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have 108,109,114,122,124,125,127,129,155,163

Figure 7.4 Diagrams of a “pseudo-depth profile” sample prepared by staggering the
viewing windows across different “depth” locations in a patterned PDMS sample with
high aspect-ratio structures. (A) Diagram and (B) surface top views. “Front” views of
the (C) diagram and (D) TEM micrograph showing the staggered locations of the viewing
windows and the different features of the sample depending on the “depth”. (E) Isometric
diagram of the sample.
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7.4 Results of the Proof-of-Concept TEM Analysis

Using the sample preparation method as described in the previous sections, several TEM cross-
section samples were prepared in order to illustrate the versatility and robustness of this method.
The substrates varied from polycarbonate, thin plastic films, thin lacquer layer, and PDMS; the
patterned structures on these substrates had aspect ratios that varied from low (500 nm wide : 100
nm tall), medium (100 nm wide : 200 nm tall), and high (100 nm wide : 800 nm tall); finally, the
deposited metallic films varied from single thin (~30 nm) metallic layers up to deposited multi-
layer stacks (~120 nm thick stack, with thinnest layer of ~10 nm, refer to table 1).

For most of these samples a STEM/EDX line profile was generated in order to attain a qualita-
tive measure of the electron probe size as well as metrology of the metallic layers of interest.

The extracted TEM samples were prepared from the following specimens:

1) Archival DVD reflective metal films. These DVDs were coated with a reflective silver layer.
It was observed that a thin gold film was subsequently deposited on top, presumably to prevent
oxidation of the silver layer. We show a comparison of the metals present in the reflective layers
of the write track and the metal in the inner ring of the disk.

2) High-aspect ratio structures (100 nm wide : 800 nm tall), imprinted in PDMS, and coated
with a thin metallic film. A “pseudo depth-profile” is formed by staggering the viewing windows
(see figure 7.4). A comparison is shown among regions at different “depths,” as well as the thick-
nesses of the deposited metal layer.

3a) The active and reflective metallic layers of a commercial writable BluRay disk. In contrast
to DVDs, BluRay optics must be placed much closer to the write media (a layered stack of de-
posited thin metallic and non-metallic films). As such, the write media is deposited onto a thick
polymer substrate for support and then covered with a thin (~100 um) lacquer film. An EDX
chemical analysis of the layers is presented from the write stack.

3b) Same layers as 3a, but taken from the side of the thin (~100 um) lacquer film. This is
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included to demonstrate the use of this sample preparation method on a different polymer.

Figures 7.5,7.7,7.9, and 7.10 show an array of selected cross-sectional TEM samples prepared
by the “modified H-bar” method, with corresponding TEM images of the metallic films deposited
(shown in the order previously described). Selected STEM/EDX scans from some of these samples
are presented in figures 7.6, 7.8, 7.11.

(In addition to the specimens mentioned, additional TEM samples were also prepared from
nano-structures imprinted onto a flexible plastic film and coated with a 30 nm metal film: The
plastic film was less than 1 mm thick, the film was initially patterned with structures 100 nm
wide and 200 nm tall, and subsequently a thin metallic film was deposited. The conformity of the

deposition is observed.)

7.4.1 Reflective Metallic Multi-Layer in a Commercial Archival-Grade Record-

able DVD.

The geometry of current archival-grade DVDs consists of a patterned polycarbonate substrate
where a photosensitive dye is spun on and then coated with a metallic reflective layer deposited on
top. An additional polycarbonate disk is then glued on top of the reflective layer in order to pro-
tect the deposited active and reflective layered stack. For this particular commercial archival-grade
DVD, the write region was silvery while the backside of it was golden colored, thus indicating the
use of several metals to protect the recording dye of the DVD.

In order to access the reflective metallic layer, the DVD was forcefully split at the glue layer.
This splitting process yielded regions where the reflective metallic film remained either attached
to the patterned substrate or to the glue. Small sections from the specimen were taken such that
the whole metallic layer remained intact. Samples were taken from the write regions and (for
comparison) from the golden inner-ring of the disk. Figure 7.5a shows the top and side views of a

milled sample before its final thinning as prepared by the method described here. A side-by-side
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TEM comparison between the patterning of the write track (left) and the “inner ring” (right) is
shown in figures 7.5b and c. Under electron transmission, the depth of the window wells and the
initial window mill are both evident (figs. 7.5b and c). Furthermore, the TEM view of the pillars
in figures 7.5b and 7.5¢ are indicative of the quality of the milled walls. Under transmission mode,
the protection provided by the “high-Z" Pt on the pad is shown by the vertically parallel posts (fig.
7.5b) and slight undercut in the polymer substrate below. As expected for FIB samples, there is a
widening of the pillars deeper into the window well. Given the symmetry of the milling process,
the profile shown by the pillars can be used as to estimate the profile of the viewing windows
themselves.

Details of the reflective stack in this DVD can be seen in the bright-field micrographs 7.5d
and 7.5e. The thin region of the metallic film shown in figure 7.5e shows the conformity of the
deposition over the polymer substrate. This figure also displays one of the benefits of the initial
ex-situ C depositions described earlier. As the micrograph shows, there is a thin layer with a low-Z
that makes easier to discern between the metal foil of interest and the protective Pt pad.

