems [8].
Moreover, by changing the components during growth, different compositions, dopant
types and concentrations, as well as radial and axial heterostructures can be produced,
making it possible to achieve different band alignments and device geometries for different
applications as well as 3D device integration [9,10]. The NW geometry can also reduce the
density of dislocations caused by lattice mismatch between materials, thus forming
crystalline structures that reduce interface scattering and result in higher mobility [11-13].
Due to the one-dimensional geometry, the NW structure is also an ideal platform for
quantum physics experiments [14]. The large surface-to-volume ratio significantly changes
the transistor properties due to surface effects so that they can also be used as novel
chemical environment sensors [15].

Control of dopant profiles in Si NWs has enabled promising applications for
nanoscale electronic devices, such as sensors [16] and field-effect transistors [12]. The
growth of radial heterostructures has been achieved in Ge/Si, Si/Ge [9,13,17] and p-Si/n-
CdS [18] core/shell NWs, Si/Ge/Si [17] and n-GaN/InGaN/p-GaN [19] core/multishell
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NWs. Axial Si/Ge heterojunctions NW have also been realized using vapor-liquid-solid
(VLYS) [20] and vapor-solid-solid (VSS) methods [10]. The Ge/Si core/shell NW structure
has been reported to form a high-mobility hole gas due to its type-I1 band alignment [21]
and can be integrated to operate as a field-effect transistor (FET) [13]. Different electronic
transport properties have been achieved by growing Ge NWs on Si pillars using substrate
etching and by changing dopant profiles [22].

In order to understand the electronic transport properties and to improve the
performance of semiconductor devices, it is important to determine the electrostatic
potential distribution and the concentration of electrically active dopant across the device
structure. These properties become even more important as device dimensions approach
the nanometer scale since quantum effects and surface area play more important roles.
Although theoretical calculation and simulations enable prediction of these device
properties, experimental measurements play a determining role, which imposes a challenge
on the measurement method. The research of this dissertation involves the use of off-axis
electron holography to characterize the electrostatic field profile across NW devices with
nanoscale spatial resolution, as well as comparisons with simulations to determine the

active dopants and trapped charges in the nanostructures.

1.2 Charge Distribution and Band Alignment in Semiconductors
1.2.1 p-nJunction

A p-n junction is formed by making contact between a p-type semiconductor and an
n-type semiconductor. If the p-type and n-type regions are made of the same material, the
junction is called homojunction. When the semiconductor materials are different, the
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junction is called heterojunction. The heterojunction is discussed later. The p-n junction
has unique electrical characteristics which can be used for rectifiers, light emitter diodes,
solar cells and tunnel effect transistors [23-25]. Most semiconductor devices include at
least one p-n junction and thus their characteristics are directly linked to the p-n junction
properties.

A schematic diagram of a p-n junction is shown in Figure 1.3. The p-type region and
n-type region are each uniformly doped with constant concentrations. As shown in figure
1.3(a), the Fermi level for a p-type semiconductor is close to the valence band, while the
Fermi level is close to the conduction band for an n-type semiconductor. In thermal
equilibrium, the intrinsic carrier concentration ni, the electron concentrations in the

conduction band no and the hole concentrations in the valence band po can be described by:

, _Eg _EeEf Ev-Ey
ny = N.Nye k1; ng = N.e kT pg = Nye T (1.2)

where Nc and Nv are the effective density of states in the conduction band and the valence
band, respectively, at temperature T [25].

When p-type and n-type semiconductors make physical contact, the Fermi levels line
up. The hole charge carriers in the p-type region diffuse into the n-type region, while the
electron charge carriers in the n-type region diffuse into the p-type region. These diffused
holes and electrons recombine and form a charge depletion region with only positive donor
ions in the n-type region and negative ions in the p-type region. As the carriers diffuse
across the p-n junction interface, an internal electric field is built up due to the ions, which
balances the diffusion. Thus, there will be a built-in potential difference and energy band-

bending across the p-n junction in thermal equilibrium. Assuming all the dopants are



ionized and that there are no free carriers in the depletion region, then the built-in potential

Vi and the depletion region length W can be calculated using the following equations:

kT NgN 2&5Vpi (Ng+N
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Figure 1.3 Schematic diagram of a p-n junction: (a) Energy band diagrams of p-type and
n-type semiconductors. (b) Energy band diagram of a p-n junction in thermal equilibrium.

