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ABSTRACT
Instabilities in the form of kinking (via incoherency across the interface) can
occur during growth of heterostructure nanowires (hNWs) by molecular beam epitaxy
(MBE). Furthermore, the challenge remains to create hNWs with controlled diameters,
composition and morphology. ZnSe/CdSe NWs were grown in an EPI 620 MBE system
equipped with low temperature effusion cells. Transmission electron microscopy was
used to characterize the heterostructures and to suggest a means of fixing these issues.
HNWs were studied over temperature and diameter ranges from 415-475°C and 10-25
nm, respectively. It was observed that a linear relationship may exist between the
occurrence of kinks in hNWs and the CdSe layer thickness and diameter.
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Chapter 1

Introduction

1.1

Introduction

There is a tremendous amount of research and development in semiconductor
nanowires (NWs) because of interest in the miniaturization of microprocessor
components and optoelectronics as well as in fundamental research in low-dimensional
physical systems [1-2]. Also, the possibility of creating heterostructure nanowires
(hNWs) is important since structures can be created with compositional changes that lead
to corresponding changes in the band structure. For example, quantum dots (QDs) of
another semiconductor can be implanted in a hNW to take advantage of unique optical
and electrical properties due to discrete energy states in the QD region. In another
example, the typical metal-oxide semiconductor field effect transistor (MOSFET) or
diode can theoretically be condensed into a combination of hNWs (as in a FinFET) [2-4].
However, the challenge in fabricating hNWs lies in growing them with good morphology
(without kinks or defects).
According to the 2009 International Technology Roadmap for Semiconductors
(ITRS), the challenges with MOSFETs include: smaller size scaling of the current
MOSFETs (in terms of the gate length), smaller size scaling of the memory components
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(DRAM and MRAM), and consumption of less power [5]. The caveat is that these
challenges apply to the currently available MOSFETs (with gate lengths > 16nm). There
is also an effort through the ITRS to evaluate future MOSFETs and logic components
that will scale to sizes less than the 16 nm gate length. However, as semiconductor based
chips become smaller, they approach a quantum mechanical size regime and components
no longer behave classically. Therefore, it is imperative that new components are
researched that accommodate quantum mechanical behavior. One of the new
components being researched is the semiconductor heterostructure nanowire (hNW). The
challenge remains however, to create hNWs with controlled diameters, composition and
morphology. This thesis focuses on some of the instabilities in the form of kinking (via
incoherency across the interface) that can occur during growth of hNWs by molecular
beam epitaxy (MBE) [6-7].
Transmission electron microscopy was used to characterize the heterostructures
and to suggest a means of fixing these issues. Pending successful control of hNW
morphology, the possibility incorporating magnetic ions in the hNW where the second
material is grown will be considered. The benefit of having magnetic ions in a
semiconductor is that one could magnetically tune electrical conduction properties in the
semiconductor. For this reason, magnetically doped semiconductors were researched for
future memory devices as well. In the next section of chapter 1, an introduction to spinbased electronics in nanowires is given. In section 1.3, the II-VI compound
semiconductors used in hNWs are discussed [8]. In the final section of chapter 1, there is
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a presentation of the problem statement and an outline of the remaining chapters of the
thesis.

1.2

Semiconductor Spintronics

The merger of the two separate areas of magnetically doped semiconductors and
semiconducting heterostructures led to a field of research known as semiconductor
spintronics [10-11]. To further understand the potential benefits of spintronics, a
comparison with a conventional device can be used. Typical transistors make use of only
the charge of electrons for their operation. Spintronic devices, on the other hand, would
take advantage of an additional property of the electron known as the spin. Electrons
take on a state of either “spin up” or “spin down” based on the angular momentum of the
electron. Figure 1.1 illustrates spin properties by replacing the electron with a spinning
spherical ball. By manipulating this additional electron property, spin based devices
could lead us to a new era of quantum computation.

4

Figure 1.1: Based on an image from ref. [10], this illustrates (a.) a spinning electron generating a magnetic
field. (b.) Depending on the rotation of the electron a vector represents the electron’s “spin”. An arrow
pointing up referred to as “spin up” represents an electron spinning in a counterclockwise direction.
Similarly, a “spin down” electron rotates in a clockwise direction. (c.) When in the presence of a magnetic
field, the spin up and spin down electrons have different energies. (d.) i.) An ordinary electric circuit where
the spin of randomly oriented electrons has no effect on the current flow indicated by the red arrow. ii.)
Polarized spin currents produced by a spintronic device.
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Spintronic devices already play an important role in contemporary information
technology. Examples include magnetic random access memory (MRAM), magnetic
tunnel junctions and giant magnetoresistance (GMR) based hard drives [9-10].
Ferromagnetic metal alloys are the basis for these devices. If similar devices are created
with semiconductors rather than metals, the possibility for integration into current
microprocessors is realizable. Next, a group of compound semiconductors that is being
studied for this purpose is discussed.

1.3

II-VI Semiconductors

II-VI semiconductors are compound semiconductors whose cations come from
group II of the periodic table of elements and whose anions come from group VI. II-VI
semiconductors have traditionally been of interest for opto-electronic applications [9].
Other areas of research spawned by the study of II-VIs include use in infrared radiation
detectors as well as components for spin based memory and electronics, which is the
reason for the research discussed in this thesis [4-7]. Examples of the II-VI compounds
include ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, and HgTe [10].
When II-VI semiconductors were being fabricated in the 1960s and 1970’s,
attempts to dope these crystals proved difficult [9]. In the 1980s and 1990s, new crystal
growth techniques such as organo-metallic chemical vapor deposition (OMCVD) and
molecular beam epitaxy (MBE) allowed more controlled growth of devices and thus
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improved II-VI doping [9-12]. Eventually, their usefulness would extend into the realm
of blue-green laser applications and the creation of low dimensional, compositionally
varied semiconductor structures. II-VI semiconductors in particular usually acquire
either a zinc blende (cubic) or a wurtzite (hexagonal) crystal structure.
Doping of the II-VI bulk semiconductor with magnetic ions results in the
retention of the crystal lattice of the parent semiconductor. Exceptions to this rule exist
for Zn1-xMnxS and Zn1-xMnxSe where in this case, the rule is obeyed for low (0<x≤0.10)
Mn2+ concentrations [13]. For higher mole fractions of Mn2+, the wurtzite structure is
observed. Table 1.2 shows the relationship between the mole fraction of dopant and the
resulting crystal structure for bulk semiconductors.
Alloy
Zn1-xMnxS
Zn1-xMnxSe

Parent
ZnS
ZnSe

Crystal

Range of

Structure

Composition

zinc blende

0 < x < 0.1

wurtzite

0.1 < x ≤ 0.45

zinc blende

0 < x ≤ 0.3

wurtzite

0.3 < x ≤ 0.57

Zn1-xMnxTe

ZnTe

zinc blende

0 < x ≤ 0.86

Cd1-xMnxS

CdS

wurtzite

0 < x ≤ 0.45

Cd1-xMnxSe

CdSe

Wurtzite

0 < x ≤ 0.5

Cd1-xMnxTe

CdTe

zinc blende

0 < x ≤ 0.77

Hg1-xMnxS

HgS

zinc blende

0 < x ≤ 0.37

Hg1-xMnxSe

HgSe

zinc blende

0 < x ≤ 0.38

Zn1-xCoxS

ZnS

zinc blende

0 < x ≤ 0.12

Zn1-xCoxSe

ZnSe

zinc blende

0 < x ≤ 0.06

Cd1-xCoxS

CdS

zinc blende

0 < x ≤ 0.22
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Zn1-xFexSe

ZnSe

zinc blende

0 < x ≤ 0.3

Cd1-xFexSe

CdSe

wurtzite

0 < x ≤ 0.15

Hg1-xFexS

HgS

zinc blende

0 < x ≤ 0.15

Hg1-xFexTe

HgTe

zinc blende

0 < x ≤ 0.12

Table 1.1: II-VI DMSs and their crystal structures for bulk growth as concentration of dopant changes [13].

During bulk growth, many of the Mn2+ doped II-VI semiconductors have a
wurtzite crystal structure above a mole fraction value of 0.3. However, using a nonequilibrium growth technique such as MBE, stabilization of the II-VI parent lattice
structure can be attained even though that structure does not grow naturally. For
example, cubic phases of parent structures of ZnSe and CdSe can be stabilized above a
Mn mole fraction of 0.1. Both unit cells are shown below in figure 1.2a-b.
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Figure 1.2: A II-VI semiconductor lattices that has a (a.) zinc blende (cubic) or (b.) wurtzite (hexagonal)
crystal structure. The above illustrations are ball and stick models where illustration (ii.) shows an areal
view with one way of configuring a hexagonal unit cell.

