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SOLID PHASE CRYSTALLIZATION OF VANADIUM DIOXIDE THIN FILMS AND

CHARACTERIZATION THROUGH SCANNING ELECTRON MICROSCOPY

Felipe Rivera
Department of Physics and Astronomy

Master of Science

ABSTRACT

Crystalline films of vanadium dioxide were obtained through thermal annealing
of amorphous vanadium dioxide thin films sputtered on silicon dioxide. An
annealing process was found that yielded polycrystalline vanadium dioxide thin
films, semi-continuous thin films, and films of isolated single-crystal particles.
Orientation Imaging Microscopy (OIM) was used to characterize and study
the phase and the orientation of the vanadium dioxide crystals obtained, as
well as to differentiate them from other vanadium oxide stoichiometries that
may have formed during the annealing process. There was no evidence of
any other vanadium oxides present in the prepared samples. Indexing of the
crystals for the orientation study was performed with the Kikuchi patterns
for the tetragonal phase of vanadium dioxide, since it was observed that the
Kikuchi patterns for the monoclinic and tetragonal phases of vanadium dioxide

are indistinguishable by OIM. It was found that a particle size of 100 nm was



in the lower limit of particles that could be reliably characterized with this
technique. It was also found that all VO, crystals large enough to be indexed
by OIM had a preferred orientation with the C axis of the tetragonal phase

parallel to the plane of the specimen.
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Chapter 1

Introduction

Vanadium is a transition metal whose oxides undergo a metal-to-insulator transition
(MIT)! at some characteristic temperature. [1,2] Among vanadium’s oxides, vanadium
dioxide (VO;) has been extensively studied because its transition temperature occurs
near room temperature (340K 68°C). [2—4] In single crystals, vanadium dioxide un-
dergoes significant, abrupt, and reversible changes in several of its properties during
its phase transition. These changes to its properties include: 1) A structural change
from a low temperature semi-conducting monoclinic phase to a high-temperature
tetragonal metallic phase; 2) a resistivity change of several orders of magnitude; and
3) a sharp change in optical transmittance in the infrared region. These optical and
electronic properties that vanadium dioxide exhibits due to its phase transition hint
at the use of this material for optical [5-9] and electronic [10,11] applications, such as
thermochromic coatings for windows, fast optical and electronic switches, or thermal

SEensors.

! Also referred to as a semiconductor-to-metal transition (SMT)
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1.1 Previous Work Done on Vanadium Dioxide

Several transition metal oxides form a wide range of materials in which to explore
interesting physical phenomena. Some of these oxides exhibit phase transitions and
varied electronic behavior that are widely observed in condensed matter physics [1,12].
Vanadium is one of such transition metals that has several oxides that undergo a
metal-to-insulator transition (MIT) at some characteristic temperature. [1,12,13]

Vanadium dioxide (VOs) has been a material of particular interest since the ob-
servation of its phase transition by F. Morin in 1959. [1] In his paper, Morin reported
the conductivity and phase transitions for VO, VOg, V503 and two other transition
metal oxides. The reported change in conductivity during the transition for VO,
is not as dramatic as that for VO or V,03. However, VO, still exhibits a change
of several orders of magnitude.? Furthermore, one of the compelling aspects that
makes vanadium dioxide (VOg) interesting to study (over the other vanadium oxide
stoichiometries) is the temperature of its transition. 68°C is a temperature easy to
achieve, and this allows the use of many probing techniques to study the material as
the transition takes place.

Several transition metal oxides show metallic properties. These properties have
been modeled and are are often attributed to the 3d electron orbitals forming a narrow
conductive band. [1] However, in the case of vanadium dioxide, and despite the work
that has been done on this material, the nature of the phase transition still is very

much debated. [3,14-18|

2Figure 1.1 summarizes some of the results obtained by Morin as well as other results obtained

by Kachi.
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1.1.1 Some Known Vanadium Oxides

Vanadium has many varied valence states. Thus the synthesis of vanadium dioxide is
a non trivial matter since the valence states of vanadium allow it to have various ox-
ide stoichiometries all with different properties. Even when vanadium may be found
in a single valence state in oxides such as VO, V5,03, VO3 and Vy Os (Where the
valence state is V2, V3t V4 and V°F respectively) [12], a wide variety of mixed
valence oxides also exist. [12,13] Interestingly enough, the vanadium to oxygen ra-
tio affects the structure and the properties of the material greatly. For example, C.
Hébert reports that, “VO is a metal with rock-salt structure. V503 is in a para-
magnetic metallic phase with corundum structure (a- Al;O3) above 165 K and an
antiferromagnetic insulator with monoclinic structure below 165 K. VO, undergoes
a first order transition from a diamagnetic semiconductor phase below 340 K to a
paramagnetic metallic state with rutile structure above 340 K. V505 is a diamagnetic
insulator at room temperature with orthorhombic structure.” [12]

The change in conductivity was first used to study the phase transition in different
materials. Thus, the conductivity of various vanadium oxides have been studied since
the initial report performed by Morin in 1959. It was observed that slight deviations
in the vanadium to oxygen ratio greatly changed the properties of the material. In
addition to the vanadium oxides studies by Morin in 1959, Sujeki Kachi performed
a study in 1963 on the electrical conductivity of VoO3, V305, V407, V509, V¢Oq1,
V;013, V5Oyu, VgOq3, and V505. These stoichiometries are slight variations in the
vanadium to oxygen ratio, yet their electrical properties are remarkably different.
Figure 1.1 qualitatively summarizes the differences in electrical conductivity found
in the studies performed by Morin (1959) and Kachi (1963). [1,13] The figure shows
eleven vanadium oxides with stoichiometries that vary from a 2:2 vanadium to oxygen

ratio (VO) to a 2:5 vanadium to oxygen ratio (V,05). Phase transitions are evident
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Figure 1.1 Conductivity as a function of reciprocal temperature for varied
vanadium oxides, including V5,03, V305, V407, V5Ogq, V5O11, V7013, VoOy,
V6013, and V50s5. [1,13]. These conductivities were reported in 1959 by
Morin (in red) and in 1963 by Kachi. Notice there is an entry for VO,
reported by Morin and one for V5,0, as reported by Kachi. Though the
phase transition for VO, is not as dramatic as the transitions for VO or
V5,03, it still exhibits a conductivity change several orders of magnitude.
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Material al (A) a2 (A) a3 (A) « g Y

VO 4120 4120 4.120 90.0 90.0 90.0
V503 4978 4978 13965 90.0 90.0 120.0
VO, 0.753  4.526 5383 90.0 122.6 90.0
V505 10.011 3.564  4.368 90.0 90.0 90.0

Table 1.1 Lattice Parameters for known crystal structures of several vana-
dium oxides. The vanadium dioxide structure stated for VO, is the room

temperature monoclinic structure. [22]
for VO, V203, and VOQ

Variations in the oxidation states of vanadium not only have an effect in the
electrical conductivity of the material, as figure 1.1 qualitatively shows, but these
materials also exhibit different magnetic properties, and some (not all) do show metal

to insulator transitions. [13,19-21]

VO, Structural Models

Another aspect that distinguished between several of the known vanadium oxides is
their crystal structure. Table 1.1 shows the different lattice parameters between dif-
ferent stoichiometries in vanadium oxides. Some of these differences can be observed
in the diagrams of their crystal structures show in in figure 1.2.

The synthesis of vanadium dioxide is non-trivial due to the many oxides possible.
However (to our benefit) the remarked distinctions (structurally and electrically)
between the various oxides help to determine the quality of the material produced by

a specific process.
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Figure 1.2 Crystal Structures for VO, V5,03, VO,, and V,05. The vana-
dium dioxide structure modeled corresponds to the high temperature tetrago-
nal structure. [22] Changes in the vanadium to oxygen ratio affect the crystal
structure.
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1.1.2 Properties Specific to Vanadium Dioxide

As mentioned in the previous section, the synthesis of high-quality vanadium diox-
ide is not a trivial matter due to the many oxidation states available for vanadium.
Nonetheless, different methods have been used to successfully produce high-quality
vanadium dioxide thin films®. [4] The quality of these deposited films has been de-
termined by examining some of the properties that are characteristic of vanadium
dioxide such as conductivity, IR transmittance/reflectance, crystal structure, transi-

tion temperature?, and others. [1,5,6,10,11,11,23-26]

Structural Change During the Phase Transition

In single crystals, vanadium dioxide (VOy) undergoes a structural phase transi-
tion near 68°C. Structurally, VO, shifts between a low temperature low-symmetry
monoclinic structure® to a high temperature, higher-symmetry tetragonal structure.
[12,23-25] Table 1.2 shows three of the documented structures for VO,. The lattice
parameters for these three structures were found in the Inorganic Crystal Structure
Database (ICSD) [22]

Since the electronic band structure of a material is dependent on the crystal
structure, a change in the crystal structure comes with a change in the band structure.
These crystal structures have been studied and modeled in attempts to explain the

nature of the transition. [3,14,15] The computational models show changes in the band

3See Section 1.2

4Naturally, a change in one of these properties at, or near, the transition temperature is often
quoted as an indicator of the quality of the VO crystals produced. Nevertheless, this is not always
the case, sometimes, the crystal structure is used as the determining factor to determine the quality

of the VO5 crystals produced.
5The monoclinic structure of vanadium dioxide can be altered by other factors such as stress,

and doping. However, this tetragonal structure seems to be well accepted.
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Tetragonal T> 68°C  Monoclinic T< 68°C Monoclinic Stressed T< 68°C

4.55350 A al 5.38250 A a3 4.52550 A a3
4.55350 A a2 4.52630 A a2 9.06640 A al
2.84940 A a3 5.75290 A al 5.79700 A a2
o = 90° [ =122.8° v =90°

B =90° o = 90° o = 90°

v =90° v =90° B =91.88°

Table 1.2 Lattice Parameters from three known VO, crystal structures.