The granular structure of the reflective layer stack is shown in better detail in figure 7.5e. The
grain sizes in the metallic film are in the order of 100 nm. Given the randomized grain size and ori-
entation it can be inferred that these are features inherently preserved in the film rather than caused
by the TEM sample preparation process. Though the granular nature is shown throughout the film,
the bright-field transmission electron micrograph in figure 7.5e shows a band approximately 50 nm
thick with a darker contrast which indicates higher scattering in that region.

Scanning transmission micrographs and EDX line-scans from the write track and the golden
inner-ring are shown in figure 7.6. The higher scattering band shown in figure 7.5¢ is also evident
in 7.6a. The EDX elemental analysis (inset in figure 7.6b) shows the deposition of a ~30 nm Au
layer intermixing with a previously deposited Ag layer ~120 nm thick.

As a form of reference, the sample preparation method described here allowed for the study of
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DVD - Polycarbonate

Figure 7.5 Cross-sectional TEM samples prepared from an archival-grage DVD using
the “modified-H-bar” method. (A)Top and side views of the prepared TEM sample before
its final thinning. Comparison between the (B) reflective write track and (C) the golden
inner-ring of the DVD. Close-ups of the (D) pitch of the write track and (E) the granular
nature of the reflective layer.
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Figure 7.6 Comparison of the metal layers from an archival-grade DVD found in the
(A) write track and (B) inner golden ring. (B inset) EDX line-scan showing normalized
counts for Au and Ag for the micrographs in (A) and (B). (C) EDX spectrum taken from
the write track’s intermixed layer and compared with the gold-colored inner ring.
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the metal layers deposited in the reflective layer of a DVD, with an EDX mapping resolution better
than 5 nm. This resolution is indicated by the transition edge from the polymer-substrate onto the
metal layer(s) and onto the ex-situ C film (EDX line-scan inset in figure 7.6b). A results of a more
in-depth analysis of the reflective layers, the dye, and the glue from this and other archival-grade

DVDs were published previously.?%-2!

7.4.2 Thin Metallic Layers Deposited on Nanostructured PDMS Films.

The staggered sample shown in figure 7.4 was subjected to similar TEM analysis as the aforemen-
tioned DVDs (figs 7.7 and 7.8 show the results from the PDMS sample). In contrast to the DVD
specimen, this particular PDMS sample features a softer polymer substrate, a higher aspect ratio
patterning of the substrate, and a single metallic thin layer deposited film.

The transmission micrograph in figure 7.7a shows two areas within the same sample showing
the top wall (left) and the bottom of the holes (right) of the same sample. Unlike the DVD sample,
this PDMS imprint exhibits a curtaining artifact common in FIB sample preparation (fig 7.7a,
bottom). Figure 7.7b shows another artifact present due to the sample preparation technique, the
volume within the holes of the PDMS pattern are partially filled with material milled during the
sample preparation. This issue may be of concern when conducting porosity studies.

Despite the mentioned artifacts, this sample preparation method was gentle enough to preserve
the high-aspect ratio structures imprinted in the substrate (fig. 7.7b) while still allowing for the
imaging of the ~30 nm film deposited on top (figs. 7.7c and 7.7d). Again, the benefits of a carbon
deposition are evident in figure 7.7d as the carbon film allows for a low-Z layer that separates the
Pt pad from the metal film.

The metallic layer deposited in this imprint was not conformal to the pattern, rather, it was
intentionally limited to the top surface of the patterned substrate (fig. 7.7c). The plot of the EDX

line-scan presented in figure 7.8b was taken across the ~30 nm Al film.
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PDMS Imprints

Figure 7.7 Cross-sectional TEM samples prepared using the “modified-H-bar” method
from a PDSM sample patterned with high aspect-ratio structures. (A) Comparison be-
tween two regions in the sample, one along the wall edge (left) and one through the holes
(right). (B) Preservation of the high aspect-ratio structures with a thin film deposited
along the top of the structures. Details of the thin metallic film deposited on the patterned
sample viewed from the (C) regions through a hole and (D) along the wall.
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Figure 7.8 (A) STEM micrograph from a cross-section of a PDMS sample patterned with
high aspect-ratio structures with a deposited thin metal layer. (B) EDX line-scan showing
normalized counts for Al, C, Ga, and Si across the ~30 nm Al film.
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7.4.3 Reflective Layers of a Commercial Recordable BluRay Disk.

As previously mentioned, this specimen is similar to that of a DVD with the notable difference
that, instead of using polycarbonate for both faces of the disk, the data layer faces a thin lacquer
film. The BluRay disk was split in a manner similar to that of the DVD but with much more ease
as the lacquer film easily delaminated from the polycarbonate substrate carrying with it parts of
the reflective stack. TEM samples were extracted from both, the polycarbonate side (fig 7.9a, top)
and also from the lacquer side (fig. 7.9c, top) in order to ensure that information about the “full
stack” was obtained. Despite the different polymers that contained the metalized stack, the method
presented here proved to be robust in obtaining viable TEM samples. A comparison between
the transmission micrographs obtained from the polycarbonate substrate and the lacquer substrate
(figures 7.9 and 7.10 top vs bottom) shows the same individual layers within the stack (though
clearly inverted).