1.4

Thesis Overview

This thesis explores the feasibility of fabricating DMS hNWs by first growing the
parent semiconductors by molecular-beam epitaxy (MBE). More specifically,
heterostructures of ZnSe and CdSe are examined. We seek the optimal growth
conditions that yield straight and coherent ZnSe NWs (for practical applications) with
restricted regions of CdSe. Hence, pending a successful growth of the parent hNW, the
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CdSe regions that are dimensionally and energetically confined (in terms of the band
gaps of the two semiconductors), may be doped with Mn2+ with the hope of creating
diluted magnetic semiconductor (DMS) nanowires for use in spintronic devices.
Initial growth of axial hNWs of the parent semiconductor by MBE yielded
undesirable NW morphology in the form of kinks. Therefore, the role of interfacial
energies in overall NW morphology is explored [16]. There is also an inherent
polytypism in many of these structures that has to do with the periodic release of energy
during nanowire growth [18-19]. All these mentioned features are undesirable for future
applications of hNWs because of their hindrance to charge carrier transport. This thesis
explains how these kinks can be significantly reduced through restriction of the NW
dimensions (specifically, the NW diameter). Furthermore, whether growth conditions
may be adjusted in order to prevent kinks is investigated.
Based on the surveyed research, coherent growth of hNWs of ZnSe/CdSe should
occur when temperatures are low (~300°C) and with a radius ≤ 10 nm. Although
coherency of the two materials in a hNW can be attained, other instabilities such as
abrupt changes in crystal structure occur along the hNW axis in the form of stacking
faults. The theoretical bases for these topics are discussed in chapter 2 of this thesis. The
research done for this thesis furthers the current research by discussing the results and
explaining what mechanisms may be responsible for deviations from the theoretical
criteria.
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In chapter 3, experimental methods for growth and characterization are explained.
For example, through use of high-resolution and scanning transmission electron
microscopy (HRTEM and STEM), and energy dispersive spectroscopy (EDS), interfaces
were inspected to test theories set forth by the literature. The results and conclusions are
discussed in chapter 4 and suggestions for future work are made in chapters 5.
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Chapter 2

Literature Review

2.1

II-VI Nanowire Heterostructures ZnSe-CdSe nanowires

There has been very little research published on the ZnSe/CdSe heterostructure
nanowires (hNWs). For this reason, there is a need to understand the materials aspects of
the growth of this system. The research already done on this system or in NWs of just
one of the two materials was examined in the following papers. Growth of ZnSe/CdSe
hNWs via atomic layer deposition (ALD), molecular beam epitaxy (MBE), and chemical
vapor deposition-type (CVD) growth techniques has been reported [1-4]. Solanki et al.,
with their growth by atomic layer deposition (ALD), report that these hNWs grow up to a
maximum of 1-2 µm in length. These NWs were also faceted and both components of
the axial heterostructure were said to be consistent with the zincblende structure. No
statistical information or electron diffraction patterns were provided. The authors did
however state and show that there was a 60° angle between the two lattice orientations.
This information proved helpful in the analysis of the heterostructure nanowire (hNW)
system of interest in this thesis: ZnSe/ Cd1-x MnxSe.

15

More investigation on the II-VI system was performed by T. Aichele et al. [2-4].
The group reported growing ZnSe nanowires free of twinning defects that frequently
occur with MBE growth of II-VI NWs. A two-temperature growth was the key to
creating these defect free portions. The first stage involved growth of the NW at a low
temperature (300°C) compared to the substrate temperature of 350-450°C with an excess
Se- flux of 7.5 x 10-7 Torr verses 2.5 x 10-7 Torr for Zn. This procedure yielded what was
referred to as “nano-needles” in the aforementioned references. Nano-needles had bases
of approximately 80 nm and comparatively thin (5-10nm) tips.
A second stage of growth that followed the low-temperature growth with the
excess Zn- flux involved inverting the Zn- and Se-fluxes, or returning to typical growth
temperatures (400°C-600°C) for ZnSe NW growth, to promote defect-free growth atop
the nano-needles. The defect density decreased as the narrow region of a nano-needle
was grown. Defect zones appeared to be “blocked” as they approached the narrowing
sidewalls were blocked to an even higher degree towards the tip and the subsequent
growth [4]. This second stage was advanced later by adding CdSe quantum dots were
embedded in the thin ZnSe section.
Other research published by Chen et al. discussed the growth of Cd1-x MnxSe
NWs via a vapor transport deposition process [5]. Although the growth technique is
different than MBE, the characterization of the NWs by HRTEM identified what crystal
structures could be expected when growing diluted magnetic semiconductor DMS NWs.
When these NWs were examined with high-resolution TEM (HRTEM), they had a
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wurtzite crystal structure growing along the c-axis [0001]. The d-spacing was 0.68 nm.
The NWs were also reported as having diameters of approximately 40nm. In contrast,
Solank et al. have reported a zincblende structure for both ZnSe and CdSe in their
heterostructures grown by ALD [1]. NWs grew along the [111] direction with the
following d-spacings: dZnSe=0.327nm, dCdSe=0.349nm. Finally, findings of the growth of
the needle-like structures grown as described in references [2-5] do agree with those in
ref [5] in terms of mostly growing wurtzite NWs with a growth direction of [0001] (when
not interrupted by the zincblende crystal defects). All of these findings were pertinent to
the work presented in this thesis on ZnSe/CdSe and ZnSe/Cd1-xMnxSe heterostructures.

2.2

2.2.1

Materials Issues

VLS Growth

All of the NWs discussed in this thesis were grown by a vapor-liquid-solid (VLS)
technique as described by Wagner and Ellis [6]. In VLS growth, a semiconductor in the
vapor phase impinges on a metallic impurity such as Au, Ag, or Pt, that is located on a
semiconductor substrate. Before introducing the semiconductor into the system, the
liquid phase metal is annealed such that it forms droplets on the substrate. Consequently,
the metal beads act as catalysts for the deposition of the semiconductor vapors on the
substrate. Next, NWs are formed as solid phase semiconductor diffuses out of the
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semiconductor-metal alloy. The reason for this diffusion is the low melting point of the
alloy. The process continues and the alloy stays on top of the solid semiconductor NW
until the catalyst is used up.
Growth of the NW usually depends on several variables. Some of the variables
include the temperature of favored alloy growth (See section 2.4), interfacial energies of
the vapor, liquid, and solid phases of the semiconductors and alloys, and the kinetics of
the reactions involved in VLS NW growth. These factors are also found to determine the
overall morphology of the NW. Also, if there is a NW with undesirable morphology, the
reason can be traced back to one of these factors. Therefore, in this thesis the question is
how knowledge of these mechanisms will aid in growing NWs with consistent shapes
and compositions.

2.2.2

Coherence

When growing semiconducting hNWs, there are several issues that determine
whether they can grow coherently. These materials issues include critical dimensions,
growth temperatures of each phase, and defect density. This section explores the
literature that examined how these issues relate to hNW growth. For this thesis, an
emphasis is placed on the critical dimensions for favored hNW growth. Favored growth
entails the change of materials (e.g. as in an axial heterostructure) with little or no
deviation in the direction that the wire grows.
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Growth of semiconducting heterostructures is not a new topic. Several authors
have already discussed theory for the combination of dissimilar semiconductor materials
such as thin films on substrates [7-10]. However, it was not until more recently that the
theory was extended for axial hNWs including the implantation of sections or quantum
dots of different materials or into hNWs [11]. Frank Glas provided an approach to
determine the elastic energy and dislocation energy in a free-standing hNW [11]. Once
the total energy was calculated as a function of the hNW radius and thickness, critical
dimensions were determined by taking the derivative of the function and setting it equal
to 0.
The work began by considering a semi-infinite NW between a substrate

(−∞ ≤ z ≤ ∞) and a top layer (0 ≤ z ≤ h ).

The lattice misfit ε o (the difference in lattice

parameters of the two materials), Poisson’s ratio and Young’s modulus of the materials
involved, NW radius and height are among the main variables considered in the energy
equations. The energy of this system was then derived based on numerical solutions
from M. V. Barton that consider the stress and strain fields in circular cylinders with
finite bands of uniform pressure [9]. This total elastic energy was determined to be
E
E πr02 hε02
2
2
.
We =
fν ( ρ )πr0 hε0 ≈
1− ν
1− ν 1+ Aν ρ

2.1

where E is Young’s modulus, ν is Poisson’s ratio, h is the layer height, ρ=h/2r0 is the
aspect ratio, and fν(ρ)=We/W2D is a function that measures the effect of the lateral strain
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relaxation. The latter function can be approximated as fν ( ρ ) =

1
, where
1+ Aν ρ

Aν=27.3±0.55 for ν=1/3.
Another energy term was determined that considered a pair of orthogonally
oriented dislocations. These dislocations were considered to be intersecting on the NW
axis to yield maximal length and efficiency. Dislocation energy per unit length was
found to be
wd =

E(1− ν cos 2 θ )b 2 ⎛
h⎞
⎜1+ ln ⎟ ,
2
b⎠
8π (1− ν ) ⎝

2.2

where h = h if h ≤ βr0 , h = βr0 if h ≥ βr0 , β=2/π, and θ is the angle between the
dislocation line and the Burger’s vector b.
The total dislocation energy can be simplified to the following expression

