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Abstract

Vanadium dioxide (V@ thin films with an insulator-metal transition (IMT) near ro
temperature of 68°C have been resear@dsszhndidate for technological applications sucl
electronic switching devices, storage devices, and temperature sensing devices. Howewv
practical point of view, transition temperatur®) (of 68 is still too high. Metal doping ar
epitaxial mismatch stress control have been reported to be effieckbmeering theTi. However,
considering these methods, where significant degradation in the transition properties ani
film thickness were observed, new method of controllingtigeeneeded. In this workf, substrate
biasing was studied as a method to coritrgdlanea-axis of monoclinic phaseng-axis) of the
VO, thin films on AkOs (001) substrates, thus control theof theVO, thin films.

Rf magnetron sputtering apparatus equipped with rf substrate biasing set-up was uti
deposition. As substrate biasing was applied through a blocking capacitor that installe
matching circuit, negative dc self-bias voltagEy{ was establishedt the substrate and w
introduced as a method to increase the ion irradiation energy during the deposition. The d
was performed by varying the substrate biasing power from 0 to 40 W. By maintaining a
deposition conditions including-@low rate constant, comprehensive studies on the rf sub
biasing effect on th# O, films were performed.

Rf substrate biasing was observed to succeed in modifyiri thvards lower temperatur
while maintaining of almost two-order of magnitude transition in resistance changes, and
hysteresis loops, indicating the intrinsic IMT properties ot ¥ins. Consequently, a significe
improvement on the TCR value was achieved, where high TCR value of about -3
obtained in the film deposited at a biasing power of 30 and 40 W. In respect to that mod
of the T, significant in-plane tensile and compressive stress was observed, as the lengthe
shortening of the in-plana-axis length and W atoms distance in the \A@ilms depending o
the ion irradiation energy of 140 eV (10 W), and 200, 230, 300 eV (20, 30, and 40 W)
observations proposed that thenodifications in VQfilms due to the high energy ion irradiati
during the sputtering are reasonably possible. Also, as thefiM@ were deposited by hig
energy ion irradiation, the introduction of oxygen vacancies is undeniable. Cooperation |
compression of theu-axis and high oxygen vacancies concentrations revealed to be resp
for introducing thelt modifications in films deposited larger than 30 W (> 280.

Systematic control of th& with large7; shift is achieved in the present work of subst
bias sputtering, where no changes in the deposition conditions needed are propos
advantageous for widening the applicability of the \fitns. Also, the growth of tham-sized
crystalline grains of V@films on ALOs; (001) substrates under particular substrate bi:
conditions is expected to improve the transition properties and open new vistas ob filen¥/(
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Chapter 1  Forward
1.1 Introduction

Transition metal oxides (TMQ#$as been claisto be one of the most interesting classe
solids, exhibiting varieties of properties, structures, and applications. TMOs possess unt
useful electronic, optical and magnetic propertigseir properties are determined by their uni
nature of outer-electrons. Vanadium dioxid&Q,) with a single electron ind3orbitals (37) is
introduced as a strohgcorrelated TMOs that exhibits an insulator-metal transition (IMT) a
accompanied by a structural phase transition (SPT) from a low-temperature monoclinic |
a high-temperature rutile-tetragonal phase at near to room temperature approximately of

For more than half centuries since the first observation of the transitionzirce@inuous
works considering its potential for various applications haen barried out. Considerings
transition that could also be triggered by applying current and voltage,is/6tudied fol
applications of switching and memory deviéé®Besides, significant resistance changes witl
increasingin temperature hee pointed VO to be one of the most potential infrared radia
detecting materials for microbolometer senddr&ecently, VQ with excellent thermochrom
propertieds also proposed for new generation smart windbfis. addition, VQ has also bee
studied for applications of memristdr$!® Memristors or resistors with memory belong t
general class of memory devices, named memristive systems, where materials with sv
and retainable resistance lik&, are the main key attributes for this application. Howe
despite the promising properties of high magnitude changes in electrical and
characteristicsy O, poses challenges not to only considering its fundamental physics b
involving its fabrication issues. As one could realize, those proposed applications utilizeth
main feature of the transition across the temperature; considering this matter, the
temperature so-called transition temperat@igig an important issue that concerned.

For yearsa number of works have been devotectontrol the transition temperaturg)(
Impurity doping with elements such as molybdenio), tungsten (W), and niobiunNp) are
acknowledged to be a successful method to contrdiitlségnificantly'**° It has been reporte
that doping VQ with either higher or lower state cations such a8"Nb Al?*, the T: can be
modified towards either lower or higher temperature, correspondingly. However, this me
undesirable for V@ because of the simultaneous degradatiorthe transition propertie
Alternatively, modification of th@t to almost room temperature with sharp transition prope
have been demonstrated by controlling stress aloagis of the high-temperature rutil
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tetragonal phasexg-axis),by growing thevO films on TiG; (001) substrates. Unfortunately, t
T: modification only works for films thinner than its critical thicknés$® Regardless of the filr
thickness limitation, this work suggesting that Thef theVO: thin film is closely related to tr
cr-axis and by restraining thetress along ther-axis, modifications of thdt is convincingly
possible.

In this chapter, an overview ¥10,, including crystalline structure, electronic behavior,
fabrication techniquesiiv be reviewed. A brief outline regarding works on the modificatior
the Tt in VO; thin films will be given. Later, problem statements and the objective of the p
work will firstly be introduced. Finally, a roadmap for the rest of the dissertation will be pro



1.2 Vanadium Dioxide, VO2: A Review

Vanadium dioxide (V@ is well known to exhibit insulator-metal transition (IMT), accompal
by a structural phase transition (SPT) from a low-temperature monoclinic structure to
temperature rutile-tetragonal structure at a temperature of around 68°C. A general ove
VO, and vanadium oxides (M system will be given in section 1.2.1. Later, crystal
structures and lattice parameters of M@Il be delivered in section 1.2.2. Details on its b
structures will be given in section 1.2.3. Later, a brief review of the synthesis processes cc
employed folVO; will be delivered in section 1.2.4.

1.2.1 System of Vanadium Oxides

Transition metal oxides (TMOSs) are studied for their unique and useful electronic, ch
and optical properties. One of the most potential TMOs studied for various applicat
vanadium oxides (VQ. VOx has attracted much attention due to their occurrence ofdtv
various temperatures. Between themN&he most actively studied phase due to the occur
of the IMT near to room temperature. Kosuge proposed the systematic phase diagram af
system in 1967° Figure 1-1 shows the phase diagram of tb®:W/>Os system, where- andy-
axes correspond to a number of oxygen (x) in,\&@d growth temperature, respectively. Fr
this diagram, one can expect that the stoichiometry in 860Id easily deviate even with slic
changes in the amount of oxygen.

As an oxidation of vanadium occurs in a relatively small amount of oxygen, vanadiurr
Magnéli phases (¥D2n1), such as YOzand V,O;. Magnéli phases known to behave as a nag
room temperature. Among them,® is reported to be the most stable phase, where the
occurs at a low temperature of 160 K (-113%E¥In contrast, Wadsley phases.Qén+1), such a
V6013 and LOs grow as the oxidation occurs with a large amount of oxyge@:s\fs a mixed-
valence oxide experiencing a semiconductor-semiconductor transition at a low temperatu
K (-123°C)? V,0s is a semiconductor at room temperature with a wide band gap of 2 e
reported to undergo a semiconductor-metal phase transition at high temperature nec
(257°C)?* From the phase diagram, one can observe that the growtef)\and VQ are stable
until the high temperature of around 1200°C (at pressure of 1 atm). In different, the gr
VnOz2n+11S Observed only to be stalaitemperature lower than 650°C. As the temperature rei
around 650°C, liquid phase exists with another solid pMagh; + liquid and VQ + liquid. The
existence of liquid phase in \&ystem is irmgood agreemertbd the low melting point of %013
and \LOs of 667 and 670°C, respectivéty.
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Fig. 1-1 Phase diagram of XDs-V20s.2%:26

The changes of stoichiometry in vanadium oxides occuisagyte valence of the oxidation
states from ¥* to V®*, in the form of VO (\#), V203 (V3*), VO, (V#), and \LOs (V°*). However,
mixed valence oxides of Wadsley and Magnéli phases that contain two oxidationssiztess
V013 with V4 and \** and \4O; with V3" and \** were also observed in the phase diagrai
caused complicated correlation oxidation states o¥/tbg system. Theoretically, V&grows as
a single valence state of* However, due to the formation of vacancy (oxygen or vanadiu
defects, the growth of mixed-valence ¥@onsists of ¥, V4, V3, and \#*) was frequently
reportec?’-?° As the number of vacancies exceeds a certain value, the vacancies tend to co
and form crystallographic shear planes, and subsequently eliminated by the reorganizatior
O coordination, which then finally resulting in the growth of related stoichiometriegxir
ViOzn1 OF ViOzns1.%



1.2.2 Crystalline Structures of VO2

Andersson reported on the details of the,\¢@uctural properties for both structures at low-
high-temperature, including the relations between them in ¥d8éfinement of these structur
was later proposed by Longo and Kierkegaard in £97Their report gave a substant
improvementin the atomic parameters but did not change the general picture of the str
suggested before.

arr ar

Fig. 1-2 2D images of VQ (a) low-temperature M1 phase and (b) high-temperature R phase.

Figure 1-2 shows the two-dimensaimages of the (a) low-temperature monoclinic (1
phaseard (b) high-temperature rutile-tetragonal (R) phase. As mentioned before, accomy
the IMT, as temperature increases to the vicinity of 68°C, SPT occurs from the low-syi
monoclinic phase (M1, space group/feZNo. 14)) to the high-symmetry rutile-tetragonal pt
(R, space group R4nnm). Atomic positions of th#1 structure were given by one V positi
and two O positions that all have a latter in Wyckoff positions. Unique axis isaxis,
coordinates are given as V (0.242, 0.975, 0.025), O1 (0.1, 0.21, 0.2), and O2 (0.39, 0.6
respectively. As for the R phase, the atomic positions are given by V (0, 0, 0) and O (0.30!
0) positions with Wyckoff positions ofizand 4.

Apparently, as the temperature increases, an arrangement of the vanadium (V) atol
the a-axis of the distorted M1 phasevfaxis) forming a pair (MV atoms), thus results in tt
occurrence of SPT to rather stable R phase. In the high-temperature R phase, V atoms o«
positions with larger oxygen (O) atoms reside in octahedral positions around the V atoms
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a hexayonal close-packed lattice usually known asd\@ucture (VG@Q, shown in Fig. 1-2 (b)
In the R phase, V ataare locatedt an equal distance along th@xis r-axis). Based on tr
context of metal to insulator transition from high- to low-temperature, R lattice distorts b
and displacement of the V atoms at the corners along#es alternately to opposite directiol
Thus, two different distances between vanadium atoms of 2.62 A and 3.16 A instead o
(cr-axis) are formed, which lead to a doubling of the cell along:¢kexis (correspond tow-
axis). Accordingly, as the SPT occurs, the unit-cell size doubled (MO phase compared
that of R phase. The relation between the lattice of (#@) and VQ (R) phases are shown
below:

anm =2r, bwi=ar, cm1=ar-cr ... (1-1)

In the low-temperature region, besides the M1 phase,i¥&own to exist in some oth
phases, including M2 phase, A phase, and B phase. It was frequently reported that dS(
from insulating M1 to the metallic R phase, another metastable monoclinic of M2 phase aj
in which half of the V atoms paired but did not twist, while the other half twist, but re
equidistant along ther-axis, resulting in the zigzag chah The growth of M2 phase
proposed to be induced by either stress or doping. By manipulating those two T&0toffsl2)
is reportedto be stabilizedat room temperatur&:®’ Besides, active research on the metas
VO (B) has bencarried out, in which the V3B)’s characteristic layered structure is attrac
much attention for a new potential cathode material in secondary lithium ion baftétlaghe
other hand, compared to others, the studihetvVO; (A) falls a step behind due to its difficulti
in the synthesis that has lead to ambiguous characteristics of this'pHasdtice parameters (
the high- and low-temperature Y©Crystals are listed as in Table 1-1.

Table 1-1 Lattice parameters of high-temperature2(®) and low-temperature \\@M1), (M2), (A),

and (B).
Phase Space groug Lattice type a-axis b-axis c-axis £
length (&)  length (&)  length (A)

R P4/mnm rutile 4.555 - 2.856 -
M1 P2J/c monoclinic 5.753 4.526 5.383 122.6
M2 C2/m monoclinic 9.066 5.797 4.525 91.88

P4/ncc tetragonal 8.44 8.44 7.666 -
B C2/m monoclinic 12.042 3.689 6.431 106.96




1.2.3 Band Structures of VO2

Vanadium, V (electron number 23) with an electronic configurationd®f4s® has five
electronsn the outer shell. In the formation of ¥Qanadium’s outer shell electrons filled up the
oxygen’s 2p orbit, resulting in the formation of the positive ion of"¥ind negative ion of ©
Band structure of V@is discussed based on its characteristic V 3d orbitals of the V
Accordingto the theory of point group, the \d®rbitals are built by triple generateg (x*-)?, yz,
andxz) and double generategl (3z?-7? andxy) at low- and high- energy states. This energy |
is decided by the interaction with the neighboring oxygensj@rbitals. The low energy stat
of 1,4 further splits intazig (di) ande™y (n*) with the weakly hybridized (by Qv2rbitals) d states
lie in the lowest (in term of energy). Thestates are directed along the-axis, with a strong-
bonding of the VV atoms along this direction.

In the insulatingM1 phase,the strongdimerizationand tilting of the \\-V pairs alongawu-
axis are resulting in the splitting of th& states to two states of bondingy)(and anti-bondini
(di"). This separation results in the opening of a gap in the band structure at low temg
Accordingly, displacement of the V atoms also resulting in significant raising of the energ
of ther” above the Fermi leveEf). These two characteristics behavior of th@rbitals give the
band structure of the insulating M1 phase to be as shown in Fig. 1-3 (a).

ey
|Gt 3 ey
e
Imen O
(a) Insulating M1 phase (b) Metallic R phase

Fig. 1-3 Band structures of low-temperature insulator and high-temperature metallic phases



Figure 1-3 shows the V 3d — O 2p band splitting of @) for insulating M1 phase and |
for metallic R phase. From Fig. 1-3 (a), at a low temperature, one can observe the nai
opening of around 0.7 eV with th& lies about 2.5 eV above the top of the @kand. This
electronic band structure was explained in details by Goodenough ifi?39& proposed that tt
transition in VQ occurs involving the unit cell doubling and the pairing of the V atoms.
single electron of & occupies the bonding combination, thus resulting in a Peierls-like k
gg. However, some other researchers, including Zylbersztejn and*V®tmmers an
Doniach?* and Riceet al.*® strongly suggested that the Coulomb repulsion plays a major t
opening the gap in M1 phase, agreeing on the physics pth&Dbelong to the Mott-Hubba
interactions.

In 2002, Eyert performed electronic structure calculations based on density functiona
within the local density approximation (DHEIDA) to support Goodenough’s qualitative
description regarding the molecular orbit&$iowever, this calculation failed to reproduce
band gap opening of the insulator ¥ @Qater in 2005, Biermaner al. reported on the consiste
description of both metallic and insulator behavior of,\6§ performing calculations by clust
dynamical mean field theory, with the conjunction of the density functional sc
(LDA+CDMFT).%” They suggested that the transition in Malongs to both Mott-Hubba
interactions (band gap opening due to the electron-electron interaction) and Peierls ti
(band gap opening due to the doubling of unit cell), where the formation of dynamitainglet
pairs due to strong Coulomb correlations is necessary to trigger the opening of a Pei
These results are widely accepted by most of the researchers while discussing the 1
properties in V@ However, a tug-war in determining the driving mechanism of this transit
VO is still in continuity,ascan be seen from recent works of Kénu/. and Chen eal..*84°



1.2.4 Synthesis of VO2

The transition oW O, was first reported in 1959 on the bulk single crystals, which were gro
H. J. Guggenheim using a hydrothermal metHdd.the later work performed by Verlear al.
in 1968% the VQ single crystals were also grown by H. J. Guggenheim, where nitrogen g
passed over melted,®s. V.Os was slowly decomposed, thus later recrystallized as V&ge
transition near to four- or five-order magnitude changes in resistance was obtained on
VO: single crystal. However, after several runs, bulk single crystals tend to crack ar
properties are no longer obtainable.

Due to that matter, thin films VQare much advantageous. As addition to that, for
applications, materials in the form of thin films are the most concerned. Several nun
methods are utilized with the aito synthesize high-performance V@thin films, includinga
reactive evaporation and a sol-gel metfiod.However, in order to obtain high-performai
films with rather large area, following three methods have several advantages.

1) Chemical vapor deposition (CVD)

CVD isawidely used material processing technology for depositing high-quality and
performance films. In the simplest incarnation, CVD involves flowing a precursor gas or
into a chamber that containing heated substrates. Chemical reactions that occur resulti
deposition of a thin film on the substrate. In the case of, Watal-organic chemical vap
deposition (MOCVD) was frequently performed, where metal-organic precursors, s
vanadium triethoxide oxide [VO (Q8s)s] and p-diketonate complex vanadyl acetylacetor
[VO(acac)] were often used:>® Besides, organometallic chemical vapor deposition (OMC
could also be performed, where organometallic precursors, such as vanadyl tri (isobt
VO(O-i-Bu)s, is often used as a starting compodhd.

2) Pulsed laser deposition (PLD)

PLD is one type of physical vapor deposition (PVD) technique that has been prove
excellent method especially in depositing oxide thin films. In PLD, a high power pulse:
beam will be focused on a target with the desired composition inside the vacuum cl
Material vaporized from the target then deposited on substrates as thin films. Recent ye
became the most popular technique for.W@n films and VQ nanopatrticle fabrications, due
its ability in producing high-quality thinner films with film thickness of several tens#fPLD
was utilized by Muraoka and Hiroi to deposit ¥ms with a thickness of 10 to 15 nm on i
single crystalline substratésStoichiometric VQ thin films on TiQ substrates enabled stud
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on the epitaxial VQ films, where significant transition temperature modifications was obse

3) Reactive sputtering deposition

Sputtering is a technique used to deposit thin films onto a substrate, where gaseou
is created, thus accelerating ions from the plasma to the target. The arriving ions erode 1
via energy transfer. The ejected target ions are reacted with the inserted gas (e.g., oxy!
deposited on substrates as thin films.

Reactive sputtering method was introduced to successfully fabricate high-§@dithin
films.%%61 Kusanoet al. and Hoffman’s group succeeded in fabricating VO- thin films with the
transition of nearly four orders of magnitude in resistivity by dc magnetron reactive the spi
and rf magnetron reactive the sputtering mefié8iSputtering is also introduced as one of
most promising techniques for large-area uniform coatings with high packing density anc
adhesion filmsConsidering that, a lot of works on sputtering deposition have been conc
including changing the metallic vanadium target to vanadium oxides targets, sugDsas
V20s.54 Also, in comparison to other physical vapor deposition, reactivating magnetron spt
is rather much advantageous by considering the low-temperature depaséimund 300 t(
400°C®%25° Even so, considering the crucial oxygen composition ir, \f@brication of the
stoichiometric VQ thin films are yet much more difficult.
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1.3 Workson Modifying the Transition Temper ature of VO

VO, has attracted much attention due to the electrical conductivity changes by three
orders of magnitude during its IMT that occurs at little above the room temperature. /
introduced in section 1.1, utilizing \A@ characteristics feature of IMT and SPT at tempera
near towards room temperature, M®studied for various applications, including smart winda
bolometers, and memristors. Transition temperatlijeof 68°C is considered to be low
comparison to other TMOs, yet in the application’s point of view, this temperature is still
somewhat high. Due to the factors, modifying fhef VO, became an important task for t
VOz-based applications realization. However, for years, this challenging task remains ui
due to narrow growth conditions of \d@nd its rather complicated physics features. In this se
overview on thelt modifications of VQ will be given.