[22] The order is such as to show the corresponding change in the lattice
parameter as the transition takes place.
structure of VO, as the transition takes place.® Though the nature of the transition
in VO, still is under debate, the theoretical studies have shed light on the band
structure, Fermi levels, band gap, and electronic properties of the material. [3,14,15]
Nonetheless, the knowledge of the crystal structure allows for the use of scattering
techniques (such as x-ray diffraction) to probe the transition of crystalline vanadium
dioxide. [23-25,27] Figures 1.3, 1.4, and 1.5 show some of the structural differences
between three known phases in vanadium dioxide as seen from three different direc-

7 As seen from the

tions (100, 010, and 001 of the tetragonal phase respectively).
figures, some of the differences are clear enough that scattering experiments might be

used to observe the phase transition. [23,24]

6Unfortunately, many of the computational models are unable to obtain a band gap at the Fermi

level in the monoclinic structure. [15]
TA useful tool that helps model the phase transition is isodisplace. [28] See appendix B
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Tetragonal - 100 Monoclinic - 102
High-Temperature Low Temperature

Monoclinic - 100
Stressed

Figure 1.3 Comparison of three known vanadium dioxide structures. The

monoclinic structures are oriented in such a way as to correspond with the
100 view of the tetragonal phase
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10

Tetragonal - 010
High-Temperature

Monoclinic - 010
Low Temperature

Monoclinic - 001
Stressed

Figure 1.4 Comparison of three known vanadium dioxide structures. The
monoclinic structures are oriented in such a way as to correspond with the

010 view of the tetragonal phase



1.1 Previous Work Done on Vanadium Dioxide 11

Tetragonal - 001 Monoclinic - 100
High-Temperature Low Temperature

. "~

Monoclinic - 010
Stressed

Figure 1.5 Comparison of three known vanadium dioxide structures. The

monoclinic structures are oriented in such a way as to correspond with the
001 view of the tetragonal phase
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Electrical Conductivity Change During the Phase Transition

The original observation where vanadium dioxide underwent a metal to insulator
phase transition was done by electrical conductivity. [1] Below the 68°C transition
temperature, crystalline VO, is found in a semiconducting phase. However, above the
transition temperature crystalline vanadium dioxide exhibits a change in resistivity as
high as 5 orders of magnitude®. [5,10,29] Though the change in electrical conductivity
is a rather dramatic change easily observable, other electrical changes (such as a

change in capacitance) may also be observed. [11]

Optical Change During the Phase Transition

The optical properties of vanadium dioxide began to be studied shortly after Morin’s
1959 paper. H. W. Verleur reported in 1968 the optical transmission of a 100 nm
polycrystalline thin film of VO, with photon energies from .25 eV to 5 eV. [5] This
change in the relative transmittance of VO, thin films is more easily observed in the
infrared region [6-9,30-32], and has been used to study the hysteresis and speed of
the transition. It is interesting to note, that this optical change during the phase

transition of VO, has been timed to take place in the sub-pico second regime. [30,32]

Methods Shown to Modulate or Induce the Phase Transition in VO,

Even though the phase transition for vanadium dioxide is cited to be 68°C (it was
first induced by temperature [1]) there are several factors that will modify, tune, alter,
or even induce the phase transition. Variations in stoichiometry, particle size, stress,
misorientations between grains, morphological faults, dopants, and other “imperfec-

tions” have been used qualitatively to describe changes in the transition temperature,

8Figure 1 shows an electrical conductivity change of 2 orders of magnitude. This difference is

attributed to grain boundaries, percolation effects and polycrystallinity. [5,10,29]
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hysteresis, and sharpness of the transition. [8,26,29,31] Further, the phase transition
in vanadium dioxide has also been induced by methods other than temperature. Some
optical measurements have been performed using a pulse-probe technique to induce
and time the phase transition. [30,32] According to Cavalleri, the transition was

induced by “prompt hole photo-doping.” [30]

1.2 Common Deposition Methods for VO; Thin
Films

Thin film deposition is an inexpensive method of integrating materials because there
is no need to create large bulk samples and it is relatively easy to deposit and pattern
onto a variety of substrates. In the case for vanadium dioxide, large single crystals
have not been used technically as they fracture due to mechanical tensions that occur
during the phase transition. Fortunately, these ruptures have not been observed in
thin films. [11] As mentioned in previous sections, due to the many oxidation states
available for vanadium, the synthesis of high-quality vanadium dioxide is not a trivial
matter. Nonetheless, different methods have been used to successfully produce high-
quality vanadium dioxide thin films on a variety of substrates. Though the deposition
details vary from paper to paper in the literature, deposition methods include: RF and
DC magnetron reactive sputtering, sol-gel deposition, reactive ion-beam sputtering,
reactive evaporation, chemical vapor deposition (including chemical metal-organic
vapor deposition) [4], pulsed laser deposition [33,34], ion implantation [35], and others.
Since it is difficult to produce stoichiometric vanadium dioxide using these methods,
often a post annealing process is used to produce crystalline stoichiometric vanadium
dioxide. [11] The quality of these deposited films is usually determined by optical and

electrical conductivity measurements. [11,34, 35]
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Chosen Deposition Method

Samples for this study were deposited on a silicon wafer with a thermally grown amor-
phous silicon dioxide layer approximately 380 nm in thickness. A layer of amorphous
vanadium oxide (VO,), close in stoichiometry to vanadium dioxide, approximately
50 nm in thickness, was sputtered on top of the thermally grown oxide mentioned
above. The sputtering took place by means of RF Magnetron Sputtering in a reactive
environment with an oxygen partial pressure as part of the plasma. The deposited
vanadium oxide wafer, as described, was obtained from Kevin Coffey at the University

of Central Florida.?

1.3 Solid Phase Crystallization

Solid phase crystallization (SPC) has been extensively studied due to its application
to the silicon industry [36-38]. The main goal of SPC is to give enough mobility to
the atoms in an amorphous solid so that they may nucleate and allow those crystal
nucleae to grow and form single crystals. This crystallization usually takes place by
means of a “thermodynamic-driving-force,” which may be accomplished by use of a
furnace during an annealing process. [37]

The kinetics of the transition from amorphous material to crystalline material can

710 which is based on the capillarity

be described by the “classical nucleation theory.
effects at the crystal-amorphous interface. [37] The nucleation rate and the velocity of
grain growth are explained by conventional thermodynamics. The energy required for

nucleation carries two important factors: 1) The energy difference between amorphous

9For more details on the depositon parameters, refer to Appendix A

10For more details and references regarding this topic, the reader is encouraged to turn to “Thin

Film Transistors: Materials and Processes” by Yue Kuo, 2004
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and crystalline phases, AG,. (proportional to volume); and 2) The energy required
to maintain the amorphous-crystal interface (proportional to surface area). [37]

Figure 1.6 shows an energy diagram that helps explain the process of solid phase
crystallization. In the energy diagram, the energies for the crystalline phase and
the amorphous states are both local minima (labeled G, and G, respectively). Solid
phase crystallization can take place as long as the crystalline state remains more
“energy favorable” than the amorphous state. This means that free energy for the
crystalline state is lower than the free energy for the amorphous state. The local
minima between the crystalline state and the amorphous state are separated by an
energy barrier. This energy barrier is due to the amorphous-crystal interface. In order
to achieve solid phase crystallization, energy must be introduced into the system such
that atoms found in the amorphous state (G,) can overcome the barrier (G;). The
rate at which solid phase crystallization takes place depends, in part, on the size of
the barrier (G1), and how much more favorable the crystalline state is (AG;).!

As a summary, Solid Phase Crystallization through thermal methods involves
giving enough thermal energy to the atoms in the film to overcome the energy barrier
(AG] in the figure) between the amorphous and crystalline states. In this manner, the
atoms can find a more energetically preferred position in crystalline form. Annealing
post-processing, (as mentioned in section 1.2) is a common technique for vanadium

dioxide thin films.

1 Other factors that affect the rate of solid phase crystallization also include: The probability of
an atom to overcome the barrier, temperature, the atom’s vibrational frequency, and the number of

atoms at the amorphous-solid interface
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Figure 1.6 Schematic diagram of the free energy of amorphous and crys-
talline states. Kuo(2003). [37]
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1.4 Methods for the Characterization of VO, Thin
Films

As mentioned in section 1.2, there are various methods used to obtain vanadium
dioxide deposited on a variety of substrates. Since the deposition of vanadium dioxide
thin films is no trivial matter (see sections 1.1.1 and 1.2) it is imperative to determine
the quality of the films produced. Naturally, these methods make use of the properties
that set vanadium dioxide apart from other materials (see section 1.1.2). Though
there are several methods employed to determine the quality of vanadium dioxide
thin films, these can be categorized in three main groups: 1) Methods that rely on
the crystal structure of vanadium dioxide; 2) Methods that rely on the oxidation state
of vanadium; and 3) Methods that can observe the metal-to insulator phase transition

that vanadium dioxide undergoes.

1.4.1 Characterization Based on the Crystal Structure of

Vanadium Dioxide

As mentioned in section 1.1.2, the room-temperature state of crystalline vanadium
dioxide is found in a monoclinic structure. This structure shears to become a tetrago-
nal structure with lattice parameters a = 4.54A4 and ¢ = 2.88A. With the knowledge
of the crystal structure, diffraction experiments may be conducted to help determine
the quality of the resulting films. Diffraction methods constitute X-Ray Diffraction,

Neutron Diffraction, and Electron Diffraction. (With their derivatives)
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1.4.2 Characterization Based on the Valence States of Vana-
dium

The chemical composition of the films may also be examined through various char-
acterization methods. The knowledge of the ratio of vanadium to oxygen atoms is
another indicator of the quality of the deposited films. Spectroscopic techniques often
yield information about chemical composition, and in some cases, they can also yield
information about the valence states of some of the atoms. As mentioned in section
1.1.1, vanadium dioxide is only one of the many different vanadium oxides available.
Thus knowledge of the oxidation state can help differentiate vanadium dioxide from
other vanadium oxide stoichiometries.

Some of the techniques available that yield this kind of information include: X-ray
Photoelectron Spectroscopy, Photo-Emission Spectroscopy, Raman Spectroscopy, En-
ergy Dispersive X-Ray Spectroscopy, Electron Energy Loss Spectroscopy, and others.
Usually during a spectroscopic study, a particular spectrum is collected and used as
a “fingerprint” to determine the chemical composition, as well as the bonding states

of the sample.

1.4.3 Characterization Based on the Electrical Change Dur-

ing the Metal to Insulator Transition

The other two types of characterization methods (previously) may be applied to a
large variety of materials. However, this type of characterization seems to be some-
what particular to materials that undergo a metal-to-insulator transition. In the
case of vanadium dioxide, the metal-to-insulator transition has been observed both
optically and electronically.

Optical methods such as infrared laser spectroscopy, pulse-probe techniques, and
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measurements in infrared transmission, absorbance, and reflection are used to observe

the MIT and thus help determine the quality of the deposited vanadium dioxide.
Similarly, electrical measurements, such as resistivity, also help observe the MIT.

In fact, the original report on vanadium dioxide’s MIT was done through a resistivity

measurement, and this method still is used today.

1.5 Scanning Electron Microscopy - a Tool for Char-
acterization

The Scanning Electron Microscope (SEM) is a tool that allows for the imaging of
small specimens with the use of an electron beam. The creation of the electron beam
in the Scanning Electron Microscope is usually achieved in the following manner: 1)
Electrons are extracted from a tip either thermally (thermionic emission) or by field
emission; 2) These electrons are then accelerated towards an anode at a set potential
difference from the tip; 3) The beam of electrons is then focused using magnetic lenses
in order to make a fine probe.