(c) Depletion region of a p-n junction [26].

Figure 1.4 Schematic diagram of a p-n junction under different bias conditions: (a) Energy
band diagram of the p-n junction with no bias. (b) Energy band diagram of the p-n junction

with forward bias. (c) Energy band diagram of the p-n junction with reverse bias [26].
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where &s 1S the dielectric permittivity, and Na and Na are the dopant concentration for donor
and acceptor, respectively [25].

The band diagram of a p-n junction under different bias conditions is shown in Figure
1.4. At zero bias, if there is thermal emission or photon luminance with energy higher than
Eq, electrons transfer from the valence band to the conduction band in the depletion region
and form electron-hole pairs. Before recombination, these electron-hole pairs can be
accelerated by the internal electric field, become separated and form current across the
junction, which is the basic operating principle of the solar cell. At forward bias, the built-
in potential or barrier across the p-n junction is lowered. The applied electric field is
opposite to the internal electric field due to diffusion, and thus electrons (holes) in the n-
type (p-type) region diffuse across the depletion region into the p-type (n-type) region and
increase the minority carrier density, again forming current across the p-n junction. If the
injected minority carriers recombine with majority carriers in the depletion region or in the
neutral region, a photon with energy of Eg might be emitted because the electron in the
conduction band transfers to the valence band and releases energy. This effect is used as
the basis for light-emitting diodes. At reverse bias, the built-in potential or barrier across
the p-n junction is higher. The applied electric field is in the same direction as the internal
electric field due to diffusion. The depletion region becomes larger because of the stronger
electric field and the higher barrier stops carriers from moving. Therefore, there will be no
current through the p-n junction until the junction breaks down due to the Zener effect or
an avalanche effect. The combined I-V curve characteristics for forward or reverse bias
conditions are useful for rectifiers or current multipliers. The Zener effect happens when
the p-n junction is heavily doped. Under reverse-bias conditions, the valence band in the
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p-type region is close to the conduction band in the n-type region. The p-n junction
depletion region is short and thus electrons can tunnel through the p-n junction from the p-
type valence band to the n-type conduction band and induce current. This effect is also
used as the basis for the tunneling effect transistor. The avalanche effect occurs when the
electron-hole pairs generated from thermal emission in the depletion region are accelerated
across the electric field in the depletion region, they hit other electrons and form more
electron-hole pairs, and thus induce current [2,23-25].
1.2.2 Metal Semiconductor Contact

There are two type of contacts formed between a metal and a semiconductor: ohmic
contacts and Schottky contacts. The ohmic contact shows a characteristic linear 1-V curve,
while the Schottky contact shows a characteristic rectifying-effect 1-V curve. Both contact
types have important applications in semiconductor devices and it is useful to summarize
here their transport properties because of their presence in the NWs that have been studied
in this dissertation research.
1.2.2.1 Schottky Contact

Figure 1.5 shows the schematic diagram of a metal and n-type semiconductor contact,
which forms a Schottky junction. The metal and p-type semiconductor contact is similar
and will not be described here. Before contacting the metal to the semiconductor, the Fermi
level on the semiconductor side is higher compared to the metal. When they make contact,
electrons flow from the semiconductor to the metal and leave positive ionized dopant atoms
in the semiconductor, forming a depletion region. The built-in potential or barrier Vbi and

the depletion region width W can then be calculated using the equations :

2e5(VpitV
Voi = G — ¢s; W = (=212 (L3)
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where VR is the reverse bias, Nd is the semiconductor dopant concentration, and &s IS

dielectric permittivity [27]. Some typical metal work functions are shown in table 1.2.
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= EFrn

Metal Semiconductor
Figure 1.5 Schematic diagram of a Schottky contact: (a) Energy band diagram of metal and
p-type semiconductor before contact. (b) Energy band diagram of Schottky contact. ¢m is

work function for metal, ¢s and  are work function and electron affinity, respectively, for

semiconductor [26].

Table 1.2 Work functions of common metal contacts.