Morin reported his first observation of the insulator-metal transition (IMT) of bulk iMC
1959%° He reported the reversible transition properties in electrical conductivity fréto 10*
Qcntwith a transition temperatur@&y in the vicinity of 69°C and 60°C for heating and cooli
runs. Verleuet al. in 1968 reported IMT with four orders of magnitude change in resistivify
to 102 Qcm) for VO- thin films deposited by reactive sputtering with a film thickness of
nm3! They also reported an abrupt change from an almost transparent state with the tran:
of 0.7 to a low limiting transmission of 0.09 near Thef 68°C, suggesting the occurrence of
IMT in both electrical and optical properties of ¥@his observation is an important discove
suggesting good transition behavior can also be obtained even in thbiv@ms.

Considering the excellent transition properties of,M0. films are frequently deposite
on AlOz (001) substrates. However, in the case of; fitns on ALOsz (001) substrates, i
comparison to thé&: reported for the bulk, rather highBrwas observed®%” The shift of thel;
to rather higher temperature in Y@ims on ALOs (001) substrates was explained conside
the thermal expansion coefficient of Y@ong thecg-axis that is larger than that of &8k. The
difference of the thermal expansion coefficient betw¢én films and substrates is reported
be also responsible for modifying the Fakaiet al. reported the effect of the thermal expans
coefficient difference on th& of VO, films on several substrates, including®@d and P£®

In 2002, Muraoka and Hiroi demonstrated an extensive modificatidhh o¥er a wide
temperature range by controlling the epitaxial mismatch stress aloagdikis by growing VQ
on TiQ; (001) and (110) substrates. Y@Ims on TiG (001) and (110) substrates, wi
compressed and elongatadaxis, were observed to have a modification onzitte rather low
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andhigh temperatures, respectivétyHdowever, this method which is triggered by the epite
mismatch stress only works for films thinner than a critical thickness. As the film thic
increases to be thicker than its critical thickn@&skas been reported to return close to 68°C (¢
as in the bulk)1"8 Despite the film thickness issue, their work suggests thaf; thiethe VO,
thin film is closely related to the strain along tikeaxis, where by restrainirthe stress along th
cr-axis, modification of th&@: would be convincingly possible. The same concept of utilizin
epitaxial stress later introduced for theribdification invVO; films on Mgk (001) substrate®.

The modification of thel was also been reported to be possible by utilizing the img
doping method. By applying this method, stoichiomse#iO; is predictably no longer exist di
to the substitution of V ionsvith other metal’s ions (M), thus introduce MMxO,. Impurity
doping method is widely used due to its rather broader applicability, where both shifts t
lower and higher temperatures are possible by selecting the dopant materials and ratfip
increases for lower state cations M doping of €&'°Fe**,"* and Ti*,’>73while decreases thg
for higher state cations M doping of NB%" Mo®*'57® and W*.7877 By substituting V* ions
with W®* ions, the formations of W-V3* and VV*-V3* in W-doped VQ films were expected t
stabilize the metallic behavior, thus lowering thevalue’®” In terms of a simple electrc
counting, substitution of b®* ion gives one electron, and a Mor a W ion adds two electron
In these works of substitution, excess electrons would be formed and responsible for redi
T: in VO,. Regardless of this controllability of tlie nonstoichiometric V@of dopedv O, films
(V1xMxOy) is experiencing degradation the magnitudef resistance change. Apart from tr
disappearance of hysteresis during IMT inMxO; films is alsoa matter needs to t
reconsidered.

From the above explanations, one can understand the importance of modifyingf 6.
films. Due to tlis matter, several significant modifiefl values reported in past years w
summarized in Fig. 1-4. Figure 1-4 shows Thealues observed in two most effective meth
for the process of controlling thg, utilizing the epitaxial-stress controlling meth&d¢® and
doping method®>#%:81
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Bulk VO,
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VO, films on TiO, (110) 6
VO, films on MgF, (001) ¢

VO, films on TiO, (001) ¢

W-doped VO, films %
Mo-doped VO, films '°

Ge-doped VO, films #!
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Transition temperature (°C)

Fig. 1-4 Modified T values reported by stress-control and doping methods
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1.4 Problem Statement and Research Objective

VO, has attracted much attention due to the electrical conductivity changes by three
orders of magnitude during its IMT. However, high transition temperafref 68°C has indee
laminating the further applications of this material. Although, several works towards lower
T: actively benperformed for years, V&hin films with large-magnitude of resistance char
with the 7: near room temperature still did not successfully fabricafedthermore, V@
characteristics that easily deviated with a slight change in deposition conditions make
difficult for this material. Nonetheless, modifying tlfe is an important key to enlarge t

application of this material.

* Problems with current available methods of controlling the transition
temperature of VO,

1) Deterioration of the IMT properties 2) Film thickness limitation

» Growing VO, films with ay-axis lies parallel to substrate
(VO, on Al,O; (001) substrate with in-plane a,;-axis)

* Introducing rf substrate biasing method to control irradiation energy
during deposition )

\

IDEAS

* High-energy ions irradiation is expected to introduce an in-plane
compressive stress and compression strain along ay-axis, thus result in
lowering of the transition temperature

)

Present work was performed with aims to modify the transition temperature, hence
broaden the application of the VO, films.

Fig. 1-5 Flowchart on problems, ideas, and hypothesis of the present work.

Considering the importance of controlling tfig present works been carried out with tr
aim to modify theT:;, hence broaden the application of the Mms. In the present work,
substrate biasing method is been introduced to study the possibility of lowerifiginthgO;
films, whereT: has been reported to be controlled significantly by controlling the stress alc
cr- (am) axis. In order to control the stress alongdheaxis, which thus allowing the controllir
of theT; in VO films, in this work, oriente®/O- films grown on A}O; (001) substrates with tt
au-axis lies parallel to the substrate (in-plane axis) was introduced. Modification of the ir
au-axis expected to be achieved by controlling ion irradiation during sputtering. Substrate
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was introduce@sa method to control the energy of the ion incident to the substrate duri
reactive sputtering deposition. In this work, the effect of the high-energy ion incident
substrate during the deposition on the crystalline and transition properties diik@ms will

be given. These ideas, hypothesis, and the main objective of the present work are sumn
Fig. 1-5.
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1.5 Organization of Dissertation

This dissertation is divided into five chapters. As describghis chapter 1, the introductic
of this work, including motivation and objective are briefly described. As a part of lite
studies, a review on VVQvasgiven in brief. The rest of this dissertation is organized as foll

Chapter 2 This chapter deals with the growth of Yfims on ALOs (001) substrates t
therf substrate biasing deposition method. Reactive sputtering witfi substrate biasin
method would be introduce firstly, and significant increasing of ion irradiation energy
the biased sputtering will also be given. In this chapter, crystalline properties,diin©
deposited by the substrate biasing method are introduced. Significant modification
surface morphologies and film thickness as the results of the increasing energ
irradiation will be presented. Large modifications of IMT, SPT, and infrared
transmittance propertied those films deposited by reactive sputtering with substrate bi
are presented. In significant with tii@nodifications, early Fermi level shifting in \d@Ims
deposited under high-energy ion irradiation will be delivered. Finally, high value
temperature coefficient of resistance (TCR) and activation enggppf(films deposited ¢
high-energy ion irradiation will be presented.

Chapter 3 In this chapter, mechanisms of the transition temperalgren¢dificationsin
the VO; films triggered by the substrate biasing are discussed. The compressionnei
planeau-axis length was observed, in agreement with the siroptane compressive stre
in the VG films deposited at high energy ion irradiation will be introduced. Also, signif
shortening of VV atoms distance will later be illustrated. High-energy ion irradiation di
substrate biasing sputtering is also expected to show oxygen vacancies. In this
effects of oxygen vacancies on the IMT properties will also be delivered. From these
mechanisms behind the modifications of Thevill be discussed by considering tag-axis
and oxygen vacancies, accordingly. Finally, consideration of the modifications Hfith
films thicker than 100 nm will be given.

Chapter 4 This chapter discusses the characteristic growth phenomené®ofilms
with micro-sized grains at an adequate low substrate biasing power of around 10
growth mechanism of the characteristic micro-sized: g@ins will be proposed. In th
chapter, micro-sized domains structure, and their crystalline behavior are explainec
effects of the micro-sized grains growththe IMT and SPT will be discussed.
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Chapter 5 In this final chapter, concluding the remarks of this work, in whichrtl
substrate biasing method is introduced to control the IMT properties ofiM@, will be
given. Finally, future works will be explained.
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Chapter 2 Growth and Transition Properties of VO2 films on Al>O3
(001) Substrates Deposited by Reactive Sputtering with
Substrate Biasing

2.1 Introduction

Oriented VQ films grow on AbOs (001) substrates is widely used considering the stoichion
VO: films growth with excellent IMT properties that can be obtained by owing to their |
matching. The crystal growth orientation of ¥@m on Al.O3z (001) substrate is illustrated
Fig. 2-1.

(a) ’\\
. ALO, (001) )
ayr-axis
(= 2cg)
L byraxis I VO, film
275 x i ALO, (001)
=3.50 substrate

g ‘4.76 A

Fig. 2-1 (a) Schematic growth orientation and (b) two-dimensional diagrar®ebn Al,Oz (001).

Figure 2-1 (a) shows a schematic orientation of the monoclini®2D) plane on the ADs
(001) plane, where interatomic distances of 5.50 A and 4.76 A on #@ &I01) surface
correspond to thew andew sing (bulk value of 5.75 A and 4.53 A), respectively. The in-pl
lattice mismatch calculation (in the unit of %) of this Mims on ALO3 (001) substrates for bo
am andcew singare shown as below.

ds—dy 5.75 (A)-5.50 (&)

Misfit alongam, Mg,, = P X 100 % = 550 () X 100 % = 4.5%
.o . _ dg—df _ 453 (A)-476 (A) _
Misfit alongewm sing, Mc,, sing = p X100% = — & x 100 % = —4.8%
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Fromthe above calculations, one can understand that small lattice mismatchwaéordyv sirg
of 4.5 % and -4.8%, which thus allow an epitaxial growtW©# films on ALOs (001) substrate:
For further discussion, the growth of Y@ms on ALOs; (001) substrates, a two-dimensio
diagram as shown in Fig. 2-1 (b) is frequently taken for consideration.

In this work, main reason of selecting@} (001) as a substrate is the growth orientatic
thein-planeam-axis (shown in Fig. 2-1 (b)), where thg-axis is the main feature to determ
the V& characteristics (i.e.J:, V-V atoms distance), which is essential to this study
introduced before, the large thermal expansion coefficient of d@hpared to that dkl.Os is
responsible for tensile stress (elongation) in the in-planaxis of VQ films, thus resultingn
rather higher 7.%” Figure 2-2 shows the resistivitys. temperature characteristicg-1
characteristics) of VOfilm deposited on AlO; (001) substrate deposited by the rf magne
reactive sputtering with a substrate temperatiigeaf 400°C and oxygen flow-rate of 1.0 scc

A sharp transition in resistivity of $@rders was observed, and as expected, rather Highe
75°Cwas observed.

10! =
——-Heating
——Cooling
100 E
E 101]
G
-’
2
=
2 107 3
& =
g0
=
103 =
30 50 70 90 110
104 Temperature (°C)

20 30 40 50 60 70 80 90 100 110 120
Temperature (°C)
Fig. 2-2 p-T characteristic of V@film on Al,Os (001) substrate deposited by rf magnetron sputterir

Inset shows the d (lagR)/dT curve for the heating run.

Controlling the energy of ions incident to the substrate during deposition is reporte
effective in improving crystalline properties of the grown thin fif#f. Inductively coupéd
plasma (ICP) and substrate biasing methods are efficient in increasing and controlling
energy during sputtering deposition. During ICP, where SUS coll is inserted between
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electrodes, ion energy increasesaaplasma potential increas&sMd. Suruz Mian and K
Okimura studied the effect of the increasement of ion energy during the ICP sputter
reported to succeed in depositing M@ms on metal electrodes at a relatively low tempere
of 250°C% & However, in the present work, the substrate biasing method is much more d
considering the possibility of impurities co-operation during the ICP sputtering. To da
substrate biasinig frequently applieih the deposition of metallic films, such as TiN and #1#.
In this work, high-frequency substrate biasing of 13.56 MHz was introduced as an ins
substrates mainly utilized

In this chapter, thé magnetron reactive sputtering with tisubstrate biasing method a
VO: films characterization methods will be introduced in sections 2.2.1 and 2.2.2. The gr
theVO; films on ALO; (001) substrates depasitby the reactive sputtering with substrate bia:
will be firstly introduced in section 2.3.1. In this section, the effects of rf substrate biasing
crystalline properties of V&thin films will be delivered. Accordingly, the increasing of the
irradiation during sputtering will modify the grain morphologies. Thus, morphologies
sputteredvO; films, including the film thickness will be discussed in section 2.3.2. Chan
IMT and an early occurrence of SPT in ¥fdms deposited by rf substrate biasing will be gi
in the later sections of 2.3.3 and 2.3.4. In section 2.3.5, infrared (IR) transmittance propel
be given signifying thel; modifications in optical properties of the sputtek&@. films. In
corresponding to the occurrence of SPT, valence band shift in films deposited with the
power of 20 and 40 W, with improved crystalline properties and the Idwvesil be presente
in section 2.3.6. Significant increase in the values of the TCR and activation efigngii then
be given in section 2.3.7. Finally, in section 2.4, the conclusions on the effects of substratt
on the growth and transition properties of Mims will be delivered.
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2.2 Experimental Methods
2.2.1 Rf Magnetron Reactive Sputtering with Rf Substrate Biasing

A metallic vanadium V targe@00 mm, purity of 99.9%is placed in a vacuum chamkt
with an electrode spacing of 55 mm. A metallic vanadium V plate (50 mm x 50 mm x 0.
purity of 99.5 %) was placed on the heater to enable biasing on the substrate and tc
impurities. Rf power with a frequency of 13.56 MHz was applied to both the target a
substrate, and was coupled a pi-type matching circuit. This system provides power matc
between the rf power source, cable, and the plasma to aroufd(isfpedance of the pow
supply). In each circuit, a blocking capacitor was instaiteblock a direct current from the
power sources, thus enabling the occurrence of negative self-bias voligpat(poth the targe
and the substrate. Figure 2-3 presents a schematic diagram of the sputtering apparatus
with the rf substrate biasirggtup.

13.56 MHz
el F—@_
Gy —l
N ] S N
0, Ar S N N S
W DR S WS S
& V target (99.9%)
Substrate Bias

V plate (99.6%) f————————————- I
ALLO; (001) | |
Heater Substrate | 1356 MHz |
[ 11 1
I |
' I M€ _l |_®_ | I
— I G I
| |

L Vacuum pump X Cp: Blocking condenser

X M.C: Matching circuit

Fig. 2-3 Schematic diagram of rf magnetron sputtering withrtleibstrate biasing.

As mentioned earlier, the rf substrate biasing power is known to be an efficient met
controlling the ion irradiation energy during sputtering. Considering the changes of 1
irradiation energykKion), it is essential to analyze the ion energy distribution (IED) in the pr
work. However,it is difficult to measure the IED by using the conventional IED ana
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measurement, where an energy analyzenstalled at the center of the substrate. Due to
matter, in the present worKi,n has been discussed by considering the bias voltage wavefo

Figures 2-4 (a) and 2-4 (b) present thig measurement set-up and the changes of the
voltage waveforms a function of time, measured by oscilloscope during the rf substrate b
sputtering deposition. As shown in Fig. 2-4 (a), in order to allow themeasurement to b
performedanelectrical circuit with a seriessistance of 100 kQ and 1 MQ was introduced. In
Fig. 2-4 (b), the voltage signal for which the substrate was electrically grounded (bias of
also included. As one can observe, the potential on the electrode (substrate) is modulat
frequency of the rf substrate biasing power of 13.56 MHz. It is well known that the ion ¢
distribution function (IEDF) is bimodal with one peala&w energy and anotherahigh energy
This variation is expected to be due to the ions transverse and transit times in the plasm.
respectively¥® Accordingly, positive peak of the cycl&yt) and negative peak of the cyclé,j
in the bias voltage waveforms give information on the low- and high-energy peaks of the
The decreasing of thé,. and with the increasing substrate biasing power in Fig. 2-4 (b) proy
significant acceleration of th&.n during the reactive sputtering with substrate biasing.

From Fig. 2-4 (b), the average substrate voltage or self-bias voltayés(negative in all
cases, hence results in the ions acceleration toward the substrate. During deposition, &
space charge layer known as plasma sheath is developed between the bulk plasme
substrate due to the different thermal velocity between electrons and ions that is rathe
heavier. When the gas pressure is low, ions pass through the plasma sheath without collisi
mean free path results in the so-called collisionless plasma, where ions are accelerated
full sheath, thus give a relation of the ion enerfy.) (in unit of eV) at the substrate durir
sputtering as

Eion=e - Vsheath= € - (Vplasma~ Vsup) ... (2-1)

wheree is the electron charg&sneanisS the voltage across the plasma sh&gfkymais the plasme
potential, and’su is the substrate potentidds,nis considered to take the value of the dc self-|
voltage (/sc) and has a value of which the net flux of ions and electrons to the substrate
within one rf cycle. This consideration is possible, considering the ions only respond
average dc bias voltage during the high-frequency power supplied of 13.56 MHz.
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Fig. 2-4 (a) Dc self-bias voltage ¢4) measurement seip. (b) Bias voltage waveforms in a function «

time for the substratkiasing power of 0, 10, 20, 30, and 40 W.

Profijt et al. in their work on the substrate-biasing during plasma-assisted atomic
deposition (ALD) revealed that the average ion energy measured from the IED meas
remains approximately equal to equation (2-1), indicating thaf;theasremains constant desp
the increasing oFsu (hereafter known akqc) with the increasing of substrate biasing poffém.
agreement with the reported results, in the present work, Langmuir probe measurerr
carried out to measure th&asma @and an identical result was obtained, where no signif
changesn the Vyasma Were observed with the increasing substrate biasing patvaeound 30 V
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One should note that, Langmuir probe measurement was performed at distance of 20 r

the substrate.
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Fig. 2-5 The increasing of negative dc self-bias voltag<in black and ion energyHKon) (in red) with

the increasing of substrate biasing power.

Figure 2-5 shows the increasing of the negative dc self-bias voltdgedrd ion energ
(Eion) with the increasing of substrate biasing power. From this result, one can understan
this reactive sputtering with substrate biasing, the ion energy was increasecehgingthe r
substrate biasing power. Thi;: accelerates ions from the plasma to the substrate, thus €
the control of the ion irradiation during the deposition. As the substrate biasing power in
from 0O to 10, 20, 30, and 40 W/« increased from O to 110, 170, 200, and 270 V, thus incrt
the Eion from 30 to around 140, 200, 230, and 300 eV, correspondingly.

These high values off’qc achieved in this work were due to the small V plate are
comparison to the wall chamber, whel@.-values depend on the ratio of areas between
chamber and V plate (corresponding to anode and cathode) of the deposition system. Thi
is given by the equation as below:

(S4ISK)", n~4... (2-2)

where § is the anode (chamber wall) area &kds the cathode (V plate) area, respectively.
to this relation, in this work, the constant size of V plate (50 x 56)mmas used to avoi
inconsistency of thelxc value. In this work, V@ thin films were deposited on double s
polished A}O; (001) (10x 10 mn¥) substrates by rf magnetron reactive sputtering equippec
therf substrate biasing set-up. The substrate was ultrasonically cleaned in acetone for 3
rinsed in pure water before being placed in the sputtering chamber. The substrate was
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the same position ad30 mmfrom the center to avoid difference due to magnetron effect.