Figures 7.9b and 7.9d show the overall conformity of the deposited metal stack as well as
the presence of various layers comprised of different materials (mass-thickness contrast images).
Similar to the DVD samples, figures 7.10a and 7.10b show the pitch and features of the track in
this BluRay disk. Finally Figures 7.10b and 7.10d show in better detail at least 6 individual layers
that comprise the BluRay metallic stack.

As with the other samples shown, an EDX line-scan was obtained across the metal stack (fig

7.11).

7.5 Summary and Discussion

Polymer substrates present an array of challenges for TEM sample preparation due to their com-
paratively low conductivity, low melting temperature, and softness. In order to deal with those

challenges, a sample preparation geometry was introduced, which provided structural support,
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BluRay — PolycarbBonate Side

Figure 7.9 Cross-sectional TEM samples prepared using the “modified-H-bar” method
from the (A) polycarbonate side and (C) lacquer layer of a BluRay disk. (B) and (D) TEM
micrographs showing the metallic BluRay stack.
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BluRay — PolycarbonatE Side

Figure 7.10 Cross-sectional TEM micrographs showing details of the metallic stack of
a BluRay disk taken from the (A,B) polycarbonate substrate and the (C,D) thin lacquer
protective film. (A,C) pitch of the write track and thickness of metallic layer. (B,D) detail
of the individual layers in the metallic BluRay stack.
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Figure 7.11 (A) STEM micrograph from a cross-section of the metallic layered stack of
a BluRay disk (right) with individual EDX line-scans mapping several elements found in
the individual layers of the stack. (B) overlaid EDX line-scan showing normalized counts
for Al, Au, C, Ga, Nb, Nd, O, S, Si, and Zn across the ~200 nm BluRay stack.
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thermal management, and consistently yielded viable cross-section TEM samples from thin metal-
lic films deposited on patterned polymer-substrates. Table 7.2 shows a summary of the specimens
from which TEM samples prepared by the method described in this chapter.

In order to show the robustness of this FIB-based cross-section TEM sample preparation method,
various TEM were prepared which allowed the characterization of metallic films deposited on pat-
terned polymer substrates. These samples varied from films as thin as 30 nm deposited on a softer
PDMS substrate patterned with high-aspect ratio nanostructures up to multi-layered stacks ~120
nm thick with individual layers as thin as 10 nm deposited on a harder polycarbonate patterned
substrate.

TEM imaging of the PDMS samples (fig. 7.7) showed the preservation of the high-aspect ratio

structures during the milling process as well as the preparation of TEM samples thin enough for

Sample / (W:H) EDX Stack Thinnest Reproduced
Substrate (nm) Resolution Observed Layer

DVD - 800:100 Better than 2 layers 30 nm yes
Polycarbonate 5 nm Ag, Au, Mixed Au automated
Tall patterns 100:600 Better than 1 layer 30 nm yes

PDMS 15 nm Al Al manual
BluRay 400:30 Better than 7 layers 10 nm yes
Polycarbonate 6 nm various Zn, O automated
and Lacquer elements

Table 7.2 Summary of results from the “modified H-bar” cross-sectional sample prepa-
ration method highlighting the various patterned polymer-substrates, the pattern’s aspect
ratio, the EDX resolution observed, and the layers observed. Dozens of TEM samples
were prepared utilizing this method, with a success rate higher than 80% when automated
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adequate TEM imaging of a granular Al film 30 nm thick. Given a pitch of ~100 nm between
walls, a thickness of the viewing windows can be estimated to be within that order.

Automated scripts (based on the method herein described) were utilized to prepare several of
the low aspect-ratio patterned samples. While the final thinning of each viewing window remained
a manual process, the automation decreased the overall sample preparation time. TEM imaging of
the patterned polycarbonate substrates in the DVD and BluRay specimens (figs. 7.5, 7.9, and 7.10)
also showed the preservation of the underlying structures and metallic layered stacks.

Due to the variability in the milling properties and hardness of the polymer-substrates used,
the method and geometries presented here are not fully optimized. Nonetheless, they present
a starting point for the polymers milled here. The TEM sample of the BluRay stack, obtained
from the lacquer layer, was prepared in an automated manner similar to that of its polycarbonate
counterpart. The milling times for the lacquer substrate were adjusted in order to yield samples
similar to its polycarbonate counterpart (fig. 7.9).

Sample preparation artifacts are common causes of concern in TEM analysis. As the Ga™ beam
erodes the specimen during the final thinning, sample damage is to be expected. Artifacts such as
curtaining and Ga implantation.

Curtaining was observed in the high-aspect ratio PDMS sample (fig. 7.7) but not on the low
aspect-ration samples. This type of artifact may be explained by the differing volumes of material
the Ga™ beam milled through. For example, in the regions where there were holes present, the
Ga™ beam lost less energy than filled regions, thus causing uneven milling.