Wd = 4r0 wd . Combining equations 2.1 and 2.2 leaves an expression that defines the
excess energy of the state considering the presence of the pair of dislocations that is:
ΔW (r0 ,h) =

⎛ α 2 beff2 αbeff ⎞ ⎛
h (r0 ,h) ⎞⎤
Er0 ⎡ ⎛ h ⎞
+
C
1+
ln
π
r
h
−
ε
⎢ fν ⎜
⎜
⎟
⎟ 0
⎜
⎟⎥ ,
0
2
b ⎠⎦⎥
1− ν ⎢⎣ ⎝ 2r0 ⎠
r0
⎝ 4r0
⎠ ⎝

2.3

where C=(1-νcos2θ)b2/[2π(1-ν)]. Consequences of equation 2.3 are that when
ΔW>0, the interface is stable and if ΔW<0, dislocations are favorable at the
heterostructure interface. Furthermore, figures 2.1 and 2.2 shown below are plots of the
critical thickness as a function of NW radius and critical radius as function of lattice
mismatch, respectfully. They are determined by taking the derivative of equation 2.3
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with respect to the layer height according to equation 2.4, and setting the resulting
equation equal to zero and solving for the mentioned critical dimensions.
2 2
⎞ ⎛
2π ⎛ α beff
βr c ⎞
− αbeffε 0 r0c ⎟ + ⎜1+ ln 0 ⎟ = 0 .
⎜
Aν ⎝ 4r
b ⎠
⎠ ⎝

2.4

Figure 2.1: Critical layer height/thickness as a function of NW radius for various misfit percentages
revealing the radii at which the critical height goes to infinity [7]. The lattice mismatch for the ZnSe/CdSe
system is approximately 7%.
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Figure 2.2: Critical radius required in order to grow infinitely thick coherent layers. Trend with triangles
represent critical radius for edge dislocations and circle trend considers 60° dislocations generated using
equation 2.4 [11].
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2.2.3

Heterostructure Nanowire Morphology

Several articles have addressed the morphology of heterostructures based on
growth thermodynamics and kinetics of hNWs [12-18, 44-53]. Some of these articles
explore the reasons for kinking in hNWs and point out ways to prevent it through the
understanding of nucleation and growth as well as the thermodynamics involved in
creating hNWs. For example, in a recent study by Dick et al., branching in axial
heterostructures was attributed to a positive difference in interface energies between the
substrate surface and the growing materials [14]. Hence, this research suggests a
preferred directionality for the growth of combinations of materials.
The onset of kinking occurs when the Gibbs free energy per unit area, g(n),
increases as additional layered material is introduced. Layer formation is possible when
g(n) decreases. More specifically, a comparison between the n=0 intercept of the free
energy asymptote, α∞, and the bare substrate-medium interfacial energy determines the
morphology of the hNW [12, 21-23]. Equation 4.1 below is used to evaluate the onset of
kinking:

Δσ = α∞ + σ i ,

2.5

where α∞=σB+σi , σA is the interfacial energy between the primary medium and the
substrate, σB is the interfacial energy between the secondary or surrounding medium and
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the adsorbate, and σi is the interfacial energy between the adsorbate and the substrate. If
the difference of these two quantities is negative (a decreasing g(n)), then layered growth
is favored, and if it was positive, then island growth (also referred to as kinking) is the
resulting morphology. With the information provided for the hNW’s grown for this
thesis, we can determine which conditions minimize g(n). Hence, one possible solution
to obtaining layer formation in hNWs is a reversal of the order of material growth.

2.3

Growth Schematics

In this section, some of the morphologies that can result from the growth of
hNWs are shown. These schematics relate some of the resulting morphologies to the free
and interfacial energies discussed in the previous section reported by Dick et al. [12].
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Figure 2.3: The above schematics are based on those from ref. [12] indicating the nucleation conditions
and different growth possibilities for (a.) layer by layer and (b.) island growth formation on thin films.
Similarly, in the nucleation of heterostructure nanowires, (hNWs) layered formation of material B (pink) on
material A (blue) occurs as shown in (c.) and island formation occurs as shown in (d.).
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Figure 2.4: A schematic of the branching variations that occur in the hNWs along the sidewalls of the NW.
(a.) Material B (pink) may grow parallel to the growth direction of material A (blue) or (b.) material B may
grow perpendicular to that of material A.

Similarly, the growth modes for thin films are analyzed using an adapted version
of Young’s equation as shown in figure 2.5. The growth modes for thin films are usually
characterized in three ways. The first growth mode, layer-by-layer or Frank-van der
Mere (FM) growth as illustrated in figure 2.3 a, occurs when γsv ≥ γfs + γfv Volmer-Weber
(VW) or island growth depicted in figure 2.3 b requires that γsv < γfs + γfv. Lastly,
Stranski-Krastanov (SK) or mixed mode layer formation followed by island growth
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requires that γsv ≥ γfs + γfv. It is convenient to illustrate the various growth modes in a
graph as a function of the strain between the film and the substrate.

Figure 2.5: Schematic diagram for Young’s equation for interfacial energies. The schematic has been
adapted for the growth of semiconductor films on semiconductor substrates as in ref. [13].

Figure 2.6 shows the relationship between the three growth modes in terms of the
surface energy ratio (W=γs-γf/γs), where γs is the surface tension of the substrate and γf is
the surface tension of the film. Layer-by-layer growth proceeds in the region where there
is no misfit between the film and the substrate and sometimes accommodating small
percentages of strain. Generally, the condition that W>0 must be met for layer-by-layer
growth. VW growth mode is the other extreme and W<0 in this regime. In between these
two modes below the curve shown in figure 2.6, is a region of SK growth. The final
region shown in figure 2.6 is superlattice region where alternating films of the substrate
material and the film material can be grown.
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Figure 2.6: Graphical representation of the growth modes as a function of lattice strain taken from
references [13-14].

2.4

Pertinent Phase Diagrams

Phase diagrams for the compounds of interest are shown in figures 2.7-2.9. It is
important to determine the various phases possible for the selected growth conditions.
The first phase diagram (fig. 2.7) shows the relevant phases for the ZnSe-CdSe system to
identify different semiconductor crystal phases that can occur at the hetero-interface.
Hence, bulk ZnSe is expected to grow in the zincblende (shown as ZB in figure 2.7)
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structure and CdSe will grow in the wurtzite (shown as W in fig. 2.7). When combining
the two materials in a junction a combination of the wurtzite and zincblende structures
can be expected as observed in the hNWs shown in chapter 4 of this thesis.

Figure 2.7: The ZnSe-CdSe pseudo-binary phase diagram taken from reference [24].
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Figure 2.8: The Cd-Se binary phase diagram showing a phase boundary at the CdSe composition grown in
the MBE chamber [25, 26].

Growth of CdSe occurs at approximately 50 at. % Cd. In the above phase diagram, a
boundary between two or more phases occurs over a wide range of temperatures. The α
CdSe phase is hexagonal although both cubic, hexagonal and a mixture of the two phases
have been reported [27-31]. These reports will help to clarify some of the different
crystal structures found in chapter 4 of this thesis.
The final phase diagram shown in figure 2.9 is the Zn-Se binary alloy system.
Most of the crystal structures discovered for the Cd-Se system were also reported for the
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parent ZnSe system [27]. Hexagonal Zn-Se was reported for single crystals that
incorporated sphalerite regions as stacking faults [32].

Figure 2.9: The Zn-Se binary alloy system [32].

2.5

Minimum Nanowire Diameters

Based on the Gibbs-Thompson effect, there is a thermodynamically imposed limit
on the minimum size of a NW diameter [34-53]. This limit in the nanowire is determined
by the growth temperature and pressure at supersaturation, and the surface/interfacial free
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energies. This overall dependence of the diameter with the growth conditions can be
written as

Δμ Δμ 0 4αΩ
=
−
,
kT
kT
kTd

2.15

where Δµ is the chemical potential difference between the NW material and the NW
phase and the vapor phase, Δµ0 is the difference in chemical potentials between the bulk
and vapor phases of the NW material, α is the interfacial energy of the NW facets, Ω is
the atomic volume, k and T are the Boltzmann’s constant and temperature, respectively
[37]. Solving this equation for the diameter results in

dmin =

4αΩ
,
kT ln(P / Peq )

2.16

where P is the partial pressure of the NW material and Peq represents the thermodynamic
equilibrium pressure value. The denominator in equation 2.16 is also the chemical
potential difference shown in 2.15. Any nucleus that is smaller than the required
minimum in 2.16 will not grow into a nanowire [36].
In a particular sample of hNWs, the statistical distribution of diameters may be fit
by a log-normal distribution function. The function is expressed as

⎧⎪ ⎡ ln(x / x )⎤2 ⎪⎫
0
y = y0 + A exp⎨−⎢
⎬,
⎪⎩ ⎣ σ ⎥⎦ ⎪⎭

2.17

where y0 and A are constants, x is a particular value from the distribution, x0 is the
location of the maximum and σ is the deviation. This type of distribution is more suitable
for samples with skewed distributions whose values can never be negative [43]. When
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applied to the NW samples discussed in this thesis, x0 represents the most probable NW
diameter. Furthermore, it is also hypothesized that the initial non-zero value of the
function corresponds to the minimum allowable diameter for the sample’s particular
growth conditions [36].

