











2.2 Results of the Annealing in an Argon Atmosphere

55

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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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.
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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]
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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
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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
use to produce the image

Image Plane
May use an aperture to select an area from the
specimen

Intermediate Lens:
Changes from image mode to
diffraction mode

Intermediate Image
Either a image of the specimen or a diffraction
pattern

Projection Lens

Final Image - On
viewing medium

\/ \/

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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B) . 1.2mm - C) . 1.2mm -
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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



Bibliography

1]

F. J. Morin, “Oxides Which Show a Metal-to-Insulator Transition at the Neel

Temperature,” Phys. Rev. Lett. 3, 34-36 (1959).

M. M. Qazilbash, K. S. Burch, D Whisler, D. Shrekenhamer, B. G. Chae, H. T.
Kim, and D. N. Basov, “Correlated metallic state of vanadium dioxide,” Journal

Name 1, Pages (2006).

A. Zylbersztejn and N. F. Mott, “Metal-insulator transition in vanadium diox-

ide,” Phys. Rev. B 11, 43834395 (1975).

T. Maruyama and Y. Ikuta, “Vanadium dioxide thin films prepared by chemical
vapour deposition from vanadium(III) acetylacetonate,” Journal of Materials

Science 28, 5073-5078 (1993).

H. W. Verleur, A. S. Barker, and C. N. Berglund, “Optical Properties of VO,
between 0.25 and 5 eV,” Phys. Rev. 172, 788-798 (1968).

S. Shin, S. Suga, M. Taniguchi, M. Fujisawa, H. Kanzaki, A. Fujimori, H. Dai-
mon, Y. Ueda, K. Kosuge, and S. Kachi, “Vacuum-ultraviolet reflectance and
photoemission study of the metal-insulator phase transitions in VOs, VO3,

and V,03,” Phys. Rev. B 41, 4993-5009 (1990).

89



BIBLIOGRAPHY 90

[7]

[10]

[11]

[12]

[13]

[14]

[15]

K. A. Khan and M. S. Rahman Khan, “Preparation and properties of vanadium

dioxide thermochromic thin films,” Pramana 38, 389-396 (1992).

Moon-Hee Lee and Jun-Seok Cho, “Better thermochromic glazing of windows

with anti-reflection coating,” Thin Solid Films 365, 5-6 (2000).

C. H. Koo, J. S. Lee, M. W. Kim, Y. J. Chang, T. W. Noh, J. H. J. B. G. Chae,
and H. T. Kim, “Optical investigations on electronic structure changes related

to the metal-insulator transition in VO4 film,”, 2005.

Y. Dachuan, X. Niankan, Z. Jingyu, and Z. Xiulin, “Vanadium dioxide films with
good electrical switching property,” Journal of Physics D: Applied Physics 29,
1051-1057 (1996).

H. J. Schlag and W. Scherber, “New sputter process for VOs thin films and
examination with MIS-elements and C-V-measurements,” Thin Solid Films 366,

38-31 (2000).

C. Hébert, M. Willinger, D. S. Su, P. Pongratz, P. Schattschneider, and R.
Schlogl, “Oxygen K-edge in vanadium oxides: simulations and experiments,”

European Physical Journal B 28, 407-414 (2002).

K. K. Sukeji Kachi, Tosio Takada, “Electrical Conductivity of Vanadium Ox-

ides,” Journal of the Physical Society of Japan 18, 1839-1840 (1963).

R. M. Wentzcovitch, W. W. Schulz, and P. B. Allen, “VO,: Peierls or Mott-
Hubbard? A view from band theory,” Phys. Rev. Lett. 72, 3389-3392 (1994).

V. Eyert, “The metal-insulator transitions of VOs: A band theoretical approach,”
Annalen der Physik 11, 650-704 (2002).



BIBLIOGRAPHY 91

[16]

[17]

[18]

[19]

[20]

[21]

A. Liebsch, H. Ishida, and G. Bihlmayer, “Coulomb Correlations and Orbital

Polarization in the Metal Insulator Transition of VO,,”, 2003.

S. Biermann, A. Poteryaev, A. I. Lichtenstein, and A. Georges, “Dynamical
Singlets and Correlation-Assisted Peierls Transition in VO,,” Physical Review

Letters 94, 026404—+ (2005).

P. P. Boriskov, A. L. Pergament, A. A. Velichko, G. B. Stefanovich, and N. A.
Kuldin, “Metal-insulator transition in electric field: A viewpoint from the switch-

ing effect,”, 2006.

K. Kosuge, S. Kachi, H. Nagasaki, and S. Minomura, “Phase Transition in
V§O13,” Journal of the Physical Society of Japan 20, 178+ (1965).

H. K. Kosuge, K.; Okinaka, “Metal insulator phase transition and magnetic

properties of V,,0q,_1,” IEEE Transactions on Magnetics 8, 581-583 (1972).

S. Horiuchi, M. Saeki, Y. Matsui, and F. Nagata, “Transition of VO3 to VOq
observed with a high-resolution electron microscope,” Acta Crystallographica

Section A 31, 660-664 (1975).
“Inorganic Crystal Structure Database,”.

D. B. McWhan, M. Marezio, J. P. Remeika, and P. D. Dernier, “X-ray diffraction
study of metallic VOo,” Phys. Rev. B 10, 490495 (1974).

D. Watanabe, B. Andersson, J. Gjgnnes, and O. Terasaki, “Determination of
structure factors of disordered vanadium monoxide crystals by the intersecting-
Kikuchi-line and critical-voltage methods,” Acta Crystallographica Section A
30, 772-776 (1974).