Implantation of Ga was monitored through the use of EDX line profiles. Figures 7.8b and 7.11
both have profiles mapping the location of Ga down the metalized layers. The Ga signature was
found near background level nearly throughout the whole EDX profile. A notable exception where
the amount of Ga was non-trivial occurred in the Al layers imaged and mapped in figures 7.8 and

7.11. Further, Ga was not observed in any measurable quantity within the polymer substrates.
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7.6 Conclusions

Polymers have many aspects that make them attractive substrates, such as inexpensive raw mate-
rials, high flexibility, and ease of patterning. The integration of electronic components onto this
type of substrates, in conjunction with shrinking electronic geometries, not only has created many
interesting products, but it has also created the need to study these materials and devices at the
nano-scale. At a basic level, this type of study requires imaging and characterization of thin con-
ductive layers deposited onto these pattered polymer substrates. While cross-sectional TEM has
been shown to be an invaluable analytical tool for nano-scale characterization, the same aspects that
make polymers attractive as substrates also pose several challenges for current, well-established,
nano-scale characterization tools.

In this paper, an additional FIB-based cross-section TEM sample preparation method was pre-
sented, which addresses several of these challenges. It also extends the sample preparation capabil-
ities to some soft materials for FIB instruments without a cryogenic system. As proof-of-concept
on how this sample preparation method may help in the characterization of materials and devices
on polymer substrates at the nano-scale, TEM samples were prepared and analyzed. These samples
were comprised of thin metallic films and layered metallic stacks (thinner than 150 nm), and were
deposited on a variety of patterned polymer substrates.

Some of the benefits observed for this sample preparation method include:

FIB-based, thus retains site specificity

Depending on the hardness of substrate, there may not be a need to fixate the sample into a

harder polymer

Method gentle enough to preserve high-aspect ratio structures on a PDMS substrate

* Geometry provides structural support to thin and flexible lamella
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Supporting pillars help provide thermal management and a barrier against redeposition from

the thinning of adjacent windows

* Block provides thermal management benefits to the polymer window

» Pt pad provides adequate protection against Ga implantation onto the underlying substrate

during final thinning

* Though not optimized, samples allowed for the characterization of layers as thin as 10 nm

in the active reflective layer of a BluRay disk

* Final thinning of the metal layers to less than 80 nm in thickness

In our case, the benefits mentioned above, outweigh some of the shortcomings that arise from
FIB-based TEM sample preparation. Artifacts such as curtaining and Ga implantation were still
observed. Also, compared to glass substrates, this sample preparation method increases sample
preparation time by approximately 50%.

Considering the rise of polymer substrates integrated onto electronic devices, this method pro-
vides an additional tool that may help in the characterization, study, and quality control of current

and future devices.



Chapter 8

Conclusions and Possible Extensions

Vanadium dioxide (VO,) is a material of particular interest due to its exhibited metal to insulator
phase transition at 68 °C that is accompanied by an abrupt and significant change in its electronic
and optical properties and holds promise in several tecnological applications. Electron microscopy
techniques from SEM and TEM were utilized to characterize VO, thin films and nanoparticles

deposited onto various substrates.

8.1 Morphology of the solid phase crystallization of VO, thin
films deposited on amorphous SiO,

Solid phase crystallization of VO, thin films was obtained by a post-deposition annealing pro-
cess of a VO, x ~ 2 amorphous film sputtered on an amorphous silicon dioxide (SiO,) layer. The
specimens, obtained from Dr. Kevin Coffey at the University of Central Florida, consisted of amor-
phous VO, ,~» films 50nm and 10nm thick. Samples taken from these specimens were annealed
in temperatures that ranged from 300°C up to 1000°C and in times ranging from 5 minutes up

to 12 hours. Scanning electron microscopy (SEM) and electron-backscattered diffraction (EBSD)

180
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were utilized to study the morphology of the solid phase crystallization that resulted from this
post-deposition annealing process.

Depending on the annealing parameters, scanning electron micrographs showed the formation
of grains ranging from ~20 nm in the thinner films upto 400nm in the thicker films

EBSD showed that this process yielded polycrystalline vanadium dioxide thin films, semi-
continuous thin films, and films of isolated single-crystal particles for the thicker set of samples.
However, while EBSD accuratelly distinguished between the different stoichiometries of vanadium
oxides, it was unable to accuratelly distinguish between the monoclinic and tetragonal structures
of VO,. Further, EBSD showed a limit in the size of indexable grains that made this technique

unavaliable for the smaller grains of the thinner VO, films.

8.2 Crystallographic Orientation of VO, Nanograins and Thin
Films on Various Substrates

In addition to these films on SiO; obtained from UCF, other VO, thin films were deposited onto
a-,c-,and r-cuts of sapphire and on TiO,(001) heated single-crystal substrates by pulsed-laser de-
position (PLD) and provided by Dr. Richard haglund at Vanderbilt University. Unlike the UCF
samples, the VO, films were crystallized in-situ by keeping the temperature of the substrates was
at ~500°C during deposition. Again, EBSD was used to study the crystallinity of the films. EBSD
maps and orientation imaging microscopy were used to study the epitaxy and orientation of the
VO, grains deposited on the sigle crystal substrates, as well as on the amorphous SiO, layer. The
EBSD/OIM results showed that: 1) For all the sapphire substrates analyzed, there is a predominant
family of crystallographic relationships wherein the rutile VO,{001} planes tend to lie parallel to
the sapphire’s {10 — 10} and the rutile VO,{100} planes lie parallel to the sapphire’s {1 —210}

and {0001}. Furthermore, while this family of relationships accounts for the majority of the VO,
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grains observed, due to the sapphire substrate’s geometry there were variations within these rules
that changed the orientation of VO, grains with respect to the substrate’s normal direction. 2) For
the TiO,, a substrate with a lower lattice mismatch, we observe the expected relationship where
the rutile VO, [100], [110], and [001] crystal directions lie parallel to the TiO, substrate’s [100],
[110], and [001] crystal directions respectively. 3) For the amorphous SiO» layer, all VO, crystals
that were measurable (those that grew to the thickness of the deposited film) had a preferred ori-
entation with the the rutile VO, [001] crystal direction tending to lie parallel to the plane of the

specimen.