33

References:

1.

R. Solanki, J. Huo, J. L. Freeouf, and B. Miner. “Atomic layer deposition
of ZnSe/CdSe superlattice nanowires”. Appl. Phys. Lett. 81, 3864 (2002),
DOI:10.1063/1.1521570

2.

T. Aichele, A. Tribu, G. Sallen, C. Bougerol, R. Andre, J. Bocquel, E.
Bellet-Almeric, F. Donatini, L. S. Dang, J. Poizat, K. Kheng, and S.
Tatarenko. “A CdSe quantum dot in a ZnSe nanowire as an efficient hightemperature single-photon source.” Proc. SPIE 7224, 72240U (2009),
DOI:10.1117/12.809244.

3.

G. Sallen, A. Tribu, T. Aichele, R. Andre, L. Besombes, C. Bougerol, S.
Tatarenko, K. Kheng, and J. P. Poizat. “Exciton dynamics of a single
quantum dot embedded in a nanowire.” Phys. Rev. B 80, 085310 (2009),
DOI:10.1103.

4.

T. Aichele, A. Tribu, C. Bougerol, K. Kheng, R. Andre, and S. Tatarenko.
“Defect-free ZnSe nanowire and nanoneedle nanostructures.” Appl. Phys.
Lett. 93, 143106 (2008), DOI:10.1063/1.2991298.

5.

K. A. Dick, S. Kodambaka, M. C. Reuter, K. Deppert, L. Samuelson, W.
Seifert, L. R. Wallenberg, and F. Ross. “The Morphology of Axial and
Branched Nanowire Heterostructures,” Nano Lett., 2007, 7 (6), 18171822, (10 May 2007).

34

6.

Wagner, R. S., and Ellis, W. C. “Vapor-Liquid-Solid Mechanism of Single
Crystal Growth.” Appl. Phys. Lett., 4, 5, (2008): 89-90.

7.

J. Matthews and A. Blakeslee. “Defects in Epitaxial Multilayers”. J. of
Crys. Growth, 27 (1974) 118-125.

8.

F. C. Frank and J. H. van der Merwe. “One-Dimensional Dislocations. II.
Misfitting Monolayers and Oriented Overgrowth”. The Royal Society, 198,
1053 (1949), 216-225.

9.

M. V. Barton. “The Circular Cylinder With a Band of Uniform Presssure
on a Finite Length of the Surface.” J. Appl. Mech. 8 A97 (1941).

10.

C. Chen, Y. Hsu, Y. Lin, S. Lu. “Superparamagnetism Found in Diluted
Magnetic Semiconductor Nanowires: Mn-Doped CdSe.” J. Phys. Chem. C
112 (46), (2008) 17964-17968.

11.

F. Glas. “Critical dimensions for the plastic relaxation of strained axial
heterostructures in free-standing nanowires.” Phys. Rev. B 74, 121302(R)
(2006), 1-4.

12.

K. A. Dick, S. Kodambaka, M. C. Reuter, K. Deppert, L. Samuelson, W.
Seifert, L. R. Wallenberg, and F. Ross. “The Morphology of Axial and
Branched Nanowire Heterostructures,” Nano Lett., 2007, 7 (6), 18171822, (10 May 2007).

13.

Ohring, M. Materials Science of Thin Films: Deposition and Structure,
Second edition. Academic Press, California, 2002, 381-383.

35

14.

Tu, K. N., Mayer, J. W., Feldman, L. C. Electronic Thin Film Science for
Electrical Engineers and Materials Scientists. Macmillan, 1992.

15.

K. A. Dick, K. Deppert, L. Samuelson, L. Reigne, F. M. Ross. “Control of
GaP and GaAs Nanowire Morphology through Particle and Substrate
Chemical Modification,” Nano Lett., 2008, 8 (11), 4087-4091.

16.

T. E. Clark, P. Nimmatoori, K. Lew, L. Pan, J. Redwing, E. Dickey.
“Diameter-Dependent Growth Rate and Interfacial Abruptness in VaporLiquid-Solid Si/SiGe Heterostructures,” Nano Lett. 2008, 8 (4), 12451252.

17.

C. Soci, X. Bao, D. Aplin, D. Wang. “A Systematic Study on the Grown
of GaAs Nanowires by Metal-Organic Chemical Vapor Deposition,” Nano
Lett., 2008, 8 (12), 4275-4282.

18.

D. L. Dheeraj, G. Patriarche, H. Zhou, T. B. Hoang, A. Moses, S.
Grønsberg, A. T. J. van Helvoort, B. Fimland, and H. Weman. “Growth
and Characterization of Wurtzite GaAs Nanowires with Defect-Free Zinc
Blende GaAsSb Inserts,” 2008, 8, (12) 4459-4463.

19.

M. Varheijen, G. Immink, T. de Smet, M. Börgstom, E. Bakkers. “Growth
Kinetics of Heterostructured GaP-GaAs Nanowires,” J. Am. Chem. Soc.,
2006, 128, 1353-1359.

36

20.

K. Lew, L. Pen, E. Dickey, J. Redwing. “Effect of growth conditions on
the composition and structure of Si1-xGex nanowires grown by vaporliquid-solid growth,” J. Mater. Res., 2006, 21 (11), 2876-2881.

21.

Rudolf Peierls, “Clustering in adsorbed films,” Physical Review B 1978,
18, no. 4, 2013.

22.

J. G. Dash. “Clustering and percolation transitions in helium and other thin
films,” Physical Review B, 1977, 15, no. 6, 3136.

23.

Boyan Mutaftschiev, “Wetting and displacement of three-dimensional and
two-dimensional layers on a foreign substrate,” Physical Review B,1989,
40, no. 1, 779.

24.

V.A. Fedorov, V.A. Ganshin, and Yu.N. Korkishko, “Solid-state phase
diagram of the zinc selenide - cadmium selenide system,” Materials
Research Bulletin 27, no. 7 (July 1992): 877-884.

25.

S. Chattopadhyay and S. Srikanth, “The Cdse-Mnse pseudobinary system
(cadmium seleniummanganese selenium),” Journal of Phase Equilibria
15, no. 1 (February 1, 1994): 96-100.

26.

Romesh C. Sharma and Y. Austin Chang, “Thermodynamic Analysis and
Phase Equilibria Calculations for the Cd-Te, Cd-Se, and Cd-S Systems,”
Journal of The Electrochemical Society 136, no. 5 (May 0, 1989): 15361542. Saburo Nagata and Kosuke Agata, “On the Crystal Structure of

37

Cadmium Selenide of Selenium Rectifier,” Journal of the Physical Society
of Japan 6 (1951): 523-524.
27.

Manuel Cardona, “Reflectivity of Semiconductors with Wurtzite
Structure,” Physical Review 129, no. 3 (February 1, 1963): 1068.

28.

Akiko Kobayashi, Otto F. Sankey, and John D. Dow, “Deep energy levels
of defects in the wurtzite semiconductors AIN, CdS, CdSe, ZnS, and
ZnO,” Physical Review B 28, no. 2 (July 15, 1983): 946.

29.

C. Janowitz et al., “Dielectric function and critical points of cubic and
hexagonal CdSe,” Physical Review B 50, no. 4 (July 15, 1994):
2181.Steven C. Erwin et al., “Doping semiconductor nanocrystals,”
Nature 436, no. 7047 (July 7, 2005): 91-94.

30.

Ying Wang and Norman Herron, “Quantum size effects on the exciton
energy of CdS clusters,” Physical Review B 42, no. 11 (October 15, 1990):
7253.

31.

C. B. Murray, D. J. Norris, and M. G. Bawendi, “Synthesis and
characterization of nearly monodisperse CdE (E = sulfur, selenium,
tellurium) semiconductor nanocrystallites,” Journal of the American
Chemical Society 115, no. 19 (1993): 8706-8715.

32.

S. B. Qadri, E. F. Skelton, D. Hsu, A. D. Dinsmore, J. Yang, H. F. Gray,
B. R. Ratna, “Size-induced transition-temperature reduction in

38

nanoparticles of ZnS,” Physical Review B 60, no. 13 (October 1, 1999):
9191.
33.

P. Lawaetz, “Stability of the wurtzite structure,” Physical review. C,
Nuclear physics 5, no. 10 (1972): 4039.

34.

Zhang, Xi. Size Effects in Alloy and heterostructured Si1-xGex nanowires,
PhD Thesis, The Pennsylvania State University, University Park, 2009.

35.

Eichfeld, Sarah. Synthesis and Characterization of Silicon Nanowire
Arrays for Photovoltaic Applications, PhD Thesis, The Pennsylvania State
University, University Park, 2009.

36.