In order to form an image, the electron beam passes through a set of scanning
or deflector coils that shift the beam so that it may scan the sample (thus the name
Scanning Electron Microscope). The beam is then allowed to interact with the sample
and an image is formed by the interactions that take place between the electron-beam
and the sample as the beam is scanned.

The interactions between the electrons and the sample allow for a rich amount
of information that might be obtained in the Scanning Electron Microscope. Sec-
ondary Electrons, Backscattered Electrons, Characteristic X-rays, Auger Electrons,
and Visible Light are among some of the “by-products” that take place during the

scanning process. Depending on the detectors available, the SEM can be used to ob-
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tain a wealth of information regarding the specimen. Typically, the image is formed

by using a Secondary Electron Detector!?.

Nonetheless, there is more information
that can be extracted from the Scanning Electron Microscope, and this information
depends on the type of detector being used.

Under a typical imaging mode (secondary electron detector), the surface of the
specimen is imaged without any other data collected. A useful aspect of the SEM
under imaging mode is the ability to tilt the specimen. Imaging a surface where the
electron beam is normal to the thin film is commonly called a “plan-view.” Imaging
where the sample is placed so that beam is parallel to the films is commonly referred
to as a “cross-sectional view.” Tilts in the specimen anywhere between a plan and
a cross-sectional view will be referred in this work as tilted views. For a thin film,
imaging the surface at different angles can give information regarding the morphology
of the thin film, as well as give a rough estimate regarding the roughness of the surface.

The resolution available under a particular imaging mode is limited by the size
of the probe achieved. The size of the probe depends on the “spot size” which
determines the number of electrons used (current), the electron energy (determines the
wavelength of the electron beam), and the focus of the beam (adjusted by the magnetic
lenses). Contrast under this imaging mode depends on the angle between the electron
beam and the features in the surface. In this manner, edges and corners are enhanced
in the composed image. Figure 1.7 shows a rough schematic on how contrast is

obtained in the Scanning Electron Microscope using the Secondary Electron Detector.

12The scanning electron micrographs obtained for this thesis were acquired using the Secondary

Electron Detector.
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Figure 1.7 Using the Secondary Electron Detector in the Scanning Elec-
tron Microscope, contrast is obtained by the number of secondary electrons
detected. The number of secondary electrons that “leave” the surface of the
sample depends on the the angle between the main beam and the surface
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1.5.1 Tilted View Surface Imaging

While plan-views allow for an initial view of the surface, a tilted view can give a rough
estimate on the roughness of the film. Though it is not as quantitative as a roughness
measurement in an Atomic Force Microscope, an estimated height profile for particles
might be calculated. Further, a tilted sample is required in order to obtain Electron
Back-Scattered Diffraction (EBSD) patterns, and to perform Orientation Imaging

Microscopy (OIM) analysis.

1.5.2 Electron Back-Scattered Diffraction and Orientation
Imaging Microscopy

As the electron beam interacts with the sample, the electrons in the beam scatter
in all directions (but mainly in the direction of the beam). This will provide a
virtually endless supply of electrons traveling in all directions (see figure 1.8). If
the sample is crystalline, then several of the scattered electrons inside the sample
will find themselves in the Bragg condition. These electrons will scatter multiple
times while remaining in the Bragg condition. This creates a “channeling” effect that
allows electrons to escape the sample creating observable contrast. (See figure 1.9)
These multiple scattering events (along with the radial symmetry rising from having
electrons scattered in all directions) creates Kossel Cones. Since most of the electrons
that enter the sample scatter in the forward direction (figure 1.8) a tilted sample
provides the benefit of having a larger number of the scattered electrons close to the
surface and able to exit the sample. [39-42]

The intersection of the Kossel Cone with the Ewald Sphere creates the condition
necessary to observe a set of Kikuchi lines. Figure 1.10 shows a diagram of the Kossel

cones, the (hkl) plane they represent, and the observed Kikuchi lines. Since the
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Figure 1.8 As the electron beam interacts with the sample, electrons will

scatter in all directions (but with a preferential scattering direction following
the direction of the beam).
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Figure 1.9 Since the electrons from the main beam scatter in all directions,

a number of them will find themselves in the Bragg condition. Kossel cones
are created from all the electrons scattering in the Bragg condition.
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Figure 1.10 Kikuchi lines are the intersections of Kossel cones with the

phosphor screen. (The bands are actually hyperbolic not parallel. However,

due to the small angle between the plane and the cone, they look like parallel

lines in practice.)

Kikuchi lines are formed by the intersection of a plane with a cone, they are conic
sections (in this case, hyperbolas). However, since the angle between the plane and
the Kossel cone is small, these kikuchi bands will look like lines.

A full Electron Back-Scattered Diffraction (EBSD) pattern is formed by all the
kikuchi lines that intersect the phosphor screen (See fig. 1.11). A full Orientation
Imaging Micrograph can then be performed. This is done by letting the software
be in charge of collecting EBSD patterns while a scan of the surface takes place.
The software then indexes each of the patterns collected, keeping them referenced

to the position where they belong. By this method, a map of the surface may be
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Figure 1.11 As the electron beam interacts with the sample, some of the

electrons will be “back-scattered” in the Bragg Condition. These electrons
will form Kikuchi patterns that can be detected with a phosphor screen and
a camera. In Orientation Imaging Microscopy, Kikuchi patterns are recorded
and indexed as a scan takes place in the Scanning Electron Microscope.
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created where individual grains are selected by sections of the scan having the same
orientation. This method helps determine orientation of the grains in the surface,
misorientations between grains, and grain sizes (see figure 1.12). The attainable
resolution depends on factors such as the beam size, scan parameters, and quality of
the sample. Figure 1.13 shows a typical OIM scan, where the particle size can be

used to determine how fine of a scan to perform for OIM.

1.5.3 Simulated Electron Back-Scattered Diffraction Patterns

Electron Back-Scattered Diffraction (EBSD) patterns may be simulated as they de-
pend on the structure of the material observed. Since EBSD is a diffraction tech-
nique, [41] it can be used to index different crystallographic structures. Further,
since the crystal structures among the different vanadium oxides varies consider-
ably!3, EBSD is a good candidate for characterizing resulting vanadium dioxide thin
films. Crystal structures, as the ones mentioned in sections 1.1.1 and 1.1.2 may be
used to generate possible EBSD patterns. Figure 1.14 shows some calculated diffrac-
tion patterns for several vanadium oxide stoichiometries, including two phases for
vanadium dioxide, along with the orientation that would yield such patterns. The
software available for OIM uses these calculated diffraction patterns to compare them
against obtained EBSD patterns. Some of the characteristics that are used for index-
ing the patterns obtained include the angle between bands, distance among zones,
and number of zones seen in the pattern. As observed from the calculations in figure
1.14, the change in symmetry of VO, yields some missing bands, but otherwise, the

VO, patterns are rather similar.

Bgee sections 1.1.1 and 1.1.2
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Figure 1.12 In an Orientation Image Micrograph the features, such as grain
shapes and sizes, are determined by the crystal orientation. Resolution of
this technique is determined by the beam size, scan parameters, and quality
of the sample.
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Figure 1.13 (color) During an OIM scan two important factors to consider

are the grain size, and the scan size. In this sample image, the grain size is
approximately 300 nm across and the distance between sampling points is

about 50nm.
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Figure 1.14 Calculated EBSD patterns for VO, V503, VO, tetragonal, VO,

monoclinic, and V, Os. The patterns calculated from the VO, V5,03, VO,
and Vy Oy are distinctive enough to distinguish between them.
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1.6 Purpose for this Thesis

The purpose of this project is to carry out the solid phase crystallization of amor-
phous vanadium dioxide thin films and their characterization with the scanning elec-
tron microscope. The synthesis of vanadium dioxide is not trivial, as variations in the
vanadium to oxide ratio will display different electronic properties. Further, as men-
tioned in section 1.1.2, there is evidence to show that the characteristics of the metal
to insulator transition in VO, varies depending on grain size. Thus, characterization
of the resulting films, down to their microstructure, is of crucial importance.

Each of the samples will undergo characterization through Scanning Electron Mi-
croscopy (SEM), in conjunction with Orientation Imaging Microscopy (OIM), to de-
termine the topography, crystallinity, and quality of the samples produced. The char-
acterization process will then allow for further study on the properties of vanadium

dioxide micro and nanocrystals.



Chapter 2

VO> Solid Phase Crystallization of
Vanadium Dioxide Thin Films and
Characterization Through

Scanning Electron Microscopy and

Orientation Imaging Microscopy

2.1 Methods

A 200 mm wafer used for this study was provided by Kevin Coffey! at the University
of Central Florida. The characteristics of this wafer are described in section 1.2.
Pieces of this wafer were cleaved to squares approximately 5 mm on the side. These

individual squares were then subject to the following process:

1. Samples were annealed with temperatures ranging from 200°C up to 1000°C

ITo whom the author would like to express his sincerest gratitude.

32
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and times ranging from 17 hrs down to 5 min.

2. Samples were imaged in the Scanning Electron Microscope to observe any no-

ticeable changes.

3. Electron Back-Scattered Diffraction patterns were attempted to test for crys-

tallinity.

4. If crystalline, an orientation scan was performed and analyzed.

2.1.1 Solid Phase Crystallization - Annealing Procedure

Annealing conditions ranged from 200°C for more than 15 hrs up to 1000°C for 5 min.
Depending on the environment or the time, annealing process varied slightly. The two
environments chosen to anneal in were air and argon. In both cases, the temperature
quoted was that reported by the temperature controller, and it was noticed to “ring”

within 2°C upon reaching the set temperature.

Air Environment

For the anneals performed in air the furnace in figure 2.2 was used. The sample
was placed inside the furnace, allowing it to be as close to the center of the tube
as possible. The temperature controller was then programmed to ramp up to the
selected temperature at the rate set by the controller. The temperature was held
there for a specified amount of time and then allowed to cool down. Figure 2.1a

shows a diagram of a typical annealing program.

