ABSTRACT
GUPTA, ALOK. Semiconductoto-metal TransitionControl in Novel VO,/Silicon and
VO,/SapphireEpitaxial Thin Film Heterostructuregor Device Applications (Under the
direction of Prof. JagdisNarayan).
Novel functionalities of Vanadium dioxide/Q2), such as, several orders of magnitude
transition in resistivity and IR transmittance, provida exciting opportunity for the
development of next generation memory, sensor, anddiéddt based devices. A critical
issue in the development of praeticevices based on metal oxides is the integration of high
guality epitaxial oxide thin films with the existing silicon technology which is based on
silicon (100) substrates. However, silicon is not suitable for epitaxial growth of oxides owing
to its temdency to readily form an amorphous oxide layer or silicide at thesfiibstrate
interface. The oxide films deposited directly on silicon exhibit poor crystallinity and are not
suitable for device applications. To overcome this challenge, appropriateageiisinplates
must be developed for the growth of oxide thin films on silicon substrates.
The primary objective of this dissertation was to develop an integration methodology of VO
with Si (100) substrates so t hdewcesalong Wwith b e
other multifunctional devices on the same silicoipcihis was achieved by usingtria-
stabilized zirconia (YSZ) template layer deposiiadsitu. It will be shown that if the
deposition conditions are controlled properly, YSZ cangbewn epitaxially on silicon
substrates even if the native oxide is not etatwupletelyprior to deposition. | have used
this approach to integrate ¥Qhin films with Si (100) substrates using pulsed laser

deposition (PLD) technique. The deposition noglilogy of integrating V@thin films on



silicon using various other template layers will also be discussed. The detaitsd X
diffraction, transmission electron microscopy (TEM), electrical characterization results for
the deposited films will bgresenéd. In the framework on domain matching epitaxy,
epitaxial growth of VQ (tetragonal crystal structure at growth temperature) on both
tetragonal and cubic YSZ has been explained. Our detailedcphi Xray diffraction
measurements corroborate our undediteg of the epitaxial growth and-plane atomic
arrangements at the interface. It was observed that the transition characteristics (sharpness,
over which electrical and optical property changes are completed, amplitude, transition
temperature, and hysesis) are a strong function of microstructure, strain, and
stoichianetry. We have shown that lanoosing the right template layer, strain in the,VO

thin films can be fully relaxed and nelawlk VO, transition temperatures can be achieved.
We have demonsited this by using NiO as a buffer layer oa@yJ(0001) substrate.

We have also used swift heavy ion irradiation to induce controlled modifications in the
semiconducteto-metal transition characteristics of YGinglecrystal thin films with
varying ion fluences. At very high energies of ions (200 MeV), the electronic stopping
(~2009eV/A) dominates over nuclear stopping (~48/A). Under these extreme electronic
excitation conditions caused by electronic stopping and the passage of swift heavy ions
through the entire thickness of the film, we expect creation of certain unique type of defects
and disordered regions. Detailed characterization usingayX diffraction, Raman
spectroscopy, infraed transmission spectroscopyray photoelectron spectroscopyRS),

and electrical measurements were performed to investigate the characteristics and role of

these defects on structural, optical, and electrical properties gftM@ films. XPS and



electrical resistivity measuremensaggestthat the ionirradiation induces localized defect
states which appear to correlate well with the creation of disordered regions in #lleiryO
films. The high energy heavy ia@rradiation changes the transition characteristics drastically
from a firstorder to a secondrder trasition (electronid Mott type). The low temperature
conductancelatafor these ioArradiated filmsfits well with the quasamorphous model for

resistivity of VO, whereion-irradiation is believed to create mid bagalp defect states.
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1. Introduction
Vanadium dioxide (V@) has been one of the most extensively investigated correlated
electron systems that exhibit a distinct semicondeictonetal transitiort,”> VO, has
attracted this immense research and technological intezeatise of its ability to reversibly
transform from monoclinic (semiconducting and infrared transparent) to tetragonal (metallic
and infrared blocking) phase upon heating acros80680f all the transition metal oxides
that exhibit any semiconductts-meal transition, VQ is distinguished by its thermal
switching at 68°C (near room temperatureJhe transition temperature is modifiable by
doping or stess. VQ also undergoes aultrafast (~ 16 femtoseconds) transition when
excited by a laser and its talic behavior under application of high electfield (~10°
V/em)2*° This firstorder semiconducteio-metal transition (SMT) near room temperature
has been welstudied over the last fifty years but the physics behind this intriguing
phenomenon iseks than well understood. The characteristics associated with SMTzin VO
are fascinating scientifically and are of immense technological importance for potential
applications in sensoand memonytype application§."®°
The £miconductotto-metal trangion in VO, involvesa small lattice distortion along-axis
direction, which results in pairing of vanadium atoms and a distinct band structure in each
phase. These distortions result in failure of Maulk single crystals when subjected to
repeated hefmtg and cooling cycle¥ Therefore, thin films and nanoparticles of ¥@hich
are able to withstand these distortions and dissipate heat through the substrate, are critical to

a variety of technological applicatianRecent advances in expertise of thim$ growth



techniques have allowed us to explore the huge technological potential that the
multifunctional stronglycorrelated materials, such as ¥@ave to offerTo date, most of

the research on VOthin films has focused on growth of epitaxial filmsth controlled
properties on Al0; and TiQ substrates***** however, implementation of Vibased
devices is restricted by the limited use 0t@d and TiQ substratesn the microelectronic
industry One of the essential prerequisites to the developratmptoelectronic devices
based on thermal switching is the development of methods that enable integration of VO
films with Si (00)), whichis the mainstay substrateaterialin the microelectronics industry.
Though the epitaxial growth of V\Oon Si (0@) can be anticipated via domain matching
epitaxy (DME)>, in which integral multiplesof planes match across the finbstrate
interface, direct deposition of V@ on Si (001) remains a technological challenge. One
challenge associated with direct depasitof VO, on Si(001) is the formation of silicides or
native amorphous silicon dioxide layers, which can lead to growth of polycrystalline VO
thin films that show a diffused transition and provide limited control over transition
characteristic$®!’

Semconductor to metal transition in MO s char act er i Z,eoder which shar p
electrical and opticgpr operty changes are compl eted, a my
hysteresis oH. T h e stlein fiotms Gavea lieéneknoiwrs tb ibec & styam f VO
function of microstructure (grain size distribution and grain boundary characteristics) and

chemistry (stoichiometry, dopant and/or other defects). However, the individual effect of

these factors on the SMT parameters is not well understood as filmedsiuadnost of these



cases were either polycrystalline or had other oxide phases ¢©go¥V,03) or dopants
present in the films which is likely to produce a combined effect of all these parameters in
modification of SMT characteristic®'92%21

Therebre, there is a major challenge in producing,M8in films of correct structure,
stoichiometry and controlled microstructures, especially -higdlity single crystal films,
which can be used to establish comprehensive struptoperty correlations. Inhis
dissertatiorwe have addressed the integration of high quality epitaxialtei® films with Si

(001) substrates by usiram epitaxial yttriastabilized zirconia (YSZ) buffer layer. YSZ was
selected as a buffer layer material due to its good dielgataperties and low thermal
conductivity?> The YSZ buffer layer can serve to reduce the leakage current as well as
provide a thermal barrier for other devices on the same Si (001) wafer. We anticipate that
these highguality epitaxial VQ thin films grownon Si (001) substrates could find potential
use in a variety of electronic and optical devices.

The typical deposition temperature for the growth of fgghlity VO, thin films with good

SMT properties definitely exceeds the transition temperature whiatloge to 68°C
Following the deposition at elevated temperatures, when films are cooled to ambient
temperature, V@ crystal structure transforms from tetragonal o(P¥hm) to monoclinic
(P2/c). It is important, therefore, to understand as to how thegteted unit cell arranges
itself on the underlying template of substrate or buffer layer material. Understanding the
details of epitaxy is important from the point of view of fundamental understanding and to

develop methodology to tailor the thin film stvéstress and as a result, SMT characteristics



suited to a particular applicatiorin this dissertation a model for epitaxial growth of
tetragonal VQis establishedn both tetragonal and cubic ytuséabilized zirconia at growth
temperature. With the asof atomic arrangements in the unit cells of tetragonal and
monoclinic VQ and in both tetragonal and cubic YSZ, transformation into monoclinig VO
has been explained.

To establish the correlation of characteristics of grain boundaries and relativatmrment
grain size and defects within the graimgh SMT of VO, thin films on YSZ buffer layer

films weredeposited for different deposition times resulting in different thicknesses. It was
shown that thickness of the films pteg critical role in determing the characteristics of the
hysteresis and the nature of the SMT. Electrical and optical properties,dhM@iims were
studied systematically to correle®T characteristicsvith microstructural propertiesf the

films usingthe theoretical prediions of thermodynamic model given by Naragard.*

A detailed understanding of the role of defects in modification of SMT characteristics,of VO
thin films is also important from the technological point of view since SMT properties can be
tuned accating to the device applications. Previous attempts to modify the SMT
characteristics of V&xhin films include proton irradiation, lowwnergy (few hundred eV) ion
bombardment, and electron beam (MeV) irradiafti?®*’ In all of these cases, damage
due tothe displacement cascades is the dominant mechanism through which defects are
generated in the film& Furthermore, the nuclear stopping is not constant throughout the
film thickness for these lov@nergy implants and therefore, the effects are not unjfeinith

renders considerable ambiguity with respect to distribution of defects and their role in



producing changes in properties of ¥ @e have investigated the effect of swift heavy ion
(SHI) irradiation on the SMT of epitaxial \MAhin films. The uniqueadvantage of swift
heavy ion irradiation of materials is the production of nanometer sized cylindrical zones, so
called ion tracks, provided the electronic energy lesseedsthe threshold value. The
number density of these ion tracks can be controNeidito beam parameters such as fluence.
Microstructure and defect content can be controlled by ion irradiation parameters, such as ion
type and energy, which dictate the dominant eném@ysfer mechanism. Under SHI
irradiation, the energloss through el@monic stopping dominates and the energy is deposited
uniformly into the entire thickness of the film. This energy is transferred mostly into
electronic excitations which, in turn, get transferred to the lattice via elquti@mon
coupling. This can causextremely rapid (on the order of few piseconds) heating and
guenching in the localized regions along the ion path leading to the formation of a latent ion
track. In our experiments, we have carefully chosen the energy of the ions such that
electronic #pping power remains essentially constant throughout the thickness of the film.
We have been able to achieve semicondtictonetal transition (SMT) temperature in YO

thin films close to the values reported for bulk )/€ngle crystals. This was achieveg
complete relaxation of misfit strain, which leads to a negligible tension/compression along
VO, [001], upon introduction of NiO buffer layer onptane sapphire substrate. It was also
found that introduction of NiO buffer layer led to improved SMT cheteristics such as,

T, pH, and oA. We have discussed the mecha

strain which occurs under the paradigm of donmaatching epitaxy, where injeal



multiples of planes match across the interface. NiO buffer layers grownin situ, prior to

the VO, depositionand parameters related to SMT, such as hysteresis and transition width
were extracted from the Gaussian fit of temperature dependence of electrical resistance.
These parameters have also been discussedralatan with the strain alongaxis of VQ,,
in-plane orientation, and microstructure. A comparison has been made between thenVO
films deposited with and withouthe NiO buffer layer onthe c-sapphire substrates to
delineate the importance of straglaxation in attaining near bulk SMT temperature values.
Completely relaxed V@NIO/AlI, O3 (0001) thin film heterostructure hold significant
technological importance since robust devices that can withstand multiple thermal cycling,
can be fabricated. Als@otential applications of NiO as an epitaxial electrode or gate oxide
layer can open up exciting possibilities in devices based on SMT properties offrgteain
VO, thin films.

Rest of the thesis is organized into following chapters:

Chapter 2: Backgrouhknowledge pertinent to this dissertation is presented.

Chapter 3: A brief description of experimental techniques used for the present work is given.
Chapter 4 Details of integration of epitaxial V£thin films with Silicon (100) using YSZ
buffer layer ae discussed. Detailed structural and electrical characterization was performed
and semiconducten-metal characteristics of such VY@SZ/Si(100) heterostructas are
reported and discussed.

Chapter 5:Results are discussed from the growth of,Mkin films grown on apphire

substrates buffered with epitaxial NiO thin template layer.



Chapter 6: Details of epitaxial relationshipthe temperature of the growthetweenvVO,
thin films andYSZ (both tetragonal and cubic) and NiO template layers are peelsent
Chapter 7Study of the effect of V@film thickness variation on the semiconduetometal
transition characteristics of \MYSZ/Si (100) heterostructures is presented.

Chapter 8Results from study of swift heaargn irradiation of VQ thin films ae presented
and correlated with SMT characteristics.

Chapter 9: Study of the effect of vacuum heat treatment on semiconthiatetal transition
characteristics and magnetic properties ot ¥%tin films has been presented.

Chapter 10: Results from the dyuof effect of laserrradiation on SMT characteristics of
VO, has been presented and discussed.