Adu, Kofi. Synthesis and Raman Scattering Studies of Novel
Semiconductor Nanostructures: Si, Ge, and GaAs Twinning Superlattice
Nanowires, PhD Thesis, The Pennsylvania State University, University
Park, 2004.

37.

N. Wang, Y. Cai, and R.Q. Zhang, “Growth of nanowires,” Materials
Science and Engineering: R: Reports 60, no. 1-6 (March 31, 2008): 1-51.

38.

E.I. Givargizov, “Fundamental aspects of VLS growth,” Journal of
Crystal Growth 31 (December 1975): 20-30.

39.

E.I. Givargizov, J. Cryst. Growth, 1973. 20: 217.

40.

E.I. Givargizov and A. A. Chernov., Sov. Phys. Crystallogr., 1973. 18: 89.

39

41.

N. Li, T. Y. Tan, and U. Gösele, “Chemical tension and global equilibrium
in VLS nanostructure growth process: from nanohillocks to nanowires,”
2007. Appl. Phys. A: Materials Science & Processing, 86: 433-440.

42.

T. Y. Tan, N. Li, and U. Gösele, “Is there a thermodynamic size limit of
nanowires grown by the vapor-liquid-solid process?” Appl. Phys. Lett.
2003. 83, no. 6: 1199.

43.

E. Limpert, W. A. Stahel, and M. Abbt, “Log-Normal Distributions across
the Sciences: Keys and Clues,” BioScience 2001. 51, no. 5: 341-352.

44.

O. S. Kumar, S. Soundeswaran, and R. Dhanasekaran, “Thermodynamic
Calculations and Growth of ZnSe Single Crystals by Chemical Vapor
Transport Technique,” 2002. Cryst. Growth & Design 2, no. 6: 585-589.

45.

T. Ido and K. Miyasato, “Liquid-phase epitaxy of ZnSe by temperature
difference method,” Journal of Crystal Growth 59, no. 1-2 (September
1982): 178-182.

46.

H. Zhang, F. Huang, B. Gilbert, J. F. Banfield, “Molecular Dynamics
Simulations, Thermodynamic Analysis, and Experimental Study of Phase
Stability of Zinc Sulfide Nanoparticles,” 2003. J. Phys. Chem. B 107, no.
47 (November 1, 2003): 13051-13060.

47.

M. Heigoldt, J. Arbiol, D. Spirkoska, J. M. Rebled, S. Conesa-Boj, G.
Abstreiter, F. Peiró, J. R. Morante, M. Fontcuberta. “Long range epitaxial

40

growth of prismatic heterostructures on the facets of catalyst-free GaAs
nanowires,” Journal of Materials Chemistry 19, no. 7 (2009): 840.
48.

R. Songmuang, O. Landré, and B. Daudin, “From nucleation to growth of
catalyst-free GaN nanowires on thin AlN buffer layer,” 2007 Appl. Phys.
Lett. 91, no. 25: 251902.

49.

E. Bellet-Amalric, M. Elouneg-Jamroz, C. Bougetol, M. D. Hertog, Y.
Genuist, S. Bounouar, J. P. Poizat, K. Kheng, R. André, S. Tatarenko,
“Epitaxial growth of ZnSe and ZnSe/CdSe nanowires on ZnSe,” physica
status solidi (c) 9999, no. 9999 (2010): NA.

50.

S. C. Erwin, L. Zu, M. Haftel, A. Efros, T. Kennedy, D. J. Norris, “Doping
semiconductor nanocrystals,” Nature 436, no. 7047 (July 7, 2005): 91-94.

51.

C. Janowitz, O. Günther, G. Jungk, R. L. Johnson, P. V. Santos, M.
Cardona, W. Fashinger, and H. Sitter, “Dielectric function and critical
points of cubic and hexagonal CdSe,” Physical Review B 50, no. 4 (July
15, 1994): 2181.

52.

Xi Zhang, K-K Lew, P. Nimmatoori, J.M. Redwing, and E. C. Dickey,
“Diameter-Dependent Composition of Vapor−Liquid−Solid Grown Si1xGex Nanowires,” Nano Letters 7, no. 10 (October 1, 2007): 3241-3245.

53.

Y. F. Zhang, Y. H. Tang, H. Y. Peng, N. Wang, C. S. Lee, I. Bello, and S.
T. Lee, “Diameter modification of silicon nanowires by ambient gas,”
Applied Physics Letters 75, no. 13 (1999): 1842.

41

Chapter 3
Experimental Techniques
3.1

MBE Growth

Molecular beam epitaxy (MBE) is a technique used to grow single crystal samples
one atomic layer at a time by directing molecular beams of evaporated substances
towards a substrate. MBE is an effective technique for the controlled growth of thin
films and more recently for growth of nanowires (NWs). One reason for the
effectiveness of this growth technique is that samples are grown in conditions that are far
from thermal equilibrium. For this reason, growth of the new material is governed by
surface kinetics. Other epitaxial growth processes differ in that growth occurs close to
thermodynamic equilibrium. This chapter describes some of the general components of
an EPI620 MBE chamber used for the growth of II-VI DMS nanowires.
The EPI620 MBE system has a main chamber where samples may be grown in an
ultra-high vacuum (UHV) environment. Low pressure in the growth chamber is
maintained by an ion pump. This pump is essential for maintaining the purity needed for
proper sample growth as well as for attaining the optimal growth rates. A turbo-molecular
pump outside of the EPI 620 MBE chamber works to achieve a vacuum of approximately
10-7-10-9 torr. In the chamber the liquid nitrogren cooled cryo-shroud work to maintain
UHV conditions. Also attached to the chamber are several cells from which elemental
sources may be evaporated. The sources available in this MBE chamber are Zn, Cd, Se,
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S, and Cl. A possible schematic of a UHV environment in a MBE chamber is shown in
figure 2.1

Figure 3.1: Schematic of an MBE chamber used for growing II-VI or III-V semiconducting films and
NWs. MBE allows for monolayer growth of samples on substrates [1].

Compound semiconductors are grown by the simultaneous opening of the
mechanical shutters, which allows elements to be evaporated onto a substrate. The
substrate stage rotates to achieve uniformity over the substrate. To ensure the quality of
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the sample, a few devices are used in the MBE chamber to monitor its growth. These
devices include thermocouples, ion gauges, and a reflection high-energy electron
diffraction system.

3.2

MBE Growth of ZnSe/CdSe Heterostructure NWs

ZnSe/CdSe NWs are grown in an EPI 620 MBE system equipped with low
temperature effusion cells. The growth was carried out by a fellow graduate student
(Benjamin Cooley). Si (111) and GaAs (100) were chosen as substrates. Prior to placing
the substrate in the chamber, a thin layer of Au (~5 angstroms) was deposited on the
substrate to act as a catalyst for NW growth. Once loaded into the MBE chamber, the
substrates were heated to a temperature greater than 500°C to form nanometer-sized Au
beads on the substrate’s surface and to desorb oxygen from the surface. After the catalyst
preparation, NW growth occurs optimally around 400°C. A summary of the growth
temperatures are reported in the Chapter 4 of this thesis. The beam equivalent pressures
(BEPs) for each element and sample are shown in the table 3.1 below. These BEPs are
directly related to the flux of each elemental vapor.
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Beam
Equivalent
Pressure
Sample
Element (torr)
090129A1/B1 Zn
2.10x10‐07
Cd
1.50x10‐07
Se
2.10x10‐07
090224A1/B1 Zn
2.10x10‐07
Cd
1.40x10‐07
Se
2.10x10‐07
same as
090226A1‐C1 Zn
090224A
same as
Cd
090224A
same as
Se
090224A
091013A1
Zn
2.80x10‐07
Cd
2.60x10‐07
Se
7.60x10‐07
Mn
4.00x10‐09
091014A1
Zn
2.80x10‐07
Cd
2.80x10‐07
Se
7.80x10‐07
Mn
4.00x10‐09
Table 3.1: The beam equivalent pressures for each sample grown for this study.

Growth occurs by a catalyst-assisted vapor-liquid-solid (VLS) mechanism [2].
Researchers have discussed whether the mechanism for the growth of hNWs is VLS
growth, where the semiconductor vapor combines in liquid form with Au, or a vaporquasi-solid solid (VSS) growth, where the semiconducting materials diffuse from a solid
gold phase. For this thesis, a VSL growth will be assumed. Figure 2.2 illustrates the VLS
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mechanism as described. ZnSe/CdSe NWs range from 200-1000 nm in length and are
approximately 50 nm in diameter are grown in this work.