8.3 [Extensions for Tranmission Electron Microscopy of Thin
Films

Further work in the characterization of these films is possible with the use of transmission electron
microscopy. It was shown that tranmission electron diffraction patterns taken from cross-sections
of particles of the A and R cut sapphire substrates not only solidified the predominant family
mentioned, but also helped lift the ambiguity present in the rutile 100 axes, thus giving added
information that the EBSD method used above did not provide.

Furthermore, electron energy-loss spectroscopy (EELS) was employed to differentiate between
VO, and V;,03, giving the opportunity to study the role of the grain boundaries in continous VO,
thin films.

Finally, a focussed-ion beam technique for preparation of cross-sectional TEM samples of
metallic thin films deposited on polymer substrates is demonstrated. While this technique did not
use VO, it opened the possibility to study the properties of this material if deposited on polymer

substrates.



Appendix A

Deposition Parameters for the Various VO,

Samples Obtained

A.1 Samples obtained from the University of Central Florida

The VO films on amorphous SiO; obtained for this work were obtained from Kevin Coffey at the
University of Central Florida. These films were deposited by means of Reactive RF Magnetron

Sputtering.

S50nm thick VO, film on Amorphous SiO;:

Sample#050506

0.5% oxygen partial pressure.

8 min deposition time

RF power: 260 V and 40 W

DC power: 200 W
183
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* DC voltage: 334 V
* DC current: 0.595 amps

The substrate was a silicon wafer with a thermally grown amorphous silicon dioxide layer approx-

imately 380 nm in thickness, and the resulting VO, film was approximately 50 nm

10nm and 5nm thick VO, film on Amorphous SiO,: For this sample, the parameters were
similar to the sample described above. In this case, the substrate was a silicon wafer with a ther-
mally grown amorphous silicon dioxide layer approximately 90 nm in thickness, and the resulting

VO, films were approximately 10 nm and Snm nominal thickness.

A.2 Samples obtained from Vanderbilt University

Epitaxial VO, films of 80 nm nominal thickness were deposited onto c-, r-, a-cut single-crystal
Al,O3, and TiO,(001) substrates using pulsed laser ablation of 99.99% pure vanadium metal tar-
get in a background of 50 mTorr of oxygen, with a target-substrate distance of 5 cm, at a high
temperature of ~500 °C.

The epitaxial character of the films was confirmed by reciprocal space mapping using a PAN-
alytical X’pert Pro MRD and images acquired in the HF3300 transmission electron microscope
(TEM).

The metal-insulator transition (in both heating from room temperature and cooling from high
temperature) of the acquired VO, thin films was observed by measuring the infrared transmission
using a mechanically chopped white light source (3000 K blackbody) and an InGaAs detector; the
chopped signal (frequency 190 Hz) was fed as the reference to a lock-in amplifier that recorded
the signal from the detector. The films were heated and cooled during optical characterization by

a Peltier thermoelectric element. The temperature was measured with a precision thermocouple in
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thermal contact with the VO, surface.

Figure A.1 shows the acquired infrared transmission for the VO2 films deposited on a-, c-,
r-cut sapphire, and TiO2(001) substrates (respectively from top to bottom). There is an evident
difference in the SMT between the films, as well as the hysteresis. As a reference, the accepted
transition temperature is labeled across all graphs by a solid black line pointing to 68°C. Table
1 shows the measured transition temperature and hysteresis width for the VO2 thin films on the
different substrates. The transition temperature is reported at the midpoint of the hysteresis, and
the hysteresis was the measured full width at half maximum.

The transition temperatures of VO2 films on TiO2 and c-cut sapphire show a considerable dif-
ference based on the strain associated with the epitaxial film grown on the respective substrates. In
fact, the hysteresis parameters like transition temperature, width of hysteresis, contrast of switch-
ing and slope of transition are all dependent on the substrate and the strain in the epitaxial film

grown on top of it.
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Figure A.1 Normalized infrared transmission acquired from the VO, epitaxial films de-
posited on the following substrates (from top to bottom): a-cut sapphire, c-cut sapphire,
r-cut sapphire, and c-cut TiO,. As reference, the accepted transition temperature for bulk
VO, is 68°C. (Courtesy of Joyeeta Nag and Richard Haglund at Vanderbilt University.)



Appendix B

Use of ISODISTORT to Model the Phase

Transition

ISODISTORT 1is a web-based tool that enables the study of structural phase transitions. It can be
used via a web-browser and allows the user to visualize and manipulate the transition. ISODIS-
TORT uses subroutines available in the ISOTROPY* software package and wraps an easy to use

graphical user interface.%?