In order to discuss the effect of substrate biasing on the growth of th&lw®, all the
deposition conditions were set constant. The depositions were performed in 0.5 Pa
ambient of @ and Ar gasses, where @nd Ar flow rates were at 2.5 and 38 sccm, respecti
Substrate temperatur@sdj, target rf power, and deposition time were consahd00°C, 200 W
and 40 minutes. In order to systematically study the effect of this method, the depositio
performed at four different substrate biasing power of 0, 10, 20, 30, and 40 W. One sho
that, 0 W deposition was condadiwhile the substrate was grounded.
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2.2.2 FilmsCharacterization

VO, crystalline growth of the deposited filmawsanalyzed by X-ray diffractometry (XRI
X’Pert MRD Philips Co.) using Cu Ka radiation (wavelength of 1.5418 A), where -Zéscars
measurements were mainly performed. The epitaxy of the sputt€efilms wasanalyzed by
performing omega scans aingplane phi scans, and by taking pole figure of high-resolution .
measurements. Field emission scanning electron microscopy (FE-SEM) measureme
performed to study the effect of ion energy on the morphologies and also the film thickne

IMT properties of film resistanceersus temperature characteristicB-" characteristios
were measured by a two-point probe method using tungsten carbide tips, where the
between the two tips was constant at 1.0 mm. A Peltier heater stage wasadfodaoontrolling
the sample temperature, in which the temperature was swept eXt®020 at a rate of 4C/min.
R-T characteristics were converted to resistivity against temperature co¥Vehéracteristics
by taking resistivity value at room temperature measured four-point probe method int
account. In respect to the IMT properties, transition temperature for both heating and
(Twr-+ andTivrc) were defined as the peak temperature of the @@®gl7 curve for heating an
cooling runsAs a reminder, in the present work, transition temperaftiyev{ll be discussed i
correspondingo the IMT’s transition temperature for the heating runs. Temperature-depen
infrared (R) transmittance properties were measured by a homemade measuring set-up,
a light-emitting diode (LED) with a wavelengtif 1.45 um was used as a laser light an
photodiode was used to convert a light signal into a current.

Temperature-dependent micro-Raman measurements were carried out to study.1
Measurements were performed by using a reflex device (Renishaw, inVia) and a tem
controller (Linkam, THMS 600). An argon-ion laser with 514.5 nm in wavelength and 0.5 |
power was used as the excitation light source. Transition phase ratio was deduced by ta
peaks area of the M1 phase and R phase into the acealtiius allow the SPT’s transition
temperature Tspy) to be obtainedT'ser was calculated from the derivative curve of d{jdgl
ratioydT vs. temperature. Valence band structures near the Fermi Byelvas observed b
performing temperature-dependent ultraviolet photoelectron spectroscopy (UPS) measu
Emission of He Il with a photon energy of 40.8 eV (VG-Scienta, VUV5000+5048)sed as
light source, and low energy resolution of 0.03 eV was achieved by using a hemispherical
analyzer (VG-Scienta, SES-100). Before the measurements, films were directed to ai
sputteringto expose a clean surface of each film to the UV light. The absolute value of k
energy was calibrated by the Fermi edge of evaporated Au films.
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2.3 Resultsand Discussion

2.3.1 Crystalline Properties Characterization of X-Ray Diffraction (XRD) Patterns
for VO2 Films Deposited by Reactive Sputtering with Substrate Biasing

VO, films were deposited on ADs (001) substrates by varying the substrate biasing power
0 to 40 W. In this section, crystalline properties of films deposited with the substrate biasin:
of 0, 10, 20, 30, and 40 W will be discussed.
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Fig. 2-6 (a) XRD 24-0 scan profiles foO- films deposited with substrate biasing power from 0 to 4
(b) Enlarged XRD pattern for films @fand 10 W between a&#2ange of 38° and 44°.

Figure 2-6 (a) shows the XRD#¥ scan profiles of V@films on ALOs (001) substrate
deposited with substrate biasing power of 0, 10, 20, 30, and 40 W. In each film, peak apy
20=41.69 corresponds the substrate’s peak of Al.Os (006) plane. Also, another substrate p
diffraction of (003) plane was also observed at around 20.49° The growth of VQfilms on
Al;0s5 (001) substrates were confirmed by the appearance of peaks at arcuB8.88 and 26
= 86.8% that correspond to the monoclinic Y(@20M1 and (040). planes, respectively. Tt
appearance of these two Yfeaks confirmed the out-of-plabg-axis orientation growth of tr
VO, films deposited by reactive sputtering with substrate biasing, agreeing on the €
crystalline growth of V@films on ALO; (001) substrates explained in the introduction befo

On the film of without biasing, the grakvof high oxidation phase,é®:3 was also observe
asa peak at 2& 40.26 that belongs to 3013 (312) plane was detected in the XRD pattern
confirm the existence of this peak as only a double peak feature was observed in the w
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patern, enlarged XRD pattern frond 2 38to 44° was showin Fig. 2-6 (b). The groth of the
VO: + VeO13 in the film of 0 W was due to excess oxygen flow during the deposition. T
flow rate of 2.5 sccm applied in the present work was two times more higher than that fre
applied flow rate for growing high-quality \A(ilms.84*° Enlarged XRD pattern of the fil
deposited at 10 W revealed that peak belongs@M312) was disappead as the biasing we
applied. Observation on the disappearance of #:\As the rf substrate bias was applied, ¢
while keeping the &flow rate constant at 2.5 sccm suggests that the increasing of the ion
during deposition hindered the growth of the high-oxidation phase. Also, one should be
that the growth of V@was preserved even the deposition was performedhigh substrat
biasing power of 40 W witlgi,n of around 300 eV

In different to other sputtered \/@lms on ALOs (001) substratedilm of 10 W shows ¢
characteristics growth orientation, where peaks at 29.8% and 26= 57.85°that correspond t
VO, (01101 and (022): planes were observed to grow together with the typically obs
(0201 and (040): planes. This growth behavior was observed to have a good reproduc
which thus requires particular studies to be carried out. Results of these studies
extraordinary growth of film deposited at 10 W vii#é delivered in chapter 4.

Also, from Fig. 2-6 (a), the intensity of (02Q)peak was observed to apparently decr
on film of 40 W. To discuss th&O, (0201 peak behavior, enlarged (0x@Q)peak of films
deposited at 0, 10, 20, 30, and 40 W is shown in Fig. 2-7 (a). As one can observe, intens
(0201 peak firstly increased in films of 10 and 20 W. However, increasing the substrate
power to 30 and 40 W was observed to result in the decreasing of the peak intensity. T
discuss tese matters, quantitative analysis was performed by correspondingly define the
the Gaussian curves of the (O#0peak. The Gaussian function was used to fit the XRD prc
of all films. Gaussian curves (yellow dashed line) and calculated area (marked in red an
of films deposited at 20 and 40 W are shown in Fig. 2-7 (b) and (c), respectively.

Calculated area of the \\@20)41 peak of films deposited from 0 to 40 W, was summatr
as a function of substrate biasing power in Fig. 2-7 (d) with the corresponding ion energ)
as an upper horizontal axis. A small area of the @20ak in the film of 0 W was expected ¢
to the excess flowing of the oxygen during the sputtering, correspondingly. Improved cry
properties with significant increase in the (Q2Q)eak area were observed for films deposite
10 and 20 W. As the energy of the ion irradiation increases with the increasing substrate
power later than 20 W, VA(020M; peak area was observed to decrease, suggesting tl
crystalline growth properties of \\n Al:Oz (001) substrates could be optimized by selec
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the substrate biasing power. However, it should be notified that the oriented growth fdmé(
was preserved even in the film deposited with ion energy of 300 eV that achieved during ¢
biasing power of 40 W. From these results, one could propose that this rf substrate biasini
enables control of the ion energy that could be effective for controlling the growth behe
VO; films.
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Fig. 2-7 (a) Enlarged XRD profiles of films deposited at 0 to 40 W. Gaussian fitted curves qfi{02

peak for films of (b) 20 and (c)40 W. (d) Calculated area of the Gaussian fitted curves for all fil

Preserved epitaxy properties in the film deposited with high-energy ion irradiation o
were confirmed by performing high-resolution XRD measuremeirt-pfane phi scan analys
and selected area electron diffraction (SAED) measurement. The in-plane phi scan pro
SAED patterrof film deposited at 20 W with the best crystalline properties were also tak
comparison. Figures 2-8 (a) and (b) present the results of the XRD analysis of the in-p
scan profiles and pole figures taken for films of 20 and 40 W. In-plane phi scan measu
were performed for both peaks of:® and VQ with an inclination of 57.76and 44.94 of
Al;05(012) and VQ(011)1, respectively. The phi scan profiles confirmed the six-fold symn
of VO2 (011)4: reflections as well as three-fold symmetry of@d (012), supporting the epitaxi
growth of V& (020M1 on Al,Os (001) substrate for both films of 20 and 40 W. These six [
of VO, (011M1 appeared in the in-plane phi-scan profiles were attributed to the tw
symmetry of VQ (020)v: that growth in three different directions, where each grain was r«
by 120° from each other on the 8 (001) substrate. From the phi scan profiles, one
understand that the \A@ilms grow on AbOs (001) substrates have an epitaxial relation o
(010M: [100]wz || Al20s (001) [100], [100], [L0]. In corresponding to the observed phi s
profiles, pole figures were illustrated as also shown in Fig. 2-8.
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SAED measurement was also performiectonfirm the epitaxial growth of the sputtel
VO films. The diffraction spot patterns as shown in Fig. 2-9 revealed the typical growth
of VO, (020M1 on AlbOs (001) substrates for both films, supporting the results of that the ep
relations were preserved even in the film deposited with high-energy ion irradiation of 30
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Fig. 2-8 High-resolution XRD analysis of in-plane phi scan profile and pole figure for films deposit
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Fig. 2-9 Selected area electron diffraction (SAED) images for films of (a) 20 W and (b) 40 W.
Reproduced from [ref. 96f J. Appl. Phys119, 55308 (2016)], with the permission of AIP Publishini
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2.3.2 Field Emission Scanning Electron Microscopy (FE-SEM) Images for Surface
and Cross-sectional Views of VO2 Films Deposited by Reactive Sputtering with
Substrate Biasing

The growth of VQ was observed to be preserved despite the high-energy ion irradia
around 300 eV achieved by applying substrate biasing power of 40 W. Increasing of
energy during deposition was reported to change the morphology of thin films signiffé:
Thus, in this work, in which high-energy ion irradiation was introduced, it is definitely rec
to study the morphologies of the Y@Ims deposited by the reactive sputtering with subs
biasing.FE-SEM measurements were performed for both surface and cross-sectional v

discuss these morphology changes in the sputté@edilms. Figure 2-10 shows the surface vi
of the FESEM images of films deposited at 0, 10, 20, 30, and 40 W.

ow 10 W 20 W

Fig. 2-10 Surface view of FE-SEM measurements for films deposited with biasing power of 0 to ¢

As shown in the surface images in Fig. 2-10, surface morphologies of the sputtere
was observed to change with the increasing substrate biasing power. The film of without
shows mixedjrains growth, in which, small grains with size of several hundred nm were ob
together with white color of rod-like grains. These small grains with size of several hund
are the typical grain features observed in case off@s grown on A}Os3 (001) substrates. Th
result of film deposited at 0 W was in agreement withMfe and 6013 mixed growth of the
film observed in the XRD &0 scan profiles given before (Fig. 2.6 (a)).
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As the substrate biasing power applied, the rod-like grains were no longer observed,
the single growth phase of \dOn films deposited by reactive sputtering with the substrate bi
method. At the biasing power of 10 W, unusual-sized crystalline grains were obsen
together with the conventional nm-sized ¥@ains. This unusual grain growth of Y€rystals
was different from the usual thin films growth properties, where the grasve&ze supposed
be smaller or equal to its film thickness. Further details discussion on this extraordinary
behavior of film deposited at 10 W will be discussed in chapter 4. In comparison to
nanograins observed on film of 0 W, rather large size of MdDograins with an average size
150 nm were observed the film of 10 W.

In Fig. 2-10, as the substrate biasing power increases, densification of the gra
observed due to the continuous energetic particles striking to the films during the deposit
film of 20 W shows a homogeneous crystalline grains growth with the grains densification
resulting in rather smaller crystalline grains with a rather smoother surface. Latea caftiin
biasing power (30 W with ion energy of around 230 eV, in this work), hole-like features
to appear, as further grains densification occurs due to the high energy ionsciecitlee
appearance of such hole-like features in films deposited by high biasing power could
caused by the re-sputtering process that simultaneously occurs during the sputtering de
due to the continuous high-momentum ions strike to the filmthe film of 40 W, small grain
of VO, with the domination of the hole-like features were observed. Despite the hole-like f
that were observed to dominate the growth on film of 40 W, as was mentioned beft
crystalline properties of this film are still well preserved.

Besides the densification of the grains, film thickness was also observed to d
proportionally with the increasing of substrate biasing power. Figure 2-11 shows a cross-¢
view of FE-SEM images for films of 0, 10, 20, 30, and 40 W. Film thickness was decreas:
240 nm at 0 W to 150 nm at 20 W while maintaining all other deposition conditions unck
Later, as the biasing power increases to 40 W, the film thickness decreased to about 80
so, all the films are thicker than the critical thickness. The decreasing of the film thickne
the increasing substrate biasing power significantly proposed the increasing of the re-sj
rate during the deposition. From the film thickness value shown in Fig. 2-11, deposition 1
re-sputtering rate occur at the substrate during the deposition are calculated and shown
12 as a function of substrate biasing power, respectively. As one can observe, with the ir
of substrate biasing power, deposition rate decreases from 6 nm/min at 0 W to nearly 2
at 40 W. In contraste-sputteringate is significantly increased from 1 nm/min at 10 W to alr
4 nm/min at 40 W.
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Fig. 2-11 Cross-sectional view of FE-SEM measurements fos fl@s of 0 to 40 W.
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Fig. 2-12 Deposition rate and +gputtering rate at the substrate with the increasing of substrate bie

power.
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2.3.3 Insulator-Metal Transition (IMT) Properties of VO2 Films Deposited by
Reactive Sputtering with Substrate Biasing

As mention earlier, V@thin films have been studied for their occurrence of IMT near |
temperature. In this work, the substrate biasing method was introduced to investic
possibility of modifying the transition temperature in YH@; films. In this section, those resu
of the IMT modificationsin the VQ films on ALOs (001) substrates deposited by reac
sputtering with the substrate biasing power of 0, 10, 20, 30, and 40 W will be discussed.

In respect to the growth &fO; films deposited at 0, 10, 20, 30, and 40 W, IMT trans|
with a drop in electrical resistance, which is a characteristic feature pive®observed in ¢
films. As one can observe, significant modifications in IMT properties with shift of the trar
temperature ;) towards low temperature was observed with the increasing of substrate
power, while keeping all the deposition conditions constant.

10°

102

Resistivity (£2cm)

103 |

10

20 30 40 50 60 70 80 90 100
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Fig. 2-13 Resistivity vs. temperaturep T) characteristic of films deposited at 0, 10, 20, 30, and 40

Figure 2-13 shows-T characteristics for Ve&films deposited on ADsz (001) substrates i
a function of substrate biasing power. The transition for only around 1.5 order-of-magnitt
observedn the film deposited at 0 VW his small transition ratio in the film of without biasi
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was due to its mixed growth statesuvid, + VsOi13. As the growth of high-oxidation phase v
hindered with the applying of the substrate bias, rather larger transition width of nearly 2
of magnitude changes were observed in films of 10 and 20 W. Signifying the improvemer
crystalline propertiesf film deposited at 20 W, sharp transition properties with an improve
in metallic phase was observed, where significant increase of the resistivity with the inc
of temperature was observed. One should be notified that the resistivity changes of ne
order of magnitude were observed even in films with the transition occurred at a rathe
temperature of films deposited at 30 and 40 W. Figure 2-13 proposed certain IMT modifi
of VO;, films deposited by the rf substrate biasing method. However, intorgegcisely describ
the T; modifications effect of the sputtered films, transition temperature calculati
d(logieR)/dT curve will be needed.

d (log,,R)/dT
d (log,,R)/dT

T, IMT-H

62°C 68°C 10 W
20 30 40 50 60 70 80 90 100 20 30 40 50 60 70 80 90 100
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Fig. 2-14 Derivative curve of d (logoR)/dT for VO films deposited at 0, 10, 20, 30, and 40 W.
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Figure 2-14 shows derivative curves plotted for films deposited at biasing power of 0, 1(
30, and 40 W, where bolMT’s transition temperature for heating and cooling were calculat
and indicatedas Timt+ and Tivr.c, respectively. Significant changes Tiwr (referred to the
Twrn) value was observed, where thgr first increases, then decreases with the increasing
substrate biasing power. In comparison to the repditgdvalue of bulk VQ single crystal (at
68°C), rather lowr T)ur of about 59°C was observed on film of 0 W. This might be due to
low-quality of VG, crystalline structure, resulted by the excesfidv during the deposition. As
the substrate biasing power increases to 1TMY, was observed to increase to around 68%
Increasing the substrate biasing power to 20, 30, and 40 W was observed to aesgitificant
decrease of th&ur, where theliyr at around 64, 57, and 54°C were obtained for films of 20, :
and 40 W.

An extensive shift of theiur was observed in the film deposited at high-energy i
irradiation of 300 eV of biasing power 40 W. While most other research ¢fiviid on ALOs
(001) substrates results in rather highgf, rf substrate biasing method introduced in the prese
work succeeded in lowering thar to 54°C, almost 14°C lower than the bulk. Also, it should |
noted that decreasing of thei'in this work was achieved while maintaining both the transitic
and the hysteresis properties. The hysteretic behavior indicates the coexistence of two phas
a finite temperature range due to superheating and supercooling effects, which was intrir
the first-order transition. Summarize results of g€ characteristics, including thefiur+ and
Tivtc for all films, were summarized in Table 2-1.

Table 2-1 Summarized IMT properties of films of 0, 10, 20, 30, and 40 W.

Biasing | Tiwrn (°C) | Timrc (°C) | Hysteresis width | Resistance ratid
power (W) (Timt-H — Timrc) (°C) (pr1/p100°Q
0 59 53 6 25%x10
10 68 62 6 5.8X1G¢
20 64 56 8 3.8X16¢
30 57 52 5 2.1X16
40 54 45 9 1.2X1CG

Three series of depositions were performed to confirm the reproducibility ofishe
modifications triggered by the rf substrate biasing. Figure 2.15 showsTttoharacteristics of
all three series depositions. Variationghe Tiur for both heating and cooling runs for sputtere
VO: films in functions of substrate biasing power were summarized in Fig. 2.16. The rang
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the temperature shifts was observed to increase with the increasing substrate biasing pt
in overall, the T\wr modifications patterns were consistent for all deposition sefibs.
temperature ranges shift in thigr was expected due to the slight changes initheachieved a
the substrate that might be caused by the oxidation of the V plate or the occurrence o
power reflectance at either target or substrate during the deposition. Also, the shifting
transition temperature in cooling runs was similar to those in heating runs, meaning
thermal hysteresis width is independefthe substrate biasing power. Furthermore, abou
orders of magnitude change in resistance were preserved in all films.
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Fig. 2-15 Variation ofp-T characteristics measured for different deposition series of spuéreiiims

deposited at 0, 10, 20, 30, and 40 W.
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Fig. 2-16 Variations ofTiur in films deposited in three different series of depositions.
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From these results of three series of depositions, consfGennodifications pattern in the
sputtered VQfilms was observed, giving the certainty of fher modifications in the V@films
deposited by the reactive sputtering with substrate biasing, thus confirming the ability of the
substrate biasing method on controlling the IMT in the ¥i@s, in which there are no deposition
conditions changes are needéd.