Metal Work function(V)
Au 5.1
W 4.55
Pt 5.65

When forward bias is applied, the Fermi level on the metal side will be lower and the
barrier height is reduced. Electrons can flow easily from semiconductor to metal and form

current through thermal emission. When reverse bias is applied, the Fermi level on the
10



metal side will be higher and the barrier height as well as the depletion region width are
increased. There is no current through the Schottky contact under this condition. Therefore,
the Schottky contact shows similar rectifying effect as the p-n junction, although the
current across the Schottky contact is mainly due to majority carriers [25].
1.2.2.2 Ohmic Contact

Figure 1.6 shows the schematic diagram of an ohmic contact between a metal and an
n-type semiconductor. The metal and p-type ohmic contact is similar and is not described
here. In this case, the Fermi level on the metal side is higher than for the semiconductor
and electrons flow from metal to semiconductor. Because of these extra electrons, the
semiconductor becomes more n-type and there are extra surface electrons at the metal-
semiconductor interface. As positive bias is applied to the metal, electrons flow easily to
the metal from the semiconductor. When negative bias is applied, electrons can also go
easily through the barrier and flow to the semiconductor. Therefore, the current through

the contact is proportional to the voltage [25].
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Figure 1.6 Schematic diagram of a metal-semiconductor ohmic contact: (a) Band structure
of metal and semiconductor before contact. (b) Band structure of metal-semiconductor
ohmic contact at thermal equilibrium. (c) Band structure of metal-semiconductor ohmic
contact with positive bias on metal. (d) Band structure of metal-semiconductor ohmic

contact with negative bias on metal [25].

Another type of metal-semiconductor contact is based on a tunneling effect. As
shown in Figure 1.7, due to heavy dopant concentrations in the n-type semiconductor, the
depletion region near the semiconductor surface is very narrow and electrons can easily

tunnel through the barrier, forming an ohmic contact [25].
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Figure 1.7 Schematic energy band structure diagram of metal and heavily doped n-type

semiconductor [25].

1.2.3 Heterojunction

The heterojunction is formed by connecting two semiconductors of different energy
band gaps. The energy band alignment (both of conduction and valence band) is usually
not continuous across the heterojunction interface, due to the differences in energy band
gap, electron affinity and Fermi level. Moreover, the lattice mismatch between the two
materials must be small to avoid interface strain, defects and trap states. The heterojunction
can also be realized by using pseudomorphic (strain layer) structures. The lattice constants
and energy band gaps for common semiconductors are shown in figure 1.8. The main
advantages of heterojunctions are controlling the energy barriers and potential variations
at the interface in order to control the charge carrier transport, and to confine the optical

radiation, which is important for optoelectronic devices [25,26].
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Figure 1.8 Energy band gaps and lattice constants for Si, Ge and several I11-V compound
semiconductors [2].

There are three different types of energy band alignment at heterojunctions, as shown
in Figure 1.9. Figure 1.9a is usually referred to as type | or straddling band alignment,
where one of the materials has lower Ec and higher Ev, compared to the other material, so
that electrons and holes are confined in the same material. Figure 1.9b is usually referred
to as type Il or staggered band alignment, where the locations of lower Ec and higher Ev
are displaced so that the electrons and holes are confined in different materials. Figure 1.9c
is usually referred to as type Ill or broken-gap band alignment. Its conduction band

overlaps with the valence band at the interface. Si-Ge has type Il band alignment [25].
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Figure 1.9 Schematic energy band diagrams for different types of heterojunctions [25].
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Figure 1.10 shows a schematic energy band diagram for alignment at the
heterojunction. There are several theories of band alignment for heterojunctions and the
major issue is whether the band-gap discontinuities are determined by the bulk properties
or by the interface properties. The electron-affinity model suggests that by using the
vacuum level as the reference, the conduction-band discontinuity AE. at the interface can

be calculated from the difference in electron affinities of the two materials.
AE. = ey — x2) (1.4)
The discontinuity at the valence band AE;, can be calculated by [2,25]:
AE, = (e)(2 + Egz) —(ex; + Egl) (1.5)
Moreover, when the two different materials are in contact, the Fermi levels line up to
restore thermal equilibrium. In this case, the electrons (holes) in n-type (p-type) material
diffuse into the other side, forming a depletion region at the interface. The resultant electric
field will bend the band structure in n-type (p-type) material upward (downward), forming
the discontinuity at the interface. The built-in potential V,; can then be described by [26]:

eVbl = Egl + AEC - AEFl - AEFZ (16)

15



(248 ed, ex; ed,

esgr TR Ecz
_____ e B
Ecy “ [aEe 5
n
NI
Evi IAEV 3 Evya
EC'I
EF1 _________ Ecz
Evi 3 Er2
Evz

Figure 1.10 Schematic energy band diagram for heterojunctions before and after contact

[26].