In order to use ISODISTORT the two phases must be introduced. Then, the software decom-

poses 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

*This software package is available at http://stokes.byu.edu/isotropy.html'64
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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 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. ISODISTORT is currently

available at http://stokes.byu.edu/isodisplace.htm1®>

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 c axis of the tetragonal

phase. The displacement of the vanadium atoms is evident in views A and C by looking at the
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vanadium-oxygen bonds. View B shows a “bowing” that takes place in the M3 phase. ISODIS-
TORT 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°.

0.
... R1+[0:g]B2(a)
0....  R1+[0:g]B1(a)

158 fps
[Vlatoms  [¥IBonds [/ Cells [Ispin [] Animate Direction: [L i 1 Apply View]
@ Normal ) Xrot © Yrot O Zrot ) Zoom @ SupHKL O Supuvw © ParHKL © Paruvw

Figure B.1 ISODISTORT 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.2 Distortion File for the Phase Transition of Vanadium Diox-
ide Between the

Rutile (R) phase and the Monoclinic (M3) Phase

The following file is generated by ISODISTORT 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
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Tetragonal (R) Phase Monoclinic (M3) Phase

Figure B.2 The changes observed with ISODISTORT 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 c axis of the tetragonal phase (respectively). The displace-
ment 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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changes that take place during the transition are also stored in the file itself. Some of the informa-

tion stored which regards to the phase transition includes:

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

the atom positions)
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 ISODISTORT 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,

V 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= ">

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

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

<INPUT TYPE="hidden" NAME='"settingaxesh'" VALUE="h">

<INPUT TYPE="hidden" NAME="settingaxeso" VALUE="abc ">
<INPUT TYPE="hidden" 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=" 4.5546 4.5546 2.8514 90.00 90.00 90.00">

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

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

<INPUT TYPE="hidden" NAME="wynumber00i'" VALUE=" 6">

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

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

<INPUT TYPE="hidden" NAME="wyparam0Q1" VALUE=" 0.300000000000000 0.000000000000000E+000  0.000000000000000E+000">
<INPUT TYPE="hidden" NAME="wypointer(Q02" VALUE=" 999">

<INPUT TYPE="hidden" NAME="wynumber(002" VALUE=" 1">

<INPUT TYPE="hidden" NAME="wyckoff(002" VALUE="2a (0,0,0)">

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

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

<INPUT TYPE="hidden" NAME="basisorigin' VALUE=" 1 0 0 0 1 1 0 -1 1 0 0 1 2'">

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

<INPUT TYPE="hidden" NAME="orderparam" VALUE="Subgroup: 12 €2/m, basis={(0,2,0),(0,0,2),(1,0,0)}, origin=(0,0,1/2), s=2, i=8">
<INPUT TYPE="hidden" NAME="isosubgroup" VALUE=" 0>

<INPUT TYPE="hidden" NAME='"subgroupsym" 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

This structure is also known as the “parent” structure.
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<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="0K"><p>

Enter mode and strain amplitudes:

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

<p>
P4_2/mm[0,0,01GM1+(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/nnm[0,0,0]GM2+(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[0,0,01GM3+(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]B1(a)<br>

<p>

P4_2/mnm[0,0,01GM4+(a) 65 Cmmm, basis={(-1,1,0),(-1,-1,0),(0,0,1)}, origin=(0,0,0), s=1 i=2<br>
<input type="text" name="mode001004" value=" -0.00193" size=5>[0:f]A1(a)<br>

<input type="text" name='"scalar001001" value="  0.00000" size=5>[0:florder(a)<br>

<input type="text" name='"scalar002001" value="  0.00000" size=5>[V:alorder(a)<br>

<input type="text" name='"strain4" value=" -0.03281" size=5>strain(a)<br>

<p>

P4_2/mm[0,1/2,1/2]R1-(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:a]lB3u(a)<br>

<input type="text" name='"mode002002" value=" -0.17736" size=5>[V:alBiu(a)<br>

<input type="text" name='"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 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 [ 1 0 0 [
1
1 0 0 0 1 0
0 0 1 0 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 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
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Appendix C

Sample Scripts Used in NISTMonte to
Simulate Electron Trajectories Through

Various Thin Films

NISTMonte is a Monte Carlo simulation tool for electron and x-ray transport in solid materials,
developed at the National Institute of Standards and Technology. It contains a series of libraries
useful for the simulation of electron trajectories through materials using the Monte Carlo method,
as well as for the simulation of generated x-rays. Though its main purpose is to ease the simulation
of electron trajectories and generated x-ray spectra, the simulations presented do not take into
account any effects generated by the crystallinity of the irradiated materials.

The two main libraries used are:

1. Electron Probe Quantitation [sic] (gov.nist.microanalysis.EPQLibrary) - Contains the tools
needed for the “characterization” of the different materials, thus, it is used to set the appro-

priate material properties.

2. NISTMonte (gov.nist.microanalysis.NISTMonte) - Contains the tools for the Monte Carlo
196
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Simulation of electron trajectories. Thus, it also contains the necessary tools for setting
the appropriate parameters (including location) for the electron beam, chamber, detectors,

sample.

NISTMonte 1s not subject to copyright protection and is in the public domain.