For futher dicussion on the modifications of the transition properties of films deposited b
reactive sputtering with substrate biasing, analysis on the SPT and the valence bands behaviol
certainly needed. For that matter, series with the sharpest transition and theZlowesiue
achieved in the films deposited at 20 W and 40 W was chosen. Corresponded IMT properties
films of 0, 10, 20, 30, and 40 W that used for studying the effect of substrate biasing are sho\
in Fig. 2-17. As one can observe, as the substrate biasing power increase¥ftorda@W, and
later to 20, 30, and 40 W, th&ur first increasedrbm 6&C to 69°C, and later decreased to 65,
55, and 36°C, respectively. In addition to ther at almost room temperature for the film
deposited at 40 W, the large transition ratio of nearfyislone that should be notified. In respect
to the IMT propertiesshown in Fig. 2-17, a summary tfiat IMT propertiesis given in
Table 2-2.
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Fig. 2-17 p-T characteristics for films deposited at 0, 10, 20, 30, and 40 W to be used for discussion.
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Table 2-2 Summarize IMT properties for films deposited at 0, 10, 20, 30, 40 W.

Biasing Timtu (°C) | Tivrc (°C) Hysteresis width | Resistance ratig
power (W) (Timrn — Timrc) (°C) (prrlp100°9
0 66 61 5 4.7X1G
10 69 62 7 5.8X1G¢
20 65 57 8 3.8X16
30 55 49 6 1.1X16
40 36 30 6 6.4X10
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2.3.4 Temper ature-dependent Raman M easurementsfor SPT Analysisin VO2 Films
Deposited by Reactive Sputtering with Substrate Biasing

The occurrence of IMT in V@is accompanied by the structural phase transition (SPT
this work, in which theliur was significantly decreased with the increasing of substrate bi:
power, observation on the SPT would needed, especially for the film of 40 W, where the tre
occurred near room temperatuie order to study the occurrence of SPT in Y@, films
deposited by reactive sputtering with substrate biasing, temperature-dependent
measurements were performed. In low-temperature M1 phase, 18 Raman active modes (
9Bg) are allowed. In contrast, in the high-temperature R phase, only four modgsBaf,A2,
Ey are confirmed. Schilber al. performed comprehensive Raman scattering measuremer
both M1 and R phases of V®ulk crystal, where out of the 18 allowed modes, 17 sharp Re
peaks in the M1 phase and four broad peaks in the R phase were obsarvdis section
temperature-dependent Raman spectra will be used to evaluate the crystalline growth pt
of VO; films as well as their structural phase transition.

Figure 2-18 shows the temperature-dependent Raman spectra @ifiv&deposited at 0
10, 20, 30, and 40 W. Spectra shown as blue line is the one measured for low-temy
monoclinic M1 phase, and the red line remarks the completion of SPT from M1 to R strlct
characteristic peaks of VM1 phase were observed at 132, 193, 224, 261, 310, 336, 386
498, 615 and 825 chin films of 0, 10, and 20 W measured at room temperature of 23°C, ¢
the films of 30 and 40 W measured at low temperature of -195°C. The observation of thes
in the film of 30 and 40 W evidenced the existence of W crystalline lattice at a very lov
temperature of -195°C. In the case of the film deposited at 0 W, an additional peak at'1.
suggests a mixture growth of V@ith the ViO2n+1 phase of W0s.°* This peak was observed 1
have an insignificant change with the increasing of temperature, supporting the character
V205 that undergo semiconductim-metal transitiorat a higher temperature of around 250¢
This peak was no longer observable as the substrate biasing pewappbéed, supporting the
growth ofasingle phase V@in films deposited by reactive sputtering with rf substrate biasi

As temperature increaséf), M1 peaks completely disappeared at 75°C on the films
and 20 W, suggesting the completion of the SPT from the low-temperature M1 to the
temperature R phase. In different witlatbompletion of the SPT at 75°C on the films deposi
at 0 and 20 W, the film of 10 W was observed to shawmpletion of SPT a& rather higler
temperature of 80°C. In contrast, the disappearance of M1 peaks on the film of 30 W was o
to occur aairather low temperature of 70°C. Among these films, the film deposited at 40 W ¢
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a different transition behavior with an obvious early onset of the SPT was observed. Th
positions do not obviously change until -20but noticeably gt weaker as getting near the roc
temperature of 2@. Later, at 50°C, those W11 peaks disappeared, indicating the complet
of the SPTto the R phase. These results are consistent thwhenodification observed in the
p-T characteristics shown in Fig. 2-17, where The shifted to rather higher temperature at
biasing power of 10 W, then shaftto lower temperature as the biasing power increases to 2(
and 40 W. Note that, a peak appeared at 415amfilms of 30 and 40 W, is recognized toabe
substrat& peak that appeared due to the noticeable film thickness decreased in films depc
30 and 40 W.
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Fig. 2-18 Temperature-dependent Raman spectra foy M@s deposited at 0, 10, 20, 30, and 40 W.
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Fig. 2-19 (a) VO, M1 phase ratio changes with the increase of temperature and (b) derivativeM{log
ratio)/dr’ of phase transition temperatuf@pr for films of 0, 10, 20, 30, and 40 W.

To further studying the SPT on t€©; films deposited by substrate biasing, transition phase
ratio vs. temperatureind SPT’s transition temperature (Tsp7), were examined. Transition phase
ratio was deduced by taking ¥@eaks area of the M1 phase of 23°C (for films of 0, 10, 20, and
30 W) and -80°C (for films of 40 W), and R phase representative spectra of 100°C into the accour
This consideration was provided by assuming that the thermal evolution of the Raman specti
shows a transition from M1 to R phase, with the coexistence of only these two phases around tl
transition temperature. Minute procedure for obtaining the ratio was reported in els&where.
Figure 2-19 (a) shows VM1 phase ratio changes with the increasing of temperature. Films
deposited at 0, 10, 20, and 30 W were observed to be completelyi@iidl phase (M1 phase
ratio equal 1) at room temperature. In contrast, M1 ratio was observed to already decreased
almost half (M1 phase ratio equal 0.6) in the film of 40 W at room temperature.

SPT’s transition temperature (7spy) was calculated from the derivative curve of
d(logio M1 ratioydT vs. temperature as plotted in Fig. 2-19 (b). In comparison to the film of 0 W,
whereas th&sprwas around 66°C, rather hgytfspr was observed in the film of 10 W, which is
around 70°C. Further increasing of the substrate biasing power observed to result in a significa
decreasef the Tspt, where thel'spr 0f 65°C, 50°C, and 38°C was obtained for films of 20, 30, and
40 W, respectively. These results support the occurrence of IMT accompanying with the SPT &
both transition temperature&gr and 7spy) were observed to be in good agreement with each
other in all VQ films deposited on ADs (001) by reactive sputtering with substrate biasing. To
compare both modifications the Tiwr andZspr, the values of those transition temperatures were
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plotted and presented in Fig. 2-20.
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Fig. 2-20 Modifications of the transition temperatures in biasea Yils; Tiur (plotted in square) and

Tspr(plotted in triangl®

Figure 2-20 shows the change of figr and thelspr values for the films of 0, 10, 20, &
and 40 W. Note that, thBur values plotted in the figure are tigrn in corresponding to tk
IMT properties shown in Fig. 2-17. As one can observe, both transition temperatures
similar modifications pattern, thus evidenced the lowering of the transition tempefgtureéte
sputteredvO; films due to the high-energy ion irradiation. This result of theodifications ir
the VO films triggered by high-energy ion irradiation during the substrate biasiaghing tha
should be notified by considering the well-preserved transition ratio and hysteresis bi
without no changes in the deposition conditions will be needed.
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2.3.5 Infrared (IR) Transmittance Properties of VO2 Films Deposited by Reactive
Sputtering with Substrate Biasing

VO, possesses reversible IMT triggered by changes in the temperature, accompani
distinct change in its infrared (IR) transmittance; hence make it as a suitable candidate r
for the smart window application¥O, films could be used for energming coatings for
windows could tht block out the incident infrared light when the temperature is higher dt
summer; while in the meantime allowing the infrared light incident to pass through whe
temperature is decreased in cold weather.

As was introduced in sections 2.3.3 and 2.3.4, reactive sputtering with substrate |
method succeeded in significantly modifying the transition temperaire (ow temperature,
close to the room temperature. The same modifications ift #re expected to occur also in tt

IR transmittance properties, which will then broaden the usage ofdv@e optical applications
40
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Fig. 2-21 Temperature-dependent IR transmittance properties effilfs deposited with the substrate

biasing power of 0, 10, 20, 30, and 40 W.

Figure 2.21 shows the temperature-dependent IR transmittance properties for both
and cooling runs of V&Xilms deposited by reactive sputtering with substrate biasing power vi
from O to 40 W. One can observe fully reversible optical transition properties for all fisn:
addition to that, by signifying the modifications of th@bserved in IMT and SPT, modification
of theT; was also observed in the IR transmittance properties, thus evidenced the lowering
T: in the sputtered V&Xilms due to the high-energy ion irradiation.
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2.3.6 Temperature-dependent Ultraviolet Photoelectron Spectroscopy (UPS) for
Valence Band Characterization

In previous sections, preserved crystalline properties of films deposited in high-ene
irradiation and the occurrence of IMT and SPT at ratheettemperature were given. For furtt
discussion about the transition from insulator to metallic phase, it is important to stt
behavior of electronic valence band spectra for both low- and high-temperature states.

In order to investigate the electronic valence band spectra near the FermERvEIRS
measurements were performed for films with excellent crystalline properties and with tr
extensivel: shift prepared at 20 and 40 W, respectively. Figure 2-22 shows normalized wic
spectra of sputteredO- films deposited with the substrate biasing power of 20 and 40 W,
the photoemission spectra were taken in the range of the binding energies consists the te
and V 3. In the formation of V@ vanadium’s outer shell electron (V 3d) will fill up the 2p orbit
of oxygen (O 2), which was in insufficient states, thus give the;¥®@and structure as shown
in Fig. 1-3, where hybridization by the @ affects the energy level of the components oty
correspondingly. Considering this matter, in order to charaet¢hie VO, valence banc
characterization on the WW3spectra was carried out. Characterization of the/\h3he UPS
spectra gives information between the top of the valence band and the FermEdeweltiie

VOy>’s band structure.

Fig. 2-23 presents temperature dependence afdp8ctra near the Fermi levél of films
deposited at 20 and 40 W measured at different temperatures of 27°C, 57°C, 67°C, ar
where insets show the enlarged figures of the/\¢f8ectra near th&- within the binding energ
from -0.2 to 1.0 eV. Measured V 3d spectra (marked in red and green for films of 20 anc
were fitted by using Gaussian functions and was indicated by dashed lihespectra.

In the case of the film deposited at 20 W, as one can be observed in the fitted narrc
at 27°C, the V 34 band was observed to have its peak a\.&8d there is no significant chan(
observed as the temperature increases until 57°C. Then, as temperature increases to
increase of signal below tli was observed (hatched area in red). The appearance of this
which its edges moved beyond tBe suggests the V£band gap closing, with respect to
insulator-metal transition that occurs. Further increasing in the temperature to 107
observed to cause the increasing of the signal bejoWhis clear band gap closing of Y@ims
was the first to be observed through this work, suggesting excellent crystalline propertie
VO film deposited with the substrate biasing power of 28 W.
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Fig. 2-22 Normalized wide scan UPS spectra of films deposited with the substrate biasing powel

and 40 W.
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Fig. 2-23 Valence band spectra of films deposited at 20 and 40 W measured at four different temp

of 27°C, 57°C, 67°C, and 1@Reproduced from [ref. 96 of J. Appl. Ph#49, 55308 (2016)], with the

permission of AIP Publishing.

In contrast, film of 40 W was observed to have its\p8ak at a rather low energy of 1
eV compared to the one observed in the film of 20 W at 27°C. In spectra measured
although the signal was relatively small, the increasement of signal beldi Wes observec
suggesting rather early occurrence of the SPT on film deposited at 40 W. This was in ac
with the early transition behavior that was observed in the IMT and SPT properties give
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previous sections, where the transition observed to be almost completed at around 60°C. .
temperature later increases to 67°C and 107°C, the increasing in the area of the signal v
edges moved beyond th& (hatched in green areavere clearly observed. These results o
proposed clear signal of the band gap closing on both films of 20 and 40 W, suggesting me
state are entirely established at the high-temperature. The opening gap between valence b
and Er at 27°C and the gap closing observed at almost 60°C, and 67°C on films of 40 W
20 W fully supports the transition modifications in ¥, films deposited by the rf sulbate
biasing.

One should note that an intense Gaussian fitted peak with center at aroutil9B88
below Er was observed in both films deposited at 20 and 40W at all temperature. The incre:
of the weight of this peak was in totally metallic state for films of 20W at 107°C. As on film
40W, anincrease of this peak was obvious from a temperature higher tHarBs&fmanner al.
in their theoretical calculations suggested the presence of this nardoand at 0.8 eV in the
VO, M1 phas€’ They noted that this peak should be interpreted as a quasiparticle, w
included electron correlation effect, rather than an incoherent lower Hubbard band (LHB). Ir
work, strengthening of this peak might with the increasing of temperature is interpreted to b
to the correlations of the electrons from theorbitals, which form straight chains along the

cr-axis.
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2.3.7 High TCR Value and Activation Energy in VO2 Films Deposited with High-
energy lon Irradiation

The introduction of substrate biasing during reactive sputtering succeeded in modify
IMT and SPT properties with significant transition temperatufg ghift towards lover
temperature was observed. Together with these modifications &f tleenarkable modificatio
in the TCR values was also obtained. As mentioned before Ww&S considered as a suita
candidate for the uncooled bolometers, due to its high TCR values at room temperatur
present, TCR value of the \éDased bolometers is -2 %€°7

Termperature coefficient of resistance (TCR) is a change in the resistance of the mate
the change of temperature (1°C) and can be defined as

R (2-3)

TCR = T

==

where,R is thematerial’s sheet resistance, affds the temperature. The temperature-deper
resistance curveR(T characteristics) could be fitted to the Arrhenius relation of

0= 00 €XpP (-% ...(2-4)

where, kis the Boltzman constant, andig the activation energy. This equation, in which th
is involved, implies that the conduction is a thermally activated progess.derived from ¢
straight-line fitting of the Arrhenius plot. Satisfying the E2t3) and (2-4)the relation betwee
the TCR and the 4s defined as follow.

_ _Eaq
TCR=-% .(25)

From this equation, one can define; the increasing of the TCR value will also signifi
increase the activation enerdsg). In this section, the increasing of the TCR value with signifi
increasing of thé&, in theVO; films deposited by the substrate biasing will be presented.

Figure 2-24 shows th®/Rrr versusemperature characteristics for films of 20 W and 4
whereas the slope of tlR¥Rgr vs. temperature characteristics defines the TCR value at
temperature. As one can observe, in comparison to that of film deposited at 20 W, ratr
slope was observed for film deposited at 40 W, signifying the increasing of the TCR ve
room temperature with the increasing of substrate biasing power. From the slopg/&kthe.
temperature characteristics, the TCR value for the films deposited at 20 and 40 W is calc
be -1.5 %°¢ and -3.3 %°C, respectively. The changisthe absolute value of the TCRin filr
of 0, 10, 20, 30, and 40 W are plotted in Fig. 2-26.
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Fig. 2-24 R/Rrr vs. temperature characteristics for films26fand 40 W.

103

20 W
40 W
10° [
H'E Metal phase
b =
u—lc1: 10 Ea 0eV
by E,ow =
0.14 eV
100
Insulator phase
(S N
0.0026 0.0028 0.003 0.0032 0.0034

1T (K)

Fig. 2-25 Arrhenius plot of-1/T characteristics for films deposited2ft and 40 W.

As described before, the increasing of the TCR value is also signifying the increasin
activation energy. The activation energ@y)(s defined by applying the Arrhenius equation to
p-T characteristics, which thus give an Arrhenius plat-&f7 characteristics, whereas the sl
of the Arrhenius plot defines the activation energy value. Figure 2-25 shows the Arrhen
(for the heating runs) of films deposited at 20 and 40 W. In the casexpiWi€re the IMT occur:
the activation energy for both low- and high-temperature were calculated, giving aci
energy for both insulator and metal phase. For the insulator plasegacan observe,
comparison to thé&;, calculated for film of 20 W (0.14 eV), film deposited at 40 W shows ri
higher E, of 0.38 eV, respectively. Significant to the occurrence of IKklvalue for the mete
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pha® calculated for both films of 20 W and 40 W is 0 eV, supporting the completion of IM
the metallic behavior of the \\Jilms deposited by substrate biasing at high temperature
changes of th&, value for insulator phase in films of 0 to 40 W are plotted in Fig. 2-19.
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Figure 2-26 presents the relationship between the transition temperd@ur¢s(R| value,
and activation energyg) of the sputtered V&Xilms in function of substrate biasing power. C
can understand, by lowering of tiiein the films deposited at 30 and 40 W, significant incr
in the |TCR| and E. values were observed, respectively. Corresponding to the
modifications of theT: in the films deposited at 0, 10, and 20 W, no signifiddi@R| value
changes were observed, where Ig®RCR| values of around 1.3 %“%Cwere obtained. |
agreement with @t insignificant changes in thETCR| value of films deposited at 0, 10, and
W, almost similarE, value of about 0.15 eV was observed for the films of 0, 10, and :
correspondingly. Signifying an extensive decrease of7thie the films of 30 and 40 W, tt
increasing of thel TCR| values to be at around 3.5 %@ere observed in both films of 30 a
40 W, correspondingly. Also, as one can observefiloerrespondingly increases to almost C
eV in both films of 30 and 40 W. These increag€dR| values and, of the insulator phase
the films deposited at 30 and 40 W are comparable to those previously reported TCR vi
doped VQ films,® pulsed-laser-deposited VOfilms,*” and post-annealed \4Ofilms,%
respectively.
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2.4 Conclusions

In this chapter, rf magnetron reactive sputtering with the rf substrate biasing methoc
effect on the sputteredO; films on ALO3; (001) substrates were introduced.

An installationof the V plate on the heater and the matching circuit equipped wi
blocking condenser enabled the rf substrate biasing to be applied and the introduction of
self-bias voltage ) at the substrate. This method was observed to be succeed in enak
ability to control of the ion irradiation energy during sputtering. By varying the substrate t
power at 0, 10, 20, 30, and 40 Wy<with values of 0, 110, 170, 200, and 270 V was introdi
atthe substrate. As results, increasing of the ion irradiation energy to 30, 140, 200, 23®,
eV were achieved, correspondingly.

XRD and SAED measurements were performed to examine the crystalline propertie
sputtered/O: films. The appearance of \{@eaks of (02Q). and (040Q): at around 26 39.85
and 26= 86.85 suggests an out-of-plahg-axis orientation growth of théO: films depositec
by rf substrate biasing. Despite the high-energy ion irradiation, the growth\éOthi@ms with
bu-axis orientation on ADs (001) substrates were well-preserved evethé film deposited ¢
40 W. This well-preserved crystalline property for film of 40 W was discussed regésding
plane phi-scan XRD profile, confirming the Y@&ms grow on AbOs (001) substrates with ¢
epitaxial relation of V@(010): [100}w: || Al1:0s (001) [100], [100], T10]. Also, the diffraction
observed in SAED image revealed the typical growth pattern of (020)1 on AlLOs (001)
substrates for both films, supporting the results of that the epitaxial relations were presen
in the film deposited with high energy ion irradiation.