Figure 3.2: Illustration of the growth mechanism for a semiconducting NW on a semiconducting substrate
(square foundation in each image) where the Au catalyst on top of the NW (left) leads to NW formation
after semiconducting compound deposits out from the mix of catalyst and the compound semiconductor
(right).
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3.3

Characterization

3.3.1

Transmission Electron Microscopy

The following sections describe the procedures used to characterize
several NW samples with varying growth times and temperatures in order to optimize
growth of straight ZnSe NWs with CdSe quantum dots. ZnSe/CdSe heterostructure NWs
(hNWs) were characterized using a Phillips EM420T and a JEOL 2010F transmission
electron microscope. The Phillips EM420T TEM has a W (tungsten) thermionic
emission electron gun at a maximum operating voltage of 120 keV. This TEM was used
to determine the location, morphology and crystal structure via the diffraction pattern
(DP) of the sonicated and dispersed NWs. Further compositional analysis was performed
with the JEOL 2010F Field Emission TEM. This TEM used a W field emitter and had a
maximum operating voltage of 200 keV. The JEOL 2010F was used for Z-contrast
imaging and energy dispersive spectrometry (EDS) measurements.
While there are clear advantages to using the TEM, there are a few limitations. A
disadvantage of the TEM is that a sample has to be thin enough to allow transmission of
the electron beam. Viewing a small section of the sample in the TEM may not provide a
good representation of the material in its bulk state. Because an image is formed by
creating two-dimensional images of three-dimensional structures, images in the TEM can
be misinterpreted. Therefore, it is necessary to use other characterization tools that can
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allow an image of a broader region of the sample to be analyzed, leading to improved
analysis.
Another limitation of the TEM is that beam damage can occur with some samples.
TEMs are used to examine a range of materials from inorganic materials such as metals,
ceramics and semiconductors to more soft and sensitive materials like biological
specimens and polymers. Though it is more intuitive that an electron beam damages
softer materials, there are also precautions a TEM user needs to consider when using
harder materials. For example, at high magnifications (>100,000 X), some NWs
developed defects until the structure itself was destroyed. The TEM user should be
mindful of the thresholds of the particular sample that is examined.

3.3.2

Scanning TEM: CTEM, STEM, HAADF

The parallel-beam and convergent beam modes are important operational
configurations for the TEM. Parallel-beam TEM is used when good contrast is preferred
or a basic diffraction pattern is desired. The lenses of the TEM can be adjusted such that
the electron beam is parallel or slightly focused on the specimen. Consequently, the
beam interacts with a large region of the sample and much of it can be viewed on the
screen. A schematic of the TEM in parallel-beam is shown in figure 3.4. This mode is
typically performed with microscopes that have thermionic emitters (because of the large
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emitter size compared to the scanning mode counterpart), though there are some
thermionic emitters that have scanning mode TEM capabilities.
Convergent-mode TEM is a mode of operation where the electron beam is
focused before passing through the sample. This mode is primarily useful for operations
such as scanning TEM (STEM imaging), microanalysis, and microdiffraction. The
image, however, becomes incoherent at this point since the beam is no longer parallel.
To make the image interpretable, the beam scans across the sample leading to what is
known as STEM mode operation. The use of deflector coils aid in allowing the beam to
move along the sample while staying on the optic axis.
Bright-field (BF) imaging in the STEM is somewhat different than it is parallel
beam TEM in the way an image is formed. The TEM is placed in diffraction mode.
Because the beam scans across the sample, the image takes time to process. The reason
STEM imaging takes time, apart from the nature of the technique, is that an image is
created line by line on a cathode ray tube until the full display is filled. A detector placed
in the TEM below the viewing screen and projector lens picks up the non-deflected beam
for a BF image. Figure 3.2 displays a detector shaped for the recording of BF images.
This detector serves the same purpose as the aperture in the parallel beam TEM.
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Figure 3.3: Parallel beam mode of the TEM is shown above. By using the objective aperture, a BF or DF
image can be formed. The solid line represents the transmitted beam and the orange dashed line represents
the diffracted beam. In BF images, the transmitted beam is allowed to pass through the objective aperture
while the diffracted beam is blocked. In DF images, the diffracted beam is allowed to pass instead of the
transmitted beam.
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Figure 3.4: An illustration of the TEM in convergent-beam mode. Images are recorded using the ADF or
the high-angle annular dark-field (HAADF) detector.

STEM operation is essential for high angle annular dark-field images, which is
described later in this chapter. A schematic of convergent-mode TEM is shown in figure
3.5. Much of the analysis in the current research is based on the use of STEM to create
Z-contrast imaging. A High-Angle Annular Dark-Field (HAADF) detector, as shown in
figure 3.6, selects the electron beams deflected to high angles. According to the
Rutherford scattering cross-section equation (equation 3.3) such highly deflected
electrons depend on the square of the atomic number Z.

dσ R
Z 2e4
=
,
dΩ 16E 2 sin 4 θ

(3.3)

where Z is the atomic number, e is the charge of the electron, E is the electron’s kinetic
energy, and θ is the scattering angle. Consequently, electrons scattered onto this detector
and create an image where the contrast mechanisms scale with the square of the atomic
number.

3.3.3 Energy Dispersive Spectrometry

Energy dispersive spectrometry (EDS) is a tool available for certain TEMs where
the user is allowed to view the composition of a sample by detecting x-rays produced
when sample is bombarded with a convergent electron beam. More specifically,
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electrons from the beam may have enough energy to eject inner and core shell electrons.
As a result, electrons from the more weakly bound shells fill the holes in the
aforementioned shells and an x-ray is emitted. A spectrum is generated when the x-ray
passes through a series of instrumentation (the major component being a Si or Ge diode)
and electronics that reveals many of the elements present in a material.

3.4 Sample Preparation

3.4.1 Typical Sample Preparation

One of the goals in preparing TEM samples is to make the samples electron
transparent. The sample is thinned to less than 100 nm in the region to be examined. The
choice of material for the TEM can change this number. In general, the sample density
and atomic number play an important part when considering the sample size. In addition,
the mean free path of the electron will decrease as density and atomic number increase.
As a result, samples would need to be even thinner than counterparts with higher values
for the density and the atomic number.
Typically solid, crystalline specimens are thinned to electron transparency since
the electron beam transmits through the sample in the TEM. The process of thinning can
occur electrochemically, mechanically, or by atomic particle bombardment (e.g. ion
beam) [1]. Thinned samples are placed on a support ring for use in the TEM. On the
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other hand, samples that are already thin enough for electron transmission, such as a
collection of nanowires or nanoparticles, are prepared through other means. For these
types of nanoscale samples, a copper grid supported with a film of carbon is used. One
disadvantage of using the copper grid with lacey carbon is the possible interference of the
copper peaks with those from the sample when performing x-ray analysis. For example,
an overlap in the energy peaks can occur when analyzing samples composed of Zn using
Cu, Mo or Be grids. Another problem that occurs with the use of the grid for sample
support is the agglomeration of the particles, which can make characterization by TEM
more difficult.

3.4.2 Sonication of Nanowires from Substrate

For the research discussed in this thesis, the NW samples are sonicated in a
cleansing solution to mechanically remove them from the substrate from which they were
grown. The sample in the solution can then be removed and dropped onto the TEM grid
where the solution is allowed to dry leaving the nanowires behind that already have the
necessary required dimensions for electron transparency. Note that the NWs remaining
on the TEM sample grid are broken and thus no longer representative of the as-grown
sample size.
We now describe the sample preparation in more detail. After preparing the
ZnSe/CdSe hNWs by MBE, they were mechanically removed from their substrate

53

through a sonication process. First, a pipette was cleaned with a CMOS grade of
isopropyl alcohol (IPA). After cleaning, the pipette was refilled with IPA and a cleaved
portion of the sample was inserted. Next, the IPA was siphoned off such that the
remaining amount just covers the top of the substrate containing NWs. Then, the cleaved
substrate sample (~ 10 µm2) was placed in a sonication bath for 5-10 seconds in order to
deposit NWs into the IPA liquid. Once removed, the sample was labeled and more liquid
was siphoned off carefully along the sidewalls of the cuvette. Approximately 3 drops of
the remaining NW and IPA solution was deposited onto the dark side of the Cu TEM
grid. The grid was allowed to dry and the sample was thereby ready for TEM analysis.

3.5

Image processing using Image J

Image J, free software available through the National Institute of Health, was used
to perform additional processing of the images. More specifically, fast Fourier
Transforms (FFT’s) were obtained from the high-resolution TEM images for indexing,
determination of the growth directions, and filtering specific planes. NW statistics were
also attained through collected TEM images. Finally, Bragg filtering was performed to
determine whether of stacking faults and misfit dislocations (known to be one of the
mechanisms for the relief of high lattice mismatches) could be revealed at the interface of
the two materials.
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Chapter 4

Results and Conclusions

4.1

Survey of Samples

This section summarizes the growth conditions for the samples grown.
There were two major categories for hNW growth. The first major group was the hNWs
grown in the range of typical temperatures (400-600°C) for ZnSe. Within the first group
there was some variation in the growth temperature and growth times per section. The
second group of nanowires grown utilized a two-temperature growth process as explained
in the literature by Aichele, et al. [1]. Surveying of the hNWs was done using lowresolution TEM as well as the SEM. Details are described in the sections below.