Argon Environment

The furnace for this annealing process was manufactured by “Lindberg-Blue.” (See

Figure 2.3) The furnace uses a quartz tube to hold the sample in, while being able
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Figure 2.1 Temperature vs. time diagram depicting a typical annealing

cycle. The temperature controller was allowed to ramp up at its default rate
to the set temperature. There was a slight “ringing” once the set temperature
was reached of (at most) 2°C. The annealing time ranged from about 5 min
to 17 hrs before the furnace was allowed to cool down. Long term anneals
(> 1 hr) followed program A, where the sample was placed in the hotzone
for the whole process. Short term anneals (< 1 hr) followed process B where
the sample was inside the furnace, but away from the “hot-zone” and was
brought into the “hot-zone” only for the specified annealing time.
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to control the environment in which the annealing takes place. Individual pieces are
placed inside of the tube as close to the center of the tube (radially) and as close to
the the thermocouple as possible (length-wise) (see figure 2.4). Samples were initially
placed inside the quartz tube as close to the thermocouple as possible, with a few
exceptions described below. The argon environment was controlled by flowing argon
gas through the quartz tube. The argon used was 99.9% purity. Rubber seals were
used in the inlet and outlet of the tube to prevent air from the surroundings to enter
into the tube (see figure 2.5). A positive pressure was kept iniside the quartz tube
by using a vacuum oil bubbler gas outlet and a constant flow of argon into the tube.
The flow rate used for these anneals was a constant 600 sccm as controlled by a Mass
Flow Controller (see figure 2.6).

For the cases where the anneals were on the order of one hour or longer, the
sample was placed inside the furnace and the conditions mentioned above were set
before any annealing took place inside the furnace. Upon ensuring that the setup was
correct, the furnace was allowed to purge (at room temperature) for 10 minutes in
order to eliminate the air inside the quartz tube. The furnace’s temperature controller
was then programmed to ramp up to the selected temperature at the rate set by the
controller. The temperature was held there for a specified amount of time and then
allowed to cool down (see figure 2.1A). This whole process was completed maintaining
the argon flow until the sample cooled down to below 100°C. At that point, the
annealing chamber was opened and the sample extracted.

For the cases where the anneals were 30 min or less, the process in figure 2.1b
was followed. In this process, the sample was initially placed inside the furnace,
however it was placed away from the “hot-zone.” The outlet in the argon furnace
was outfitted with a “T” joint to allow for a guiding rod to move the sample into

and out of the “hot-zone” (See figure 2.5). This technique allowed the placement of
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Figure 2.3 Furnace used to perform the argon anneals in.
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Figure 2.4 Furnace used to perform the argon anneals. The ability to open

the furnace allows for easy placement of the sample close to the thermocouple
(located in the middle).
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Figure 2.5 Both inlet and outlet to the quartz tube are fitted with a rubber
“O”-ring to form an air-tight seal. Further, the outlet was outfitted with a
“T” joint to allow a guiding rod to move the sample into and out of the
“hot-zone.” (Here, the “T” joint is plugged as it is not being used)
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Figure 2.6 Mass Flow Controller used to control the argon flow.

the sample to within 2 mm of the zone. The conditions mentioned above were set
before any annealing took place just like mentioned previously. Upon ensuring that
the setup was correct, the furnace was again allowed to purge (at room temperature)
for 10 minutes in order to eliminate the air inside the quartz tube. The furnace’s
temperature controller was then programmed to ramp up to the selected temperature
at the rate set by the controller. At this point the sample was moved into the “hot-
zone,” the sample kept there the specified amount of time, and then moved out of
the “hot-zone.” The furnace was then allowed to cool down. This whole process was
completed while maintaining the argon flow until the furnace cooled down to below

100°C. At that point, the furnace was opened and the sample extracted.

2.1.2 Surface Imaging Through Scanning Electron Microscopy

The Physics and Astronomy Department at Brigham Young University is equipped
with a Phillips XL30 Scanning Electron Microscope (figure 2.7). This particular
microscope is equipped with several detectors, including a detector for Orientation
Imaging Microscopy. Further, this instrument has an “Ultra High Resolution” (UHR)

mode that gives the ability to obtain spatial resolution in the nanometer range.
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Figure 2.7 Phillips XL30 Scanning Electron Microscope. Shown in the
picture are also the SE, the XEDS, and the EBSD detectors
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After the annealing process took place, the samples were mounted onto an alu-
minum SEM stub. Adhesion to the stub was accomplished by means of colloidal
graphite in order to ensure a conductive path from the sample onto the SEM stub (see
figure 2.8). The colloidal graphite was diluted using isopropanol (allows for quicker
drying) It was of great importance to ensure the complete drying of the colloidal

graphite to prevent contamination from hydrocarbons inside the SEM vacuum.

Figure 2.8 Samples were mounted onto a SEM stub by means of colloidal
graphite in order to ensure a conductive path from the sample onto the stub.

Both “plan-views” and “tilted-views” were acquired through the SEM. The condi-
tions under which the images were acquired depended upon the type of image desired.?
The specific conditions of the beam, such as spot size, accelerating voltage,as well as
the detector used, were recorded with each image taken. It was imperative to be
able to find a distinguishable feature (any feature) in order to be able to properly

focus the image and correct for astigmatism. As the image is magnified, the focus

2The accelerating voltage can be as low as 1 kV and as high as 30 kV. Spot sizes are labeled
from 1 to 7 where a smaller number indicates a finer probe. Usual imaging under this mode is best
achieved with a spot size of 3, a 5 kV accelerating voltage, and placing the sample at a working

distace of 5 mm. UHR mode can also be used under these settings.
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and stigmators are manually corrected. The image was usually magnified as high as
the spot size and voltage permit, while ensuring that the focus and astigmatism were
corrected. Most images were then taken at a lower magnification, while the probe

remained as fine as possible and better detail might be extracted from the image.

Plan-View Surface Imaging

In order to obtain a plan-view image, the sample sits perpendicular to the beam.
Figure 2.9 shows the inside of the SEM as the sample sits ready to be imaged in plan-
view. This condition allowed for a “top-down” view of the sample. Grain sizes were
observed and their length and width measured. Unfortunately, height information

and roughness are not accessible with this view.

Pole Piece XEDS
Detector

Secondary
Electron
Detector

Sample

Figure 2.9 Interior of the Phillips XL30 SEM set for a plan-view image.
The sample sits perpendicular to the beam.
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Tilted-View Surface Imaging

The XL30-SEM allows for the sample to be tilted. The tilt allows for an estimate of
the height and roughness of a surface. Although the height information cannot be
quantified as well as an atomic force microscope (AFM) would, qualitative roughness
may be seen. In order to tilt the stage, the sample was moved further away from
the pole piece as a safety precaution.® In order to carry out Orientation Imaging

Microscopy (OIM) the sample was tilted at 70°. Figure 2.10 shows the inside of the

XL30-SEM with the sample tilted ready to acquire an EBSD pattern.

Figure 2.10 Interior of the Phillips XL30 SEM set for a tilted-view. The

normal to the sample is 70° away from the beam. These conditions are
necessary to perform an OIM scan. The EBSD detector has been inserted
into the SEM.

3Due to the tilting, the sample itself moves, so if it is desired to image the same area with a

plan-view and a tilted-view, the working distance of the sample should be taken into account.
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2.1.3 Electron Back-Scattered Diffration Characterization and

Orientation Imaging Microscopy

With the sample tilted so that the normal of the plane is 70° away from the electron
beam, EBSD patterns were obtained. The working distance of the sample was such
that the back-scattered electrons hit the phosphor screen (see figure 1.11). The sam-
ple’s z, y, and z, coordinates were taken with respect to the stage itself, not with
the beam. Thus, in order to change the working distance (distance to the pole piece)
the y and 2z coordinates of the sample were manually adjusted.* The EBSD detector
and the SE detector were used simultaneously in some instances. In this manner, the
working distance was adjusted so that the highest signal was detected in the EBSD
detector, while keeping the area of interest imaged. Typically, a working distance of
12 mm was optimal. (see figure 2.10)

In order to achieve an indexable pattern, enough electrons must hit the phosphor
screen so that an image is formed. This requirement in current limited the available
beam conditions and it was usually achieved with an accelerating voltage of 25 kV
and a spot size of 6. With this beam condition, the spatial resolution in the SEM
was greatly diminished.’

The technique of OIM is based on collecting EBSD patterns from different areas
in the sample and forming an image based on the orientation of the grains (see section

1.5.2.

4The SEM software does not seem to provide an automated process that can achieve this

5Finer scans may be attempted with smaller spot sizes, but at the expense of longer collection

time, danger of sample drift, and possible contamination to the sample.
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Electron Back-Scattered Diffraction on VO,

Crystallinity of the annealed VO, samples was tested by EBSD. The SEM was set as
described previously and shown in figure 2.10. Even though the EBSD detector and
the SE detector can be used simultaneously as described before, individual patterns
are collected from spots in the surface. Thus, the imaging of the surface is “frozen”
so that the beam can be placed in a specific spot and the pattern collected.

If, and only if, the beam is placed in a large enough crystal, a EBSD pattern will
be formed. If not, no line patterns will be observed. Since there is the possibility
of crystals in different orientations, individual patterns may be difficult to observe.

Some steps were taken in order to enhance the EBSD patterns collected:5

1. A background image was obtained while a SEM image is being obtained. This
way, the background image was an average of the patterns in all the area within

the SEM view.

2. When a EBSD pattern was collected from a specific spot, the background image

was subtracted in order to help enhance the image.

By doing these steps, crystallinity of the sample may be observed. The software
was used to index the pattern obtained and compared with a list of pre-loaded cal-
culated EBSD patterns for indexing (see section 1.5.3). Identification of the crystals
observed was carried out at this time. It is also during this stage where the average
exposure time was determined in order to obtain indexable patterns.

Indexing of the acquired EBSD patterns was based in several criteria:

1. Observed crystallographic zones

6The software offers several tools to digitally enhance the EBSD patterns collected. It was found

that a simple background subtraction was more than adequate.
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2. Observed Kikuchi bands
3. Angles between Kikuchi bands

4. Kikuchi band widths

These parameters were compared with the calculated EBSD patterns. Using these
parameters, each obtained EBSD pattern received a number of “votes” as well as a

confidence index as to what material offers the best match.

Orientation Imaging Microscopy

As mentioned in section 2.1 it is only after crystallinity is confirmed that an OIM scan
was set.” Using the SE detector, a micrograph was obtained and used as a reference.
Based on the obtained micrograph, an area was selected in which to perform the
scan. Also, based on the micrograph, the separation between probing points was
determined and a grid selected. As a goal, a grain was probed about 40 times® using
a hexagonal grid. EBSD patterns were then collected using the array set. Figure 2.11
shows a typical setting for an OIM scan. Notice that due to the high tilt, the software
was only able to sample each grain about 40 times (4 rows of 10 samples each).

The software automatically moved the probe, waited for the EBSD pattern to
be collected, indexed the pattern, and saved the location of the probe and the pat-
tern’s index and orientation.” Analysis of the data then permitted the creation of

Orientation Imaging Micrographs (OIM maps) and extraction of other data.

"No attempts were made to perform OIM scans on films where no indexable patterns were seen.

8Due to the high tilt, usually a grain was probed in a grid where 10 images were taken horizontally

and 4 vertically.
9In practice, only the index and orientation information is saved. The actual pattern is NOT

saved.