Morphologies of the V@ films deposited by the substrate biasing were examine
performing surface and cross-sectional view of FE-SEM measurements.ghids siz¢
decreased with the increasing substrate biasing power. However, it should be noted that 1
Size once increases to rather larger size in the film deposited at 10 W, wheranéQrains witl
an average size of 150 nm together with the unysuadized crystalline grains were observ
Then, grains densification occurred, resulting in smaller crystalline grains with a rather sr
surface on films deposited at 20 W. Further increasement of the substrate biasing power
appearance of such hole-like features, expected due to the re-sputtering that occurs due 1
-Vac that achieved. Thus, as a result by increasing the ion irradiation energy during sputte
film thickness significantly decreases with the increasing of substrate biasing power, suf
the decreasing and increasing of the deposition rate and sputter rate.
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The occurrences of IMT and SPT in the sputt&f€d films were studied by performing

T characteristics and temperature-dependent Raman scattering measurements. As the
biasing power increases to 20 W, signifying the improvement of the crystalline propertie:
film deposited at 20 W, sharp transition properties with an improvement in metallic phas
observed, where a significant increasehe resistivity with the increasing of temperature

observed. By introducing rf substrate biasing, high energy ion irradiation during depositi
achieved and results the modifications of the transition temperatuf@<). 7iwvr was observe
to once increased to the higher side, then turned to shift towards lower side, recordsi@ilav
of 36°C at the high biasing power of 40 W.

Temperature-dependent Raman spectra revealed the growth,d¥ilY@hase at 27°C ¢
films deposited at 0, 10, 20, and 30 W. In comparison, at 27°C, apparent decrease of\He
peak mode was observed, signifying an early occurrence of SPT on film deposited &P20s\
transition temperaturd¢er) was determined and observed to have a similar modifications
with the Tywr, thus evidenced by lowering of the transition temperatlyen(the sputtered V€
films due to the high-energy ion irradiation. This resulting toward<tmeodifications of the
VO: films triggered by high-energy ion irradiation during the substrate biasing should be 1
considering the well-preserved transition ratio and hysteresis behavior in the IMT pro
without no changes in the deposition conditions needed. The Banwifications pattern we
also observed to occur in the IR transmittance properties, which expected to broadien
optical applications, such as smart windows. Signifying an extensive decreaselpinthiee
films of 30 and 40 W, the increasing of the TCR values to be at around -3:5Wa%0bservec
in both films of 30 and 40 W, correspondingly. Also, as one can obsen, tberespondingl’
increases to almost 0.38 eV in both films of 30 and 40 W.

Temperature-dependent UPS measurement was performed to study the behavic
valence band near the Fermi levEl, Measurements were performed for films with excel
crystalline properties and with the most extengivehift prepared at 20 and 40 W, respectiv
The opening gap between valence band topFarad 27°C and the gap closing observed at al
60°C, and 67°C on films of 40 W, and 20 W fully supported the transition modifications
VO, films deposited by the rf substrate biasing. These results proposed clear signal of -
gap closing on both films of 20 and 40 W, suggesting metallic state are entirely establish
high-temperature.
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Chapter 3  Mechanisms of the Trandtion  Temperature
Modifications Triggered by the Substrate Biasing

3.1 Introduction

Chapter 2 reveals systematic modificatiafighe transition temperatur&i) in VO films
deposited by substrate biased reactive sputtering. The effect of this method on modifyir
indicakesthat the increasing of the ion irradiation energy strongly determines the growth |
of theVO:; films on ALOs (001) substrates. In significant with increasing of the substrate b
power, modifications of the IMT and SPT were observed, where botfiythend 7spr were
found to be in perfect agreement with each other, evidencing lowering Bfithéhe sputtere
VO: films due to the high-energy ion irradiation. As introduced before, the works on moc
the T; of VO, have been performed for years, by using a variety of methods. Due to that |
to verify comparabity of the Fvalues obtained in the present work, a summary on the mo
T: obtained by epitaxial stress controlled, and doping methods were plotted together &t

achieved in the films deposited by reactive sputtering with the substrate biasing.
VO, bulk

10 W (Ej,, 140 eV)
20 W (E;,, 200 eV)
30 W (E;,, 230 V)
40 W (Ej,, 300 eV)
W-doped VO,
VO,/TiO, (001)
Mo-doped VO,
VO,/MgF, (001)
Ge-doped VO,
VO,/TiO, (110)

0 10 20 30 40 50 60 70 80 90100
Transition temperature (°C)

Fig. 3-1 Transition temperature obtained in the present work, in comparison to other reported v

Figure 3-1 shows th& values observed by dopiti§®8tand epitaxial-stress controlféd®
methods, as comparéalthe T; values obtained in the present study as results of varying tl
irradiation during sputtering. As one can observe, increasing of ion energy to 140, 200, -
300 eV with the substrate biasing power of 10, 20, 30, and 40 W resulted in modifyiiigd!
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69, 65, 55, and 367 respectively. Modifications of tH& to near room temperature observec
film of 40 W remarks efficiency of this method. Furthermore, controllability offthechievec
by this rf substrate biasing method doed acquired any deposition condition changes. #
from that, unlike other methods, one should be notified that the transition of about two o
magnitude and the hysteresis properties were able to be preserved.

In this chapter, the mechanism behind Thenodifications in the/O; films deposited b
reactive sputtering with substrate biasiritj Wwe discussed. Analytical methods for estimating
plane stress and measuring the in-plan@xis length will be given in section 3.2. Change
thein-plane stress will first be discussed in section 3.3.1. In corresponding dbange of th
out-of-plane axis observed from XRD pattern analysis; ¥@s' behavior agreeing the thec
of elasticity will be given by TEM analysis in section 3.3.2. In respect to the extensive di
of theT;, shortening ofhein-plane q- axes length and the W pair distance will be introduce
in sections 3.3.3 and 3.3.4. As high-energy ion irradiation was utilized during the depositi
introduction of oxygen vacancies is undeniable. Thus, in section 3.3.5, the oxygen ve
states in the sputterddD; films will then be given. Later, in section 3.3.6, mechanisms be
the 7: modifications in th&/O; films deposited by reactive sputtering with substrate biasing
be discussed by considering both in-plané2 lattice length and contribution of the oxyc
vacancies. Considering those mechanisms, consideration @nntieelifications in films thicke
than 100 nm will be delivered. In the last section, section 3.4, conclusions on modificatior
T: triggered by increasing of the ion energy irradiation during sputtering will be given.
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3.2 Analytical Methods
3.2.1 Analysison theIn-plane Thin Film Stress

Stress in thin films known to arise from certain factors, including the lattice matchit
thermal expansion coefficient different between film and substrate. Accordingly, factors :
low- and high-energy ion irradiation could also modify the stress states in thin®¥ft
Considering the high-energy ion irradiation that is responsible for the growth and tre
properties of the Vefilms in the present work, stress becomes an important factor that ne
be analyzed. As known, film stregs (s related to the film strain €) by Hooke’s law of

c=E ..(31)
where, Eis the Young’s modulus of elasticity.

Young’s modulus is a measure of the ability of the material is going to elongate
compressed under certain stress states. Therewatal Young’s modulus values reported fc
VO,; 200 GP#°, 140-155 GP4!, and 240-260 GP%. RUaer al. proposed that th&oung’s
modulus obtained in particular experiments depaméim microstructure and orientation, a
directions of extension or contraction provoked during the measuremémtt thus result il
variations of the valu&.In this work, widely accepted Young’s modulus value for VO, thin films
of 200 GPa is used.

X

Fig. 3-2 Schematic diagram of stress @nd straing) in thin films.

Accordingly, stress and strain in thin films in each axis-pf-, andz-axes are written as.c
ande,, o, andeg,, and o. ande. (shown in Fig. 3-2). The thin film is considered to load biaxi
Thus, in the case of thin films, an assumption of thelldoe no normal or shear stresses in
direction perpendicular to the film surfage = 0) is proposed. Due to this matter, stress and ¢
relation along the in-plane andy-axes, and the out-of-plaaeaxis could be written as follow

Ee.=oc.—vo, ...(3-2)
Ee, =0y,—vo: ... (3-3)
Ee.= —v (o +tg) ...(3-4)
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where, for the stress calculation along the out-of-ptaards, the ratio of the relative transverse
strain normal to the applied load is considered, andthedlledPoisson’s ratio (v) is introduced
Boulle ef al. performed a calculation die Poisson’s ratio corresponding to the (010) orientation
of the VQ, thus givev = 0.372% By considering the in-plane stress during the growth process
is isotropic (ox = 6, = 6), Eq. (3-4) could later be written as

Ee.= —v (o toy)) = —2vo ... (3-D)
, later gives Eq. (3-6) of

In-plane stress, 6 = — % & ...(3-6)

In the case of V@films grow on AbOs (001) substrates, where the crystal grains grow with
an orientation of (010) in the out-of-plane direction, difference inithgacing crystallographic
of (020) plane d(020) obtained from the XRD analysis could be used to determine the in-plan
stress, gives by Eq. (3-7) of

In-plane stress; = — % (@) .. (37)
0

where, the/20) could be obtained by using the Bragg’s law in the form of

d(ozo) = . (3-8)

2sin6

where / is a wavelength (A= 1.5418 A, mainly used in this work) and @ is the angle of diffraction.

From the above relation, the-plane tensiled > 0) and compressiver K 0) stresgsare
affecting the result in the shortening and lengthening of the out-of-plane lattice lengtl
Figure 3-3 shows a schematic diagram for orieM@d films grow on AbOs (001) substrates,
where the out-of-plane and the in-plane axes refén{axis, antim- andeuw-axes, respectively.
The in-plane compressive stress € 0) gives a significant shortening of theplaneawv-axis
(= 2cr) and lengthening of the out-of-plabg-axis of VG films, respectively.

=2

b_\ll T\F
(Y51
F (631

Fig. 3-3 Schematic diagram of V@row on AbOs (001) as in-plane compressive stress is taking place.

57



3.2.2 Analysison theln-plane au-Axis Length by Asymmetrical XRD M easurement

Analysis on the in-plan@u-axis length was conducted to study the mechanisms behi
transition temperaturel{) modifications triggered by the substrate bias sputtering, a& tbfe
VO, was directly related to thau (cr)-axis. To examinghe in-planeawv-axis lattice paramete
length, asymmetrical XRD analysis of lattice parameter measurements at the room tem
was performed. Four lattice parameters of the low-temperature monoclinipphé3e wer:
derived from the basis of the relationship between lattice distance and lattice paramete
specified Miller index for a monoclinic crystalline struct@feRelationship between lattic
distance {.«x)) and lattice parametergkl) for a monoclinic crystal is given as below.

1 1 (h2 k?sin?B 1> 2hl cosﬁ)

dmiy®  sin?f \a? b2 c2? ac

... (3-9)

Diffractions from four lattice distanceg; (020),d> (022),ds (220), andds (211) were use:
to derive the four lattice parametess, buv, cv, andg. In-plane lattice parameteam-axis) was
calculated by solving three equations &rds, andda. All four diffraction measurements we
performed at specific inclined angl¢sand rotated angleg. Diffraction measurements fak
(020),d> (022),ds (220), and/s (211) were performed for the films at positions #f=239.832°
55.542°, 55.563°, and 37.030° with specific inclinationgsaf 0°, 44.94°, 43.04°, and 57.5
respectively. Schematic diagram of the asymmetrical XRD measurement is shown in Fig

Incident X-ray

v

Fig. 3-4 Schematic diagram of the asymmetrical XRD analysis for lattice parameter measurem
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3.3 Resultsand Discussion

As elaborated in Chapter &,substrate biasing method succeeded in shiftingitt@vards
lower temperature. In the present work, the lowest 36°C was achieved for the film deposi
at 40 W. In this case of tHe decreased to almost room temperature of the film deposited
W, slight diminution in abruptnessasobserved. However, one should be notify, the transitic
approximately 2-order of magnitude changes and 6°C of hysteresis attributed to its first or
were still preserved.

In this chapter, the mechanism behind Thenodifications in sputteredO, films will be
discussed considering the films of 0, 10, 20, 30, and 40 W, with tfé66°C, 69°C, 65°C, 55°
and 36°C, where their IMT properties are shown in Fig. 3-5, respectively. However, regar
film deposited without biasing (0 W), further discussion will be performed consideringth
single-phase growth deposited with suppresseftio@ rate of 1.0 sccm (will later know as nc
biasing film). As shown in the previous chapterilm fof without biasing deposited at. @ow
rate of 2.5 sccm (0 W) was amixed growth states of V& V¢Oi3. Hence, it was inappropria
to discuss thé&: of this film further. The-T characteristic of this non-biasing filmagshown in
Fig. 2-2. Going through this chapter, thiemodifications will be discussed as a function of
energy of ion irradiation, correspondingly.

10° -
0W (a)
10 W
0 30 60 90 120150 180210240270
30W 20W G 30 'b
107 ¢ :_ _~~~~.10 W Transition (b)
_ é Non-biasing t\e\mperature Ty
E = VO, single phase) ! 200W
=
@ 102 z 60 0 WV0:ViOzny \\30 W
i) £ 55
= £ Y
£ g 0 N
4 = 45 \
z g .
e = A
103} 4 40 [l 1MT’s Transition temperature, Ty 4
E 35 A SPT’s Transition temperature, Tgpp 40 W
30 1 1 1 1 1 1 1 1
30 60 90 120150 180210240270 300
104 Ion energy, E;,, (eV)

-30-20-10 0 10 20 30 40 50 60 70 80 90100
Temperature (°C)

Fig. 3-5 (a) p-T characteristics for films of 0, 10, 20, 30, and 40 W. (b) Fheodificationsof sputtered

VO films with the increasing ion energy.
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3.3.1 In-plane Stress Consideration of VO2 Films Deposited by Reactive Sputtering
with Substrate Biasing

Stress plays a major role in modifying the properties of thin films. It was reported tl
epitaxial stress played a major rateinducing thel; near room temperature in Y&Ims grow
on TiO, (001) substrate¥*BothVO, and TiQ with rutile-tetragonal structure have a small lat
mismatch at theizg-axis. In comparison to the V@ ar-axis @rwoz), TiO2 has longerr-axis
(ar(rioz). The elongation of the in-plangwvoz-axis length significantly results in shorteniof
the out-of-planevVO.’s cr-axis length,correspondingly. The shortening of the ¥Ocr-axis
length results in lowering of tha towards lower temperature, accordingly. In the present
of VO; films on ALOs (001) substratesg (am)-axis lies in parallel to the substrate (in-plagfe
axis). Hence, the in-plane stress is expected to play a major role in the IMT modifi
triggered by the rf substrate biasing method.

According to the Eq. 3-7,ed0) could be used for determining the in-plane stress. Figur
(a) shows the shift in the position of th®> (020) peak. The changes in thg-axis lengtk
(2%d(010) in the VO films deposited at 0, 10, 20, 30, and 40 W, at ion energy respectively
140, 200, 230, and 300 eV were shown in Fig. 3-6 (b). Dashed lines represent the bulk
the (020y1’s 26 value and théwm-axis length. To accurately define thé @eak value, Gaussi:
fittings were performed to the XRD curves data @Xcars in the range from 2& 38.35° tc
41.35°. As ion energy increases with increasing substrate biasing powe{D20) peak wa
observed to shift towards a lower position. In agreement with that lower position of peal?
out-of-planebu-axis length was observed to be lengthened with the increasing of energy
irradiation, correspondingly.

Figure 3-7 shows the estimated in-plane str@ssf(theVO: films on ALOs (001) substrate
deposited by reactive sputtering with substrate biasing in function of ion energy calcul
using Eg. 3-7. In the case of the film deposited at 0 W, a slightdowtlié film of O Wis due ta
the low-quality crystalline structure of mixed Y@rowth. Considering that matter, furtt
discussion on the film of without biasing will be performed by taking the non-biasing filr
single VQ phase (deposited in suppressedi@w rate of 1.0 sccm) into account. The stress
of tensile state in films deposited with ion energies at 30 and 140 eV (0 W &Kyl did ther
turnedinto the compressive state in films deposited at ion energy ofeget than 200 eV (2(
30, and 40 W). From these results, the increasing of substrate biasing power thainrex
simultaneous increase the ion irradiation energy was observed to lead to the change of
plane stress state in th®©; films, thus, change the out-of-plane lattice lengthyefxis.
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Fig. 3-7 In-plane stress estimation of ¥@ms plotted in functions of ion energy irradiation.
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In the non-biasing film and film deposited at ion energy of 140 eV (10 W), tensile stre.
was observed in agreement with compression of the out-of-plaagis length. In comparisc
to the stress induced by the ion irradiation energy during sputtering deposition (growth
rather larger thermal stress effect was expected to take place and results in the in-plai
stress in the non-biasing film and film of 10 W. High substrate temperdi)raf @00 utilized
in the present work is responsible for the occurrence of the in-plane tensile stress, resy
This so-called thermal stress occurs due to large difference in thermal expansion coe
between film and substrate, givby equation as follow;

Otherma= EAaAT ... (3-10)

where,E is aYoung’s modulus, A« is a difference between the thermal expansion coefficien
AT is the temperature difference between substrate temperature and room temperature
expansion coefficients of VQand AbOs are given in Table 3-1. From Eq.18: in the preser
work of Ts = 400°C (673 K), by considering= 200 GPa, thermal stress.ma) iS calculated t
be 1600 MPa (tensile). From this matter, the compression stress introduced by the ion ir
energy of around 140 eV achieved at the substrate biasing power of 10 W is still not er
result in the in-plane stress evolution in the Mins, thus gives tensile stress state ewvetine
film deposited at 10 W.

Table 3-1 Thermal expansion coefficients of Y@ms and AbkO; substrate$®®

Thermal expansion coefficient (4C

Material
ay X108 o X108
VO, (M1) 4.9 26
VO3 (R) 26 4.9
Al20s3 5.3 4.5

In this work, a significant increase of the ions irradiation energy during depositio
continuous strikes of energetic particles was observed to change the microstructural pr
where simultaneous compaction of the lattice and a concomitant evolution of a
microstructure as was introduced by surface view of the FE-SEM images. As the substrat
power increases, the compressive stress induced by the increasing of ion irradiation ener;
thein-plane tensile stress decreases as pores collapse and grains densification occurs
displacement attributed to the energetic particles striking deeper into the film due
occurrence of atomic peening. This so-called "atomic peening" was enhanced with incre
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kinetic energy of the ions during sputtering. At this state, porosity decreases and the
becomes more interconnected. In such a compact but still somewhat porous network, sh
interatomic forces across small defects takes place, thus results in the stress revolut
tensile to compressive.

In addition to the grains densification, incorporation of the Ar ion irradiation durin
sputtering process is also expectedesponsible for inducing compressive stress in Yis
deposited by substrate biasing reactive sputtering. In this work, depths analysis
measurementsasperformed confirming an appearance of Apgak in the VQfilms deposite(
by reactive sputtering with substrate biasing. Hoffman and Thornton reported tF
compressive stress in sputtered filimsorrelated with the presence of Ar content trapped il
films.1°® Thus, it can be understood that incorporation of Ar atoms in inducing compressiv
in thin films is also a factor that should roetneglected.

Based on the theory of elasticity, compression (elongation) of the out-of-plane lattice
gives significant elongation (compression) of the in-plane lattice length. Consequently,
stress in the non-biasing film and film of 10 W that results in the shortening of the out®
lattice length is supposed to give significant lengthenimgthe in-plane lattice lengt
correspondingly. In contrast, in-plane compressive stress in films deposited at 20, 30, a
is expected to give significant compression in the in-plane lattice length, corresaniditige
next section, observation on these out-of-plane and in-plane axes modifications triggere
energetic ion irradiation will be delivered.
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3.3.2 Transmission Electron Microscopy (TEM) Measurements for In-plane and
Out-of-plane L attice Length Analysis

XRD measurements revealed that the increasing of ion energy of and larger than 2Q9
20 W) resukedin the in-plane compressive stress and was observed to trigger the elong
out-of-planebu-axis length. Based on the consideration of elasticity, significant shortening
in-plane axis length would be expected to occur simultaneously. Transmission E
Microscopy (TEM) measurements were performed to study significant changes in both
plane andn-plane axslength with the increasing substrate biasing power.