4.1.1

Low-Resolution TEM/SEM

Low-resolution TEM was used to characterize the hNWs in terms of their
dimensional statistics. By noting the overall morphology in low-resolution TEM mode,
the optimal growth conditions amongst the varied conditions used for this research was
determined. Representative images were also selected from the one-temperature and
two-temperature growth procedures. All of the hNWs shown grow in a direction along
the axis pointing towards the catalyst, the darkest (in the case of a bright-field image) or
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the brightest (in the case of a dark-field image) sphere-like portion of the NW at one of
NW ends. A summary of the conditions for each set of samples is shown in table 4.1.
All samples were grown on a GaAs (100) substrate covered with 5 angstroms of Au to
facilitate the VLS growth as described in chapter 3 of this thesis.

Growth
Sample # Composition Temp (°C)
090129A1 ZnSe
455
CdSe
455
090129B1 ZnSe
455
CdSe
415
090224A1 ZnSe
455
CdSe
455
ZnSe
455
090224B1 ZnSe
455
CdSe
435
ZnSe
455
090224C1 ZnSe
455
CdSe
415
ZnSe
455
090226A ZnSe
455
CdSe
455
ZnSe
455
090226B
ZnSe
455
CdSe
455
ZnSe
455
091013A1 ZnSe
375
ZnSe
475
Repeat 3x CdSe
475
ZnSe
475
091014A1 ZnSe
375
ZnSe
475
Repeat 3x CdSe
475
ZnSe
475

Growth
Time
(min)
30
10
30
10
30
3
10
30
3
10
30
3
10
30
5
10
30
1.5
10
30
15
10 sec
290 sec
30
15
50 sec
290 sec
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Table 4.1: A summary of the growth conditions of each sample. Parameters that were varied in each
sample series are highlighted for easy identification. For example, in the two samples 090129A1 and
090129B1 the growth temperature of the CdSe portion is changed from 455°C to 415°C, hence both values
are highlighted in the table.

The first sample, 090129A1 was a hNW where both materials were grown at the
same temperature. Primarily, ZnSe was grown for thirty minutes at a temperature of
455°C. Another section of the hNW was a CdSe section grown for 10 minutes at the
same temperature. A TEM image of this sample is shown in figure 4.1. The following
growth was sample number 090129B1. This sample was similar to the first with the
exception of the CdSe region which was grown at a temperature of 415°C. After growth
of both of these samples, images were taken using the Phillips 420 microscope to observe
the onset of kinking as a function of growth temperatures.

Figure 4.1: Above is a NW from sample 090129A1 that has undergone some kinking.

Sample number 090224A1 was the next sample grown. This sample was grown
as what is termed a “sandwich heterostructure”. The term “sandwich heterostructure”
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refers to the growth of a small region of CdSe section surrounded by two larger regions
of ZnSe. The first of the section of ZnSe was grown for 30 minutes at a temperature of
455°C followed by a CdSe region which was grown for 3 minutes at the same
temperature. The second section of ZnSe was grown for 10 minutes at the same
temperature to cap off the hNW growth. A temperature series of this sample were grown
and included samples 090224B1 and 0990224C1. ZnSe, CdSe, and the final ZnSe
portions were grown at temperatures of 455°C, 435°C, and 455°C respectively for sample
090224B1 and 455°C, 415°C, and 455°C for sample 090224C1.
Sample 090226A was also a sandwich structure with the ZnSe/CdSe/ZnSe
growth occurring for 30 minutes, 5 minutes and 10 minutes, respectively. Growth
temperatures were all held constant at a temperature of 455 °C. Another sample,
090226B, was grown as a time variation of 090226A. The CdSe section of a NW section
090226B was grown for 90 seconds at the same temperatures as 090226A. Growth
temperatures remained constant throughout the growth. A representative TEM image
from sample 090226A is shown in figure 4.2.

60

Figure 4.2: A HAADF STEM image of a nanowire from sample 090226A. A few pair of kinks in the
hNW has formed corresponding with the introduction of CdSe and the reintroduction of ZnSe. Before the
growth is terminated, the original material is reintroduced creating a sandwich heterostructure.

The final series of samples were grown using the two-temperature growth process
where the first of these two processes was a low temperature growth (375°C) to the range
of temperatures typically used to grow ZnSe NWs. Samples 091013A1 and 091014A1
were both fabricated by this method. The sandwich heterostructure in these NWs are
introduced in the 2nd stage of growth. There were three iterations of the CdSe and ZnSe
within this 2nd stage of growth. One of these hNWs is shown in figure 4.3.
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Figure 4.3: A hNW grown utilizing the two-stage temperature process. Sections of CdSe are embedded in
the thin portion of the NW. The hNW grows from the thickest to the thinnest section.

4.1.2 Diffraction Patterns

Diffraction patterns (DPs) of each of the NW samples were taken in the Phillips
EM420T TEM and via Fast Fourier Transforms (FFTs) created using the Image J
software from the National Institute of Health. DPs consistently indicated that the NWs
had a wurtzite crystal structure. One of the DPs from the first sample group,
(specifically, from sample 090129A1) revealed diffraction points that were streaked
along the direction of growth. An example of this streaking is shown later in figure 4.10.
One reason that this occurs is the perpendicular periodic stacking faults in the hNW seen
in figure 4.1 as the periodic dark lines along the NW axis. This phenomenon is common
in the growth of semiconducting nanowires (SNWs) [2-8]. Some authors have attempted
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to answer the question of how to avoid twinning in SNW since they can be problematic
for carrier transport in devices [8].
Sample 090129B1 revealed less streaking in the DPs making it possible to index
the points. A representative image of the non-streaked DPs is shown below in figure 4.4.
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Figure 4.4: An indexed DP obtained from sample 090129B1. The (0002) were the planes indicated in the
DP growing along [0001]. For each diffraction pt. pair, CdSe would be the inner most point with respect to
the radius from the transmitted spot.
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4.1.3

High Angle Annular Dark-Field STEM Images

HAADF images were retrieved from STEM mode using the JEOL 2010F TEM.
Because of the difference in atomic number between Zn (Z=30) and Cd (Z=48) the
contrast difference was detectable for the samples utilizing the one-stage growth process.
Because of the limited resolution in STEM mode, which had a lot to do with the size of
the probe (0.7 and 1 nm), the size of the region of interest and the signal strength were
restricted by the condenser aperture. Hence, the hNWs from the one-stage growth were
optimal for determining the growth rate and size of the newly introduced material.
Figure 4.5 shows one of the HAADF images. Because the HAADF images are useful in
other types of analysis such as growth rate determination, interpreting EDS data, and
assessing interface quality, more of them will be shown in the sections to follow.

Figure 4.5: Above is a HAADF image of a hNW revealing the CdSe section with a brighter intensity.
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4.2

EDS
EDS was used to further confirm that the regions of higher contrast indeed

indicated a change in material. EDS results are shown in Figures 4.8-4.11. In figures 4.6
and 4.7 the increase in the Cd signal corresponds to the region of the hNW following the
onset of kinking. These two figures are from sample 090219B1 where the CdSe section
was grown at a slightly lower temperature (415°C) than the ZnSe (455°C).

Figure 4.6: EDS of the lower portion of the hNW reveals spectra of Zn, Se, and Cu. Copper appears
because of the composition of the TEM grids. The red circle in the image indicates the source of the x-ray
collection.
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Figure 4.7: EDS scan of the upper portion of the hNW confirms the presence of Cd, Se, and Cu. This
confirms that the kinking is caused by the onset of the CdSe on top of the ZnSe.

The next two figures (figures 4.8-9) are EDS line scans taken from sample
090224B1 where the CdSe is sandwiched by two sections of ZnSe. The EDS line scan
reveals the approximate location of the CdSe in the hNW (figure 4.8). Hence, it is further
confirmed that the kink is formed simultaneously with the introduction of CdSe for this
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sample of NWs. Another scan was taken in the region prior to the onset of kinking to
verify that no Cd should be present in that section.

Figure 4.8: An EDS line scan of a hNW along the hNW axis. The red arrow indicates the direction of
scanning in the DF image. The line scan shows that there is a section of CdSe (located in the kinked
region) that is approximately 15nm long.
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Figure 4.9: An EDS line scan of the expected ZnSe portion in the hNW as figure 4. The oscillatory nature
of the EDS signal likely results from faults along the hNWs axis. The likely reason for this variation is the
decrease in signal at the point
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4.3

High-Resolution Imaging

High-resolution images were obtained using the JEOL 2010-FETEM in order to
analyze the crystal structure in the NWs before, during and after the introduction of new
material in the hNW. These HRTEM images were useful in determining coherence and
layering at the interface of the two materials. In 1-temperature hNW growth, high
resolution imaging revealed growth of a mainly wurtzite NW with periods of zinclende
twins before the growth of CdSe. During CdSe growth in the region of kinking, cubic
portions were identified in a mainly polycrystalline zone. This was due to the inability to
meet the layering conditions discussed in chapter 2. Furthermore, there may have been
an abrupt change in the semiconductor concentration in the liquid Au catalyst. An
HRTEM image is of this polycrystalline NW growth is shown in figure 4.10.
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Figure 4.10: a.) A bright-field TEM image of a one-temperature hNW showing the crystal structure in the
base of the hNW (indicated by the red circle) to be hexagonal and the planes along the growth direction to
be (0002). b.) An HRTEM image of the transition from ZnSe to CdSe in the same hNW along with the
corresponding DP that indicates a cubic crystal structure likely introduced by the presence of a new
component.