Chapter 11 A brief summary of the present work is provided. Scope for future work is

discussed.
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2. Background Knowledge
2.1 Vanadium dioxide (VOy)
As one of the focus areas of research in condensed matter physics, strongly correlated
electron system exhibit some fascinating phenomena such as;teimgkrature
superconductivity, colossal magneatsistance, exotic magnetic, charge and orbital ordering,
and semiconducteto-metal phase transitiohVanadium dioxide (V@) is one of the most
studied correlated electron systemat exhibits ahighly useful semiconducteto-metal
transition (SMT) at 341 K This interest is motivated by the potential of M® applications
ranging from novel electronics and eleetqatic devices utilizing switches or memory
elementsAlthough other oxides of vanadium, namely, VO (at 125 K)O3(155 K), and
V205 (530 K) also exhibit semiconductto-metal transitiog, VO is of practical importance
due to its near rooftemperature transition and the fact that this transitan also be
triggered by electric field or by optical excitatidh? The semiconducteto-metal transition
in VO, is characterized by abrupt orders ofgnaude change in resistivity and increased
reflectivity for infrared light wavelengths (0-8 . 2 %%’ Bding a transitiommetal oxide
with narrow d-electron bands, SMT in V@ is extremely sensitive to smhathanges in
extrinsic parameters such as pressure, or dding.bulk single crystals, the change in
resistivity is of order ~1010°, with a hysteresis width of 2C>'° On the other hand,
hysteresis width in thin films and in nanostructures may be in the rangé-26°€ and 36

35°C, respectively?,*?
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Thin films and nanoparticles tend to better withstand the repeated thermal cycling and also
their transition temperature can be lowered to near room tetaperay doping. Recent
advances in thin film growth techniques and device fabrication methods have triggered
numerous recommendations for technological applications of, \0ch as, thermally
activated optical switching and limitifd* thermal relays andenergy management
devices:>'° sensors and actuatdrsmicro-bolometerg®!® electrochromic and photochromic
memory and optical devicé?'. Two and three terminalevices utilizing the electrifield
induced switching oW O is alsoan active area afeseach.”?*> A recent stud§* hasfound

that, materialssynthesis, especially the \@ate dielectric interface, plays an immensely
important rolein the response to the gate voltage, and thus controls the functioning of such
electricallycontrolleddevices.

Figure 2.1 shows the phase diagram for the vanadaxygen systerf It can be seen that
there are as many as 15 to 20 other stable vanadium oxide phases, sugby,a8s™ 3,

V0,3 and others that exhibit no semicowrthr-to-metal transitions. The existence of these
stable competing oxides presents a particular challenge to the growth,oh \60th, bulk

and thin film form. Thereforeto achieve optimum SMT characteristics, an elaborate
synthesis proceduis requiredto ensure the formation of \l@nd to avoid other undesirable
vanadium oxide phases to. Thin films of ¥fRave been deposited using several techniques,
such as, reactive evaporati$ii! sputtering®®?® metatorganic chemical vapor deposition

(MOCVD),***! pulsed laser deposition (PLD¥** and solgel depositior?’,*°
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Figure 2.1 Phase diagram for the vanadisoxygen system

2.1.1 Physical and Electronic Structure of VQ

The semiconducteto-metal transition (SMT) obseed in VG, arises from a subtle interplay
between atomic structure and charge across the transition temperature. Across the transition
temperature, changes in the electronic band structure are associated with atomic
rearrangement between a higimperatue, more symmetric rutile/tetragonal gAvnm)
phaseand a lowtemperature, less symmetric monoclinic P phase(Figure 2.2).%° The

lattice constants ofutile/tetragonal V@ are a=4.55 A andc=2.87 A and for nonoclinic

VO, structure the lattice parameters ase= 5.743A, b = 4517 A, ¢ = 5.375 A, and
h=122.6°>" The key feature of the atomic rearrangement across the SMT is that monoclinic

structure has the presence oMpairs along its @xis wheréamenoclinic = 2Ctetragonat DUrNG

12



the phase transformation, the regulaivVseparation of 0.287nm in ¢htetragonal rutile
structure transforms to an alternateV\separations of 0.265nm and 0.312nm leading to a

doubling up of the unit ceff

Figure 2.2 Schematic illustration of lattice of the two structupdlases of V&X(a) tetragonal

(b) monoclinic (After Eyert , Ref. 33)

The electronic band structure of Y,An both tetragonal and monoclinic phase, was first
explained by GoodenougFigure 2.3).%® Hybridization of V 3d and O 2p results in a distinct

band structure which reflects the symmetry of atom positions in the crystal lattice. In
rutile/tetragonal phase (space group/P¥hm), the V atoms are surrounded by O oethhl

forming an edgesharing chain along-axis. As a result of this octahedral crystal field V 3d

splits intogyg and tyg levels * The gy orbitals are bridged by the O 2p orbitals such that the

bonding assumesi-s y mmet r vy . The corresponding anti b

positioned further away from the Fermi led&t! Thet,, levels are grouped into the bafid
g
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and g that lie right near the Fermi level, arbitals are aligned along the rutilegis and &,

as a result, of almost 1D character. In the-temperature semiconducting phase, the pairing
and tilting of the V atoms with respect tearis (of rutile) causes the splitting of thgbdind

into bonding g and antibonding | bands and the shift of* band away from the Fermi

level. Consequently, a band gap opens between the tq@ofldhe bottom of*. Using UV
reflectance and photoemission spectroscopy, Shin et. al. performed good quantitative
characterization of the ne&ermi level band stragre:”” The d splitting was measured to be

2.5 eV, the optical bargap was 0.7 eV and the rise of thewas 0.5 eV

A - 3dH

3dg
1.1eV

3dr
Q| et Rl iy 6700 Ef

3di

O2p

High-T tetragonal VO2 Low-T monoclinic VO2

Figure 2.3 Schematic of onelectron bad structure of tetragonal (left) and monoclinic

(right) VO,

2.1.2 Thermodynamic model for phase transition in VQ

Following details are after the phenomenological thermodynamic model given by Narayan et.

al’® Thechange in Gibbs freeenerggya oci at ed wi t h ,, gahlesl@ivedtoansi t
be equal= tPpdpSpP h e risethe gidviation from the equilibrium transition

t emper at ugrisechanga imdentrop$ between the two phases. On the basis of the
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nucleation model, the criti¢ size (f) of stable nuclei was derived as= 2923 /[ @S T
where 9 i s t he'liinknewn thatihé tetrhgonal ioemogoglinic phase
transformation iNVO, is reversible and is ultrafast Wwittime scale on the order of
picoseconds. To model the phase transition, it was envisaged that a single coordinated atomic
jump can accomplishthe monocl inic to tetragonal (Mz2T)
transition. Using these concepts, the rate ooaigt of phase transition was derived as (V) =
og( T okB)exp’ kT, wher e, &> pi S pPpempedistgoneacyg
activation barrief. The activation barrier is about kTwhere k is te Boltzmann constant and
T,is the transition tempgr asbur ea.nd Asishedni R g
transformation velocity V was estimated to be about 48(®)s Using timeresolved, near
edgexr ay absorption measur e memCavallen et altedtimate® MT  (
these velocities in thin films, which were found to be in a good agreement with the‘fodel.
In addition, the experimental results of otfféfswere found to be consistent with the
projections of the modé?.
Based upon this moddDT, DA and DH were predicted for different microstructures under
the following four film microstructures:
1. Singlecrystal films: (a) for higkguality films (lage-grains separated by leangle

less than 1 degree), the model predicts sharp transition (Bhatl 1-2 K) with a

large amplitude [A) and negligible hysteresis (very smBiH); (b) for poorquality

films (small grains with high defect content, but stéparated by lovangle less than

1 degree), the model predicts larger transition width without much hysteresis. The
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transition width can be controlled by defect content, and hysteresis Ridjican be

kept to a minimum by having lo@ngle boundaries. Feensor applications, this is

the most desirable microstructure.

Textured polycrystalline films: (a) smalhgle boundary textured This will be
similar to 1(a) but with a finitd~ 810 K) DT, and DH will increase with the
misorientation of smalhngleboundaries.; (b) largangle boundary texturedAs the
boundary misorientation increas@sj will continue to increase.

Random polycrystalline films (formed on amorphous substrate or nucleated from
amorphous phase): largagle random boundaries (a) smgdains- Small random
grain materials will exhibit largddT andDH with a smaller amplitudeD@); (b) large
grains- As the grain size increases, tBb# decreases as the bulk defect density
decreases, howevelDH will stay constant or even increase wititreasing grain
boundary misorientation. This microstructure will be suitable for memory device
applications.

Amorphous films- We can predict the properties of amorphous films through the
equationDT,= 20 B n amor p h oca® dfatbisnd $0,zera which
makesDT, or hysteresis to approach to zero. Thus, for those devices where reliability
is critical, amorphous films can be used aljtoit means sacrificing sensitivity and
efficiency. In the case of amorphous films, the SMT transition is predicted to be large
with a minimum of hysteresis, i.e., larg@d and very smalDH. The amplitude of

transition will be smaller due to higher defeobntent. The absence of grain
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boundaries in amorphesu f i | ms reduces @H because t
phase boundary upon heating and cooling remains symmetric. This transition in
amorphous films is of second order and is less of a structural nature, i.e., pairing of V
atoms, unit cell doubling, andharge ordering are of less relevance. Amorphous
characteristics emphasize the importance of Coulomb effects as the electrons diffuse
more slowly and interact more strongly.

For sensor applications, high efficiency and high sensitivity require filmslarigle DT and

DA, and a negligibleDH, therefore, microstructures similar to 1(a) or 2(a) are suited. This

can be accomplished on singley/stal substrates via domain matching epitaxy or by inducing

textured growth on polycrystalline substrates. The kegidenations are related to control of

overall defect content and characteristics of grain boundaries. Amorphous films, on the other

hand, provide high reliability (negligibl®H), but reduced efficiency and sensitivity. For

memory applications, which regai large DH, microstructure similar to 3(b) would be

suitable.

2.2 Thin Film Epitaxy

Epitaxy, which represents an important concept observed in thin films, has its roots in two

ancient Greek wordd" s(epi- placed or resting upon) atii U  taxis sarramgeiient)in

the context of thin films, epitaxy refers to the formation of an extended singltalline film

on top of a crystalline substrate. The actual word epitaxy was introducetenttetature by

the French mineralogist L. Royer in 1928, although it was probably observed in alkali ihalide

crystal over a century ado®® Epitaxy can largely be categorized in two forms: horitagp
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and heteroepitaxy. In horapitaxy, the films and theubstrate are the same material.
Epitaxial Si (or epiSi) deposited on Si wafers using vaypbrase epitaxy (VPE) is the most
common example of homoepitaXyThe second type of epitaxy is known as heteroepitaxy in
which films and substrates are differentterals, e.g. Germanium on Silicon or Zinc oxide

(or Gallium nitride) on Sapphire (4Ds) substrates. It is heteroepitaxy which is
technologically of utmost importance since it allows the growth of novel materials and
devices in form of epitaxial thin filsm on commonly available substrate systems. For
example, compound semiconductor heteroepitaxial film structures have application in
optoelectronic devices such as ligmitting diodes and lasers. Since the film and the
substrate materials are differenthateroepitaxy, the properties of heteroepitaxial films are
influenced by the crystallographic properties of the substrate and the film, difference in film
and substrate chemistry, and the difference in film and substrate thermal expansion
coefficients. Thelattice misfit between substrate and film is the key parameters which
controls growth, morphology, and the properties of the film. The lattice misfit is defined as:

_ Afiim = Agubstrate
a

substrate

f

2.3 Lattice Matching Epitaxy

In lattice matching epitaxy, ofte-one matching of the lattice parameters (matching of unit
cells) of the film and substrate occurs across the interface. This matching of lattice
parameters takes place by means of strain in the films (and up to some extent in the substrate)
as the films grows m@aidomorphically, initially. The pseudomorphic growth of the film

continues unt il a o6critical thicknesso6 is
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enough to trigger the nucleation of dislocatida relax the strain. These dislocations are
nucleated at the film surface and must glide to the interface to relieve the stain in the film. A
schematic illustration of lattice matching epitaxy is presenteBlignire 2.4. The critical
thickness at which dislocatn nucleation occurs is directly related to the misfit. In low misfit
systems the critical thickness for dislocation nucleation may be quite large and dislocation
nucleation and therefore, strain relaxation may not be possible. Also, the obstacles to the
glide of dislocations often results in a high threading dislocation density in the films, which is
detrimental to the devices as these dislocations act as charge carrier trap or recombination

centers.

v, s v i
= - Idc

Before growth Coherent growth Relaxed growth

Figure 2.4 Schematic representation of lattice matching epitaxydehoted the critical
thickness.