Cross-sectional TEM images revealed strong evidence of the lattice length modificati
improved crystalline behavior with the increasing energy ion irradiatiothe substrate biasir
method. The measurement was performed for films deposited at 0, 10, 20, and 40 W. Or
note that, in this section, in-plane axis modification of film deposited at 10 W will be dist
considering the TEM images taken at the nanograins region. The investigation of this
remarkable considering the diffe@in-plane stress behavior (of tensile stress) that is exp

to modify both out-of-plane and in-plane axes, correspondingly.

(®)

“ g

(©) e (@)

Fig. 3-8 Cross-sectional TEM images of films deposited at (a) 0 W, (b) 10 W, (c) 20 W, Jadtai \(d

Figure 3-8 shows the cross-sectional TEM images for films of (a) 0 W, (b) 10 W, (c)
and (d) 40 W. In the film of O W, mixed structure and scattered crystalline propertie
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obseved. As the energy of ion irradiation increases together with the increasing substrate
power, fine VQ grains grown in columnar structure with a size of the width of several hu
nm was observed in the film deposited at 10 W (Fig. 3-8 (b)). As grains densification and

effect occurs with increasing of the biasing powle¢reasing of columnar structure’s width from
several hundred nm in the film of 10 W to several tens nm in the film of 20 W was observ
can observe in Fig. 3-8 (c), a densely packed columnar grains structure of high cn
properties of film deposited at 20 W. This densely packed columnar grains structt
significantly improved the IMT properties, where improvement in the transition sharpne:
improved metallic properties was observed in film of 20 W. The microstructure from film
to 20 W observed in this cross-sectional TEM images was in a well agreement with discu
the in-plane stress evolution from tensile to compressive presented before. During deposi
high biasing power of 40 W, high-energy ion irradiation of around 300 eV was obsel
interrupt the columnar growth of the Y@ilms, as the columnar structure was no lon
observable in Fig. 3-8 (d). Limitation in surface migration due to the continuous bombardi
the energetic particles was expected to result in the decrease of crystal grains size.

Figure 3-9 shows high-resolution TEM images for films deposited at (a) 0 W, (b) 10
20 W, and (d) 40 W. These images were investigated to understand the lattice parameter.
that were expected to occur as the ion irradiation energy increases during the substrat
deposition. The TEM observation was performed in [120] direction1(@@1in four index
notation). Rectangular unit cells tlzae showrmsaninset in Fig. 3-9 (a), (b), (c), and (d) repres
oneVO; unit cell, where the- andy-axes are equivalent to the sing (ar1) andbw (aro) -axes
respectively. Figure 3-10 illustrates a schematic of g@ws on AIO; (001) substrate on tt
TEM observation in [120] direction.

Fig. 3-9 High-resolution TEM images for films of (a) 0 W, (b) 10 W, (c) 20 W, and (d) 40 W.
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Fig. 3-10 Schematic of V@grows on AlOz in respect to the TEM observation in [120] direction.
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Fig. 3-11 Changes in both outf-plane and in-plane lattice parameters of sputteregf\@s.
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Figure 3-11 shows the lattice parameters of the out-of-pha@xis and thén-planecw sing

-axis, measured at several spots on films deposited at different energy ion irradiation of 1

and 300 eV of films deposited at 10, 20, and 40 W, respectively. In this calculation, the ¢

S was considered constant at 122l6%agreement with the in-plane tensile stress obsenve

film of 10 W, in comparison to the bulk, rather longer in-plane axis was observeanaitierage

length of 4.556 A. In significant to that elongation in the in-plane axis, rather shorter out-o

axis with anaverage length of 4.562 A was observed.
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As was proposed before, further increasement in the energy of ion irradiation to 200
eV at substrate biasing power to 20 and 40 W, shortened in-plane axis lattice length was «
with elongated out-of-plane lattice length. In comparison to the film of 10 W, rather shor
plane lattice length of 4.325 A and 4.278 A were observed in films of 20 W and 40 W. Accol
elongation of the out-of-plane lattice length was observed as the out-of-plane lattice lenc
average value of 4.662 A and 4.727 A were obtained in films of 20 and 40 W. From the
results, one can understand that agreeing the theory of elasticity, the in-plane tensile (com|
stress works in the sputtered Yfims results in the elongation (compression) of ithiplane
axis length, respectively. These observations support the hypothesis proposed before, v
in-plane compresge stress results in the shortening of tiglane axis, respectively. Howeve
this observation on shortening of the in-plane axigwo$ingwas not enough to support tlie
modifications in the present work, as ffi@vas modified according to it& (am)-axis. For further
discussing modifications of thHg in the present work, lattice length analysis onithelaneam-
axis is needed. Results on the analysis oirtfganeamv-axis lattice parameter for sputtered
films will be given in the next section.
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3.3.3 Asymmetrical XRD Measurementsfor In-plane au-axis L attice Length

In the previous section, the increasing of substrate biasing power to larger than 20 W th:
in increasing of the ion energy to larger than 200 eV was observed to result in the i
compressive stress and was observed to trigger elongation of the out-abypkaxie length an
shortening of the in-plan@s sing-axis length, respectively. However, for further discussio
the mechanisms behind the transition temperatlyerodifications triggered by the substr
biasing in the present work, analysis on the in-plapexis is needed. Thay-axis length give:
direct information on the W atoms distance, where the shortening otitf@xis and AV atoms
distance result ithe early occurrence of IMT in the ¥QAccordingly, the length of theu-axis
is almost equal to two times ot-axis length. In this work, the modifications of thewill later
be discussed in relation to thg/2 lattice length.
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Fig. 3-12 In-planeawm/2 lattice length in sputtered \s@ilms in function of ion energy.

Figure 3-12 shows thes/2 lattice length measured by the asymmetrical XRD measurel
for films deposited with the substrate biasing power of 10, 20, 30, and 40 W, plotted in f
of ion energy. In agreement with in-plane tensile stress obsiertteel film of 10 W, rather longe
in-planeaw/2 lattice length was observed withaverage length of 2.888 A. With later increas
in the energy of ion irradiation to 200 and 230 eV (increasing of substrate biasing power
30 W), in-planexv/2 lattice length was observed to decrease in almost linear relationship t
A and 2.874 A. As substrate biasing power increases to 300 eV (at 4Q//attice length wa
observed to shorten to 2.873 A. However, different from the shortening@fattice length fron
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10to 30 W, saturation behavior in shortening of #k2 lattice length was observed. Des|
saturation behavian shortening of thew/2 lattice length, the increasing of ion energy from
eV (10 W) to 300 eV (40 W) results in the evolution of the in-plane stress state from te
compressive, where significant lengthening and shorteniag/&flattice length were observ:
in films deposited at 10 W and 40 W. These observations reveatchadifications of ther;
triggered by the energetic ion irradiation in this substrate biasing reactive sputtering are
by the modifications of thew/2 lattice length, correspondingly. The in-plane compressive !
results in the shortening of the in-plangaxis, hence give modifications of tiigtowards lowe

temperature, respectively.
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3.3.4 Characterization on Raman Peak at 339 cm™ for Determining Stress on the
V-V AtomsAlong the au-axis

As mentioned before, lattice parameter ofdheaxis that liesn plane to the substrate plays
a major role in controlling the transition temperatdigi6 theVO; films. In the previous section,
significant shortening of thie-planeau-axis lattice length in films deposited in high-energy io
irradiation was revealed. As the V atoms reside along:thaxis, shortening of then-plane
am-axis length was supposed to give similar behavior to that ®toms distance. Raman
scattering isa phenomenon that sensitive to crystalline structure and stress. Raman measui
is one of the most convincing methods to characterize stressM@tH#éms. In chapter 2, Raman
spectra were discussed to investigate BRMe sputtere?/O; films. In this section, stress along
the V atoms pair in the sputter®D- films will be discussed concerning the behavior of tt
phonon mode in the Raman spectra.

Transition phase rati@s. temperature characteristics shown in Fig. 2-19 (a) gives -
information regarding the behavior of Y@t a certain temperature. TWl ratio is equal to 1
(M1 ratio = 1) at 23°C in films of 0, 10, 20, and 30 W. In contrast, M1 ratio is equal to 1 at r:
lower temperature of80°C. The “M1 ratio = 1” is referred to the state where the SPT is still n
yet begin. Accordingly, further evaluation of these spectra will give a significant informatior
the stress behavior of the-V atoms. To fully understand the mechanisms behind the modif
properties in films deposited by reactive sputtering with substrate biasing, Raman spectra w
the M1 phase ratio is equal to one (M1 ratio = 1) are taken into account. Note that, Raman ¢
for a film of 10 W illustrated in the figure below is taken from the nanograins region.

Figure 3-13 shows the Raman spectra of films deposited at 10, 20, 30, and 40 W, wi
the VO, M1 ratio is equal to 1. In all spectrum, 11 characteristic peaks efWlOphase were
observed at 132, 193, 224, 261, 310, 338, 386, 440, 498, 610, and &7Asaone can obserye
certain peaks in high-energy ion irraéidtilms of films deposited at 30 and 40 W (ion energy ¢
around 230 and 300 eV) were shifted. These shifts siegbgtsbng stress effect in the films of
30 and 40 W, in agreement with the stramglane compressive stress estimated from the strair
out-of-planebu-axis length obtained from the XRD measurements presented before. How
for determining the behavior of the two V atoms that become a pair in the low-temperatur
phase, the behavior of Raman peak at 339 isntaking for consideration.
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Fig. 3-13 Raman spectra for films of 10, 20, 30, and 40 W, whevéasM1 ratio is equal to 1.
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Fig. 3-14 Variation of Raman phonon mode ofV binding at 339 cm for films of 10, 20, 30, and 40 V

Figure 3-14 shows the variations of Raman phonon mode-¥fbihding at 339 cm for
films deposited at 10, 20, 30, and 40 W, respectively. phonon mode of 339 ctis taken intc
consideration, due tibs vibration direction that is parallel to tlag-axis, thus corresponding
the V-V stretching mode, respectivefif:1%®A clear red-shift behavior was observed on filn
10 W, suggestd elongation of the V atoms pair due to theplane tensile stress on theW pair
along theav-axis. As biasing power increases to 20 W, the peak shifted slightly to a
position; blue-shift. Further increasement of substrate biasing power to 30 and 40 W rest
apparent blue shift suggesting compression of the ®toms distance, respectively. One
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obseve, the shift value of the peak getting larger as the substrate biasing increases, wher
of 40 W was observed to be the most shifted one with an approximate shift of. ZNoe
decreasing of the W atoms distance along tl-axis strengthened the-V atoms pair, thu
trigger an early occurrence of the SPT and IMT in.V®@here observations of tens
(compressive) stress along theWatoms pair support the modifications of the&o high (low)-
temperature, correspondingly.
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3.3.5 X-ray Photoelectron Spectroscopy (XPS) M easurementsfor Oxygen Vacancies
Characterization

The formation of oxygen vacancies in films deposited with high-energy ion irradia
inevitable Recently, ‘defects engineering’ became a commonly discussedtopic, where controllin
defects in VQfilms reported to have a significant effect in controlling the transition behav
VO thin films1°°11°Due to that matter, in order to clarify the mechanism behind the trar
temperature ;) modifications in VQ films deposited by reactive sputtering with subst
biasing, where high-energy ion irradiation up to 300 eV was achieved during the dep
analysis on the vacancies sts@ecessary. In this section, those vacancies state in the sp
films were analyzed by X-ray Photoelectron Spectroscopy (XPS) and their effects on t
properties were discussed. Note that, this measurement was performed at room temper:
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Fig. 3-15 Normalized wide XPS spectra of films deposited at 0, 10, 20, 30, and 40 W (a) with the |

spectra taken for OsXb) and V 23 (C) spectra measured at room temperature.

Figure 3-15 (a) presents normalized wide XPS spectra of the spuit@edilms,
respectively deposited with the biasing power of 0, 10, 20, 30, and 40 W, where photoe
spectra are taken in the range of the binding energies consists §f ¥ 2p1,, and O 1 spectra
Figure 3-15 (b) and (c) show the narrow spectra taken in the range of 528 to 534 eV an
520 eV of O T and V 2p/, spectra, respectively. In the films of 0, 10, 20, 30, and 40 W, diffr:
peak of the O dwas observed at 530.8 + 0.1 eV. This position is consistent with other re
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O 1s spectra in V@ films *%112|n contrast to the sharp G peak width, rather broadVO.
characteristic peak of V 2pwas observed. Blaauwr al., and Sawatzky and Post suggedhat
these broader peaks are characteristics of the narrow-band Hétaldush suggested that tt
broad bandwidth of a mixed valence compound was due to the Coulomb interaction th
place between the core hole and the valence eleéfraa for VO, peak of V 2, spectra, sligh
shifts towards lowebinding energy was observed as the biasing power increased. Howe
further discussion regarding ttshift in V 2ps2, which is important in determining the vacanc
state in VQ films. The spectra were fitted with partial Lorentzian and Gaussian line shap
Shirley line shape for the background of the spectra, where Multipak software was utili
fitting the spectra.
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Fig. 3-16 High-resolution XPS spectra of \bz- for films deposited at 0, 10, 20, 30, and 40 W.

Figure 3-16 shows XPS spectra of Ms2signal in the binding energy range of 510-52C
at the room temperature for films of 0, 10, 20, 30, and 40 W, while four fitted sub-peaks |
lines) of V 23, indicate that the sputter&D; films possessed with multivalent states &f,)
V4, V3 and \V** at binding energy of 517.5 + 0.3, 515.8 + 0.3, 514.2 + 0.4, and 513.2 + (
respectively’ Defects population in the sputte’é@: films in the present work will be discuss
considering its oxidation states area (%).
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Film deposited without biasing (0 W) shows a rather higher raticobinearly 20% ir
agreement with its mixed growth state of M&hd the presence of high oxidation phases;0k'
(V%) and 013 (mix states of V* and V**) due to the excess oxygen flow rate during depos
(O2 of 2.5 sccm). As the substrate biasing power applied, significant decrease tfaheaviva:
observed, where only 17% of\was observed in film of 10 W. As the substrate biasing p
increases to 20 W, further decrease tifafea was observed, where only 12% ofwas seen i
film deposited at 20 W. Furthermore, slight increase %fivfilm of 20 W was also observed
comparison to the films deposited at 0 and 10 W, signifying the crystalline structure impro
with improved transition abruptness that observed.

Later, as the energy of ion irradiation increases to 230 and 300 eV with increasing s
biasing power to 30 and 40 W, increasing of low oxidation states ared'ahnd \#* were
observed with significant decrease in high oxidation states ared*dand \*, respectively
Significant increase of the low oxidation states were observed in films deposited with si
biasing power larger than 20 VEi{, larger than 200 eV), where the high oxidation states
decreases from 69.8% (12.0% and 57.8% vfand V) in film of 20 W to 56.0% (10.1% ar
45.9% of \** and V) and 53.3% (9.4% and 44.0% of\and \**) in films of 30 and 40 W\
respectively. In respect to that decrease of the high oxidation states area, significant incre
of the low oxidation states were observed, where the low oxidation states area increa:
34.4% (26.9% and 7.6% of*¥and \#*) to 44.0% (30.9% and 13.1% ofMand \#*) and 46.6%
(32.5% and 14.1% of 4/ and \#*) in films of 30 and 40 W, respectively. These changes c
high- and low- oxidation states in the films deposited by reactive sputtering with substrate
were summarized and shown in Fig. 3-17.

These results of increasement of the low oxidation states area in films deposited
energy of 230 and 300 eV at the biasing power of 30 and 40 W were observed to ve
increasing of the oxygen defects in the films. This relation between the introduction of |
defects and early IMT onset in high-biased films agrees@eilienough’s proposal, where the
early IMT transition is introduced by the existence of extra electrons in thdiW.4> Oxygen
defects are frequently discussed considering deposition with low oxygen flow rate of oxyc
(0F) state. The relation between oxygen defects and extra electrons could be expressed

05 o Vy+2e +(3)0, .31

From the above equation, one can understand that in order to maintain the stoichiometry
loss Q) will require the creation of oxygen vacancig&g)(in VO: films, whereas extra electro
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(2e") will be introduced and will be trapped at th& gctahedral sites, correspondingly. In or

to study the increasing of free carrier concentration in the fil@s signifying the increase «

oxygen vacancies, Hall Effect measurement of van der Pauw technique was performed.
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Fig. 3-18 Carrier concentrations measured for films deposited by substrate biasing.
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Figure 3-18 shows the carrier concentration measured@rfilms deposited by reacti
sputtering with substrate biasing. This measurement was performed at room temperat
was reported to have a carrier concentration of aroudd.0G° cnr® at room temperaturé®11°
Ruzmemetowr al. measured the carrier concentrations of the ¥@s at high temperature «
90°C and reported that across Thecarrier concentration increases t@>xn3.1¢ Agreeing tha
frequently reported range of carrier concentration in ¥illhs measured at room temperatt
films depositedat 0, 10, and 20V were observed tohave carrier concentration ofround 16°
cnr3, respectively. In contrasg rather highercarrier concentration of #0cnt® and almost 18
cnr® was measured for films deposited at high-energy ion irradiation of 230 and 300 eV (
power of 30 and 40 W). Hseresults of high carrier concentration in high-energy ion irrad
films of 30 and 40 W were observed, agreeing that oxygen vacancies introduced extra ¢
in the films. One should note that, Y®Ims deposited by reactive sputtering with subst
biasing were observed to be an electrically conductive n-type semiconductor.

This introduction of free electrons near the octahedral sites is reasonable to cause
onset of IMT in VQ films. The increase of free electrons gives rise to an early metallic-like
that results in rathemearly onset of IMT, thus significantly deteriorating the IMT in the in h
energy ion irradiated V&Xilms. From the above matters, the introduction of oxygen defici
by the high-energy ion irradiation is understood to responsible for the early transition
whereas significantly broadened transition properties were observed in the film of 40 W' t
deposited with ion energy of around 300 eV. Also, one could expect that introduction
metallic-like state in films of 30 and 40 W could also contribute for modifyingitheetails or
the contribution of oxygen vacancies in modifying Thén the present work will be discussec
later section.
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3.3.6 Transition Temperature Modifications Triggered by Substrate Biasing;
Shortening of the In-plane av L attice Length and Oxygen Vacancies

XRD, TEM, and Raman measurements revealed significant modifications of{ves
length and WV atoms distance iVO; films deposited by reactive sputtering with subst
biasing.VO: film deposited at ion energy around 140 eV (10 W) with the in-plane tensile
was observed to have rather higiiewith significant lengthened in-plaag-axis and elongatio
of the V-V atoms distance. In opposite to that, films deposited at 20, 30, and 40 W (ion
larger than 200 eV) revealed to hanglane compressive stress with shortened in-plaraxis
length. Strong blue shift in Raman peak at 339 cavealed a strong compression behavio
the -V atoms distance of these films. Accordingly, these properties of the in-plane str
planeam-axis, and WV atoms pair distance are in good agreement with modifications @t
observed in the VEfilms deposited by reactive sputtering wittbstrate biasing (presented
chapter 2).

However, as was introduced in the previous section of XPS characterization, enerc
bombardment also results in an introduction of oxygen vacancies. The introduction of
vacancies results in excess free electrons, which thus introduced metal-like states, and
to result in an early IMT transition onset in the high-energy ion irradiatediv. Considering
these two factors; shortening of thg-axis and high concentrations of oxygen vacancies,
both have their significant effect in reducing thigargumentation on these mattessieeded ir
order to clarify the mechanism of tliemodifications in the present work. In order to clarify
mechanism of th&; modifications in the present work, strain along dheaxis (in a unit of %
of the films deposited by reactive sputtering with substrate biasing was calctlagexdlculatior
was performed by taking thg/2-axis of the film with7; of 68°C deposited by reactive sputter
with substrate biasing into account. Results of the strain along.thgis as comparew other
reported VQ films with the 7; modifications obtained by epitaxial-stress control method
plotted in Fig. 3-19.