Though kinking was a usual occurrence during the one-temperture growth of the
hNW, single-crystal, layer-by-layer growth was observed in the final region of the twotemperature hNWs. In the transitional regions in the thin portion of the 2-temperature
hNWs most likely corresponding to the introduction of CdSe, cubic and wurtzite
structures were observed. The reason for the transition in the lattice planes’ arrangement
could have been attributed to stacking faults as alluded to earlier in section 4.1.2.
Research conducted by Xiong et al., as well as a few other studies, the period of stacking
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faults in the hNW had to do with concentration of the semiconductor in the liquid droplet
[6]. Therefore, the NW diameter and the oscillatory semiconductor concentration in the
droplet were both factors in the appearance of zincblende zones in a mainly wurtzite NW
[6-8]. Since the diameter of this portion of the hNW was much smaller than in the 1st
portion of the NW and the overall average diameter of the 1-temperature hNWs, fewer
stacking faults would be expected during growth. The following high-resolution images
of hNWs were taken and are displayed in figures 4.11-4.12:

Figure 4.11: An HRTEM image of the thin hNW portion resulting from the 2nd stage of the twotemperature growth process. This portion of the hNW appears defect-free with only the 0002 planes
visible.
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Figure 4.12: The Thin portion of 2-temperature growth where transitions in the bright-field intensity
correspons to the change of material. Material changes were confirmed by EDS and HAADF.

Figure 4.13: a.) The HAADF image (showing more of the NW in the same region) indicates a change of
materials where the intensity of the NW suddenly changes b.) The hNW from figure 4.12 and 4.13 at high
magnification in order to analyze the transition region identified in part a. c.) The indexed FFT of the
section shown in image b.
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FFT images were obtained from the two-temperature hNWs (where ZnSe is
grown for 30 minutes and CdSe is grown for 10 minutes at a lower temperature). These
images revealed that certain crystal structures may have precipitated out during the hNWs
growth. The primary section of ZnSe growth does grow with a single-crystal wurtzite
crystal structure evidenced by the single 0002 planes stacked along the growth direction
as in figure 4.11. However, it is also possible that the suspected single crystal wurtzite
planes (identified as 0002 planes) are actually {111} planes of a cubic crystal structure
since the d-spacing is very close (for ZnSe d0002=0.3313 and d111=0.3273, for CdSe
d0002=0.33565 and d111=0.30385). In these particular regions, difficulty in distinguishing
the lattice spacing could come from only one set of lattice planes being visible, or the
error that may be introduced from the distortion of the image in regions where the sample
bends. In the transition region where growth of the CdSe starts for the 1-temperature
hNWs, both crystal structures were more obviously revealed from the FFTs taken in
different regions because of the larger diameters and the more distinguishable transition
of materials. Hence, growth of more abrupt hNWs can aid in easier identification of
crystal structures.
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4.4

Diameter Distribution of Nanowires

Diameter distributions for thirty hNWs were obtained to determine the most likely
diameter as well as the critical diameter according to the procedure discussed in section
2.5. Results are shown below (figures 4.14-20) for diameter distributions of the 1temperature hNWs as well as the needle (base) and the tip (thin portion) of the 2temperature hNWs. These results along with other data collected from TEM micrographs
were analyzed to determine the relationship between the appearance of kinks and the
critical dimensions (figures 4.22-24).

1-Temperature Growth Results

Most probable base diameter= 16.4±0.50 nm
Most probable kink diameter= 19.7 ± 0.27 nm
Most probable near catalyst diameter= 16.8 ± 0.17 nm
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Figure 4.14: The diameter distribution of the hNWs from the 1-temperature growth technique fitted to a
log-normal distribution. The critical diameter is approximately 6 nm.

Figure 4.15: The diameter distribution of the 1-temperature hNWs at the kink with a critical diameter of
approximately 10 nm.
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Figure 4.16: The diameter distribution of the 1-temperature hNWs near the catalyst.

2-Temperature Growth Results

Most probable base diameter= 38.744 ± 1.06 nm
Most probable nano-needle tip diameter= 21.814 ± 0.193 nm
Most probable near catalyst diameter= 11.348 ± 0.176 nm
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Figure 4.17: Diameter distribution of the base of the 2-temperature hNWs showing larger bases with more
variance of the intervals.

Figure 4.18: Diameter distribution at the tip of the “nano-needle,” (NN) that was formed by growth at low
temperatures in the first part of the NW growth.
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Figure 4.19: The diameter distribution in the 2nd stage of growth at the typical temperatures for ZnSe.
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Figure 4.20: The percentage of kinked NWs in stage 1 of hNW (blue) and NN (red) growth and in stage 2
(NN tips only). Hence, the stage 2 percentage represents those NW tips that were kinked after the
temperature increase (possible 2nd kink site).
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Figure 4.21: Percentage of kinked hNWs as a function of CdSe layer thickness. The suggested linear
relationship comes from the idea that there is a critical layer thickness that leads to branching and kinking.

Figure 4.22: Kinking percentage as a function of the mean hNW diameter. Data suggests a linear
relationship for the diameters obtained.
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4.5

Conclusions

CdSe sections have been successfully grown in ZnSe NW without kinking. Based
on the findings presented in this thesis, it has been observed that there is a linear
relationship between the occurrence of kinks in hNWs and the CdSe layer thickness and
diameter. HNWs were studied over a varying temperature and diameter range. It is
theorized that surpassing critical values of layer thickness and radius is a mechanism for
branching and kinking. For the various diameters and CdSe thicknesses tested, more
kinked hNWs were discovered. Hence, this thesis is the first systematic study of
ZnSe/CdSe hNWs.
The reasons for the kinking occurrences were excess in the strain or dislocation
energies. However, other instabilities can occur during growth based on the
thermodynamic phenomenon involved in MBE growth as discussed in chapter 2. The 2temperature hNW growth resulted in thin portions with significantly less kinking and
defects. The mentioned growth technique has been extended by an investigation of
interfacial changes that are commonplace with heterostructures (i.e., twinning/stacking
faults). The data presented suggests a means to eliminate the structural changes observed
in these NWs.
Although kinking (NW zincblende inserts) was shown to vary linearly (figure
4.23) with the diameter, this study shows that the trend has some deviations from
linearity [12]. The fitted lines in the figures 4.23-24 have R2 values of 0.74 and 078,
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respectively. Possible reasons the fit is not better (closer to an R2 value of 1.00) may
have something to do with growth of some samples at slightly lower pressures (related to
the vapor fluxes) and temperatures, the higher percentages of kinking in these particular
samples, or the significantly small range of diameters for this study. Another interesting
observation was that the NWs with smaller diameters (<60 nm) were found to have more
irregular occurrences of twins than those with larger diameters (60nm<d<130nm).
However, the stability of the thin portions, in terms of less kinking and defect density,
still leaves an exciting area to continue research for hNWs at this size regime. Finally,
one may look to optimize the system by increasing pressure and decreasing temperature
to yield NWs of the smallest possible diameters.
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Chapter 5

Future Work

The purpose of this research was to grow and characterize ZnSe/CdSe axial
heterostructures. Furthermore, it was desirable to produce these heterostructures without
kinks. After investigating the mechanisms for the appearance of defects and kinks, tools
for improving the growth have been identified. The most important factor to achieving
better hNW growth was the nanowire diameter. Though the size regime necessary for
coherency and the suppression of stacking faults and kinking has been approached
utilizing the two-temperature growth technique, there were alternating structural changes
observed in the hNW that needed to be addressed.
It is theorized that these structural changes correspond with the heterointerface
because of the combination of EDS analysis and HRTEM. Future research should
involve confirming whether structural changes correspond only to material changes. It
may be expected that there are additional structural changes that, though suppressed in
occurrence, will appear in the hNW since the stacking faults also occur in NWs of ZnSe
alone. A means of preventing zincblende inserts appearing as defects in a wurtzite hNW
may also include a growth technique with less diameter fluctuations as discussed in the
previous chapter. If the hNWs can be grown after 10nm diameter catalysts have been
dispersed on the substrate and annealed, the size regime may be restricted without having
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to transition from a wide base hNW to a thinner one (a low temperature growth without
transition).
In addition to diameter restriction there should also be length restriction in order
to prevent the bending seen in the two-temperature hNWs shown in this thesis. Straight
hNWs are also important for characterization by TEM. Straighter hNWs can be
characterized by HRTEM without artifacts that can arise from bending of the sample. It
is still unknown how to completely eliminate twinning defect formation, although some
authors have suggested catalyst-free growth techniques [1-3]. However, as a result of
this study, it is demonstrated that there is still valuable information to be gathered from
studies of size restriction in the VLS/VSS growth mechanism.
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