2.4 Domain Matching Epitaxy

Conventional lattice matching epitaxy during thin film growth is possible as long as the
lattice misfit, defined akearlier, between #hfilm and the substrate is less tha@%. Above

this misfit, it was expected that the films can grow only as textures or largely polycrystalline.
However, it was observed that the epitaxial growth can occur in large misfit systems, such as

TiN/Si etc., @& well. Since the strain relaxation occurs by dislocations which are essentially
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an extra plane or a missing plane, the epitaxial growth in large misfit systems can be
explained by considering the matching of lattice planes in the concept domain matching
epitaxy (DME), proposed by Narayast. al*® In the domain matching epitaxy, we consider
the matching of lattice ptes, which could be different falifferent directios of the film-
substrate interface. This is in contrast to the lattice matching epitaryewdneto-one
matching of lattice constants occurs, across thedilvstrate interfacé\n important feature

of the domain matching epitaxy is that the most of the strain is relieved quickly within a
couple of monolayers, so that the misfit strain anslodations can be engineered and
confined near the filasubstrate interface. Nucleation of the dislocations in first couple of
monolayers makes it possible for the rest of the film to be grown free of defects and lattice
strains. In DME misfit is accommotial by matchingnintegralnumberof lattice plane, and

then periodically inserting or removing an extra half plane (dislocation) corresponding to
each domainKigure 2.5). If the misfit falls in between the gect matching ratios of planes,

then the size of the domain can vary in a systematic way to accommodate the additional

misfit.

Film

Substrate

Figure 2.5 Schematic illustration of domain matching epitaxy (DME), in whimir flattice
planes of film match with five lattice planes of substrate.
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The matching of m planes of the film with n planes of substrate will lead to a residual strain
of U = md/nds i 1, wherem and n are simple integers andj and ds are the interplanar
spacing of the film and the substrate, respectively. In case of perfect matching, residual strain
is zero andnd = nds. If ( is finite, then two domains may alternatiéhwa certain frequency

to provide for a perfect matching according to:

(mt+ Yok = (n+ Qs

whereUis the frequency factoFor example, iftJ= 0.5, therm/nand(m+1)/(n+1) domains
alternate with an equal frequency. Assumihg ds, we haven > m, the dfference between
nandm could be 1 or some function of

ni m=1 or f(m)

Since the concept of DME was first proposed, it has been shown to be important for growing
thin heterostructures with large lattice misfit. Some typical examples for the DMEhgaoevt
TiN/Si (100) heterostructures, dfitride epitaxy on Si (111), and ZnO and-titrides on
sapphire (0001). The growth of high quality ZnO (having wurtzite hexagonal struatare,
3.25@= 05.213 U) on a practiacald. Icd8stl,.aq3 *1 sli)c
presents a major challenge. However, the epitaxial growth of high quality ZnO has been

accomplished by DMHBrigure 2.6 (a) shows a HRTEM image of the ZnO/Sapphire interface

grown by pulsed laser deposition. It is taken in the SappRi#0] zone axisFigure 2.6 (b)
shows a Fouriefiltered image from which it iseen that, 5 or $2110] planes of ZnO match

with 6 or 7[0110] planes of sapphire. The epitaxial relations derived from a corresponding
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Figure 2.6 (a) ZnO/Sapphire interfacf) Fourier filtered image showing DME (c) selected
area electron diffraction pattern of ZnO/Sapphire interface (d) schematic plan view of the
epitaxy.

diffraction pattern shown iffigure 2.6 (c) are ZnO[0110] || Sapphire[2110] and ZnO

(0001) || Sapphire (0001). From these epitaxial relations it is also deduced thatlathe of
ZnO is rotated by 30or 9¢ with respect to basal plane of Sapphire as shovFigare 2.6
(d). The misfit between the films and the substrate can be analyzed as faligyystanes of
ZnO match with theq / Y¥pBines of sapphire. We can see thatab(BnO) a 6.5 a (Al,Os)

for U= 0.5. From this analysis, we tge planar misfit of about 15.4% which can be relaxed
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by 5/6 and 6/7 plane matching. Thus with DME, it is possible to getaxedthin films for
material combinationsthat havelarge as well assmall misfit with substrates. When the
misfits are not perfeély accommodated, there is a periodic variation of the domain sizes to
accommodate for the residual misfit. Also, as the domain size changes, the nature of the
dislocations remains the same. Typically in systems like ZnO/sapphire, the critical thickness
isonly a couple of monolayers. Beyond that thickness the subsequent monolayers continue to
grow fully relaxed. Thus DME can be utilized to grow films with very low concentration of
defects in the active device region.

2.5 Substrate and Buffer Layer Materials

2.5.1 Silicon

Silicon is a grouplV elemental semiconductor. Most of the commercial electronic devices
are currently based on silicon. Owingitsl natural abundance and large scale industrial use,
silicon substrates are widely and cheaply available. Hence tégration of new functional
materials with silicon substrate offers unique technological advargdigen has a diamond

cubic crystal structuréFigure 2.7) with lattice constant of 5.431 A. The thermal expansion
coefficient of Silicon is ~ 2.6 x I0K™. The band gap of silicon is ~1.12 eV at room temperature.
Silicon substrates are available in large sizes (up to 400 mm diameter).-Bgid and ptype

silicon substrates with different doping concentrationaasalable. One of the biggest challenges

in integrating oxide materials with silicon is the tendency of silicon to readily form an amorphous

silicon dioxide oxide (Si@) layer.
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Figure 2.7 Diamond cubic crgtal structure of Silicon

2.5.2 Aluminum Oxide (Al ;03)

Al,O3 (sapphire) is composed of ionic bonds and has rhombohedral/hexagonal crystal

structure, which belongs to the space grouR8c. The lattice structure of the hexagonal
unit cell corsists of close packed planes of oxygen, alternating with a hexagonal array of
aluminum planes. The aluminum plaragein hexagonal close packed arrangement, with one
third of the sites vacant. The vacant sites produce the 2/3 stoichiometric ratio oinAl/O
sapphire. The Al planes are arranged with the Al vacancies ordered with #otbree
symmetry axis along the [0001] directioFhe lattice constant of AD; hexagonal unit cell

are a=4.7587 A and ¢=12.9929 A. Sapphire is an insulator with a band §asV/acdit room
temperaturé® The thermal expansion coefficients of sapphire are 6:2ahd 7.07x18 K™

along a and caxes, respectively’. Because of its stability at high temperature (~1100 °C),
transparency, hexagonal symmetry, ease of handling angr@nmh cleaning, sapphire has

been the a commonly used substrate material for the thin films growth and device fabrication.
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There are four most common face terminations of hexagon@&kAised for fabrication of

thin films. They are (0006) {plane), (1102) (r-plane), (1100) (m-plane), and(2110) (a-
plane). Thelattice structure of sapphire amdportant crystallographic planes in.8k are

shown inFigure 2.8.>*

: 5 _ C-plane
[1700] “?ol fot10] {0001}
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Figure 2.8 (left) Lattice structure of sapphiréright) sagpphire planes used in growth of thin
films.

2.5.3 Yttria Stabilized Zirconia (YSZ)

Yttria-stabilized zirconia (YSZ) is an attractive buffer layer for thbssguent growth of
numerous oxide materials on nroride substrates. YSZ has a high dielectric consta®b)

and large bandgap (7.8 eV). YSZ has excellent chemical stability on silicon. The free energy
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of formation of ZrQ ( @O0 K) = T 9 4 1 . 6)isksihallek tirem that of Sid g B00
KY= 1 73 4. 2). Theltheimal @Xpaitn coefficient of YSZ is ~ @ x 10° K™ Crystal
structure of YSZ is dependent on the yttria content. Pure zirconia)(ZsGnonoclinic.
When doped with - mol % yttria, he tetragonal phase of zirconia is stabilized at room
temperature. Lattice parameters of tetragonal YSZ (space grolprie} are a = 3.6067 A,
c= 5.1758 A (for 3 mol % YO doped ZrQ). A unit cell of tetragonal YSZ is shown in
Figure 2.9 (left). Yttria content of 8 mol % or higher mak#e cubic phase of zirconia stable

at room temperature. Cubic YSZ crystallizes in a flueyfege structure (space group

Fm3m) with a lattice parameter ~5.1289(for 15 mol % Y,O; doped ZrQ). A unit cell of

tetragonal YSZ is shown iRigure 2.9 (right).

Figure 2.9 Crystal structure of tetragonal (left) and cubic (righf5Z. Oxygen atoms are
shown in red color while (Zr, Y) atoms are shown in green color.
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2.5.4 Nickel Oxide (NiO)

Nickel oxide has a cubic rock salt (NaCl) structufegre 2.10). This structure belongs to

thespace grop Fm3m. The lattice constants of NiO cubic unit cell is a= 4.1781i is an
insulator with an optically measured band gap of £%Vhe thermal epansion coefficient

of NiOis~1.1 x 10°K™.

Figure 2.10 Crystal structure of NiOOxygen(bigger)atoms are shown in red color whi\g
(smaller)atoms are shown iblackcolor.

The use of NiO as a buffer also holds significant technological importance as Ni@ypea p
semiconductor whoseonductivity can be controlled by varying the deposition conditions,
such as oxygen partial pressure during growth or by doping with monovalent cations, such as

Li*. While NiO, in its undoped stoichiometric form, exhikitsery high electrical resistivity
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of ~10"® ohmcm, values as low as ~0.15 ohwom can be achieved by doping with

monovalent cations, such as bir by introducing nosstoichiometry (NiQ).>*>*
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3. Experimental Techniques
In this chapter, experimental methods employed to fabri@gthin film heterostructures
and tomodify andcharacterize these heterostructumesdiscussedAll the thin films in the
present study were fabricated using pulsed laser deposition technique. The structural
characterization of the thin film heterosttures was performed by-bay diffraction (outof-
plane and ifplane) and transmission electron microscopy. To investigate the semiconductor
to-metal transition characteristics electrical resistance measurements were performed as a
function of temperaturavhere samplesvere glued to a evacuated copper stage with
controlled heating. To further support our results from electrical measurementgedfra
transmission spectroscopy was performed. Detailed chemical studies usmg X
photoelectron spectroscopyere performed to establish the role of fsboichiometric
defectson SMT characteristics of V&based thin film heterostructureslso, to further
illustrate the role of notoichiometry on structural properties of the MBin films Raman
spectroscopy gtlies were done. Onlga brief description of the relevant experimental
techniques is given in this chapter. Further details on these techniques are available in the
references provided at the end of the chapter.
3.1 Substrate Preparation
In the present stud$i (100) andsapphire (0001) were used for thin fignowth Substrates
were 3005 0 0 ¢ mOwuehihe tme .of storage, organic impurities ashast particle that
stick onthe substrate surface may hamper nucleation and epitaxial growth thin films

on these substrates. Heraeaning ofthe substrates vgane@ssary prior taheir loading into
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thethin film depositionchamber The substrates wedegreased and agitated for 10 minutes

to remove dust particles in an ultrasonic basingacetone. Subsequently, substratese

rinsed and vapors cleaned in acetand then with methanol to further remove the organic
impurities. Finally, substrates were dried by blowing high purity nitrogear the surface

After cleaning, substrates were immediately loaded into the pulsed laser deposition chamber.
The substratesvere mountedon the substrate heater using a fast drying silver peste
providea good thermal contact.

3.2 Pulsed Laser Deposition (PLD)

In the research work reported in thdsssertation, althe thin film heterostructures were
deposited usin@ Pulsed lasedeposition(PLD) techniquePLD has been widely used to
synthesize a variety of high quality thin films of metals, oxides and nitlidRD is a
versatile norequilibrium thin film growth technique based on physical vapor deposition.

this techniquea high-powered lasers focusedon a targeto vaporize the materidab be
depositedThe interaction of the target material with the laser leads to locadizagabrtation

of the materialand the formation of a highly energetic plastmarhis phenomenon is
frequently referred to as laser ablation. The ablated material is ejected in a direction normal
to the target surface in the form of a plume. The material in this plume is deposited on the
substrate which is usually heated.

The PLD system consists of thremin components; the laser, the vacuum chamber and the
optics that control the lasefhe schematic diagram of the PLD system used in the present

study is shown ifrigure 3.1. The peak power of most commercialdesis inversely
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Rotating Eximer Laser
Targets A=248 nm

Figure 3.1 Schematic diagram @ typical pulsed laser deposition chamber

correlated with the duration of the laser pulse. Since ablation of most materials requires very
high energy denses, typically nanosecond, and sometimes femtosecond, lasers are used for
pulsed laser depositionfThe term LASER stands for light amplification by stimulated
emission of radiation. A laser emits coherent light, with a well defined wavelength, in a
narrowlow divergent beam. Hence, lasers can be focused and directed effectively to be used
for material processing. The most important lasers used for PLD are the NdYa@ the

excimer lasef’. Nd:YAG is a solid state neodymiwdpped yttrium aluminum gaet laser.
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The fundamental frequency for this laser is 1064 nm. But these lasers can be doubled, tripled
or quadrupled to produce 532 nm, 355 nm and 262 nm wavelekgttimer lasers are most
commonly used for pulsed laser deposition due to the facthtese lasers can deliver high
energy densities with high energy photons. The emission wavelength of excimer lasers
depends on the composition of the gas that is used in the laser cavity. ArF (193 nm) and KrF
(248 nm) excimer lasers are most commonly usadpllsed lasedeposition.Various

excimer lasers with their corresponding wavelengths are listéable3-1.