2.1 Methods 48

B Stage X, v, z
-93.00, -9471.00,14895.00

Figure 2.11 [Color] In the Background, an SEM image is used as a reference.
Recall that the sample is tilted 70°. An area is selected to perform an OIM
scan, the separation between samples is specified, and the type of grid chosen.
In this case, an area approximately 3um (along the x direction) is probed
every 50 nm using a hexagonal grid.
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Naturally, the orientations obtained from the OIM scans depended on the position
of the sample. Figure 2.12 shows the convention used. The Normal Direction (ND)
is the direction normal to the surface. The Reference Direction (RD) is the direction
set by the Electron Beam. It can be easily thought of as the direction that is: 1)
parallel to the plane made by the Electron Beam and its reflection off the surface, and
2) on the sample’s surface. Finally, the Transverse Direction (TD) is the direction

perpendicular to ND and RD that lies on the surface of the sample.

A

e-beam _

— > Tilted Sample

©~70°.
Direction
Normal to the

Surface (ND) |
//
//

Detector \‘ Transverse

Direction (TD)

Reference

Back-Scattered Direction (RD)

Electrons

Figure 2.12 Conventions used to determine orientation on a sample: Nor-

mal Direction (ND), Reference Direction (RD), and Transverse Direction
(TD).
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2.2 Results of the Annealing in an Argon Atmo-
sphere

As described in section 2.1: The films were subjected to an annealing process in
order to achieve Solid Phase Crystallization; then characterized through Electron
Back-Scattered Diffraction; finally an Orientation Imaging Micrograph is obtained.
The results for the anneals performed in an argon atmosphere are presented in the

following subsections.

2.2.1 Morphology of the Solid Phase Crystallization Observed

in the SEM

Table 2.1 summarizes the annealing conditions for individual samples, as well as the
average grain sizes obtained. Changes in the surface are evident from the micrographs
shown in Figure 2.13. Higher mobility was observed for higher temperatures. At
1000°C, grain growth was limited by the amount of material available. This was
evident from the formation of grain sizes up to 1 um in length. Isolated particles
decreased in size as temperature decreased. It was observed that 500°C showed the
formation of individual grains when given a large time to grow and semi-continuous
films for shorter times.

Continuous and semicontinuous thin films were obtained with anneals between
400°C and 450°C. Again, temperature and time helped determine the size of the
grain obtained.

Under argon anneals, no change in the surface was observed for anneals under

300°C.
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Temperature °C  ~10 min ~30 min "1 hr “10 hrs
< 300 — — — NCO
400 - - NCO 50 nm*
440 NCO NCO IC 100 nm
450 NCO IC 200 nm 250 nm
500 300 nm 500 nm (IP) — —

680 500 nm(IP) 500 nm(IP) — —

1000 LIP> 1ym LIP> 1lum  — —

Table 2.1 Average particle size resulting from annealing process in argon.
The following labels are used: NCO - “No Crystallization Observed”; IC -
“Inconclusive”; TP - “Isolated Particles”; LIP - “Large Isolated Particles”;
finally, a “dash” (—) is placed for those conditions not tested. *The 400 nm
film yielded EBSD patterns, but the quality of the patterns obtained was
quite faint and not easily indexable.
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Figure 2.13 Scanning electron micrographs of the resulting films annealed
under various conditions. Scale bars vary from 2 pm in the 1000°C anneal
down to 200 nm in the 450°C anneal. Grain growth is evident as a function
of temperature. Higher temperatures showed higher mobility as larger and
isolated grains are formed.
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2.2.2 Characterization Through Electron Back-Scattered Diffrac-
tion

Figures 2.14 and 2.15 show an EBSD pattern obtained from a sample annealed at
450°C for 17 hrs. This pattern is characteristic of patterns obtained from the anneals
performed at 440°C above. The indexing shown in figure 2.14 indicates a match
for vanadium dioxide. The zones, lines, and band widths are a good match for
the structure files provided. From the patterns obtained the vanadium dioxide files
received the highest number of votes. There was no evidence of any other vanadium
oxides present.

However, it was also observed that the EBSD patterns obtained matched the cal-
culated EBSD patterns for the three VO, structure files used. As shown in figure 2.15,
the calculated EBSD patterns are not different enough for the software to distinguish
between them. The pattern that received most of the votes and a high confidence
index was usually the tetragonal structure file. It was also noticed that the pattern
used for the monoclinic (stressed) phase of VO, (though it received high votes) was
marked with a zero confidence index due to its pseudo-symmetry. Due to the many
similarities in the structures of VO, the tetragonal file was used for the OIM scans
as it was easier for the software to index.'® (See figure 2.15)

The clarity of the patterns obtained played a big role in the ability of the software
to reliably index the films. For the sample annealed at 400°C the quality of the EBSD
patterns was so low that the software could not index the patterns automatically (thus
an OIM scan was not performed). However, several patterns were obtained in different

areas of the film and manually indexed as VO, using the tetragonal EBSD pattern.

10Recall, the grain formation and orientation took place during the annealing process, when VO,
is at a high temperature and, thus, in the tetragonal phase. So it makes sense to use this crystal

structure for indexing.
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This was seen as a limit in this technique as OIM could not be performed on this

sample.



2.2 Results of the Annealing in an Argon Atmosphere

55

phit = 138.0° PHI =93.1° 3 phil = 138.0° PHI = 93.1°

PHI = 93.1° - .6 phi .0° PHI = 93.1°

Figure 2.14 FElectron Back-Scattered Diffraction Pattern obtained from
the sample annealed at 450°C for 17 hrs. Indexing of the pattern can take
place by labeling the acquired zones, or observed bands, and even by the
band widths. This pattern is characteristic to the patterns obtained from
the produced films under an argon anneal, indicating crystalline vanadium
dioxide.
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PHI=810° —  ohi

EBSD pattern as obtained EBSD pattern - Tetragonal index

phil = 208." I PHI = 1434 phi2 = 304 6° p B9.5° PHI=714° ) phi2 = 80.8°
EBSD pattern — Monoclinic index EBSD pattern — Monoclinic (Stressed) index

Figure 2.15 Electron Back-Scattered Diffraction Pattern obtained from the

sample annealed at 450°C for 17 hrs. Due to the many similarities between
the calculated EBSD patterns for the three known vanadium dioxide phases,
the software is unable to distinguish between them. The tetragonal index
is the most readily recognized and, because of its symmetry, more easily
indexed. Also, the grain formation and orientation took place during the
annealing at T' > 300°C' where the structure formed was tetragonal.
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2.2.3 Results of the Orientation Imaging Microscopy

Results of the data obtained from the OIM analysis are summarized in figures 2.16,
2.17, and 2.18. These results were obtained from an OIM scan performed on a sample
annealed at 450°C for 17 hrs. They are characteristic of the results obtained from all
the anneals performed in argon above 440°C where the grains were allowed to grow
to the thickness of the film.

Figure 2.16 shows orientation maps compiled from a scan obtained in the manner
described in section 2.1.3. The horizontal dimension of the scan is approximately 2
pm and EBSD patterns obtained every 50 nm in a hexagonal grid. Two maps of the
same data were generated. They display the orientation of the grains with respect to
the Normal Direction. Map A uses 3 colors for the fitted data, while map B weighs
the colors (in gray-scale) with the pattern’s image quality.

This data was sectioned for 3 different orientations:

1. Grains with the C axis (001) of the tetragonal phase normal to the plane of the

specimen. (Red in maps A, and B) 1!

2. Grains with the A axis (100) of the tetragonal phase'? normal to the surface.

(Blue in maps A, and B)

3. The (110) direction of the tetragonal phase normal to the plane of the specimen.

(Yellow in map A, and green in map B)
4. Black shows non-indexable patterns (indicative of lack of crystalline material).

The lines separating the grains in Map A are color-coded to indicate the mis-

orientation between the grains.

"' The red coloring is up to and including a 60° deviation from the normal.

12in the tetragonal structure, the A and B axes are equivalent
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1. Misorientations between 2° and 5° are colored red in map A and yellow in map

B.

2. Misorientations between 5° and 15° are colored green in map A and orange in

map B.

3. Misorientations between 15° and 180° are colored blue in map A and brown in

map B.

Misorientation smaller than 2° are considered part of the same grain.

Figure 2.16 shows in both maps the lack of grains with the (001) normal to the
surface of the specimen.

The orientation of each data point was plotted using Pole Figures (PF).!® Figure
2.17 shows pole figures for seven crystal directions and their mappings onto the plane
of the specimen. The center of the plot is the Normal Direction (ND). The reference
and transverse directions are noted (refer to figure 2.12). The crystal directions
plotted are the (001), (010), (100), (101), {(110), (011), and (111).** The pole figures
again show the lack of crystals with the (001) direction normal to the surface, and
an even distribution of the (001) direction on the plane of the specimen. Similarly,
an Inverse Pole Figure (IPF)' shows what crystal orientations are parallel to the
Normal Direction (ND).16

Using this data, the texture of the film can be determined. Figure 2.18 shows pole

figures with the texture of a sample annealed at 450°C. The same notation is used as

I3A pole figure is quite similar to a stereographic projection.
14Tn each of the pole figures, the label above the plot indicates which crystal direction is being

plotted. The point indicates the orientation of that crystal direction with respect to the coordinates

of the sample.
15Tn an IPF, the label for the graph indicates the direction used as a reference with respect to the

sample itself. Each data point shows the crystal direction that is parallel to the reference used.
6The notation [001] in the IPF refers to the Normal Direction (ND)
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Figure 2.16 [Color| Inverse Pole Figure Map of a scan performed. This

image maps out the different crystals scanned and their orientation. Crystal
boundaries are determined by the misorientations found within the scan.
The boundaries are color-coded depending on the misorientation between
data points. Map A shows the overall grains, whereas Map B overlays (in
gray-scale) the image quality of each data point obtained.
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in figure 2.17. This data shows a preferred orientation of the (001) crystal direction

of the tetragonal phase parallel to the surface of the specimen
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A

001 100

Figure 2.17 Pole Figure (PF) and Inverse Pole Figure (IPF) of an OIM

scan obtained from a sample annealed at 450°C. This data is characteristic
of the samples annealed above 440°C. Each data point represents the orien-
tation recorded. In the Pole Figure, the Reference Direction (RF) and the
Transverse Direction is noted. The index mentioned on top of the pole figure
represents the direction normal to the surface of the sample. The Inverse
Pole Figure (IPF) shows the orientations normal to the surface. Notice the
lack of (001) crystallographic direction absent from the normal to the plane.
(This is plot of the raw data)
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Figure 2.18 Pole Figure (PF) of the texture obtained from a sample an-
nealed at 450°C. In the Pole Figure, the Reference Direction (RF) and the
Transverse Direction is noted. The texture shows a preferred orientation of
the (001) crystal direction of the tetragonal phase parallel to the surface of
the specimen.
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2.3 Annealing in an Air Atmosphere

As described in section 2.1.1 annealing under an air atmosphere took place. Similar
to the anneals done in argon, no crystallization was observed under 300°C and high
mobility was observed at temperatures above 600°C. Figure 2.19 summarizes the
results. It was observed that the crystals obtained indexed to the V505 structure
with the anneals as early as 300°C. The presence of air allowed for further oxidation

of the VO, thin films and formed V5Os.