BIBLIOGRAPHY 92

[25]

[26]

28]

[29]

[30]

[31]

D. Kucharczyk and T. Niklewski, “Accurate X-ray determination of the lattice
parameters and the thermal expansion coefficients of VO near the transition

temperature,” Journal of Applied Crystallography 12, 370-373 (1979).

R. Lopez, T. E. Haynes, L. A. Boatner, L. C. Feldman, and J. R. F. Haglund,
“Size effects in the structural phase transition of VOy nanoparticles,” Physical

Review B. 65, 1-5 (2002).

Wang X.J, Li H.D., Fei Y.J., Wang X., Xiong Y.Y., Nie Y.X., and Feng K.A.,
“XRD and Raman study of vanadium oxide thin films deposited on fused silica
substrates by RF magnetron sputtering,” Applied Surface Science 177, 8-14
(2001).

B. J. Campbell, H. T. Stokes, D. E. Tanner, and D. M. Hatch, “ISODISPLACE:
a web-based tool for exploring structural distortions,” Journal of Applied Crys-

tallography 39, 607-614 (2006).

R. M. B. J. M. Gregg, “The effect of applied strain on the resistance of VOg thin
films,” Applied Physics Letters 71, 3649-3651 (1997).

A. Cavalleri, T. Dekorsy, H. H. Chong, J. C. Kieffer, and R. W. Schoenlein,
“Evidence for a Structurally-driven Insulator-to-metal Transition in VOq: a View

from the Ultrafast Timescale,” Physical Review B 70, 161102 (2004).

R. Lopez, L. A. Boatner, T. E. Haynes, J. R. F. Haglund, and L. C. Feldman,
“Enhanced hysteresis in the semiconductor-to-metal phase transition of VO,
precipitates formed in SiO, by ion implantation,” Applied Physics Letters 79,
3161-3163 (2001).



BIBLIOGRAPHY 93

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

A. Cavalleri, C. Téth, C. W. Siders, J. A. Squier, F. Raksi, P. Forget, and J. C.
Kieffer, “Femtosecond Structural Dynamics in VO, during an Ultrafast Solid-

Solid Phase Transition,” Phys. Rev. Lett. 87, 237401 (2001).

V. N. Mark Borek, F. Qian, “Pulsed laser deposition of oriented VO thin films

on R-cut sapphire substrates,” Applied Physics Letters 63, 3288-3290 (1993).

B. G. Chae, D. H. Youn, H. T. Kim, S. Y. Maeng, and K. Y. Kang, “Fabrication
and Electrical Properties of Pure VO, Phase Films,” ArXiv Condensed Matter

e-prints (2003).

R. Lopez, L. A. Boatner, T. E. Haynes, L. C. Feldman, and J. R. F. Haglund,
“Synthesis and characterization of size-controlled vanadium dioxide nanocrystals

in a fused silica matrix,” Journal of Applied Physics 92, 4031-4036 (2002).

A. G. Cullis and P. D. Augustus, Microscopy of Semiconducting Materials, 1987:
Proceedings of the Institute (CRC Press, 1987).

Yue Kuo, Thin Film Transistors: Materials and Processes, 1 ed. (Springer, 2003).

Robert A. Street, Technology and Applications of Amorphous Silicon (Springer,
2000).

D. B. Williams and B. C. Carter, Transmission Electron Microscopy: a textbook

for materials science (Springer, 1996).

EDAX, TSL, and AMETEK, “Introduction to OIM Analysis,”, Training in PDF
form, 2006.

R. P. Goehner and J. R. Michael, “Phase Identification in a Scanning Electron
Microscope Using Backscattered Electron Kikuchi Patterns,” Journal of Research

of the National Institute of Standards and Technology 101, 301-308 (1996).



BIBLIOGRAPHY 94
[42] J. K. Farrer, Ph.D. thesis, University of Minnesota, 2004.
[43] H. T. Stokes, D. M. Hatch, and B. J. Campbell, “ISOTROPY,”,

stokes.byu.edu/isotropy.html, 2007.



Index

AFM Electrical Conductivity Change, 12
Capacitance Setup, 86 inducing the, 12
Annealing, 33 Optical Change, 12
Air, 63 Structural Change, 7
Argon, 50 Previous Work, 2
Annealing methods, 33 Purpose for this work, 31
Air, 33
Argon, 33 Scanning Electron Microscopy, 40
Limits, 83
Characterization Plan-View, 43
Conclusions, 64 Tilted View, 22
Thin Film Characterization, 17 Tilted-View, 44
Use of Crystal Structure, 17 SEM
Use of the Metal to Insulator Transi- Characterization Tools, 19
tion, 18 Solid Phase Crystallization, 14
Use of Vanadium Valence States, 18 Annealing Results in Argon, 50
Crystal Models, 5
TEM
Diffraction Use, 78
EBSD Simulations, 27 Thin Films
Characterization Methods, 17
EBSD Chosen Deposition Method, 14
Air Results, 63 Deposition Methods, 13
Argon Res'ults.., 53 Transmission Electron Microscopy
Characterization, 45 Bright and Dark Fields, 84
Methods, 46 ‘ ‘ Tmaging, 80
Electron5 3Back—Scattered Diffraction, 46, Sample Preparation, 82

Vanadium
Future Work, 65 Known Oxides, 3

Methods, 32 Vanadium Dioxide
Scanning Electron Microscopy, 40 Properties, 7
Voltage Divider Equation, 88

OIM, 47
Orientation Imaging Microscopy, 22, 57

Phase Transition
95