Table3-1 Operating wavelengths of various excimesdes

Excimer Laser | Wavelength (nm)

F2 157

ArF 193

KrClI 222

KrF 248

Cl, 259

XeCl 308
XeF 351

The term excimer is a short form of excited dimer. In these systems lasing action is possible
due the population inversion that develops between a baxoitbe state and a repulsive

ground state. The excited state is formed from the inert gas (Kr) that forms temporarily
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bound molecules either with themselves or the halide (KrF). The excited state is usually
induced by an electric discharge. The excitedestiden gives up its energy via stimulated
emission to form the dissociated ground state molecules. This happens very rapidly (within
picoseconds), resulting in a population inversion between the excited and ground state
molecules. The lasing equations #KrF excimer laser are shown bel8w
2Krg + FqY 2 Koy (External energy provided by electric dischargéxcited state)
2KrFg Y 2§+ Fxq + energy  (dissociated state)
3.2.1 Physics of the lasesolid interaction
Although the startip cost for a ED system is low and it is easy to build and operate, the
underlying physics involving thesersolid interaction and creation/expansion of the plasma
is a complicated procesat energy densities above the threshold for vaporizatienlaser
solid inteaction was analyzed and modeled by Sirgh al®*® Depending upon the
interaction of the laser with the target material, Siegtal.divided the laser ablation process
into three importance regimés:
1. In the evaporation regime, interaction of the laser beam with the target material
results in evaporation of the surface layers.
2. When the laser beam interacts with thaemorated material, it results in the formation
of a hightemperature isothermal expanding plagghame This process regime starts

when the target starts to evaporate and continues until the end of the pulse.
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3. At the termination of the laser pulse, anothegime starts in which the anisotropic
threedimensional adiabatic expansion of the plume takes place giving rise to the
chaacteristicforward nature of the deposition.

Each of these regimésdiscussed below in brief.

Laser target interaction:

When alaser beam strikes the target, the electromagnetic energy is used to excite free
electrons in the target material. The thermal energy generated by the efpdwimmom
coupling then evaporates the target material. It is important to realize that therréacdi

for this process to occur is on the order of picosecbhits.order to have better lassolid
coupling the target must be suitably prepared. A targét Wgh roughness, low reflectivity

( R) and high ab st)oaﬂows forcefficiertt tase$ofidi coupliagnand tijus)

provideslow threshold energy for vaporization. Depending on the laser wavelength and the

porosity and surface roughness of thegét, typical values of threshold energy vary from

2
0.11 to 0.40 J/cn? It is important to realize that the energy defsbiby the laser beam
comprisesthe energy required to evaporate the target materinjumtion heat loss in the
target and energy loss due to laser absorption by the expanding plasma. Using these concepts

of energy balance, the thicknetz)silsesptaf:ecanrbe t ar (

calculated ag®,

®X=(R)(EE) | (@H) + C
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Where R is the reflectivity,thE s the threshold en veisrtk‘t;-:y(/qlumepH [
heat capacity and oT i s Itihimpomaatxoiraalizerthar thiss e

0.5
equation is valid when the thermal diffusion length (2D larger than the light penetration

depth t0.3LHere= D i& théJthermal diffusion constant and t is thise duration of the

laser. This validation is true for most metallic and semiconducting targets. However, for low
. - - - - - 0.5 ~ - -

thermal diffusivity materials (nemetallic targets), i.e. (2Dt) < :tLd ddcond regime is

relevant,. Here, thermal diffusivity does nday an important role and evaporation depth
mainly depends on the attenuation distance of the laser feam.

Plasma formation and initial isothermal expansion:

The laser interaction with the target material yields surface tempesin the range of
20003200 K*° This results in the emission of positive ions and electfoors the free
surface. Generally, the ablation of the target is accompanied by the formation of a plasma
(bright glow) extending normal to the target surface. The plasma contains charged and
neutral species of atoms and molecules. The plasma also intsidictie incoming laser;

this produces temperatures higher than the vaporization temperature in the plasma. The
absorption of laser energy by the plasma occurs due to el@otrooollisions. This
absorption primarily occurs by an inverse Bremsstrahluoggss that involves absorption of

aphoton by afreeelectrdhThe absor pt i pai thecplasants i giveri dnt (U

- 8 3 2 05 3
Up:3.69x10(Zni/T 3)[1l-expth 3/ KT) ]
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Where, Z is the average chargiei,srthe ion density, T is the temperature of the plasma, h is

Pl anks constant, K is the Boltzmann constant
2 .

the absorpt ip)oisnpropootim&l toiin,cihe eéaset ligh i$Jheavily absorbed close

to the target surface, where the density of the ionized species is high. In comparison the
leading edge of the plume, is associated with high expansion velocities and low electron and
ion densities. Hence, the outer edge of the plasma is transparentidsethbeam. The {1

expth 3/ KT) ] term takes into account the |1 oss
depending upon the plasnemperature and laser wavelength variety of processes such

as impact iorgation, photo ionization, thermal ionization and electronic ionization effect the
extent of ionization of the laser generated species.

Figure 3.2 is a schematic that shows the different regimes that are presery the laser

solid interactior? Region A is the unaffected bulk target and B is the thickness of the target
material that is evaporated. Region C is the plasma region close to the target that absorbs the
laser heavily. In this region, evaporated particles are continuously injected into the plasma.
Region D depicts the outeegion of the plasma that expands rapidly. In the region near the
target surface, a dynamic sedfgulating equilibrium exists betweenetiplasma absorption
coefficient and the rapid transfer of thermal energy into kinetic energy (due to injection of
evaporated particles of the target into the plume). These compensating mechanisms govern

the isothermal temperature attained by the plasmetheaarget surface’
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Figure 3.2 Schematic illustration showing different regimes during laser irradiatiorhef t

target: (A) Bulk target that remains unaffected, (B) Thickness of the target material that
evaporates, (C) region in which the plasma absorbs the laser heavily and (D) the expanding
plasma region that is transparent to the laser.

Singhet. al.have cone up with expressions that determine the variation of density, pressure
and velocity along the direction perpendicular to the target sutfaéégure 3.3 is a
summary of their resultslt should be noted that the direction perpendicular to the target
surface is the x direction. It is clear from the figure that the densityrt€lea is a maximum

in the neattarget regions, where as the velocity is minimum. The particle density in the
plasma in the near surface regions can be approximated as a Gaussian. It has also been

observed that the initial dimensions of the plasma agetan the transverse direction when

compared to the longitudinal direction. During the initial stages the velocity is low and
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acceleration is relatively high. After a while, when the expansion velocity increases, the
acceleration decreases and eventualches zero. This aspeciverns the elongated shape of

the plasma.

Velocity, V (x,y, z,t)

< Density n (x, y, z, t)
Pressure P (x, vy, z, t)

Velocity , Density of plasma
{arbsunits )

g

(0,0,0) : . N (X.Y,Z)
Distance 1n x direction Plasma edge

Figure 3.3 Schematic illustration showing the variation of the pressure (P), velocity (V) and
density (n) with the distance (moving ofithe plasma)

Adiabatic expansion of the plasma:

After the plasma formation and isothermal regime, the plasma plume expands adiabatically
into the vacuum. The adiabatic expansion regime initiates after the termination of the laser
pulse® It is important to realize that in this regime, there is no injection of particles from the
target into the plume and also the laser is no longer being absorbed by the plumet.Singh
al. have developed equations that explahe adiabatic expansion in relation to the
dimensions of the plum®. They have come up with the following inferences. In this regime,

the expanding plasma issagiated with very high velocities arising from the thermal energy
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being converted to kinetic energy. The loss in thermal energy leads to a drop in temperature
determined by a balance between cooling due to expansion and energy gain due to
recombination ofons in the plasméarigure 3.4 shows a schematic of the developing shape

of the plume in the adiabatic regime. The initial dimensions of the plasma are larger in the

transverse directions, i.e. in the y and zdion (sed~igure 3.4). In the longitudinal x

Figure 3.4 (a) Schematic illustration showing the initial elliptical shape of the plasma just
after the laser pulse ierminated. (b) Final shape of the plasma when it hits the substrate.
(c) Shape of a YBCO film deposited on a Si substrate.
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direction the expansion is minimal. The transverse dimensionenatiee order of a few
millimeters as opposed to 2W0 microngn the longitudinal direction. It is also important to

note that the plasma is elliptically shaped with y axis being the major axifi(gee 3.4

(a). During the adiabatic expansion regime, the longitudinalnxedsion expands rapidly

resulting in the characteristic PLD plume. The plasma pressure drops rapidly until most of

the thermal energy is converted to kinetic energy. Then the plume has no more energy for
expansion and the plasma elongates in the shortemdion. Eventuallyelliptical shapes are
retained but with the z dimension being the major axis Kgg@e 3.4 (b)). This theory was

confirmed from the shape of the deposited YBCO film on Si, as shofigume 3.4 (c).

3.2.2 Advantages and Disadvantages of PLD

There are several advantages associated with PLD that make it a popular thin film deposition

technique. Most advantages arise due to the high energy of the ablated.speeienergy of

the ablated species can be as high as 10 to 100e2¥lout 1061000 kT). In comparison,

the energy of the ejected species in an evaporation technique (thernteamkis about 0.1

eV at 1200 K. Listed below are some advantagesalent features of the PLD technique.

1. PLD is a highly norequilibrium processingechnique due to high energy of the plume
Using PLD complex metastable phasesuld be formed that would otherwise be
difficult to form by typical equilibrium synthesizingautes. For exampld,1, ordered
FePt (superlattice structure) can be synthesized using PLD at a low processing

temperature of 500 °€.
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In case of a mukcomponent system (like YBCO) the high eneegyl forward directed
nature of the plumbelps to reprodte the stoichiometry of the target in the #lrbue to

the high energy density of the laser, the material removal from the target is so fast that
vapor pressures of the individual components do not play a role.

The high energy of the plumieelps reduce # requiredprocessing temperats to
achieve high quality epitaxial film$&or example, epitaxial Tidan be growron Si (100)

at 600 °C by PLD? On the other hand CVD growth of TiN requires temperatures as high
as 900 °C.

Multi-layered heterostructureithfilms can easily be synthesized using PLD. The target
carousel can be suitably manipulated to hold multiple targets (4 to 6 targets). This means
multi-layered films can be deposit without breaking the vacuum.

Conceptually, any material can be ablatedorm a thin film as long as it has a large
enough absorption coefficient for the laser used.

Depending on the repetition rate of the laser the deposition rate of the film can be
controlled. In fact, in PLRhe number of nucleation sites can be controlled such that they
are much higher than those formed in MBE or sputter deposition. By controlling the
impingement rate and increasing nucleation site density the snegstbhthe film can be
improved®

It is important to realize that in the PLD system the energy source, which is the laser, is
placed externally. The vacuum chamber in itself is devoid of filaments and other sources

of contamination, thereby resulting ia clean process environment. The interaction
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between the laser and gas species in the vacuum chamber is minimal. This means that the

dynamic range of deposition pressures could be high, resulting in less stringent vacuum

requirements. Also, the spatiardinement of lasesolid interaction and the subsequent

plume render PLD a clean process. The deposited films areeflatisely contamination

free!
On the other hand, PLD also suffers from some disadvant@pe area of deposited material
obtained by PLD is relatively low (typically 1 cmIxcm). In the case of large substrates,
nonuniformity in film thickness is observed due to the forward directed n&tagsl type of
thickness dependence, where n-32§ of the plume' Deposition on larger substrates and
uniformity of film thickness can be achieved to some extent by rastering the laser beam over
a large target aridr rotation ad translation of the substrdféThe other drawback of PLD is
the formation of chunks during ablation, which can prove to be detrimental to the quality of
the film* Chunks are nothing but large (few microns) particulates or globules oémmolt
material. These undesirable chunks are formed due to impablagion that involvesarious
mechanisms such as subsurface boiling, expulsion of the liquid layer by shock walve reco
and exfoliation*** Chunk control is also possible by increasing the absorption coefficient
and thermal conductivity of the target material. A compact target with better cohesion of the
grains also reduces the emission of chuBlscareful manipulation of the laser parameters,

the size and number of chunks can be minimized to some é&xtent.
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3.3 X-Ray Diffraction

X-ray diffraction (XRD) was used to study the crystal structure and orientation of our
samples. This technique also provides information about the phase composition, lattice
parameter, grain size and lattice strain. The XRD technique id loasdiffraction governed

by the BMadDifgdion typically occurs when waves interact with a periodic
structure. It is important to realize that the wavelength of the wave should be about the same
as the repeat distance of the periodic strucforediffraction to occur® Inter-atomic
distances are of the order of a few angstrommays have wavelengths of the same order and
hence they are used to investigate the crystals. Whenray beam is incient on a crystal it
interacts with the parallel plane of atoms either constructively or destructively depending
upon the path difference. Braggodés | aw is sat

the following condition is met:

ne = 2d sind
Where n is an integer indicating theayorder
beam,distheintgqp | anar spacing and d is th2discadent

were performed using Riga D-MAX/ A di ffractometer wi t h Cu
instrument is a twaircle diffractometer in which the sample can be rotated along one of the
axisax(d) and also the detect eaxis) Aaahembtie r ot a
diagram for this diffactometer is shown iffigure 3.5.'° This diffractometer is based on

BraggBr ent ano parafocusing diffraction geometr

the sample surface i sm. d@aheinddenabegm, eormaldo sanple i nc
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surface and detector are in the same plane. Since the diffracted beam always lies in the plane
containing the incident beam and plane normal, and due to the restricted rotation of the
sampl e o ndxiy, thia tifactogneted can be used to access diffraction information

only from the planes which are parallel to surface of the sample.