300 °C

AccY SpotMagn Det WD Exp 1 500nm = AccY .Spot Magn Det WD Exp |—'| 2 pm
200 kv 4.0 39371x SE 3.8 1 20.0 kv 6.0 31100x SE 12.1 1

Ji5
- ISR )
PHI=65.77 Bf‘\2=350.3'

Figure 2.19 Scanning electron micrographs and EBSD patterns collected

of two characteristic air anneals. The EBSD patterns show that the resulting
films, though crystalline, formed V5,05 instead of VOs.



Chapter 3

Conclusions - Future Work

3.1 Solid Phase Crystallization and Characteriza-
tion Using Scanning Electron Microscopy

Solid Phase Crystallization of vanadium dioxide thin films was achieved through
a thermal anneal process. Depending on the annealing conditions, the processing
yielded continuous films, semi-continuous films, and films of isolated particles, all
with single-crystal grains. The size of the grains again depended upon the annealing
conditions. The grain sizes varied from 50 nm up to 1 um grain sizes. For the anneals
that allowed the grains to grow to the thickness of the film, the vanadium dioxide
crystal grains showed a preferred orientation for these crystals with the C axis of the
tetragonal phase parallel to the plane of the specimen.t

If this material is to be used in electronic, optical, and other technical applica-

tions, Orientation Imaging Microscopy is a tool that will allow for a much closer look

at the film. This technique may extract detailed information regarding the quality of

!This information that might prove beneficial for the inclusion of VO, in electronic devices,

considering the use of SiO5 as an insulating layer in current electronic fabrication.

64
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a deposited film or individual particles down to submicron-size grains. Information
regarding variations in particle size, stress, misorientations between grains, morpho-
logical faults, and other imperfections that may affect the transition temperature and
hysteresis of deposited vanadium dioxide can be extracted using OIM.

However, it was observed that a crystal size of ~100 nm in length and width, with
a ~b0 nm thickness was a lower imaging limit for the OIM technique in this study.
Another limitation found with this technique was the inability of the software to
distinguish between the different phases of vanadium dioxide because the differences
in the calculated EBSD patterns are very subtle. Thus this method would not be

efficient in observing the phase transition for individual grains in the film.

3.2 Future Work

So far, this thesis presented the use of the tetragonal structure of vanadium dioxide
as means of characterizing thin films of crystalline VO, inside the Scanning Electron
Microscope. However, it was found that there was a limit in size for this technique.
Further characterization of the films produced may be carried out by means of Trans-
mission Electron Microscopy (TEM) in order to overcome the size limit?>. The TEM
allows collection of both images and diffraction information from the sample. Thus
with the use of the TEM, it will be possible not only to image smaller grains than
with the SEM, but also to observe the phase transition due to the structural change
that takes place.

The metal to insulator phase transition can also be used to even further study
these films. In order to probe individual grains in the film Conductive Atomic Force

Microscopy may be employed. There is evidence to show that a change in capacitance

2Refer to appendix C.1 for current capabilities at BYU
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can be observed for individual grains as the transition takes place in the vanadium
dioxide films.?

Up to the time of this thesis, the nature of the metal to insulator transition of VO,
still is debated. Different models that attempt to describe the hysteresis observed in
the transition assume behavior of individual particles based on large ensembles of
particles in films. Hopefully, future work in the observation of the metal to insulator
transition of individual nanoparticles will help clarify the models currently used, and

perhaps will also shed light on the nature of the transition itself.

3For work currently underway at the time of this thesis, the reader is encouraged to refer t

appendix. C



Appendix A

Deposition Parameters of the

Amorphous VO, Film

The VO, film obtained for this work was obtained from Kevin Coffey at the University
of Central Florida. The film was deposited by means of Reactive RF Magnetron

Sputtering.

e Sample#050506

0.5% oxygen partial pressure.

8min deposition time

RF power: 260 V and 40 W

DC power: 200 W

DC voltage: 334 V

DC current: 0.595 amps
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The substrate was a silicon wafer with a thermally grown amorphous silicon dioxide
layer approximately 380 nm in thickness, and the resulting VO, film was approxi-

mately 50 nm



Appendix B

Use of ISODISPLACE to Model

the Phase Transition

ISODISPLACE is a web-based tool that enables the study of structural phase tran-
sitions. It can be used via a web-browser and allows the user to visualize and manip-
ulate the transition. ISODISPLACE uses subroutines available in the ISOTROPY!
software package and wraps an easy to use graphical user interface. [28]

In order to use ISODISPLACFE the two phases must be introduced. Then, the

software decomposes the phase transition by:

1. Determining the distortion symmetry
2. Identifying the distortion modes
3. Determining the individual mode amplitudes

4. Expressing the distorted structure in terms of the familiar xyz basis

Once a distortion has been computed, an interactive Java applet shows a three-

dimensional image of how the two structures match. These representations shows how

IThis software package is available at http://stokes.byu.edu/isotropy.html [43]
69



B.1 Phase Transition of Vanadium Dioxide Between the Rutile (R) phase and the
Monoclinic (M3) Phase 70

the shapes of the structures, lattice parameters, atomic bonds, and atom positions

change during the phase transition. Futher, the applet also allows for:
1. Specific viewing directions
2. Rotations of the structures
3. Zooming
4. Animating the phase transition
5. Adjusting each distortion individually

Thus making it easier to visualize how the phase transition takes place. ISODIS-

PLACE is currently available at http://stokes.byu.edu/isodisplace.html [28]

B.1 Phase Transition of Vanadium Dioxide Between
the Rutile (R) phase and the Monoclinic (M3)

Phase

Figure B.1 shows the rutile structure (in pink) and the monoclinic M3 structure (in
blue) as well as each of the atom positions. The M3 structure is four times as big as
the R structure due to the doubling of two of the basis vectors of the R structure.

Figure B.2. shows the changes observed looking down the a, b, and ¢ axis of the
tetragonal phase. The displacement of the vanadium atoms is evident in views A and
C by looking at the vanadium-oxygen bonds. View B shows a “bowing” that takes
place in the M3 phase. ISODISPLACE shows that the phase transition between the
R and the M3 phase produces a slight change in the angle (seen in view C) from 90°
to 91.8°.
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Figure B.1 [SODISPLACE showing the monoclinic, M3 (blue), and the

tetragonal, R (pink), structures for vanadium dioxide. The doubling of two
basis vectors is evident from the diagram. Vanadium atoms are shown in
cyan while the oxygen atoms are shown in red.

B.1.1 Distortion File for the Phase Transition of Vanadium
Dioxide Between the Rutile (R) phase and the Mono-
clinic (M3) Phase

The following file is generated by ISODISPLACE saving the required information
that the Java applet needs to show the phase transition. Some of the code saved
is intended to be displayed as choices in the web browser, and options that will be
passed on to applet itself. However, the changes that take place during the transition
are also stored in the file itself. Some of the information stored which regards to the

phase transition includes:

1. The “high-symmetry” rutile structure ? (including the lattice parameters, space-

group, and the atom positions)

2This structure is also known as the “parent” structure.
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Figure B.2 The changes observed with ISODISPLACE showing the

changes between the M3 and the R structures for vanadium dioxide. The
three views in A, B, and C correspond to viewing down the a, b, and ¢ axis
of the tetragonal phase (respectively). The displacement of the vanadium
atoms is evident in A and C from the vanadium-oxygen bonds. C also shows
a change in angle that takes place during the phase transition. Vanadium
atoms are shown in cyan while the oxygen atoms are shown in red.
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2. Specific changes to the unit cell (including the magnitude of each change)

3. Specific changes to the atom positions (also including the magnitude of the

change)
4. Whether the transition is first order or continuous.

This text may be copied into a “.txt” file and uploaded into ISODISPLACE in

order to view the model of the transition.

Space Group: 136 P4_2/mnm  D4h-14,

Lattice parameters: a=4.55460, b=4.55460, c=2.85140, alpha=90.00000, beta=90.00000, gamma=90.00000<br>
Space-group preferences: monoclinic axes a(b)c, monoclinic cell choice 1, orthorhombic axes abc, origin choice 1, hexagonal axes<br>
0 4f (x,x,0), x= 0.30000,

vV 2a (0,0,0)<br>

Subgroup: 12 €2/m, basis={(0,2,0),(0,0,2),(1,0,0)}, origin=(0,0,1/2), s=2, i=8<br>

<FORM ACTION="isodisplace2.cgi" METHOD="POST" target="_blank">

<INPUT TYPE="hidden" NAME="input" VALUE="displaydistort">

<INPUT TYPE="hidden" NAME="spacegroup" VALUE="136 P4_2/mnm  D4h-14">

<INPUT TYPE="hidden" NAME="settingaxesm" VALUE="a(b)c ">

<INPUT TYPE="hidden" NAME="settingcell" VALUE="1">

<INPUT TYPE="hidden" NAME="settingorigin" VALUE="1">

<INPUT ="hidden" NAME="settingaxesh" VALUE="h">
<INPUT NAME="settingaxeso" VALUE="abc ">
<INPUT NAME="lattparam" VALUE="a=4.55460, b=4.55460, c=2.85140, alpha=90.00000, beta=90.00000, gamma=90.00000">

<INPUT TYPE="hidden" NAME="dlattparam" VALUE=
<INPUT TYPE="hidden" NAME="wycount" VALUE=" 2">

<INPUT TYPE="hidden" NAME="wypointer001" VALUE="1004">

<INPUT TYPE="hidden" NAME="wynumberOO1" VALUE=" 6">

<INPUT hidden" NAME="wyckoff001" VALUE="4f (x,x,0), x= 0.30000">

<INPUT hidden" NAME="wyatom001" VALUE="0">

<INPUT TYPE="hidden" NAME="wyparam0O1" VALUE=" 0.300000000000000 0.000000000000000E+000  0.000000000000000E+000">
<INPUT TYPE="hidden" NAME="wypointer002" VALUE=" 999">