1.3 Growth of Semiconductor Nanostructures
1.3.1 Epitaxial Growth Techniques

Semiconductor nanowires can be grown by a wide variety of epitaxial growth
techniques, which include chemical-vapor deposition (CVD) and molecular-beam expitaxy
(MBE).

CVD is a technique that enables thin film growth on a suitable substrate material
using chemical reaction of vapor-phase precursors to form the desired deposit. The
substrate is usually used as the seed crystal, and because it uses a chemical reaction as the
deposit-forming mechanism, the growth temperature can be much lower relative to the thin

film melting point. The conventional CVD process can be described as follows: (a) the
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precursors are evaporated and transported from the bulk gas region into the reactor chamber,
using carrier gas; (b) reactive intermediates and gaseous by-products are produced from
gas-phase precursor reactions; (c) reactants are transported and adsorbed by the substrate
surface; (d) reactants diffuse to the growth site, and the thin film is grown by surface
nucleation and chemical reactions; (e) the remaining decomposition materials are desorbed
and transported out of the chamber [1,28]. The Si, Ge, Si/Ge heterojunction NWs
characterized in Chapters 4, 5 and 6 were gown using a cold-wall CVD reactor using the
VLS growth mechanism described below.

MBE is an epitaxial growth technique that uses the interaction of molecular or atomic
beams on a heated crystal substrate surface under ultrahigh-vacuum condition. The growth
rate in MBE is usually low (~1 monolayer per second) and this technique thus enables
precise control of film thicknesses, compositions, dopants, and morphology. The absence
of carrier gas and ultrahigh-vacuum can help to reduce the level of impurities during
growth. Moreover, reflection-high-energy electron diffraction can be used for monitoring
the crystal layer growth for better structure and thickness control. The MBE growth process
can be described as follows: (a) solid-source atoms or homo-atomic molecules of the
growth material in separate quasi-Knudsen diffusion cells are evaporated, transported and
condensed on the heated crystal substrate surface. (b) atoms diffuse on the surface and react
with other atoms to form the epitaxial layer [29,30]. The ZnTe thin film characterized in
Chapter 3 was grown using the MBE method.

1.3.2 Nanowire Growth

Three different methods are most commonly used for growing freestanding NWs

originating from the substrate surface: these are vapor-liquid-solid (VLS) [20,31-33],
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vapor-solid-solid (VSS) [10,34] and solution-liquid-solid (SLS) [35-37] growth. The VLS
growth has been extensively studied and it is widely used due to its simplicity and
versatility. The method was firstly suggested by Wagner and Ellis to deposit micrometer-
sized Si whiskers with gold impurities [31]. Figure 1.11 shows the schematic diagram of
the VLS growth procedure. For the growth of Si NWs on Si substrates, gold particles are
deposited on the Si substrate surface as catalysts. The substrate is heated up and precursor
vapor of the growth species (SiH4) is transported to the CVD chamber by H2 carrier gas.
SiH4 vapor decomposes at the Au particle surface and eutectic liquid-alloy droplets of AuSi
are formed after adsorbing Si atoms. The eutectic temperature of the AuSi alloy is usually
much lower than the melting point of Au. The residual hydrogen by-product is taken away
with the carrier gas, while Si atoms in the catalyst diffuse from the catalyst surface to the
AU/Si substrate liquid/solid interface driven by the concentration gradient. When more and
more Si is adsorbed into the catalyst, the eutectic alloy eventually becomes supersaturated.
In order to restore equilibrium concentration, the Si component in AuSi alloy starts to
precipitate at the liquid-solid interface, crystallize and form the NW structure. The AuSi
alloy is pushed upwards as extra NW structure grows between the catalyst and the substrate.
As the growth process continues, more Si atoms diffuse from the AuSi catalyst surface to
the catalyst-NW liquid-solid interface and crystallize, making the NW longer. Therefore,
the size of the Au seed controls the NW diameter, while growth time controls the NW
length [35]. VSS growth can also occur along the NW surface, depending on the growth
temperature, and changes the NW into a tapered shape [32,33]. During VLS growth, the
Au particles act as catalyst as well as reservoir. In order to grow axial heterojunction NW,
the precursor vapor has to be changed from one growth species to another. Because of the
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residue of previous species in the catalyst, there is a transition region at the heterojunction
interface until the residue has all precipitated. The transition length is typically about the
same size as the NW diameter, as the volume of catalyst is proportional to R® and the
diffusion interface area between liquid catalyst and solid NW is proportional to R?, where
R is the NW radius. Different metal catalysts together with the VSS method can thus be