Though twecircle diffractometer gives information about the growth orientation, it does not

give any information on Hplane orietation of thin film. Knowing inplane orientation is

important to establish epitaxy. Theptane orientation of thin films can be accessed by-four
circle di ffractometer. -Axi sadadvisfl in dugkcirdleo rot a
diffractometer the sample can be titedvw r espect t o 4dspandatsc i dent

rotated 360 degr ees -axspAsthematiddagrasnwifdaiecle e n or ma

DS

\
é\

X-Ray Source

Figure 3.5 A schematialiagram of Rigaku EMAX/A diffractometersie d -f2alr sc€ ans .
DS: Divergence slit, ASS: Anti scatter slit, RS: Receiving slit, MRS: Monochromator
receiving slit

diffractometer is shown ikigure 3.6. Theinp | ane epi t axi al det-ai |l s ¢
scans. T o -sqare an fappropriateacry<iallographic plane (hkl), which is inclined to
the growth plane (sample surface) is i1 dentif
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to Bragg angle for the i denualitdtheergstalppgrapmoe . T h
angle between the growth plane (sampl-e surf
scan. The diffraction intensity is takien r ecc
I f the fil m-Scaexbipiist ahiaalp, pteknglesiOa the atherthdanéhi n
if the in-plane orientation of the film is random, there is no appreciable variation in the

di ffracti on -scamtApotheriwayyo assess andirepresient texture in materials is
throughpold i gures. Pol e figures ar e -scanseetordedct ed
atdi fferent sample tilts (in the range y = 0
expert system wasanuae gble figunre measurenoentsn StEegphic
projections ar e v-scanydata Sterdogrdphid projeciiamsachnybe usedgo G
calculate the y and G angl es, and also to
e X p ect edcan for single erystélline materials.

1
1
1
® D
1

1
1
1}

X-Ray Detector 20
X-Ray Source

Figue36A schematic diagram of the B-é$canklB@ps XoPe
Incident beam optics, DBO: Diffracted beam optics
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3.4 Transmission Electron Microscopy

Transmission electron microscope (TEMtilizes electrons to image materials. Owing to
very small de Broglie wavelength of electro
through 200 keV), resolutions of the order of 1 A can be achieved, which makes possible
imaging with atomic resotion.!” Transmission electron microscopes can be operated in two

basic modes: imaging and diffraction. In the present study TEM characterization was done to

get atonc scale details of interface<rystalline defects, grain boundaries and other
microstructual features in the deposited films. Selected area electron diffraction (SAED)
patterns were also acquired t-2d-mgdfflabtibni sh t h
scans, SAED patterns can give information aboyplame crystallographic orientati of

textured thin films. Implane orientation of the deposited thin films was established by
indexing SAED patterns.

In TEM there are two important systems: (i) the illumination system that controls the electron
source (intensity) and (ii) the imaging s¢§m that collects the electrons scattered and
transmitted from the sample. Depending on the operation mode the electrons collected by the
imaging system can either form a diffraction pattern or an image. The corresponding
alignment of the electron beam ihe two modes is shown iRigure 3.7." In diffraction

mode, the electrons that form the SAED pattern are elastically scattered by the sample. Thus,

if the atomic arragement in the sample is periodic the diffraction pattern consists of well

defined spots,whereas;in case of polycrystalline sample with less atomic order the
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diffraction results in diffused spots, arcs or even rings. This particular TEM feature is very

important and reveals information about the microstructure of the films.

K I | B
A G SPECHTIEN i
‘! Remove [ &l Objective lens
\l} / aperture M
- — — S — (O apertun:
Fixed { (back focal planc)
| SAD aperture
—l ' T —
Intermediate J — REMOVE
i image | ‘ aperture
v @ Change -~ | Intermediate
strength lens
\
X i) lnlﬁtmlgalc i
image
< {\{l}]/) > «Fixed—» Projector lens
y strength
Diffraction pattern ~ Final image
' “— Screen —» ‘ ’

Figure 3.7 A schematic diagram of the beam alignment in the two TEM modes (a) diffraction
and (b) imaging mode.

In TEM images the cdrast arises because of the scattering of the incident electron beam as

it passes through the sample. The electron wave can change both its amplitude and its phase
as it traverses the specimen and both types of change can give rise to image contrast. Thus

fundamental distinction we make in the TEM is between amplitude contrast and phase
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contrast. In many situations both types of contrast may contribute to the image. However,
often TEM operating conditions are selected in a way that one type of contnaisiates.

Two types of amplitude contrast are possible: nthg&ness contrast and diffraction
contrast. Masshickness contrast occurs due to the incoherent elastic scattering of electrons.
This type of contrast is important when imaging 1toystalline smples. Diffraction contrast
occurs due to the coherent elastic scattering at Bragg angles. The later is the basis of forming
bright field (BF) and dark field (DF) images. The BF images are formed by selecting the
direct beam while DF images are formedsejecting only one of the diffracted beams.

High resolution TEM (HRTEM) imaging is based on phase contrast and relies on the
difference in phase among the electron waves scattered through a thin sample. In contrast to
BF or DF imaging, in which a singléeetron beam is used to form the image, prasdrast

image requires the selection of more than one beam. In HRTEM the objective astigmatism
has to be minimized to achieve atomic resolution. Other main requirement for a HRTEM is
highly coherent and monomatic electron beam. The interpretation of contrast in HRTEM
images is not easy as it is sensitive to many factors: the appearance of the image varies with
small changes in the thickness, orientation, or scattering factor of the specimen, and
variationsin the focus or astigmatism of the objective lens.

In the present study, a JEOL 2000 FX TEM was used for bright/dark field imaging and
electron diffraction. This microscope is equipped with ad@Bment and was operated at

200 kV. The high resolution T& characterization was done using a JEOL 2010 F

microscope operated at 200 kV. This microscope is equipped with a field emission gun
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which provides highly coherent electron beam. This microscope can also be operated in
STEM, STEMZ contrast and EELS spesticopy modes. Most of the TEM samples were
cross section samples. A few plan view samples were also investigated. The electron
transparent TEM samples were prepared by mechanical grinding, dimpling and ion milling.
3.5 Four-point Probe Resistivity Measurement

Fourpoint probe technique has been the preferred method to measure electrical resistivity of
both bulk and thin film sample#é schematic of this method is shownRigure 3.8. In this
method,four probes are nike to contact the specimen wikmown distances between them,

two of which are used to paascurrent and the other two areed to measure the voltage
drop. Using four probes elimates measurement errors duetlie probe resistance, the
spreading resistarcunder each pbe, and the contact resistarmween each metal probe

and the specimen material

The sheet resistivity(}) of the thin films can be calculated using the equation

} = {Ii2).(V/1), wheret is the thickness of the filrif.

I In I Out

<— Gold Wires

Indinn
&«

<— Film

Substrate

Figure 3.8 Schematic presentirgytypical four point probe resistivity measurement setup
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In the present study the ohmic contacts to the W films were made using gold wires
attached to the film by freshly cleaved indium pads. The measurements were performed
using a selmade labview program employing a Keithley 2400 sourcemeter. The
measuements were done typically in a temperature range é878KK. The samples were
cooled using closed cycle helium cryostat.

3.6 Raman Spectroscopy

Raman spectroscopy is spectroscopidechnique used irrondensed matter physiesd
chemistryto study vibrational rotational, and other lodrequency modes in a system.
Raman Spectroscopy is based on the Raman Effect, which is the inelastic scattering of
photons by molecules. The effect was discovered by the Indian physicist, C. V. Raman in
1928 Photons interact ith molecules to induce transitions between energy states. Most
photons are elastically scattered, a process which is called Rayleigh scattering. In Rayleigh
scattering, the emitted photon has the same wavelength as the absorbing photon. In Raman
scatterig, the energies of the incident and scattered photons are different, the probability of
that is about 1 in 10 of the incident photons. A simplified energy diagram that illustrates

these concepts is shown in

Figure 3.9.The energy of the scattered radiation is less than the incident radiation for the
Stokes line and the energy of the scattered radiation is more than the incident radiation for
the antiStokes lin€® The energy increase or decrease from the excitiioelated to the

vibrational energy spacing in the ground state of the molecule and therefore the energies of
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the Stokes and anr8itokes lines are a direct measure of the vibrational energies of the

molecule.The Stokes andntiStokes lines are equaltiisplaced

Virtual State
| a A
At Stok
R ayleigh Stokes Antt Stokes
Vibrational
‘/r levels
!
v ’/
\ 4 \ 2 4
Ground State

Figure 3.9 Energy level diagram of Rayleigh scattering, Stokes Raman scattering and anti
stoke Raman scattering.

from the Rayleigh line. This occurs because in either case one vibrational qudrgnengy

is gained or lost. Also the arfbitokes line is much less intense than the Stokes line. This
occurs because the molecules are usually in ground state at room temperature and for anti
Stoke line, molecules should be in excited state. Hence, nmaRapectroscopy, only the
more intense Stokes line is normally measured. For a transition to be Raman active there
must be a change in polarizibility of the molecule with laser irradiation. Experimentally, one
only observes the Stokes shift in a Ramarcspen. Since the Raman scattering is not very
efficient, a high power excitation source such as a laser is required. Since, interest is in the
energy (wavenumber) difference between the excitation and the Stokes lines, the excitation

source should be monmomatic. This is another property of laser systems.
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Selection rules:
Rotational transitions: To find allowed rotational transitions, the total angular momentum
guantum number for rotational energy statésmust be considered. Raman spectroscopy

involves a 2 photon process, each of which obeys:

pJ = N1
Therefore, for the overall transition,
) = 0, N2

Where,

qa) = 0 corresponds to Raleigh scattering,

g = +2 corresponds to a Stokes transition,

g = -2 corresponds to an ar8tokes transition.
Vibratio nal transitions: To find all owed transitions the

must be considered. For the overall transition,

pg = N1
Transitions where o@g = N2 are also possible,
A laser is used to excite Raman spadiecause it gives a coherent beam of monochromatic
light. This gives sufficient intensity to produce a useful amount of Raman scattered photons.
When Raman scattered photons enter the spectrograph, they are passed through a
transmission grating to sepaahem by incident wavelength. These are detected by a CCD
detector, which records the intensity of the Raman signal at each wavelength. Using the CCD

detector, an almost redime graph can be viewed on the computer screen. Another
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advantage of the CCD tbetor is the ability to scan a range of wave numbers at a time
allowing more data to be taken in a given time. MiBaman data o¥O, thin films were
recorded with a Horiba Jobin Yvon LabRam ARAMIS usm@®33 nm laser excitatioat
room temperature.
3.7 X-Ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy (XPS) is a quantitative spectroscopic surface chemical
analysis technique also known as Electron Spectroscopy for Chemical AESSIS) " It
can be used to perform the following surfacet@0 nm) analysis:
1. Detection of elements (except H and He) with concentrations D%
2. Quantitative analysis of sample composition within a few %( error < 10%)
3. The chemical or oxidation state identification of one or more of the elemetits in
sampe.
4. Measure the uniformity of elemental composition as a function of ion le¢éetmmg
(depth profiling)T a) nondestructive < 10 nm, b) destructive ~ sevdrahdred
nanometers by Ar+ ion sputtering.
5. Measure the uniformity of elemental composition acrdss top surface (line
profiling or mapping) wimmh a | ateral reso
XPS analysis of the films wasarried out in a Kratos Axibltra X-ray photoelectron
spectr omet e iX-ray sourcegTheAvalueKddrresponding to the C 1s peak were
used as a reference for thgectrumanalysis.In this present study XPS wased mainly to

determine thelifferent oxidation states of vanadium gmesence of any impurity elements
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Since the XPS peaks due to different oxidatstates ofvanadiumoverlg considerably
CASA software with a Shirley fitroutine for background correction has been used to
deconvolute the peaks. Caution mbst taken while assigning peglositions due to peak
splitting and instrumental corrections (wofkinction and peak broading) For all the
samples, the sample surface was sputtered withiéw+or ~ 1 min to cleanthe surface
contamination
In XPS, XRay irradiation of a material under ulinggh vacuum (UHV) leads to the
emission of electrons from the core orbitals & furface elements present in the tomd0
of the material being analyzed. The binding energy of the emitted photoelectrdye can
determined from the following equation:

hs = KE + BE + 0s
where, h 3is the energy of the incident radiation, KE is the kinetic energy of the
photoelectron as measured by the instrument, BE is the binding energy of the orbital from
which the electron is ejected amdsis the work function of the strument. The binding
energy of the electrons reflects the local environment of the specific surface el&émants
which they are ejected. Thus, any shift observed in the peak position carrdlated with a
change in oxidation state, bonding strengtbis. The number oklectrons reflects the
proportion of the specific elements on the surface. To countuimder of electrons at each
KE value, with the minimum error, XPS must be performeder ultrahigh vacuum (UHV)
conditions The emitted photoelectns are energy separated and detected by a complex

energy analyzeiThe photoelectrons passing through the energy analyzer are deflected by the
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electrostaticfield and leave the analyzer at a specific position depending on its energy. A
hemispherical eneyganalyzer, consisting of two concentric hemispheres with a steady

voltage (pV) applied across them, is one of the most commonly used anal§zers.
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4. Integration of epitaxial VO thin films with Silicon (100) substrates and
semiconductorto-metal transition characteristics