<INPUT TYPE="hidden" NAME="wynumber002" VALUE=" 1">

<INPUT TYPE="hidden" NAME="wyckoff002" VALUE="2a (0,0,0)">

<INPUT TYPE="hidden" NAME="wyatom002" VALUE="V">

<INPUT TYPE="hidden" NAME="wyparam002" VALUE=" 0.000000000000000E+000 0.000000000000000E+000 0.000000000000000E+000">
<INPUT TYPE="hidden" NAME="irrepcount" VALUE="0">

4.5546 4.5546 2.8514 90.00 90.00 90.00">

<INPUT TYPE="hidden" NAME="basisorigin" VALUE=" 1 0 0 O 1 1t O -1 1 O O 1 2"

<INPUT TYPE="hidden" NAME="isofilename" VALUE=" ">

<INPUT rderparam" VALUE="Subgroup: 12 C2/m, basis={(0,2,0),(0,0,2),(1,0,0)}, origin=(0,0,1/2), s=2, i=8">
<INPUT sosubgroup" VALUE=" 0">

<INPUT ubgroupsym" VALUE=" 12">

<INPUT TYPE="hidden" NAME="distortfilename" VALUE="isodisplac3_16707.iso">
<INPUT TYPE="hidden" NAME="atomsfilename" VALUE="isodisplace_55267.iso">
<p><INPUT TYPE="radio" NAME="origintype" VALUE="viewdistortion" CHECKED> View distortion
<a href="/iso/isodisplacehelp.html#viewdist" target="_blank">(help)</a>

<INPUT TYPE="radio" NAME="origintype" VALUE="viewdiffraction"> View diffraction
<a href="/iso/isodisplacehelp.html#viewdiff" target="_blank">(help)</a>

<INPUT TYPE="radio" NAME="origintype" VALUE="structurefile"> CIF file

<a href="/iso/isodisplacehelp.html#cifsub" target="_blank">(help)</a>

<INPUT TYPE="radio" NAME="origintype" VALUE="distortionfile"> Distortion file
<a href="/iso/isodisplacehelp.html#dfile" target="_blank">(help)</a>

<INPUT TYPE="radio" NAME="origintype" VALUE="domains"> Domains

<a href="/iso/isodisplacehelp.html#domains" target="_blank">(help)</a>

<INPUT TYPE="radio" NAME="origintype" VALUE="primary"> Primary order parameters
<a href="/iso/isodisplacehelp.html#setsprimary" target="_blank">(help)</a>
<INPUT TYPE="submit" VALUE="O0OK"><p>

Enter mode and strain amplitudes:

<a href="/iso/isodisplacehelp.html#modeamp" target="_blank">(help)</a><br>

<p>

P4_2/mnm[0,0,0]GM1+(a) 136 P4_2/mnm, basis={(1,0,0),(0,1,0),(0,0,1)}, origin=(0,0,0), s=1 i=1<br>
<input type="text" name="mode001001" value=" -0.02834" size=5>[0:f]A1(a)<br>

<input type="text" name="strainl" value=" -0.00554" size=5>strain_1(a)<br>

<input type="text" name="strain2" value=" 0.01652" size=5>strain_2(a)<br>

<p>

P4_2/mnm[0,0,0]1GM2+(a) 58 Pnnm, basis={(1,0,0),(0,1,0),(0,0,1)}, origin=(0,0,0), s=1 i=2<br>
<input type="text" name="mode001002" value=" -0.00676" size=5>[0:f]B1(a)<br>

<input type="text" name="strain3" value=" -0.00085" size=5>strain(a)<br>

<p>

P4_2/mnm[0,0,0]GM3+(a) 84 P4_2/m, basis={(0,1,0),(-1,0,0),(0,0,1)}, origin=(0,1/2,0), s=1 i=2<br>
<input type="text" name="mode001003" value=" -0.00032" size=5>[0:f]1B1(a)<br>

<p>

P4_2/mnm[0,0,0]GM4+(a) 65 Cmmm, basis={(-1,1,0),(-1,-1,0),(0,0,1)}, origin=(0,0,0), s=1 i=2<br>
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<input type="text" name="mode001004" value=" -0.00193" size=5>[0:f]A1(a)<br>

" 0.00000" size=5>[0:f]lorder(a)<br>

scalar002001" value="  0.00000" size=5>[V:a]order(a)<br>
<input type="text" name="strain4" value=" -0.03281" size=5>strain(a)<br>
<p>
P4_2/mnm[0,1/2,1/2]1R1-(0,a,0,0) 12 C2/m, basis={(0,2,0),(0,0,2),(1,0,0)}, origin=(0,0,1/2), s=2 i=8<br>
<input type="text" name="mode001005" value=" =-0.02222" size=5>[0:f]A1(a)<br>
<input type="text" name="mode001006" value="  0.01426" size=5>[0:f]B2(a)<br>
<input type="text" name="mode001007" value="  0.00225" size=5>[0:f]B1(a)<br>
<input type="text" name="mode002001" value=" -0.22029" size=5>[V:alB3u(a)<br>
<input type="text" name="mode002002" value=" -0.17736" size=5>[V:alBlu(a)<br>
<input type="text" mode002003" value=" -0.01932" size=5>[V:a]B2u(a)<br>
<input type="text" name="scalar001002" value="  0.00000" size=5>[0:f]order (a)<br>

<p>Parameters:

<a href="/iso/isodisplacehelp.html#modeparams" target="_blank">(help)</a><br>
"View distortion":<br>

Atomic radius:

<input type="text" name="atomicradius" value=" 0.400" size=5> Angstroms<br>
Maximum bond length:
<input type="text" name="bondlength" value=" 2.114" size=5> Angstroms<br>

Applet width:

<input type="text" name="appletwidth" value="1024" size=5> pixels<br>
"View distortion" and "View diffraction":<br>

Maximum mode amplitudes:

<input type="text" name="modeamplitude" value=" 1.000" size=5> Angstroms<br>
Maximum strain amplitudes:

<input type="text" name="strainamplitude" value=" 0.100" size=5><p>
</FORM><p>

<A href="/iso/isodisplacehelp.html" target="_blank"><B>Complete help file</B></A><P>
distortfilename=isodisplac3_16707.iso

20 7 2 5 16 8
20 18 7 3 2 1
3 2 4
6454 6455 6456 6457 6490 0
0 0 0 ] ] 0
[¢] 0 0 [ 0 0
0 0 0 [ 0 0
0 136 58 84 65 12
1 1 1 1 2 1
2 2 2 8 1 2
3 4 5 5 5 5
5 5 396 399 399 396
396 398 399 781 780 782
4 5 4 396 396 775
1 1 2 4 1 1
1 1 4 1 1 1
1 1
1 0 0 [ 1 0
o] 0 1 [ ] 0
1
1 0 0 ] 1 0
0 0 1 0 ] 0
1
0 1 0 -1 0 0
0 0 1 0 1 0
2
0 1 0 -1 0 0
[¢] 0 1 0 0 0
1
1 0 0 1 1
0 -1 1 0 0 1
2
9.10920000  5.70280000  4.55460000 90.00000000 90.00000000 90.00000000
0.50000000  0.25000000  0.00000000  0.00000000  0.00000000  1.00000000
0.50000000  0.00000000  0.00000000  0.00000000  0.50000000  0.00000000
1.92150227
1.00000000  1.00000000  0.00000000  0.00000000  0.00000000  0.00000000
0.00000000  0.00000000  1.00000000  0.00000000  0.00000000  0.00000000
1.00000000 -1.00000000  0.00000000  0.00000000  0.00000000  0.00000000
0.00000000  0.00000000  0.00000000  0.00000000  0.00000000  1.00000000
1.00000000  1.00000000  1.00000000  1.00000000  0.00000000  1.00000000
0.00000000  0.00000000
1 0.150000000000  0.750000000000  0.300000000000 0.077625563297
0.000000000000  0.155251126594 -0.077625563297  0.000000000000
0.155251126594 -0.077625563297  0.000000000000  0.155251126594
0.077625563297  0.000000000000  0.155251126594  0.000000000000
0.000000000000  0.000000000000  0.000000000000  0.175352458441
0.000000000000  0.000000000000  0.000000000000  0.000000000000
1.000000000000  0.000000000000
1 0.150000000000  0.250000000000  0.300000000000  0.077625563297
0.000000000000  0.155251126594 -0.077625563297  0.000000000000
0.155251126594 -0.077625563297  0.000000000000  0.155251126594
0.077625563297  0.000000000000  0.155251126594  0.000000000000
0.000000000000  0.000000000000  0.000000000000 -0.175352458441
0.000000000000  0.000000000000  0.000000000000  0.000000000000
1.000000000000  0.000000000000
1 0.650000000000  0.750000000000  0.300000000000 0.077625563297
0.000000000000  0.155251126594 -0.077625563297  0.000000000000
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Appendix C

Equipment Available for Further

Characterization

C.1 TEM Use

The Physics and Astronomy Department at Brigham Young University is equipped
with two Transmission Electron Microscopes: The Technai TF30 (a 300 kV, Field-
Emission, High Resolution, Transmission Electron Microscope), and the Technai
TF20 (a 200 kV Field-Emission, High Resolution, Scanning, Analytical, Transmission
Electron Microscope). With the use of these TEMs it is possible to image and obtain
information about the deposited films down to individual nano-particles. Further-
more, the analytical capabilities of the TF20 allow for further chemical analysis of
the samples.

Just like with the Scanning Electron Microscope, the TEMs take advantage of
the wave-particle duality of electrons, except that they rely more on the wave-like
properties of the electrons for imaging. Another benefit of the use of the TEM

is the resolution that arises from using accelerated electrons for imaging. Louis de
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Broglie related a particle’s momentum (p) to its wavelength () though his well-known
equation:

A= (C.1)

where h is Plank’s constant. For a electrons with energy higher than 100keV, like it
is the case with these TEMSs, it should be the relativistic momentum the one to be

used for equation C.1. This substitution yields

A= h (C.2)

o (1+ 5252)]

2moc?

where my is the mass of the electron, c is the speed of light and eV is the energy of
the accelerated electron. For a 300 kV electron, the associated wavelength using C.2
is 0.019 A. Nonetheless, the achievable resolution is much lower due to lens aberration
effects.

Imaging is obtained through the forward scattering of electrons through the sam-
ple. Furthermore, due to the electron-sample interactions that take place during the
imaging process, it is possible to obtain a higher wealth of information regarding the
specimen. Characteristic X-rays, visible light, Auger Electrons, Back-Scattered Elec-
trons, and Secondary Electrons are among some of the interactions that take place
during the TEM imaging process and can be collected trough the use of an analytic
TEM. Though several signals are produced through these electron-sample interac-
tions, this part of the study focuses on the imaging of the sample itself, and the use
of electron diffraction as a tool for characterization. Despite the analytical abilities,
and better resolution of the TF20, the TF30 is more than adequate to perform this

initial study.
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C.1.1 Imaging with the Transmission Electron Microscope

Akin to an optical microscope, the TEM is equipped with an illumination source,
focussing lenses, a sample stage, and means of viewing the magnified image. The
main differences being of course that it employs electrons instead of photons, the
lenses being magnetic lenses. Figure C.1 shows a rough, and very simplified, schematic
of the illumination and imaging system in the TEM. The figure also displays two of
the modes commonly used to obtain information from the sample.