Though NISTMonte’s libraries are JAVA based, an effective way to write scripts for the NIST-
Monte is through the Jython scripting language. Jython is a JAVA implementation of the Python
scripting language, thus, it allows to use the Python syntax to call and access the JAVA NISTMonte
libraries.

The scripts presented here are written in Jython to use with the NISTMonte libraries.

C.1 Generate Electron Trajectories for an Electron Beam with
Normal Incidence for Various Electron Energies

This script will generate a series of cross-section images (electron trajectories and intensity of x-
ray) and x-ray spectra for a 50 nm thick VO, film deposited onto a 380 nm thick SiO; layer with
a Si substrate. Sets of images are generated for electron energies of 5, 10, 15, 20, 25, and 30 keV.

Each generated image represents a Syum x 5um cross-section of the electron interactions.

# A simple script for various electron energies
import gov.nist.microanalysis.EPQLibrary as epq
import gov.nist.microanalysis.NISTMonte as nm
import java.io as io
import javax.imageio as imgio
print "Start...";
for e in [5.0, 10.0, 15.0, 20.0, 25.0, 30.0]:
# create an instance of the model
monte=nm.MonteCarloSS()
monte.setBeamEnergy (epq.ToSI.keV(e))
#
# create the V02 thin film, shape and region
V02=epq.Material()
V02.defineByMoleFraction([epq.Element.V,epq.Element.0],[1.0,2.01)
V02.setDensity(epq.ToSI.gPerCC(3.06))
V02.setName ("V02")
# create a film of V02 on the top most surface
VO2Film = nm.MultiPlaneShape.createSubstrate([0.0, 0.0, -1.0],[0.0, 0.0, 0.0])
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ri=nm.MonteCarloSS.Region(monte, monte.getChamber(), V02, VO2Film)
#
# create the Si02 layer, shape and region
Si02=epq.Material()
S5i02.defineByMoleFraction([epq.Element.Si,epq.Element.0],[1.0,2.0])
5i02.setDensity(epq.ToSI.gPerCC(2.65))
Si02.setName("Si02")
# create a layer of Si02 50nm from the surface
Si02plane = nm.MultiPlaneShape.createSubstrate([0.0, 0.0, -1.0]1,[0.0, 0.0, 0.05e-6])
r2=nm.MonteCarloSS.Region(monte, r1, Si02, SiO2plane)
#
# create a matrix of Si 430nm from the surface
mat=epq.MaterialFactory.createPureElement (epq.Element.Si)
subs = nm.MultiPlaneShape.createSubstrate([0.0, 0.0, -1.0],[0.0, 0.0, 0.43e-6])
nm.MonteCarloSS.Region(monte, r2, mat, subs)
#
# add event listeners
xrel=nm.XRayEventListener(monte,monte.computeDetectorPosition(40*(3.1415926/180),0.0))
monte.addActionListener(xrel)
przs=nm.PhiRhoStats.watchDefaultTransitions(xrel,-1.0e-6,9.0e-6)
#
# add a trajectory image
img=nm.TrajectoryImage(1024,1024,5.0e-6)
monte.addActionListener(img)
#
# add generation images
imgs=nm.EmissionImage.watchDefaultTransitions(xrel,512,5.0e-6)
#
# run the simulation
monte.runMultipleTrajectories(1000)
#
# determine where to save the results
dest=DefaultOutput+PathSep+"E0=%5.1f keV" % (e)+PathSep
#
# output the phi-rho-z stats
nm.PhiRhoStats.dumpToFiles (przs,dest)
#
# output the trajectory image
img.dumpToFile(dest)
#
# output the transition image
nm.EmissionImage.dumpToFiles(imgs,dest)

print "Done!"

C.2 Generate Electron Trajectories for a 25 keV
Electron Beam at Various Sample Tilts

This script will generate a series of cross-section images (electron trajectories and intensity of x-
ray) and x-ray spectra for a 50 nm thick VO, film deposited onto a 380 nm thick SiO; layer with a

Si substrate. Sets of images are generated for a 25keV electron energy and for sample tilts of 0°,
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10°, 20°, 30°, 40°, 50°, 60°, 70°, and 80° with respect to the incident beam. Again, each generated

image represents a Sum x Sum cross-section of the electron interactions.

# A simple script for various sample tilts

import gov.nist.microanalysis.EPQLibrary as epq

import gov.nist.microanalysis.NISTMonte as nm

import java.io as io

import javax.imageio as imgio

print "Start...";