used to lower solubility in the catalyst to reduce the width of transition region [10,20,38].
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Figure 1.11 Schematic diagram of VLS NW growth [39].

1.4 OQutline of Dissertation

In this dissertation research, the technique of off-axis electron holography has been
used to study a range of common semiconductors, including NW homojunctions and
heterojunctions. The technique was first used to measure the mean inner potentials (MIPs)
and inelastic mean free paths (IMFPs) for ZnO NW and ZnTe thin films. Characterization

of the electrostatic potential across Si NW with p-n junction, Au-Si Schottky junction in Si
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NW, Si-Ge axial heterojunction NW, as well as Ge/LixGe core/shell NW structure were
also performed using this technique and compared with Silvaco™ device simulation and/or
Poisson equation calculation to determine the active dopant concentrations and trapped
charges in the nanostructures. Transmission electron microscopy (TEM), scanning
transmission electron microscopy (STEM) and electron-energy-loss spectrum (EELS)
technique were also used to characterize the morphology and structure of the
nanostructures, while atom probe tomography (APT) was used to determine the total
dopant concentrations and distributions in Si-Ge axial heterojunction NWs.

In Chapter 2, the background, theory and experiment setup for off-axis electron
holography are briefly described. An outline procedure for electron hologram
reconstruction is discussed, followed by reconstructed phase and thickness images
interpretation, definition and calculation of MIPs. The basis of EELS and high-angle
annular-dark-field imaging (HAADF) are also briefly discussed. Finally, the sample
preparation methods used in this thesis are described.

In Chapter 3, the morphology of ZnO NWs characterized using TEM is described.
The MIP and IMFP are measured using off-axis electron holography and applied to ZnO
thin films for the measurement of thickness. MIP and IMFP of ZnTe thin films are also
measured by combining off-axis electron holography and CBED thickness measurements.
The dynamic effects due to tilting and thickness are systematically studied for ZnTe thin
film by using simulations. Electrostatic potential across p-n junction in ZnTe thin film is
then measured using electron holography.

In Chapter 4, measurement of electrostatic potential across p-n junction and Schottky
junction in Si NW is performed using off axis electron holography. The built-in potential
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is then extracted and compared with Silvaco™ simulations to determine the active dopant
concentrations. The influence of surface charge, transition region length and charging in
the Au catalyst particle are systematically studied by comparing experiment with
simulation results.

In Chapter 5, TEM and STEM HAADF are used to characterize the Si-Ge axial
heterojunction NW interface, and geometry phase analysis is performed based on HAADF
images. Characterization of electrostatic potential across Si-Ge axial heterojunction NWs
with/without in situ biasing using off-axis electron holography is presented. APT is also
performed to measure the total dopant concentrations and distributions. The Silvaco™
simulations with/without biasing are compared with holography and APT results to
determine the active dopant amounts in Si-Ge NW.

In Chapter 6, the lithiation of Ge NWs to form Ge/LixGe core/shell structure is
outlined. The core/shell structure was characterized using TEM, STEM and EELS.
Electron holography experiments were then performed on the core/shell structure during
the lithiation process to measure the electrostatic potential. The measured potential was
compared with Poisson equation calculation to determine the amount of trapped charge in
the core/shell structure.

In Chapter 7, the important results and conclusions in the thesis are summarized, and

possible topics for further investigation are briefly described.
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