Part of the illumination system of the TEM consists of a Field Electron Gun
(FEG). One of the advantages of this is the narrow energy spread of the electrons
extracted from it. The lenses and aperture above the sample allow for the control
of the probe used to illuminate the sample. This is necessary as different imaging
conditions require different currents in order to obtain usable images. As illustrated in
figure C.1 when the electrons from the beam interact with the specimen, they scatter
and diffract. The objective lens serves to form both a diffraction plane and an image
plane. Apertures may be placed in these planes in order to select what information
can be collected from the specimen. For example, an aperture may be placed in the
diffraction plane in order to only let one of the diffracted beams through, and thus
image the sample with the electrons that satisfy that particular diffraction condition.
Also, an aperture may be placed in the image plane and isolate a specific area of the
sample from which to obtain diffraction information. The intermediate lens can then
be used to select which of the two planes to use to create the final image. Finally the
projector lens will project the final image onto a screen or recording medium.

Without any apertures used in the image or diffraction planes, the main beam, and
all the diffracted beams will be used to create the final image. Since the path length
traveled by all these beams is quite close to being the same, the resulting image is

often low in contrast. Any contrast observed in such an image usually arises from mass



C.1 TEM Use

Field Emission Gun —

Gun Crossover

C1 Lens - (Spot Size)

C2 Lens and Aperture

Upper objective lens

Specimen

Objective Lens

Diffraction Plane
May use an aperture to select which beam(s) to
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Figure C.1 Rough schematic of the TEM’s illumination and imaging system

as set for obtaining A) an image of the specimen or B) electron diffraction
from the specimen
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or thickness differences in the sample it self. Nonetheless, since electron diffraction
information can be obtained from the specimen, there are two basic modes that allow
for higher contrast while imaging the sample: Bright-Field, and Dark-Field. Under a
bight-field image condition, an aperture is placed to select only the main beam that
comes through the sample and block any other diffracted beams. Under a dark-field
imaging condition, one of the diffracted beams is selected to form the image, while
blocking the main beam. The bright and dark-field terms seem obvious as the main
beam usually carries most of the electrons, thus selecting it or blocking it will yield

images of different brightnesses.

TEM Sample Preparation: In order to be able to image the samples using the
Transmission Electron Microscope, the sample must be thin enough to become “elec-
tron transparent.” This means that the thickness of a good TEM sample is smaller
than the mean-free path of the electrons. “Electron transparency” varies from mate-
rial to material, and in TEM sample preparation thinner is better. Nevertheless, it is
often the goal to achieve samples where there is a region thinner than 100 nm.

Plan-view (as well as cross-sectional) samples were prepared in order to character-
ize the VO, films with the Transmission Electron Microscope. Both sets of samples
were prepared using the “wedge” technique. For a cross-sectional sample, the film is
“sandwiched” together, and both sides of the sample polished, leaving a small, thin
area of interest where the film may be observed. On the other hand, with plan-view
samples, the film is left untouched while the substrate is polished from underneath
in order to create a wedge. Figure C.2 shows the areas of interest for cross-sectional
and plan view wedge samples after they have been thinned.

For both samples, the wedge is polished so that the angle in the wedge is approx-

imately 1°, in that manner, the area that is 50 nm or thinner may extend close to
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Figure C.2 TEM “wedge” samples for A) a cross-sectional view, where the

film is “sandwiched” between two silicon pieces in order to view its thickness;
and B) a plan-view where the substrate is polished thin leaving the film
undisturbed along the edge

2.5 pm. This gives a substantial region of interest to analyze the film and particles.

These wedges are finally secured to a 3 mm-diameter copper washer for support.

Note: Most of the sample preparation and imaging discussed in this chapter was
carried out by Brady Cox and Michael Miller for their REU projects and Senior
Thesis.

C.1.2 Beyond the Scanning Electron Microscope

The results obtained in the previous chapter were reported with grain sizes greater
than 100 nm, and the technique applied worked better for particles greater than 300
nm. The reason was the need to have grains thick enough to allow Back-Scattered
Electrons to obtain an indexable EBSD pattern. Further, due to the use of 20 kV
accelerated electrons, the resolution limits of the instrument began to be evident at
100 kX magnification.

The Transmission Electron Microscope has the resolution and ability to image
crystalline grains smaller that the limits found in the Scanning Electron Microscope.
As mentioned before, the manufacturer of the TF30 specifies a resolution of 2.4 A.
Likewise, it also has ability to obtain structural information through the use of elec-

tron diffraction from those smaller grains. The ability to obtain higher resolution
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Figure C.3 Size comparison between A) a typical SEM sample used, and

two TEM samples, B) a plan-view and C) a cross-sectional view. While the
SEM can image the whole surface, the imageable area is greatly reduced in

the TEM samples.
images allowed for the observation of crystallized vanadium dioxide grains in the
sample annealed at 400°C for 17 hrs. In addition, the TF20 further has the ability
to analyze the films at a scale that surpasses that of the SEM

However, this added information that can be obtained through the use of these
TEMSs comes at a price. As mentioned before, the samples need to be thinned down
to be electron transparent, and they must fit inside a 3 mm-diameter support with an
even smaller window. Figure C.3 shows a relative comparison of the sample sizes for
the SEM and TEM, as well as their regions of interest. Despite the reduced imageable
area in the TEM samples, it can be assumed that the data collected from a particular

region is representative of the film as a whole.

C.1.3 Bright and Dark Field Characterization

Figure C.1a shows a ray diagram of the imaging process in the TEM. As it is observed

from the diagram, the diffracted rays, as well as the main beam are all combined in
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the final image. This often results in an image of little contrast due to the interfer-
ence between the main beam and the diffracted beams. Under these conditions, any
contrast that appears in the image is usually achieved due to variations in thickness
or differences in mass in the sample. (This is commonly known as Mass-Thickness
contrast as it is non-trivial to differentiate between the two.) Added contrast might
be achieved while imaging by “blocking” or “selecting” the desired beams that will
allow for the image to be formed. In this manner, the interference of the blocked
beams is eliminated, and the image from the selected beam(s) is enhanced. This se-
lection process is achieved by placing “apertures,” (a thin sheet of metal with a hole
drilled through it) that allow the user to “select” or “block” information to form the
desired image. Some of these apertures are located in the diffraction plane and the
image plane (see fig C.1) and these are varied in size.

A Bright-Field (BF) condition is created by using an aperture in the diffraction
plane to select the main beam while blocking the diffracted beams.! Under these
conditions, the main beam is used to create the image and contrast is enhanced since
the interference of the diffracted beams is eliminated. Since the main beam carries
most of the electrons the image looks bright (hence, Bright-Field). This seems to
be a very common and one of the easiest ways to obtain images, specially since the
sample needs not be crystalline.

On the other hand, a Dark-Field (DF) condition is created by using the aperture
to block the main beam and instead selecting a diffracted beam to form the image.?
In this case, the main beam (which carries most of the electrons) is blocked, and the

image is formed only by those electrons that satisfy the Bragg condition necessary to

'Known as the Objective Aperture

2To get better images, it is preferred that the beam itself is tilted in such a way that the selected
diffracted beam is placed where the main beam used to be. This allows for the aperture to remain

in place, and for the rest of the optics to use a centered beam.
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diffract to that chosen spot. Since most the electrons are blocked, the image tends to
be darker (hence Dark-Field). However, intensity might be increased by tilting the
sample in such a way that the selected diffraction spot shares a comparable amount
of electrons to the main beam (a two-beam condition).

A Dark-Field imaging mode is peculiar as it forms an image only from those
crystals in the sample that are aligned in such a way as to meet the required diffraction
condition. As such, the image will show brightness in areas where the orientation of

the crystals meets the specified diffraction condition.

C.2 Resistance Measurement Setup

In order to characterize the films by the use of electrical measurements, it is necessary
to have electrical contacts to the film. The VO, films are 50 nm thick. Films this
thin tend to be rather fragile to probes, as the contact with the probes might damage
the film itself and measure the substrate instead. Thus, it is imperative to take care
of how the electrical contacts are attached to the sample itself. It was imperative to
find a material that will allow electrical measurements while being gentle on the film.
A thin gold wire with the end melted into a ball seems an adequate contact. Gold is
a soft metal with very good conductivity. Figure C.4 shows how the thin gold wire
with a "gold-ball” at the end may be used as a contact while putting little pressure
on the film.

Simple resistance measurements are carried out by the use of two probes and
measuring the resistance across the film itself. Though resistivity measurements are
better performed through the use of a 4-point probe setup (because of the elimination
of contact resistance) a 2-point probe is adequate. These measurements will be used

to observe the phase transition while measuring the resistance as opposed to the
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Figure C.4 Picture of a characteristic gold probe used for electrical mea-

surements. The wire itself is used to provide a “springy” contact of the ball
to the film.

resistivity.
The resistance measurement takes place by the use of a simple voltage divider.

The schematic diagram for the electronics used for this measurements can be found

VO, Film
(R

U known)

in figure C.5 where a resistor is used as a reference to calculate the film’s resistance.
Gold Contacts

i

Figure C.5 Diagram showing how the film resistace was measured during

the transition. A voltage divider circuit was set up with a reference resistance.
The contacts to the film were gold balls mechanically in contact with the film.

Known

The calculation of of the film resistance can be achieved by the use of Equation

C.2
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Vi
RFilm = RKnoum (V - 1) (CB)
out

Where Rpj,, is the resistance of the film, Rg,own is the known resistance in the
circuit, V;, is the voltage supplied, and V,,; is the voltage measured.

Resistance measurements require a conductive path through the film. With this
consideration, the resistance measurements have to be restricted to analyze only films
where such conductive path may be found. This eliminates the samples where films
of isolated particles were formed.

With the use of the "gold-ball” contacts resistance was measured across the films
while the sample was heated up.® As mentioned in Section 1.1.2 the amorphous VO x
film does not show the sharp phase transition but rather the decrease in resistance,
as temperature increases, that can be observed with semiconductors. However, the

transition was observed for some of the crystalline thin films produced

3Temperature was monitored with a thermocouple while heating took place. In order to avoid
stray readings from the thermocouple onto the electrical measurements, the temperature was taken
at a separate silicon wafer. Using this technique, the measured error in temperature was +/- 1°

Celsius
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