Figure 3-19 shows the strain along(am/2)-axis vs. transition temperature characteris
plotted for VQ films deposited by reactive sputtering with substrate biasing, in compari
other reported V@ films with modified T: triggered by the epitaxial stress control mett
Considering variation that could be introduced by temperature measurement gysigis,at
68°C of each modification pattern is taken for the strain calculation. A% timedifications
triggered by the modifications of stress (modificationgméxis), modifications of thg: was
observed to have a linear relationship with changes of the strainal@ng2)-axis. In the cas
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of the T modifications triggered by the energetic ion bombardment of biasing power fron
30 W, theT: decreases agreeing on the linear relationship signifying} thedifications triggere:
by the compression strain along the(aw/2)-axis, correspondingly. However, as for the fil
deposited with biasing power larger than 30 W (ion enékgys 230 eV), despite of the extens
decrease in th& from 55°C (at 30 W) to 36°C (at 40 W), slight saturation in the strain ch
along thecr (awm/2)-axis was observed. The non-linear relationship betweamd strain alongg
(am/2)-axis of the film deposited larger than 30 W revealed thaf:tmedifications that achieve
are not only triggered by the compression strain alongrt(ra,/2)-axis. Satisfying these resul
the Tt modifications for films deposited with biasing power greater than 30 W (ion energy
than 230 eV) are expected to be triggered by a collaboration between strain compressi
theam-axis and oxygen vacancies. An apparent increase in free carrier concentration anc
vacancies support this consideration, correspondingly.
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Fig. 3-19 Strain along ther (am/2)-axisvs. transition temperature characteristics.
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3.3.7 Film Thickness Consideration; Transition TemperatureM odificationsin Films
with Film Thickness Larger than 100 nm

In the previous section, transition temperatufg fnodifications were understood to
mainly triggered by the compression of the in-plan& (cr)-axis for films deposited with io
energy up to around 230 eV. HowevEmnmodifications for films deposited with ion energy lar
than 230 eV result by a collaboration of strain compression alongwiaxis and oxyge
vacancies. Considering these mattassa shortening of them/2-axis length plays a major rc
in modifying theT:, VO: films with a thickness of 150 nm were deposited by reactive sput
with substrate biasing and analysis on Thenodifications of those films were performed.
known, limitation in film thickness has linaitithe applications of thigO, material.

In this present work, theliih thickness was controlled by adjusting the deposition time
taking the deposition rate (nm/min) into account, the deposition time for each biasing de
was decided. Deposition rate (nm/min) and deposition time for each substrate biasing po\
summarized in Table 3-1. In Chapter 2, the deposition rate was observed to decrease
increasing of substrate biasing power; the increasing of the ion energy irradiation
sputtering increases the re-sputtering rate, thus results in the decreasing of film thicknes
that matter, rather longer deposition time will be needed to obtain rather thicker films, es
for rather higher biasing power. In order to deposit;\fibns with a thickness of 150 nn
deposition was performed for 25, 30, 40, 60, and 70 min, for the substrate biasing power
20, 30, and 40 W, respectively.

Figure 3-20 (a) shows tlaeT characteristics of films with film thickness of 150 nm depos
at biasing power of 0, 10, 20, 30, and 40 W. In correspond to that, Fig. 3-20 (b) shawtl
each film, where each film was observed to show the transition of nearly two-order-of-mag
While maintaining the transition magnitude and the hysteresis properties, sputterdtmg(
with a thickness of 150 nm were observed to show signifianbdifications with increasing «
substrate biasing power. From these results, one can understafightiuiEications triggered b
the substrate biasing would be an efficient method to controlitegen in the films with .
thickness larger than 100 nm. The orientatiompfxis in parallel to the substrate has allo\
the T: modifications controlled by the energetic ion irradiation triggered by the substrate |
method, and thus enable the occurrence offthmodification even in rather thicker films.
addition, these results also verify that themodifications triggered by modifications of t
growth stress (ion irradiation in this work) could be achieved by havingwi® in-planeau-
axis orientation growth, correspondingly.
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Table 3-2 Substrate biasing power, deposition rate, and deposition time.

Substrate biasing Deposition Deposition
power (W) rate (nm/min) |  time (min)
0 6.0 25
10 5.0 30
20 3.8 40
30 2.5 60
40 2.3 70
10°
(2)
10W
1 3 ®)
10 Coolingf LHeating < . N
8 560 F. A
c g
N’ ) . ) -..
£ 102 A
2 2 A
g M Heating
=
104 : A Cooling 1
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Fig. 3-20 (a) p-T characteristics (b) transition temperature for both heating and cooling of films

thickness of 150 nm deposited by the substrate biasing power of 0, 10, 20, 30, and 40\
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3.4 Conclusions

In this chapter, the mechanism behind the transition temperdturegdifications in films
deposited by reactive sputtering with substrate biasagvecussedvO- films on ALOs (001)
substrates deposited with the substrate biasing power of 0, 10, 20, 30, and 40 W with io
of 30, 140, 200, 270, arRD0 eV with theT: respectivelyat 66°C, 69°C, 65°C, 55°C, and Q¢
were mainly discussed.

In-plane stress state)(of the sputtere’fO- films was estimated by considering the shit
theVO, (0201 peak that corresponds to the out-of-plagexis length. Thén-plane stress we
of tensile state in the film deposited at ion energy of 140 eV (10W), then timwethe
compressive state by increasing the ion energy to a value larger than 28020M\Y). At the
substrate biasing power of 10 W, tensile stress was remained due to thermal stress effec
in Tt higher than 68°C. As the stress conversion from tensile to compressive occurred a
20 W with enhancement of ion energy beyond 200 eviodifications towards lower temperati
was observed. Accordingly, the in-plane tensile and compressive stress should give si
elongation and compression of the in-plageaxis in the film of 10 W£i,» around 140 eV) an
films of 20, 30, and 40 WE,n > 200 eV).

TEM images revealed improved crystalline properties of columnar crystalline striuc
the film deposited at ion irradiation energy of around 200 eV (20 W). High ion irradiation «
of around 300 eV was observed to result in the collapsed columnar structure with sig
densification of the grains the film of 40 W. High-resolution TEM images gave informatior
the out-of-planém (ar2)-axis and the in-planev sing (ari1)-axis. As results, shortened out-
plane axis and elongat&uplane axis were observéathe film deposited at 10 WEg, around
140 eV). In contrast, lengthening of the out-of-plane axis and shorteniing wf-plane axis
length were observed in the films depos&ed0, 30, and 40 WHx» > 200 eV), corresponding|
These observations support the hypothesis proposed beforel-filene compression stre
results in the elongation of the out-of-plane axis and shortening of the in-plane axis.

Asymmetrical XRD measurements revealed the relation between the ingaéhaxis
length and thé&:. In agreement with the in-plane tensile stress obsémbe film of 10 W, rathe
longer in-planeav/2 lattice length was observed wittn average length of 2.888 A. Lai
increasing in substrate biasing power to 20 to 30 W, in-plafielattice length was observed
decrease in almost linear relationship to 2.879 A and 2.874 A. As substrate biasing
increases to 40 Wi/2 axis was observed to shorten to 2.873 A. However, different froi
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shotening ofaw/2 lattice length from 10 to 30 W, slight saturation in the shortening/@flattice
length was observed. Despite slight saturation in the shortening efithdattice length, th
increasing of ion energy from 140 eV (10 W) to 200 eV (20 W) results in the evolution of
plane stress state from tensile to compressive, where significant lengthening and shor
am/2 lattice length were observed on films deposited at 10 W and 20 W, respectivel
deposited at 40 W (300 eV) revealed to have the shagi&slattice length, signifying the lowe
T: value observed in this work. These observations revealed that the modifications7p
triggered by the energetic ion irradiation in this substrate biasing reactive sputtering are d
modifications of theuw/2 lattice length.

Consideringhe shortening of thm-planeam/2-axis length in films deposited with a bias
power larger than 20 WE, > 200 eV), \LV atoms distance also was expected to decrease
V atoms reside on thes-axis. Significant compression behavior efWatoms in films deposite
at high energy ion irradiation was reveaksla blue shift of Raman peak at 339 tnThe
decreasing of the W atoms distance along tls-axis strengthened the-V atoms pair, thu
trigger an early occurrence of the SPT and IMT in,Vhrough these discussions, continu
strikes of the high energy ions during the deposition are responsible for inducing the i
compressive stress that results in the shortening of the inglaaes length and also the-V
pair distance. This thus led to the decreasing of tihefilms deposited with a substrate bias
power larger than 20 WEL, > 200 eV).

Continuous strikes of high-energy ions were also expected to introduce the oxygen
in films. In order to discuss the introduction of oxygen defects in the sputtered films
measurement was performed. \42ppectra weight changes fromi"\fo low oxidation states «
V2* and \#* suggested that high-energy ions introduce defects population and partially col
for modifying the transition properties. The introduction of the oxygen vacancies in high-
irradiated films introduce free electrons near the octahedral sites and give rise to an early
like state that results in rather early onset of the IMT. This, thus significantly deteriorating
IMT propertiesof the VQ films, whereas significantly broadened transition properties
observed in the film of 40 W (300 eV).

Characterization of the strain aloag (am/2)-axisvs. transition temperature characteris
revealed that th& modifications in films deposited by reactive sputtering with substrate bi
are understood to be mainly triggered by the compression of the inapléher)-axis for films
deposited with ion energy up to around 230 3@ W). However,7; modifications for films
deposited with ion energy larger than 230 eV (> 30 W) result by a collaboration of

83



conpression along th@u-axis and oxygen vacancies. The orientatiompeéxis in parallel to th
substrate has allowed tliemodifications controlled by the energetic ion irradiation during
sputtering with substrate biasing, and thus enable the occurrencefohtbdifications even i
rather thicker films (films thicker than 100 nm).
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Chapter 4  Micro-sized Grains Growth under Particular Substrate
Biasing

4.1 Introduction

During previous chapters, high substrate biasing power was observed to be effe
reducing theT; of theVO: films on ALOs (001) substrates. High-energy ion irradiations du
sputtering revealed to shorten the in-plafeaxis length, thus, significantly reduce theW
atoms distance in VZilms. During this study, unique growth aspects of,Mins on ALOs
(001) were observed, where the unusually large crystalline grains with the size overga\
appeared under particular biasing pot¥&fogether with this unique crystalline growth, the sr
conventional grains with average size of several hundred nm were also observed. Cons&
growth aspect of Voon Al,Os (001) that supposed to result in only several tens nm grain
the growth of micro-sized graivO: is an interesting topic needs to be discussed. In this ch
structual morphologies of them-sized graiswill first be discussed. Later, crystalline propert
of the um-sized grains will be deliveredhen, the growth mechanism and the applicatidr
these um-sized grains by the substrate biasing method will be proposed. Finally, IMT and
the umsized crystalline grains, including its stress state, will be revealed.

4.2 Experimental methods

Films were deposited on a double side polishe®DA{001) substrate that was ultrasonic:
cleaned in acetone for 3 min and rinsed in pure water. Depositions were performed at a
substrate temperature, oxygen and argon flow rate, and target power of 400°C, 2.5 and
and 200 W, respectively, with constant total gasses ambient pressure of 0.5 Pa for 40 mint
During deposition, only substrate biasing power was varied.

R-T characteristics were performed for both heating and cooling runs betweer
temperature and 100. 26-0 scans and rocking curve measurements in XRD (X’Pert MRD
Philips Co.) were performed using Cu Kadiation. Temperature-controlled Raman spectros
was carried out by using a reflex device (Renishaw, inVia) and a temperature controller (1
THMS 600). An argon-ion laser with 514.5 nm in wavelength and 0.5 mW in power was t
the excitation light source. Field emission scanning electron microscopy (FE-SEM) and
force microscopy (AFM) measuremsmtere carried out for the film morphologies observat
Electron Probe Micro-Analyzer (EPMA) measurement was performed to study ¢
distribution on the sputtered 4@Ims.
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4.3 Resultsand Discussion

In previous chapters 2 and 3, the film deposited at 10 W was introduced to have
growth aspects, where nad growth with the orientation of V£(020) and (011) planesas
observed. In this film of 10 Wym-sized grains were observed together with the convent
nano-sized grains in FE-SEM.should be noted that tien-sized grains appeared only on fil
deposited under particular substrate biasing power of 10 W. In chapter 3, in different to
20, 30, and 40 W with th&t shift to rather lower temperature, film of 10 W shows shifting o
T: towards higher temperature due toitiiplane tensile stress with elongation inith@laneav-
axis length and W atoms distance, accordingly.

8000 Vo AtG ( )
I 2 203 a
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Fig. 4-1 Characteristics growth of théO film on Al>Oz (001) substrate deposited at 10 W observe
trough (a) XRD profile and (b) FE-SEM image.

Figure 4-1 shows different characteristics growth of\tle film on Al.Oz (001) substrat
deposited with the substrate biasing power of 10 W observed through &RBc2n profile an
FE-SEM image. In the XRD @60 scan profile, one can observe four diffraction pe
corresponding to V&(010)u: orientation with diffractions from (020) and (040) planesét:
39.83° and 85.88°, and ¥@11)w: orientation with those from (011) and (022) planeséat
27.85° and 57.54°. Corresponding to this two-orientation growth on film of 10 W, FE
revealed two different regions growth of the conventional nanograins and the ynussiaéd
grains thawill later be knowrasnanograins angdm-sized grains region#n previous chapter:
film of 10 W was discussed only regarding its nanograins region. In this chapter, charac

of the umsized grains region will be discussed.
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4.3.1 Morphologies of the Micrometer-sized VO2 Grains

FE-SEM images shown in Fig. 4-1 (b) revealed the two-type region of the film depos
10 W. Fig. 4-2 shows microscopic images for a film of 10 W, where optically dark and
areas composed of nanograins andsized grains coexist, accordingly. The film of 10 W
observed to have two types of regions, one with several tens nm-sized small grains and
with large grains structure with size over severai-sized grains. As mentioned in 1
introduction part, this growth is unusual considering the growth direction ebX@®l,0s (001)
substrate, where relatively small nanograins of highly oriented\(@-b@entation is expected.

/’1
_ é\_

scopic images of the film deposited at 10 W. Reproduced from [ref. 117 of J.

Fig. 4-2 Optical micro
Phys.117, 245314 (2015)], with the permission of AIP Publishing.

Fig. 4-3 High-resolutionFE-SEM images for single large crystalline grains.

Figure 4-3 shows several characteristic high-resolution FE-SEM images of large
structure on film of 10 W. In Fig. 4-3 (@), one can observe single grains structure with a le
nearly 2um. This single crystal-like growth mode was grownwide areas with random siz
where the largest grains could grow to hea0 um. High-resolution of FE-SEM images (in F
4-3 (b) and (c)) revealed smooth step and terrace structures of the large grains with sizes
tens nm. The well-aligned step and terrace structures sumgiestie crystalline growth insic
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the domain. The step and terrace structures of the large crystalline grains were then
characterized by performing surface profiling of AFM measurements.

(b)

-'V'/\ /\/—\/\\ /_
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Fig. 4-4 AFM images of theifm deposited at 10 W, consists of nanograins and large domains, whe
nanograinssum-sized grains and (Ipm-sized grains with step and terrace structure, respectivel

Reproduced from [ref. 117 of J. Appl. Ph§47, 245314 (2015)], with the permission of AIP Publishit

Figure 4-4 shows AFM images of the film deposited at 10 W, consisting of two dif
regions, nanograins, ampeh-sized grains. Area of 25 (fithat consists both nanograins ama-
sized grains region (Fig. 4-4 (a)) and a segment avithrea of Qum? (Fig. 4-4 (b)) were take
into consideration. In the cross-sectional profiling analysis result of Fig. 4-4 (a), a very :
surface of large grains structure was observed, indifferent to that of theaias@gructure. On
can also find some grains are rather flatter than others. In Fig. 4-4 (b), theectisnal profile
was revealedo confirm the step and terrace structure ofthesized grains. Most of the lar
crystalline grains were observed to show the same order of step height and terrace widtt
tens nm for each. The cross-sectional profiles with the step and terrace structures sat

single crystalline growth behavior of the large crystalline grains.

TEM observations were performed to support the single crystalline behavior of th
grains grow on the film of 10 W, wittan observation of the nanograins was also performe
comparison. Figure 4-5 shows cross-sectional TEM images of nanograins-amed grains o
the film deposited at 10 W. In agreement with the nanograins structure observed on other
VO: films; fine columnar grains were also observed on ilme 6f 10 W (Fig. 4-5 (a)). I
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compaison to the several tens nm size of columnar structure observed in the film of 20 W
in Fig. 3-7 (c)), rather large grains with size of nearly 100 nm was observed on film of 1
different, single crystallingm-sized grainswhere single crystal with theze of nearly of 2 um
was observed in Fig. 4-5 (b). Also, the appearance of an amorphous layer betweenftimas\
and theAl ;O3 substrates was observed. However, it is important to mention thaisthése some
other part of usized grains regions that does not consist the amorphous layer. One st
noted, thefilm thickness for nanograins andim-sized grains regionare both samewith a

thickness of approximately 200 nm.

(a) Nanograins (b) pm-sized grains

=2 pm

Fig. 4-5 TEM observations of (a) nanograins and(hy)-sized grains for a film of 10 W.
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4.3.2 Micro-sized VO2 Grains, Growth Concepts and Applications View

4.3.2.1 Micro-sized Grains Growth Concepts

The growthof the um-sized grains of V@films on ALOs (001) substrates is undoubte:
extraordinary considering the lateral domains growth with its in-plane crystal size is sever
larger than its out-of-plane size (film thickness). High reproducibility of this crystalline g
motivated further studies on this crystal growth to be performed.

Considering the growth direction of th; on AlLOs; (001) substrate that only allows 1
growth of crystals with several nm in size, some other chemical phenomena are expectec
in the chamber of either during or after the deposition (cooling) process. Here, recrysta
was proposed to occur and thus, resulted in the growth of the rather stable crystalline g
(011) plane with rather large grains size, correspondingly. Recrystallization phenomena hi
long recognized to occur during the thermomechanical process and known to be po
happened in all types of materi&t& However, this phenomenon was often reported only il
case of metals, in which the melting point of materials are significantly low. Koch repc
remarkable large grain in Ag (001) film with an average sizeuaf.1'° To datethis phenomeno
is often studied with its relation to the post-annealing pro¢éss.

To support this hypothesis, recent work by Makarewch:/. also proposed that tl
recrystallization could also occur in ¥dilms by post-annealing the MV, Ozn+1 at a
temperature of around 600°©Considering this matter, the growth of the um-sized grains unde
particular biasing conditions in the present work might also be related to the existence of t
oxidation phase, NO2n+1. TO study this matter, detailed consideratiéthe XRD patterns of th
26-0 scan was performed. Figure 4-6 shows the XRD patterns ofi®® deposited with th
substrate biasing power of 0, 10, and 20 W withflow rate of 2.5 sccm (a) andO: film
deposited with rf sputtering (non-biasing) with f@w rate of 1.0 sccm (b). Note that, this n
biasing film is the same film as was introduced in Chapters 2 and 3. In comparison to non
film and film deposited at 20 W, films deposited at 0 and 10 W were observed to
characteristic of broad peak at arourtd=220°, suggesting the growth of amorphow®N:.
This growth of amorphous \@n+1 in the film of 10 W supports the hypothesis proposed be
the growthof the um-sized grains is related to the existence of th@x\1.