In this chapter semiconductor to metal transi{iSMT) characteristics of vanadium dioxide
(VOy) thin films epitaxially grown on Si (001) has been presented. The epitaxial integration
with Si (001) was achieved at 500, by using epitaxial tetragonal yttrsaabilized zirconia
(YSZ) as an intermediatieuffer layer, which was grown -situ. From xr a y-2 d dé-n d
scan) and electron diffraction studies, we established thatavi® YSZ grow in (020) and
(001) orientations, respectively, on Si (001) substrate and epitaxial relationship was
established to b V f001]JorVQ[ 100] 0 // YSZ[ 1 1,010)//I¥Y6Z(081) [ 100
/[ Si(001). VQ/YSZ/Si(001) heterostructures showed approximately three orders of
magnitude reversible change in resistivity and hysteresis of ~6K upon traversing the
transition tempeature. A 16C increase in the SMT temperature of these,\filns,
compared to the value reported for bulk y@as been explained on the basis of uniaxial
stress along the-a&xis which can stabilize the covalent monoclinic phase up to higher
temperaturesA correlation between #plane orientations of the film and the transition width
has also been suggested which is consistent with our previously published thermodynamic
model.
4.1 Introduction
There has been a continuing scientific interdsivards establishg structurgoroperty
correlations associated withthe semiconducteto-metal transition (SMT) in vanadium

dioxide (VQ,), especially because this solid state {foster phase transformation is
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associated with an abrupt change in resistivity and a drofarinnfrared wavelength
transmittancé?>* This transitionalsoinvolves a small lattice distortion along theystalc-

axis, which results in the failure of bulk ¥Q@ingle crystals when subjected to repeated
heating and cooling cycles. Since thin frare in general able to withstand these distortions,
VO, thin films are of immense technological interest for their potential applications in
memory and sensebased device¥’ To date, most of the research on M@in films has
focused on growth of eaixial films with controlled properties on A); and TiQ substrates;
however, implementation of V&based devices is restricted by the limited use e©A&nd

TiO, substratesn the microelectronic industryOne of the essential prerequisites to the
devdopment of optoelectronic devices based on thermal switching is the development of
methods that enable integration of ¥fdms with Si (00J), whichis the mainstay substrate
materialin the microelectronics industry. Though the epitaxial growth of ¥@Si (001)

can be anticipated via domain matching epitaxy (DME) which integral multiplesof
planes match across the fisabstrate interfacelirect deposition of V@on Si(001) remains

a technological challenge. One challenge associated with dirposiden of VQ on Si

(001) is the formation of silicides or native amorphous silicon dioxide layers, which can lead
to growth of polycrystalline V@thin films that show a diffused transition and provide
limited control over transition characteristfts

In the work presented heran epitaxial yttriastabilized zirconia (YSZ) buffer layer was used

to enable integration of VQhin films with Si (001) substrates. YSZ was selected as a buffer

layer material due to its good dielectric properties and lowrtakeconductivity'® The YSZ
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buffer layer can serve to reduce the leakage current as well as provide a thermal barrier for
other devices on the same Si (001) wafer. We anticipate that epitaxighwMQilms grown

on Si (001) substrates could find potehtise in a variety of electronic and optical devices.

4.2 Experimental Details

VO,/YSZ/Si(001) thin film heterostructures were grown in a multitarget deposition chamber
(base pressure = 1x2@rorr) by sequentially ablating YSZ (5 mol%®;) and VQ targets

usng LPX 100 KrF excimer laser(e- 248 nm). The Si (001) substrates were cleaned
ultrasonically in acetone and methanol. Th8Z buffer layerwas depositedt substrate
temperature 650C; first, for 1000 pulsesunder base pressuand then for3000 pulsesin

5x10 “Torr oxygen partial pessure. The V&Xilm was deposited using 1500 pulses at 500
°Cand 140°Torr oxygen. An Xoér&ydliffractioR §§Q@emWRNDCUH R X
radiation and crossection transmission electron microscopy were used for structural
characterization of the \4D¥SZ/Si(001) heterostructureA HP 4155B semiconductor
parameter analyzewas used to measure the resistance of Yllhs in four-point probe
arrangement from room temperature to 100

4.3 Results and Discussion

Figure 4.1 (a) shows thead-2 dX-ray diffraction (XRD) patterrof the VO2/YSZ/Si (001)
heterostructureThe XRD data indicates that YSZ grows in a single orientation such that
YSZ (001) planes are oriented parallel to Si (001) planes. The pattern also shows the peak at
39.9 shifted by ~0.2f r om t he Br a g.d02%) [JGPDBY fileenunfber 4B05Y]O

This shift indicates a compressive strain of ~0.7% in the out of plane direction. The absence
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Figure 4.1 ( a )2 ddra} diffraction pattern of the V&Y SZ/Si(001) heterostructure. (b) X
ray (-scan for (011), (101), and (202) reflections of yV0SZ, and Si respectively.

of any other peaks attributed to Y@ the XRD pattern indicates that no other phases of
vanadium oxide are prest and that V@has only one out of plane orientation. Since an

XRD peak at 39.9for VO, can correspond to either (002) or (020) orientatidscan

measurements (2= 33.39a nd y ° wer@perfodned fovO, (102) planes whiclare
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inclined at 27.8 from (002) and 90from (020) planes, in order to uniquely identify the
growth plane. The choice &fO, (102) plane for thdi-scan was based on its significant
separation ir2 dzalues from other diffracting plasgwhich enabled any interference to be
avoided. The absence of peaks in this scan (figure not shown) indicates that the XRD peak at
39.9 corresponds t&¥O, (020) and not t&/O, (002).

XRD (-scans were performed in order to obtain information abeptame orientations for

the VOJ/YSZ/Si(001) heterostructureFigure 4.1 (b)). The fourfold symmetry and 45
degrees shift from Si (202) peaks seen inli#sganfor YSZ (101) planes2d=30.25a nd vy

= 55.2°) confirmsthat YSZ is tetragonaland thereforethe epitaxial relationshipetween

YSZ buffer layerand silicon substratean be written asySZ[110] // Si[100] andYSZ(001)

/I Si(001), which is consistent with the previous work by our grbum order to assesseh
in-plane orientation of V@at room temperature, @scan of (011) planewith 2d = 27.8

andy 45 was performed. Thi§i-scan exhibits eight strong peaks at *&8d four less
intense peaks at Aangular separation from YSZ (101) reflections. The eight stronger peaks
correspond to four equally probatdeangements, shown Fgure 4.2 (a), where VQ@[001]

is parallel to YSZ [110] or YSZ [10]. A 13° separation between YSZ (101) and each of the
eight VG, {011} reflections can be understody overlaying the/O, (010) and YSZ (001)
stereographic projections with the Y(Q00) plane parallel to the YSZ (110), as shown in
Figure 4.2 (b). The occurrence of the other four less intense 1) reflectiols and their

45° separation from YSZ can be explained on the basis of arrangements in which monoclinic

VO,<100> aligns with YSZ <110>. It should be noted that this alignment is less probable
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Figure 4.2 (a) Schematic for arrangement of YSZ (blue, solid line) angl(x&d, broken line)
unit cells in (001) and (010) orientations, respectively. (b) Overlay of \@1@hd (001y}sz
stereographic projections with (10Q) plane parallel to (110)z

due to a largemisfit between YSZ and V£along VG <100> than that along V/<001>.
This result can explain the lower intensity of ¥eaks at 45separation from YSZ (101)

reflections in thdi-scan. Based on this information, the epitaxial relationship between YSZ

and VO, can be written as: V4001] or VO,[100] // YSZ[110] andvO,(010) // YSZ(001).
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Figure 4.3 shows a crossectional transmission electron micrograpbf the
VO,(75nm)/YSZ(145nm)/Si(001) heterostructure. The roman square roughness of the
VO, film was found to be -8 nm using atomic force microscopy.can also be seen that
VO,/YSZ interfaceis sharp; no evidence of interfacial reaction was obseiMeelselected

area electron diffractionSAED) patten (Figure 4.3 inset) shows the diffraction spots from

Si [110] and YSZ [100] zone®ue todifferentin-plane orientations d¥O,, the diffraction

spots from two zones of \OQnamely [207] and [301]were also observed suitaneously.
These results are consistent with details of the epitaxial relationship between YSZ and VO

that were obtained from-¥ay (i-scan results.

Figure 4.3 Crosssection transmission electron micrograph of XAZ/Si(001)
heterostructure. Inset: SAED pattern of the heterostructure.
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Figure 4.4 shows the normalized resistance (R{R of the VG films as a function of
temperature. The Gaussian fit mddelas used to extract different parameters associated

with the semiconducteto-metal transition (SMT) as shown in the Figure 4 inset. The
trangtion temperature (dur) during the heating cycle for \\dilms was determined to be

~351 K It should be noted thatsft in the present study is highttran 341 K, which is the

value reportedn the literature for undopedO, films or VO, bulk single crygls™* The

shift in the transition towards higher temperatures has been reported to occur when the VO
c-axis is larger? For VO, films grown on YSZ, there is a compressive strain in the out of

plane bdirecion (as measured by XRD) and that will create a tensile strain in-filane e
direction (Poi sson b stheedirdction talises aincteasedsV*l e st r
distancewhich would raise the activation barrier for direct overlapping -arhitals. This

increased activation barrier further stabilizes the covalent monoclinic phase and hinders the
transformation to metallic rutile structure leading to the observation of higher semiconductor

to metal transition temperatures.

Hy st er e s ited to(thg Feyersiblee deraiconductormetal transition was determined

to be ~ 6 K and the change in the resisti:’
magnitude. Theransition width( T ) , which signifies the shar
calculatedo be ~ K from thefull width at half maximunof a Gaussian fit to the resistance
data. The o@H and @A ar e c¢ o mdiles defosited on single h o s e
crystal oxide substrates (e.g., sapphire and,)JTid* Also, a comparison between the

transition properties of VEfilms grown on SiQ/Si as reported in the literatdrand those
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grown on YSZ buffeed Si (001) in this study, shows that thetda exhibits sharper
transitions and at | eastThoen epTo rfdOEBZ/(00M S Ma@ ni t
heterostructure is relatively larger than that for,Milns deposited on single crystal oxide
substrates; this result is attributed teoaig boundaries arising from different -plane
orientations of VQ. This argument is consistent with a thermodynamic model by Narayan et

al. that has previously been presented in the literature.

1()-0_§ °\°°°°°°°Oooo Si(100)/YSZ(T)/VOy 1
] o) .
" L3 .
10 Cooling % % Heating
5 1. o] ' § 3 ]
€102l = o ¢ i
Z 1075 X 0.1 L3 :
I~ > R ]
S-0.2] 5 9 1
1073, ED -0.3] 3 _
330 340 350 360 370 ]

10-4’ ' T (K)

280 300 320 340 360 380
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Figure 4.4 Normalized electrical resistance (R{R of the VQfilm. Inset: the derivatives of

logioR(T) for the heating (red, circle) and cooling (blue, triangle) curves are shown. Symbols
represent data points and the Isneepresent Gaussian fitting.