for phi in [0.0, -10.0, -20.0, -30.0, -40.0, -50.0, -60.0, -70.0, -80.0]:
# create an instance of the model
monte=nm.MonteCarloSS()
monte.setBeamEnergy (epq.ToSI.keV(25.0))
#
# create the V02 thin film, shape and region
V02=epq.Material()
V02.defineByMoleFraction([epq.Element.V,epq.Element.0],[1.0,2.01)
V02.setDensity(epq.ToSI.gPerCC(3.06))
V02.setName ("V02")
# create a film of V02 on the top most surface
VO2Film = nm.MultiPlaneShape.createSubstrate([0.0, 0.0, -1.0],[0.0, 0.0, 0.0])
ri=nm.MonteCarloSS.Region(monte, monte.getChamber(), V02, VO2Film)
#
# create the 5i02 layer, shape and region
Si02=epq.Material()
Si02.defineByMoleFraction([epq.Element.Si,epq.Element.0],[1.0,2.0])
Si02.setDensity(epq.ToSI.gPerCC(2.65))
Si02.setName("Si02")
# create a layer of Si02 50nm from the surface
Si02plane = nm.MultiPlaneShape.createSubstrate([0.0, 0.0, -1.0],[0.0, 0.0, 0.05e-6])
r2=nm.MonteCarloSS.Region(monte, ril, $i02, SiO2plane)
#
# create a matrix of Si 430nm from the surface
mat=epq.MaterialFactory.createPureElement (epq.Element.Si)
subs = nm.MultiPlaneShape.createSubstrate([0.0, 0.0, -1.0],[0.0, 0.0, 0.43e-6])
nm.MonteCarloSS.Region(monte, r2, mat, subs)
#
# rotate the sample
monte.getChamber() .rotate([0.0,0.0,0.0],0.0,phi*1.74533e-2,0.0)
#
# add event listeners
xrel=nm.XRayEventListener(monte,monte.computeDetectorPosition(40%(3.1415926/180),0.0))
monte.addActionListener (xrel)
przs=nm.PhiRhoStats.watchDefaultTransitions(xrel,-1.0e-6,9.0e-6)
#
# add a trajectory image
img=nm.TrajectoryImage(1024,1024,5.0e-6)
monte.addActionListener (img)
#
# add generation images
imgs=nm.EmissionImage.watchDefaultTransitions(xrel,512,5.0e-6)
#
# run the simulation
monte.runMultipleTrajectories(1000)
#
# determine where to save the results
dest=DefaultOutput+PathSep+"Tilt=Y5.1f_deg" % (phi)+PathSep
#
# output the phi-rho-z stats
nm.PhiRhoStats.dumpToFiles(przs,dest)
#
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# output the trajectory image

img.dumpToFile(dest)

#

# output the transition image

nm.EmissionImage.dumpToFiles(imgs,dest)
print "Done!"

C.3 Generate Electron Trajectories for a Electron Beams with
Various Electron Energies in Transmission Through Sam-
ples of Various Thicknesses

This script will generate a series of cross-section images (electron trajectories and intensity of x-
ray) and x-ray spectra for a 50 nm thick VO, film on a SiO; support layer of thicknesses varying
from 10, 20, 50, 100, 200, and 500 nm. Electron energies for each thickness vary between 35, 30,
and 200 keV.

Each generated image represents a 1 um x 1um cross-section of the electron interactions under

normal incidence.

# A simple script for various thicknesses of a film
import gov.nist.microanalysis.EPQLibrary as epq
import gov.nist.microanalysis.NISTMonte as nm
import java.io as io

import javax.imageio as imgio

print "Start...";

for ev in [5.0, 30.0, 200.0]1:
for thick in [10.0, 20.0, 50.0, 100.0, 200.0, 500.0]:
# create an instance of the model
monte=nm.MonteCarloSS()
monte.setBeamEnergy (epq.ToSI.keV(ev))
#
# create the V02 thin film, shape and region
V02=epq.Material()
V02.defineByMoleFraction([epq.Element.V,epq.Element.0],[1.0,2.0])
V02.setDensity(epq.ToSI.gPerCC(3.06))
V02.setName ("V02")
# create a film of V02 on the top most surface
V02Film = nm.MultiPlaneShape.createFilm([0.0, 0.0, -1.0],[0.0, 0.0, 0.0],0.110e-6)
ri=nm.MonteCarloSS.Region(monte, monte.getChamber(), V02, VO2Film)
#
# create the Si02 layer, shape and region
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Si02=epq.Material()
Si02.defineByMoleFraction([epq.Element.Si,epq.Element.0],[1.0,2.0])
Si02.setDensity(epq.ToSI.gPerCC(2.65))
Si02.setName ("S$i02")
# create a layer of S5i02 50nm from the surface
Si02plane = nm.MultiPlaneShape.createFilm([0.0, 0.0, -1.0]1,[0.0, 0.0, 0.10e-6],thick*1.0e-9)
r2=nm.MonteCarloSS.Region(monte, r1, Si02, SiO2plane)
#
# add event listeners
xrel=nm.XRayEventListener(monte,monte.computeDetectorPosition(40%(3.1415926/180),0.0))
monte.addActionListener (xrel)
przs=nm.PhiRhoStats.watchDefaultTransitions(xrel,-1.0e-6,9.0e-6)
#
# add a trajectory image
img=nm.TrajectoryImage(1024,1024,1.0e-6)
monte.addActionListener (img)
#
# add generation images
imgs=nm.EmissionImage.watchDefaultTransitions(xrel,512,1.0e-6)
#
# run the simulation
monte.runMultipleTrajectories(1000)
#
# determine where to save the results
dest=DefaultOutput+PathSep+"set-%5.1fnm"} (thick)+"_%5.1fkeV"%(ev)+PathSep
#
# output the phi-rho-z stats
nm.PhiRhoStats.dumpToFiles(przs,dest)
#
# output the trajectory image
img.dumpToFile(dest)
#
# output the transition image
nm.EmissionImage.dumpToFiles(imgs,dest)

print "Done!"
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