Also, to support the co-existence ofQén+1, Which thus significantly contribute to tl
growth of the um-sized grains, Electron Probe Micro-Analyzer (EPMA) measurement
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performed to study oxygen distribution on the sputtered, Wiltns. Figure 4-7 shows EPM
mapping images for oxygen of films deposited at 0, 10, and 20 W. Agreeing on the exis
V1O2n+1, uniform high distribution of oxygen was observed in film of 0 W. On film of 10 W
two regions growth of nano- ampain-sized grains, oxygen was observed to be highly distrit
in the nanograins region. As the biasing power increases to 20 W, the selective sputte
oxygen) occurred, thus results in the balance and uniform oxygen distribution on the film

(b)
Non-biasing
(05, 1.0 scem)

ALO,

log intensity (arb. units)
log intensity (arb. units)

ow
(0, 2.5 scem)

10 15 20 25 30 35 40 45 50 55 60 10 15 20 25 30 35 40 45 50 55 60
20 (degree) 20 (degree)

Fig. 4-6 XRD patterns of VQ@films deposited (a) with the substrate biasing power of 0, 10, and 2I

with O flow rate of 2.5 sccm and (b) with normal rf sputtering withflew rate of 1.0 sccm.

Fig. 4-7 EPMA mapping images for oxygeri films deposited at 0, 10, and 20 W.

The above results support the co-existence,@k\1, which thus significantly contribute
the growth of the pum-sized grains. According to the®s-V,0s phase diagram, XD.n+1 has rathe
low melting temperatureffy) of around 670°C (at a pressure of 1 Pa). As a note, deposition
performed at a constant substrate temperafigeof 400°C. In this work, in which total gass
ambient pressure is constant at 0.5 Pa, 10% decreasdinithexpected. The existence of hi
oxidation phase, ND.n+1 results in the increasing of homologous temperatiigd () value to
around 0.77. The recrystallization occurs due to an effective atomic diffusion, thus introd
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enggetically favorable V@ (011)\: plane. In order to keep the thermodynamic equilibriur
the film, shrinkage of the (02@) occur simultaneously with the continuing growth of
energetically favorable V&X011): plane, resulting in the growth of the large crystalline gre

As mentioned earlier, this growdti um-sized grains only appeared on films deposited u
certain biasing condition, i.e. 10 W. One could expect the effect of the ion bombardr
assisting and preventing the recrystallization in the present work. Appropriate ion bombe
conditions proposed to help in introducing active occurrence of atoms diffusion and pr
high defects concentrations that work as a driving force for the recrystallization. However,
increasing in the ion bombardment results in the selective sputtering that decreases the
of oxygen in films and the occurrence of ion peening prevent the occurrence of recrystall

4.3.2.2 Applications view of pm-sized crystallinegrains

Micro-sized crystalline grains growth of d@ms on ALO3 (001) substrates with sizes o
several um could lead in opening new vistas of \d@hin films growth.

Raman spectroscopy technique, which allows studies on the SRfieatcess analysis,
one of the important measurement in studying the characteristics othwCfilms. However
through these years, no consensus was reached for Raman modes assignmgMIbph&e
due to the lack of single crystal©,. Most studies were conducted on oriented or epitaxia
films with nano-sized crystal grains. By considering the size of the laser spot, where ¢
focus on an area of 300 nm in diameter, recorded Raman spectrum represents contrik
multiple grains. This thus results in the maximum of 12 to 13 modes observation of A1\
phase. Recently, this growth of tlm-sized crystals grains of more thanyif with their single-
crystalline properties has allowed polarized Raman scattering measurement to be perforr
allowed the assignment of the 17 modes among the 18 expected modesMid poase %

In addition, thisum-sized crystalline growth phenomenon could havenheilized for the
development of a low-temperature, low-cost process of Mgers for optical devices, such
smart windows, or even for electronic devices if the problem of a weak link at domain bou
will be solved.
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4.3.3 Crystalline and Transition Properties of the pm-sized Crystalline Grains

The characterization of crystalline properties was performing XRD analysis of omege
In a comparisomo that film deposited at 10 W with nanograingm-sized grains and the filn
of 20, 30, and 40 W that consists of nanograins only, the crystal growttirsized grains regio
was confirmed to be in the (0J)orientation.

In this section, crystalline properties of the Mims will be discussed concerning the fi
of 10 W (nanograins #m-sized grains) and the film with most improved crystalline prope
of the film deposited at 20 W (nanograins onkyigure 4-6 (a) illustrates the XRD analy
profiles of -0 scan of the film deposited at 10 W and 20 W measured at room tempe
Figure 4-8 (b) shows the normalizedscan profiles taken for (02@) peak for films deposited
0, 20, and 40 W. Despite of different full-width half maximum (FWHM) of those peaks; all
confirm to have (01@y-orientation growth, respectively. In comparison to that film of 2
(nanograins only), a film of 10 W (nanograinsirh-sized grains) revealed to have rather g
crystalline properties as rather smaller FWHM value of almost 0.2° was observed. Fig.
illustrates the normalized scan profiles of (013) peak for film of 10 W. Different to the typic
 scan profiles for (02@), (011 was observed to have a sharp peak with FWHM of al
0.2° (not so far different with that observed for (Q2@eak), superimposing the high backgro
signal. Fromthe @ scan profile of (013): peak, the film of 10 W also confirmed to have
orientation of (011): plane.

| @ ALO; E
(006) hr
5
o) VO, (020) z
= g
= =
5 I i i
2 18 1851919.5202052121.522
= VO, (011) -
E Vo, 02 | £ [©
8 = I (011) peak
nen f 'WHM
- N 0.16°
&
g
R N
25 30 35 40 45 50 55 60 11 11.5 12 125 13 13.5 14 145
26 (degree) © (degree)

Fig. 4-8 XRD analysis of (a) 26 scan profile for films of 010, and 20 W, witlw scan profiles of the
(0201 and (0111 peaks are shown in (b) and (c).
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Temperature-dependent XRD analysis was performed to study the crystalline propt
film 10 W, in which the film revealed to have the in-plane tensile stress. Agreeing on #t
strain-temperature phase diagram, in-plane tensile stress proposed resulting in the appe
another monoclinic phase, known as ¥®2 phasé? Figure 4-9 (a) and (b) shows t
temperature-dependent XRD analysis for a film of 10 W, corresponding to that afi.(@2d
(011)w1 peaks, respectively. Profiles for the film deposited at a biasing power of 20 W is g
Fig. 4-9 (c) for comparison.

SPT in VQ occurs from M1 to R phase at a temperature of 68°C (in bulk). Tempe!
dependent Raman spectra (shown in Fig. 2-18) revealed this M1 to R phase transition
deposited by substrate biasing of 20, 30, and 40 W, also for the nanograins region of fil
As one can observe in Fig. 4-9 (a), at a temperature of 66°C, the appearance of a hew ¢
at 29 = 28.25° was observed in corresponding to (pGe of M2 phase, respectivély?' The
diffraction intensity of this peak getting smaller with the increasing temperature, but rerr
be until rather high temperature, before completely disappear at 96°C. The single peal
temperature (of 96°C) a2 27.70° corresponds to the ¥(Q10k suggests a completion of t
SPT in the film. As fothe VO, (0201 peak, the shift of the peak frond 2 39.94° to 39.90'
signifying the peak shifts from V{{020): to (200)k was observed. Howeves ane could find
this shift was a small (shift of -0.04°) compared to the peak shift observed in the film o
(shown in Fig. 4-9 (b)) for of almost -0.1°.

From these above results, one can understand, agreeingplame tensile stress of fil
deposited at 10 W, the occurrence of SPT, where the M2 phase appeared as an intermec
of the transition from the M1 to R phase. One can also propose that this appearance ¢
phase was due to the growth of flra-sized crystalline grains since only the peak of (@il
phase show the significant appearance of this M2 phase. Howewes, diifficult to clarify this
matter with only the XRD profiles. Thus, to clarify this occurrence of M2 phase, micro-F
measurement on then-sized grains was performed and will be discussed in the next sect
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Fig. 4-9 Temperature-dependent XRD for the film deposited at 10 W, in correspond to its (a) (4R
and (b) (020):1 peak. Profiles for a film of 20 W is given in (c). Reproduced from [ref. 117 of J. App
Phys.117, 245314 (2015)], with the permission of AIP Publishing.
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4.3.4 Temperature-dependent Raman Spectra of pm-sized Crystalline Grains

In this section, the SPT of this film of 10 W will be further diseadsy choosing thi
regions, accordingl\Single um-sized crystalline domains with its size could be as large as:
has allowed measurement on the selected region to be perfffniégure 4-10 shows tr

temperaturelependent Raman spectra measured at the nanograins and the um-sized grains.

(a) 100°C [(b) 100°C
e 90°C
80°C | M2 pﬁase T5°C

- Mi phase | B0°C

75°C

Intensity (arb. units)
Intensity (arb. units)

100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
Raman shift (cm™) Raman shift (cm)

Fig. 4-10 Temperature-dependent Raman spectra of (a) nanograins ama-$§iped grains regions.

Reproduced from [ref. 117 of J. Appl. Ph$47, 245314 (2015)], with the permission of AIP Publishi

Figure 4-10 shows the temperature-dependent Raman spectra taken at both nanog
the um-sized grains regions, whereas the profile for nanograins was once shown in Fi
Regarding the nanograins region as explained before, in comparison to other films of 20
40 W, M1 phase on this nanograins region of film deposited at 10 W was observed to
existed until rather high temperature over 75°C. This suggests strong in-plane tensile str
film of 10 W that correspondingly results in the high transition temperature. As fpmtsezed
grains regionat a temperature of 70°C, peak at 619'¢hat resemble the VM1 phase shifte
to slight higher position of around 645 ¢nmdicating the appearance of tH&®, M2 phase ir
thisum-sized grains region. The M2 phase was observed to retain until high temperature o
85°C before then completing the SPT at 90°C.

From these results, one could proposed that the appearance of the intermediate phi
phase inhe um-sized grains crystal will be responsible for the late transition completion
VO film with nanograins and the um-sized grains of film deposited at 10 W. The appearan
the VO, M2 phase in tham-sized grains was a thing that should be remarked. In compari
the nanograins region, where SPT was observed to occur frerrRMihasethe um-sized grain:
shows the occurrence of SPT from MM2—R phase, respectively.
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4.4 Conclusions

Large crystalline grains of severah-sized was first observed, where non-epitaxial (il
phase orientation is dominating the growth in Milms deposited on ADs; (001) substrate:
deposited under adequate substrate biasing of 10 W (in this work).

XRD 26-0 scan profile revealed four diffraction peaks corresponding te {0Q0M1
orientation on film deposited at 10 W, with diffractions from (020) and (040) plan8s&8283°
and 85.88°, and V{(011)w: orientation with those from (011) and (022) planesfat 27.85°
and 57.54°. Corresponding to the two-orientation growth on film of 10 W, FE-SEM reveals
different regions growth of the conventional nanograins and the unustgred grains regions
Cross-sectional profiling of AFM measurements revealed the step and terrace structurenef
sized grains. , where most of the large crystalline grains were observed to show the same
step height and terrace width; several tens nm for each. The cross-sectional profiles with
and terrace structures satisfied the single crystalline growth behavior of the large crystallin
Agreeing that AFM cross-sectional profiles, TEM observations revealed the single crys
growth of theum-sized grains.

Micro-sized grains growth mechanism and applications of the um-sized grains wert
discussed. The gparance of broad peak at around 26 = 20° in XRD profiles of 20-6 scan
suggested the appearance of amorphoi®:W in film with pm-sized grains growth. Alsc
EPMA revealed the coexistence of highly distributed oxygen (nanograins) on film with pm-sized
grains growth. The above results support the co-existence@#.¥, which thus significantly
contribute to the growth of the um-sized grains. The existence of high-oxidation phas©4\V1)
results in the increasing of homologous temperatfigdyg) value to around 0.77. Consideril
this matter, recrystallization occurs due to an effective atomic diffusion, thus introdus
energetically favorable V(0111 plane. In order to keep the thermodynamic equilibriun
the film, shrinkage of the (02@) occur simultaneously with the continuing growth of 1
energetically favorable V(011 plane, resulting in the growth of rather large crystal
grains um-sized grains.

Since this growthf um-sized grains only appeared on films deposited under certain bi
condition, one could expect the effect of the ion bombardment in assisting and preven
recrystallization in the present work. Appropriate ion bombardment conditions proposed
in introducing active occurrence of atoms diffusion and providing high defects concentratic
work as a driving force for the recrystallization. However, further increasing in the
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bombardment results in the selective sputtering that decreases the existence of oxyger
and the occurrence of ion peening prevent the occurrence of recrystallization.

Temperature-dependent XRD measurements revealed the appearance of M2 ph
intermediate phase of the transition from the M1 to R phase of film with mixed nanogra
um-sized growth. The appearance of M2 phase as intermediate phase supported the
tensile stress behavior of film 10 W wiffy higher than 68°C. Temperature-dependent m
Raman measurements were performed to clarify the origin of the M2 phase, as the mea
on the selected area could be performed. Accordingly, in comparison to the nanograin:
where SPT was observed to occur from%R phasethe um-sized grains shows the occurre
of SPT from MI»>M2—R phase, respectively. Also, the appearance of the intermediate p
M2 phase in the um-sized grains crystal was undersood to be responsible for the late tre
completion in the V@film with nanograins and the pm-sized grains of film deposited at 10 \
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Chapter5  Summary and Future Works
5.1 Summary

In this work, with the main objective to control the transition temperature (T in VO, rf substrate
biasing was introduced to study the effect of high-energy ion irradiation on the crystalline and
transition properties of VO, thin films.

In Chapter 1, an overview of VO, including crystalline structure, electronic behavior, and,
fabrication techniques will be reviewed. A brief outline regarding works on the modifications of
the T: in VO, thin films will then be given. Later, problem statements and the objective of the
present work will firstly be introduced. Finally, a roadmap for the rest of the dissertation will be
proposed.

In Chapter 2, rf magnetron reactive sputtering with the rf substrate biasing method and its
effect on the sputtered VO, films on Al,Os (001) substrates were introduced. This method was
observed to succeed in enabling control of the ion irradiation energy during sputtering. By varying
the substrate biasing power at 0, 10, 20, 30, and 40 W, -V with values of 0, 110, 170, 200, and
270V is introduced at the substrate. As results, increasing of the ion irradiation energy to 30, 140,
200, 230, and 300 eV were achieved, correspondingly. VO, grains size decreased with the
increasing substrate biasing power. Also, as the results of increasing the ion irradiation energy
during sputtering, the film thickness significantly decreases with the increasing of substrate
biasing power, suggesting the decreasing and increasing of the deposition rate and sputter rate,
respectively.

By introducing rf substrate biasing, high energy ion irradiation during deposition was
achieved and results in the modifications of the transition temperature (Tiwr). Timt Was observed
to once increased to the higher side, then turned to shift towards lower side, recording lowest Timr
of 36°C at the high biasing power of 40 W. SPT’s transition temperature (Tspt) Was determined
and observed to have a similar modifications pattern with the Tur, thus evidenced the lowering
of the transition temperature (T:) in the sputtered VO- films due to the high-energy ion irradiation.
The same T: modifications pattern was also observed to occur in the IR transmittance properties,
which expected to broaden VO, for optical applications, such as smart windows. Signifying an
extensive decrease of the Tt in the films of 30 and 40 W, the increasing of the TCR values to be at
around -3.5 %°C* was observed in both films of 30 and 40 W, correspondingly.
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In Chapter 3, the mechanism behind the transition temperature (T:) modifications in films
deposited by reactive sputtering with substrate biasing was discussed. In-plane stress state of the
sputtered VO films was estimated by considering the shift of the VO, (020)m1 peak that
corresponds to the out-of-plane byu-axis length. The in-plane stress was of tensile state in the film
deposited at ion energy of 140 eV (10W), then turned into the compressive state by increasing the
ion energy to a value larger than 200 eV (= 20 W). In agreement with the in-plane tensile stress
observed in the film of 10 W, rather longer in-plane aw/2 lattice length was observed. Later
increasing in substrate biasing power to 20 to 40 W, in-plane am/2 lattice length was shortened.
Film deposited at 40 W (300 eV) revealed to have the shortest au/2 lattice length, signifying the
lowest T; value observed in this work.

Continuous strikes of the high-energy ions during the deposition are responsible for inducing
the in-plane compressive stress that results in the shortening of the in-plane am-axis length and
the V-V pair distance. This thus led to the decreasing of the T; in films deposited with a substrate
biasing power larger than 20 W (Eion > 200 eV). Continuous strikes of high-energy ions are also
expected to introduce the oxygen defects in films. The introduction of the oxygen vacancies in
high-energy irradiated films introduce free electrons near the octahedral sites and give rise to an
early metallic-like state that results in rather an early onset of the IMT. Characterization of the
strain along cr (am/2)-axis vs. transition temperature characteristics revealed that the T;
modifications in films deposited by reactive sputtering with substrate biasing were understood to
be mainly triggered by the compression of the in-plane am/2 (cr)-axis for films deposited with ion
energy up to around 230 eV (<30 W). However, T; modifications for films deposited with ion
energy larger than 230 eV (> 30 W) are resulted by a collaboration of strain compression along
the am-axis and oxygen vacancies. Also, the substrate biasing method was revealed to be an
efficient method to control the Ty, as the T: modifications in films with a thickness larger than 100

nm were also achieved.

In Chapter 4, details properties of the unusual growth behavior of films deposited at an
adequate substrate biasing power with the growth of large crystalline grains in the size of several
um was given. Large crystalline grains of several um-sized was first observed, where non-
epitaxial (011)m:1 phase orientation is dominating the growth in VO, films deposited on Al>Os
(001) substrates deposited under adequate substrate biasing of 10 W (in this work). Smooth step
and terrace structures, suggesting single crystalline properties of the um-sized crystalline grains.
The existence of high-oxidation phase (VnOzn+1) results in the increasing of homologous
temperature (Ts/Tw) value to around 0.77. Considering this matter, recrystallization occurs due to
an effective atomic diffusion, thus introduce the energetically favorable VO (011)m: plane. In
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order to keep the thermodynamic equilibrium of the film, shrinkage of the (020)m:1 occur
simultaneously with the continuing growth of the energetically favorable VO, (011)m: plane,
resulting in the growth of rather large crystalline grains; um-sized grains. Temperature-dependent
micro-Raman measurements were performed to clarify the origin of the M2 phase. Accordingly,
in comparison to the nanograins region, where SPT was observed to occur from M1—R phase,
the pm-sized grains shows the occurrence of SPT from M1—M2—R phase, respectively.

From the above results, one can realize that the T; of the VO2 films on Al.Os (001) substrates was
succesfully achieved by utilizing the rf magnetron sputtering with rf substrate biasing. The
systematic control of the T: with large T shift is achieved in the present work of substrate bias
sputtering, where no changes in the deposition conditions needed are proposed to be advantageous
for widening the applicability of the VO, films. Also, the growth of the um-sized crystalline grains
of VO films on Al;Os (001) substrates under particular substrate biasing conditions is expected
to improve the transition properties and open new vistas of the VO, film
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5.2 Future Works

This work revealed that the rf substrate biasing method succeeds in modifying the crystal
growth properties, thus significantly modifying the T; in VO films on Al.O; (001) substrates.
However, as one can observe, the introduction of the oxygen vacancies in high-energy ion
irradiated films whereas significantly broadened transition properties were observed in the film
of 40 W. Considering this matter, in order to further improve this transition properties, varying
the O, flow rate might be needed.

Also, since the substrate biasing succeeded in lowering the T: near to room temperature while

maintaining its transition ratio and hysteresis behavior in the IMT properties, work towards
applications of this VO films is needed.
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