4.4 Conclusion

In summary, we have used YSZ as a buffer layer to grow epitaxial vanadium dioxige (VO
thin films on Si (001) substrates-rdy (-scans demonstrated thae epitaxial relationship

between VQ and YSZ was as folles: VO,[001] or VO,[100] // [110}ysz and VQ(020)//
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YSZ(001). These results were confirmed by SAED from esessional VQ/YSZ/Si(001)
samples. The different iplane orientations of VOhave been explained by considering the
crystallographic symmetriesf VO, and YSZ. Transition properties for these films are
comparable to those reported for ¥fdms deposited on single crystal oxide substrates and
are better than those reported for Mms deposited on SiglSi substrates. This approatth
integrationof epitaxial VQ thin films with Si (001) substrates is a significant development
towards the realization of \Vfbased thermal switching devices utilizing conventional

silicon-based microelectroni¢echnology.
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5. Near bulk semiconductor to metatransition temperature in epitaxial VO
integrated with epitaxial NiO tempelate on esapphire substrate

We have bee able to achieve semiconductormetal transition (SMT) temperature in YO
thin films close to the values reported for bulk )/éngle cystals. This was achieved by
complete relaxation of misfit strain, which leadsataegligible tension/compression along
VO, [001], upon introduction of NiO buffer layer orptane sapphire substrate. In this paper,
we discusghe mechanism behind comple&axation of misfit strain which occsiunder the
paradigm of domakmatching epitaxy, where integral multiplef planes match across the
interface.NiO buffer layers wergrown in situ, prior to the VQ deposition,using pulsed
laser deposition technig. Xr a y2 did and pole figure scans were performed for structural
characterization of the VANIO/Al O3 (0001) heterostructure. All the constituent layers of
the heterostructure were found to be epitaxial with orientation relationship:v¢@4p)
(111)nio || (0001203 and <100%02 || <110>io || <101 0>ap0s. Parameters related to SMT,
such as hysteresis and transition width were extracted from the Gaussian fit of temperature
dependence of electrical resistance. These paranmategsalso been discussed in correlation
with the strain along-axis of VG, in-plane orientation, and microstructure. A comparison
has been made between the\tln films deposited with and without NiO buffer layer on ¢
sapphire substrates to delinedite importance of strain relaxation in attaining near bulk

SMT temperature values.
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5.1 Introd uction

Firstorder monoclinic (semiconducting) to tetragonal (metallic) phase transformation in
vanadium dioxide (V@) is accompanied by several orders of magnitudersgble change in
electrical resistivity as well as change in optical properties at far infrared waveléfgths.
Such a semiconductdo-metal transition (SMT) in V@thin films has attracted a great
scientific interest due to its potential applicatiomsensor and memotyased devices since
transition could be triggered by heating (above ~341K), by optical excitation or by applying
sufficiently high electric field:*> VO, thin films are often grown onmjle-crystal sapphire
substrates to understand the SMT mechanism and fundamental properties; ah VO
nanoscale regime. However, the lattice misfit strain present in these films significantly alters
the SMT characteristics such that SMT occurs at valuésreht from those reported for
bulk single crystals (341K)Also, the misfit strain could cause thin films to develop cracks
under repeated thermal cycling due to accompanying structural cHafbesefore, it is
important to achieve straiinee thin fims to understand the fundamental mechanisms behind
the SMT as well as to obtain superior SMT characteristics for more reliable devices.

In the study presented here, we have grown completely -s&laxed epitaxial V@ thin

films using an epitaxial NiO bter layer on A}O3 (0001) substrates. Due to the relaxation of
misfit strain on NiO buffer, we have been able to achieve near bulk transition temperature for
VO, thin films. The NiO buffer layers were growin situ by pulsed laser deposition
technique. Th use of NiO as a buffer also holds significant technological importance as NiO

is a ptype semiconductor whose conductivity can be controlled by varying the deposition
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conditions, such as oxygen partial pressure during growth or by doping with monovalent

cations, such as Li While NiO, in its undoped stoichiometric form, exhibits a very high

electrical resistivity of ~1¥ ohmcm, values as low as ~0.15 ofam can be achieved by

doping with monovalent cations, such as af by introducing nosstoichiomety (NiO,).2°

In this low resistive form, epitaxially grown NiO can be used as an electrode to utilize

VO,/NiO/AI,O3 (0001) epitaxial heterostructure for fabrication of sensor and mebasgd
devices.

5.2 Experimental Details

The VGOJ/NIO/AI,O3 (0001) thin fim heterostructures were grown in a mitdtiget
deposition chamber (base pressure = xT0rr) by sequentially ablating NiO and YO

targets using LPX 100 KrF pulsed excim

er | a

laser energy was kept was32/cnf. The AbO; (0001) substrates were cleaned ultrasonically

in acetone and methanol prior to loading into the vacuum chamber. Both NiO (1500 pulses,

thickness ~60 nm) and \WJ4500 pulses, thickness ~200 nm) films were deposited at

the

same temperature (50C). The partial pressure of oxygen during NiO growth was kept at

5.5x10* Torr while it was 1x10°Torr during the growth of VOf i | ms . An

X6Per

MRD HR X-ray diffractometer with Cullradiation was used for structural characterization

of VO,/NiO/AI,O3 (0001) heterostructures. Electrical measurements on thethi® films

were carried out as a famon of temperature using fogoint probe technique in an

evacuated temperature controlled stage and a HP 415%Boseluctor parameter analyzer.
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5.3 Results and Discussion

Figure 51 s hows a -2tdy-my dffattiondXRD) pattern of the VANIO/AI,O3

(0001) heterestructures studied in the research presented here. It is evident from the XRD
pattern that both V@and NiO exhibit single crystallographic peaks, suggesting sprithse

epitaxial growth on plane spphire substrates. It can be clearly seen that NiO grows with

(111) planes parallel to the substrate, however, fop ¥@as not possible to distinguish

between the (020) and (002) reflections only fromdied XRD scans (due t
inter-planar spacing). Therefore,-iXa yscafi measurements were performed to uniquely

identify the growth plane as (020), as outlined in our earlier publicition.

Al,03 (0006)

VO» (020)

NiO (111)

Intensity (arb. unit.)

30 32 34 36 38 40 42 44 46 48 50
20 (degree)

Figure 5.1 Typicald-2 d -ra}{ diffraction pattern of V&NiO/AlL,O3; (0001)heterostructurs.
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The inplane orientation relationship among ¥MiO, and eplane sapphire substrate was
established by X a yscad measurements and the scan results are shdviguie 5.2 (a).

A threefold symmetry aboutaxis of the rhombohedral AD; can be seen in sapphire (012)

L(a) ' ' [— VO, (011)]

A -t JL :&\16 3%2)-'

—e— NiO (200)
i T

S
[—

Intensity (arb. unit)

B PSR S a—

180

270

Figure52 (@) Xr ay G €0tly (101f, and (202) reflectiomd VO,, NiO, and AJOs,
respectively. (b) Xay pole figure scan for V©(011) planes.Sharp peaks confirm the
epitaxial relationships between the VOZ2 film and NiO buffer layers.
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plane reflections (2d = 25.5884-scanyfor 00p 7. 7 1)
planes (2d = 43.3144, y = 54.24) of Ni O r e
growth of NiO on esapphire substrate. Presence of these reflections at eVeoyr6eaxis

can be attributed to the threefold symmetry of NiO strecalout [111] growth direction

and the growth of two crystallographically equivalent grains that are rotated BywitBO

respect to each other. On the basis of these observations, epitaxial relationship between NiO

and eAl,O; can be written as: [11Qb || [1010]azos and [112]nio || [2110Ja20s, Often
referred to as 30or 9¢ rotation on basal plane of &b; (0001)!* The inplane arrangement

of VOt hin films was-sdatne rrmeiarseud eumeinnng foOf (011
and y°) which4esulted in six peaks, aligned with the NiO (200) reflections as shown in
Figure 5.2 (a). The two facts that aresponsible for the occurrence of six peaks in, VO

( 0 1 isgan dire: (i) (020) oriented Qilms have twofold symmetry about the growth
direction and, (i) there are three types of M§dains, rotated by 18Grom each other, that
would grow on NiO (111) wffer layer with equal probability since they are
crystallographically equivalent. Based on this information, epitaxial relationship between the
VO, and NiO layers can be written as (048)|| (1110 and <100%0; || <110x0. Figure

5.2 (b) shows the pole figure of \VM§011) in which six sharp (011) reflections can be clearly
seen. It confirms that the \(@ilms grow epitaxially in (020) orientation on epitaxial NiO
buffered esapphire substrate.

The electrical @sistance, as a function of temperature, of the/Ni@/Al,O; (0001) and

VO,/Al,0O3 (0001) heteroepitaxial samples is plottedrigure 5.3. A summary of parameters
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Figure 5.3 Electrical resistance vs. temperature of M@in films grown with and without

NiO buffer layer on A3z (0001) substratesinset: derivative of logioR(T) with respect to
temperaturefor the heatingcycle for both samplesnprovement in SMTharacteristics and

shift to nearbulk transition temperature is evident.

related to SMT in the V&films deposited on epitaxial NiO buffer and bare@y (0001) is
presented imable5-1. It can be clearly seenahthe VQ films, deposited on NiO buffered

Al,O3 (0001) substrates, exhibit SMT at temperature values close to those reported for bulk
singlecrystal VG samples, i.e. 341K. Also, the SMT characteristics for, \fln films
deposited on NiO buffered ADs; (0001) are superior to those deposited on bas®AD001)
substrates in terms of the amplitude of resistance change and the sharpness of trangition. VO

films that were deposited on NiO buffer layer also had slightly bigger grain size than those

deposite on bare sapphire substrates, as seen in atomic force micro¢Eapee 5.4).
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Table5-1 SMT characteristics of V@films deposited on NiO bufferedAd,03; and bae ¢
Al;Os. y arepleserd heating and coolingcycles respectively. ¥ Transition
Temperature,qp A Resistance change anmgb T Transition Width. Resistance change is
calculatedas the ratio between resistance valae810K and 355K.

c-Al 203/N IO/V02 c-Al 203/V02

Te [341.2K( §336. 2 K|343.2K( §338. 2K

PA 2.7x1d 5.1x10

®T 3.5 5.2

A

.

.
-
.ﬁ,;

b

Figure 5.4 Atomic force micrographs of \Wdilms deposited on (a) bare-sapphire (b)
NiO/c-sapphire heterostruare.

A larger change in resistance and smaller transition winltild@lsobe related to the higher
VO, grain size apart from strain relaxatidi Shift of transition temperature in \A@ilms,

deposited on epitaxial NiO buffer, towards bulk SMT tempeeatan be explained on the
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basis of strain relaxation alongagis of VO,. Complete strain relaxation in epitaxial (020)
VO, thin films deposited on epitaxial (111) NiO occurs by domain matching epitaxy (DME)
where integral multiples of lattice planes niasross the V@NIO interface'' DME across
VO,/NIO interface can be understood by considering the planar misfit between the (001) and
(1 12) planes of V@ and NiO, espectively. These planes, corresponding to the @

NiO layers, respectively, are perpendicular to the interface and are also parallel to each other
(derived from Xr a yscads). The planar misfit which is defined as the misfit between
(001)02 and (1 12)nio interplanar spacings«(dnd @, respectively) is ~25%. This leads to a
3d(VO,):4dy(NiO) matching across the interface alongMaxis direction. This 3:4 planar
matching across V4NIO interface (schematically shown Figure 5.5 (a)) results in a
negligible residual strain along theagis of VQ.. Since the tensile/compressive strain along
VO, [001] leads to a higher/lower SMT temperature, complete relaxation of strain along c
axis in VG films deposited on epixéal NiO buffer causes SMT to occur at ~341K which is

the SMT temperature for bulk \A&ingle crystals>**'3 Also, for large misfit systems such

as VQ/NIO (planar misfit = 25%), the critical itkness is less than 1 to 2 monolayers, so
dislocations corresponding to full lattice relaxation are generated at or within 1 monolayer of
the interface; and the remainder of the film can be grown virtually strain and misfit
dislocationfree leading to betr SMT characteristics.Also, it can be seen frofigure 5.5

(b) that near onéo-one matching occurs along the other direction (perpendicular to the first

i.e.[112]), since there is only ~2.5% mistmatch.
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Figure 5.5 Schematic (distances on scale) atomic arrangements across the interface between
(111) oriented NiO and (010Y¥iented VQ in two mutually perpendicular directions (a) 4:3
matching occurs betweenl{12)jo and (002)o, (b) near oneto-one matching occurs
between{220\i0 and ¢402),02.

Optical transmission measurements were also performed to explore the dfglichb
VO,/NiO/AI,O3 heterostructures for optical applicatiofsgure 5.6 shows, for comparison,

the % transmitted intensity across the XMXDO/Al, O3 heterostructureat room temperature

and at 343 KThe transnssion spectra for V@at both low and high temperatuege
consistent with those geradly reported in literature whichonfirms the characteristic SMT

in VO,.' Figure 5.7 shows the normalizemansmitted intensjtof 1500 nm lasethroughthe
VO,/NiO/AI,O3 heterostructure as a function of temperature. Similar measurement was also

performed for VQ films deposited on baresapphire substrate and plot has been shown

comparison. Upon compaririggure 5.3 andFigure 5.7, it can be seen that in term of
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Figure 5.6 Comparison of transmission spectra of ¥X0O/c-sapphire heterostructer at

room temperature and 343 $howing a drastic drop in IR transmissivimoothening of the

data was perfomed Savitzdolay routine.

transition temperature shift, the optical switching behavior of two heterostructures is
consistent with resistance gghing behavior. However, they reveal lower hysteresis and an
offset (~2K) between the effective electrical and optical switching temperatures with optical
switching starting to occur earlier on the temperature scale; also generally reported in
literature'**> This can be explained on the basis of effective medium theerfich
essentially means that the optical transmittance depends linearly on the volume &fction
the metallic phase while; the resistance of the sample is not greatly affected until a

continuous lowresistance path is formed.
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Figure 5.7 Comparisonof (normalized) transmitted intensitt500 nm) though VQ films
deposited on bare-sapphire substrate and on Ni@apphire heterostructure.

5.4 Conclusion

In conclusion, we have used epitaxial NiO template to grow fully relaxegtM@ films on
c-Al,03 substrates. Both V£and NiO films were grown via DE with integral multiples of
planes matching across the interface. The epitaxial relationship betweaorniguent
layers of the V@NIiO/c-Al O3 heterostructure was determined to be as follows: (@2{)
(111\io || (0001203 and <100%02 || <110xio || <1010>a203. Completely relaxed
VO,/NiO/AI,O3 (0001) thin film heterostructure hold significant technological importance
since robust devices that can withstand multiple thermal cycling, can be fabricated. Also,
potential applicaons of NiO as an epitaxial electrode or gate oxide layer can open up

exciting possibilities in devices based on SMT properties of streanVVO, thin films
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6. Epitaxial relationships of VO, films with YSZ and NiO buffer layers at the
temperature of growth

In this chapter, details of epitaxial relationship of M@in films with YSZ and NiO buffer

layers at the temperature of growth are presented. Correlations have been made to their room

temperature epitaxial relationships (determined fromildettaXx-ray phi scans) when the
structure of VQ is monoclinic. The typical deposition temperature for the growth of-high
quality VO, thin films with good SMT properties definitely exceeds the transition
temperature which is close to 8 Following the deosition at elevated temperatures, when
films are cooled to ambient temperature, M&ystal structure transforms from tetragonal
(P4/mnm) to monoclinic (P£c). It is important, therefore, to understand as to how the
tetragonal unit cell arranges itseh the underlying template of substrate or buffer layer
material. Understanding the details of epitaxy is important from the point of view of
fundamental understanding and to develop methodology to tailor the thin film strain/stress
and as a result, SMT alacteristics suited to a particular application.

6.1 Introduction

The semiconducteto-metal transition (SMT) is characterized the following parameters:

1) transition temperature §Wr) 2) sharpness ( pT) , over

w h

property changes are compl eted, 3) t her mal

indicated that these parameters are a strong function of nature of grain boundaries and their

relative orientation grainsize distribution, and stoichiometry related defééts’ In
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addition, the SMT can also be controlled by suitable choice of the substrate and thin film
processing parameters.

The substrates used the thin film growth of vanadium dioxide (MdPhave been limited
especially towards the use of single crystal oxide substrates, such as aluminum gxde (Al
or sapphire) and titanium oxide (TA0®"® However, to fully realize the potential of \§@r

use in novel electronics technology and elesptic applications as switches or memory
elements, it is important to integrate ¥Y@in films of purephase and high epitaxial quality
with Si (100) substrates which is theundationof microelectronics idustry. In our earlier
work, we demonstrated the successful growth of epitaxiah Wih films on Si (100)
platform by a pulsethser deposition technique using tetragonal yHtabilized zirconiatf

YSZ) as an intermediate layétWe also showed that thi optimization of deposition
parameters that epitaxiglySZ thin film can be grown on Si (100) even without etching the
native silicon dioxide layer with hydrofluoric acld® This layer of native oxide is @ted

away and removed by zirconium rich flux during early stages of deposition.

The typical deposition temperature for the growth of fgghlity VO, thin films with good

SMT properties definitely exceeds the transition temperature which is close %6. 68
Following the deposition at elevated temperatures, when films are cooled to ambient
temperature, V@ crystal structure transforms from tetragonal o(P¥hm) to monoclinic
(P2/c). It is important, therefore, to understand as to how the tetragonal urdtrregies

itself on the underlying template of substrate or buffer layer material. Understanding the

details of epitaxy is important from the point of view of fundamental understanding and to
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develop methodology to tailor the thin film strain/stress and eesult, SMT characteristics

suited to a particular application.

In this chapter we present a model for epitaxial growth of tetragonaj ¥®both tetragonal

and cubic yttriastabilized zirconia athe temperatureof growth of VQ. With the use of

atomc arrangements in the unit cells of tetragonal and monoclinic &@l in both
tetragonal and cubic YSZ, transformation into monoclinic,\fas been explained his

method to explain thepitaxial growth and kplane atomic arrangementsthé temperature

of growth of VO, can also be extended to other substrate systems and buffer layers and is
useful to explain the Hplane orientations of monoclinic \\@hat are typically reported in

the literature.

6.2 Experimental Details

The VO/YSZ/Si(001) thin film heterdsuctures were grown in a multitarget deposition
chamber (base pressure = 1X1Mbrr) by sequentially ablating yttria stabilized zirconia and
VOt argets wusing LPX 100 KrF exci mer | aser (
cleaned ultrasonically in acetone and methanol. The YSZ buffer layer was deposited at
substrate temperature 650 °C; first, for 400 pulses under base pressure and then for 600
pulses in 5x10*Torr oxygen partial pressure. The Yfdms were deposited at 50€ and

1x10 2Torr oxygenand were cooled under the same oxygen pressure at the rate 15
°C/minute. Pulse energy density for the growth of ¥@ms was kept 2 J/cnf and
repetition rate was 5 Hz. The crystalline structarel inplane epitaxyof the constituent

layers of the heterostructuress determined using fouaxisX 0 P e r t PRO -r&%RD HR
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diffractometerwi t h Cu K UDetaeddi2 afind( X-nay diffraction (XRD) scans were
performed for this purpose.r@ssectionand plan viewtransmission electron microscopy
were usedo crossexamine the results frofrscan ofVO,/YSZ/Si(001) heterostructures.

6.3 Results and Discussion

Our discussion of epitaxy of VWJollows the concept of domain matching epitaxy (DME),
pioneered by Narayaet. al*' In the framework of DME, integral multiples of lattice planes
match across the substrdilen interface. DME provides a unified model for the thin film
epitaxy in both, small andilge misfit systems where the misfit is definedCby #ds id1.

For small misfit systems orte-one matching of planes could occur across the interface
while, for large misfit systems, m planes of the film match with n planes of the substrate to
relax the misfit. As outlined earlier in this article, dafsstructure of V@ at growth
temperature is tetragonal. Therefore, the epitaxy is first considered of tetragomah YSZ
buffer layers and then traced across metalemiconductor transition to monoclinic YOn

YSZ which complies with the irplane arangements as deduced by detailedlane XRDU-
scans.

6.3.1 YSZ epitaxy on Si (100)

Tetragonal YSZ was grown epitaxially on Si (100) using high purity 896%rO, target
while to stabilize cubic YSZ phasel2% Y,O3; dopedZrO, target was used. To remove the
native silicon dioxide layer, YSZwas initially deposited in a highly oxygedeficient
environment (low background pressure conditi@ms) high temperature ~680. Once YSZ

nucleated epitaxially on silicon, oxygen rich conditions are required to achieve good
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crystalline quality of YSZThe numbers of ylses deposited in low background pressure
(before oxygen is introduced in the chamber) were optimized to obtain high quality YSZ
films. It is worth noting here that YSZ grew epitaxially even though the native oxide on the
Si (100) substrate was not remdvarior to deposition. This can be explained on the basis of
foll owing reaction: Z The $i0 @ fordg is JuiteXolaBl@ and 2 S i
evaporates at the deposition tempemused in the present study (680). During the initial

stage of tk deposition, oxide present on the silicon substrate is removed by the above
reaction, thus facilitating the epitaxial growth of yttsi@bilized zirconia on silicon.

A typical d-2d scan for YSZ films grown, in the present study, on Si (180F 6.43A)
substrate is shown fRigure 6.1. It can be seen from tlte2d scan that both tetragona € b

= 3.6 A,c=5.156 A) .and cubica(= 5.147A) YSZ films had only one (002) orientation in

the growth direction. To westigate the details of Hplane epitaxy, Xray (i-scan were
performed and the results are presenteBigure 6.2. For tetragonal YSZt{YSZ), (i-scan

was performed for (101) reflection@d(=30.25, y = 55.2). The fourfold symnetry of

sharp (101) reflectionand 45 degrees shift from Si (202) peaks seen iti#wan for YSZ

(101) planes confirms that YSZ is tetragoaald epitaxial. Alspthe epitaxial relationship
betweent-YSZ and silicon substrate can be written 8¥SZ [110] // Si [100] andt-YSZ

(001) // Si (001) The inplane arrangement efYSZ (with (002) orientation in the growth
direction) according to the epitaxial relationship established by ¥RPan studies is shown

in Figure 6.3 (a). It can be seen from this figure that lattice misfit betweé8Z and Silicon
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is ~6.2% and the diagonal of [002] projected unit celt-¥5Z is aligned with the edge of
the Si [001] projected unit cell.

To investigate the details of-plane epitaxial relationship of cubSZ (c-YSZ) with Si
(100) substratefi-scan was performed for (202) reflection®e¥SZ (2d =50.08, y = 45)).
Again, he fourfold symmetryof sharp (202) reflectionandcoincidence with Si (202) peak
d-positions confirmed the epitaxial growth ofYSZ. Based on this information, epitaxial
relationship of (002) orientedtYSZ can be described asYSZ [100] // Si [100] andc-YSZ
(001) // Si (001) Schematic (to scale) of the-plane epitaxial relationship betweer¥SZ
and Si is given ifFigure 6.3 (b). Here, the inteplanar misfit between-¥SZ and Si along Si

[100] is ~5.2% allowing the epitaxial growth.

30 32 34 36 38 (/5/0 65 70 75 80

/A P | LA R L |

) DO S P O I
YSZ (002) Si (004)
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) e ——4 1 |
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Figure 6.1 XRD patterns of-¥SZ and <¥SZ/Si (100) heterostructureshowing unique
growth orientation of both{YSZ and €/'SZ on Si(100)
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respectivelyconfirming the epitaxial growth of bothtSZ and €/'SZ or5i(100)
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Figure 6.3 Schematic showing-planearrangements of unit cells of (a) tetragonébZ and

(b) cubicYSZ on one unit cell of silicon (black, dashed perimeter)

Table6-1 lists the misfit between different planes of tetragonal (denoted by t) YSZ and cubic
(denoted by c) with tetragonal P . 0+0 repregemntesprtesreqitlise ca m
strain for the VQ film. Epitaxial relationships highlighted vitbold text are the ones that

actually occur at growth temperature. As discussed in previous chapters and based on the fact
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that the directonoffa x i s i n monoclinic doesndt change
orientations for the-VO,, t-YSZ, ¢YSZ, and eNiO were (020), (002), (002), and (111),
respectively. Misfits for the V@TIO, system are also provided for comparison. The -igh
temperature rutile/tetragonal {@hase and rutile TiOhave similar structure and lattice
constants so the lattice tohing occurs. We envisage that similarlyM®,/t-YSZ, +-VO,/c-

YSZ, and tVO,/NIiO systems, low planar mismatch between the planes, as listed in row (c)

of Table6-1 drives the atomic arrangement such that tla@ga matching as listed in row (c)

and (d) are the ones that actually occur across the interface (as discussed later in the chapter).
If we consider other planes as listed in row (a) and row (b), planar misfit is in the medium
range in both cases. It is tnbigh enough for the critical thickness to be of the ordea of
couple of monolayers (with the exception of row (b) fMQ,/c-NiO system). It is also not

small enough for onto-one matching to occur. Therefore, planar matching as listed in row

(c) and(d) would be energetically favorable. Also, due to thermal mismatch between the VO
and YSZ and V@and NiO, there would be {plane compressive strain in Y@ims in both

cases. We envisage that this compressive strain gets compensated with thetr@nsjtes

(c)) in case of NiO buffer layer, resulting in ndarlk SMT temperature. On the other hand,

this compressive strain due to thermal mismatch is not able to compensate all the tensile
strain in VQ films on YSZ buffer layer since, in this caseett is tensile strain in both
directions along with planar matching occurs the interface (row (c) and (d)). This results in a

SMT temperature shift to higher value as discussed in Chapter 4.
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Table6-1 Calculaed misfit between spacing of different planes of tetragonal (denoted by t)

YSZ and cubic (denoted by c) with tetragonaLb, \&V0O,). 6 +d r epresend s t en
denotes compressive strain for the Mm. Epitaxial relationships highlighted with bold

text are the ones thaictually occur at growth temperature. Misfits for the ¥TO, system

are also provided for comparison. The higgmperature rutile/tetragonal VOphase and

rutile TiO, have similar structure and lattice constants so the lattice Immadgcoccurs. TiQ

lattice parameters are taken from RE3.

t-VO, on t-YSZ t-VO,on ¢cYSZ t-VO, on cNiO t-VO, on t-TiO»
@0 [ (¥sz@) |U [ (-SE@) |4 (AL2) cNiO & U [ (-Tid.®)
100) tVO;,] = 100) tVO,] = 110) tVO,] =
(100) VO, (100) VO] (002) VO] = (110) VO]
+10.6% +11.6% +1%
+15.3%
0|0 [ (¥Ysz@) |U [ (-7SE@) | (3120 ¢-NiO & U [ (-Ui0.K)
001) tVO,] = - 001) tVO,] = - 001) tVO,] =
(001) VO, (001) VO] (200) VO] = - (001) VO]
13.1% 11.9% +2.7%
53.7%
(©|U [ (¥3zw) |U [ (Oo8z28) |, (3120) ¢-NiO & U [ (-TiO.®&)
- - 100) tVO,] =
@HtVO= | @ODtVOd= |02 evoq= | VO
+0.87%
+4.4% +5.4% +2.5%
OBV (3B0)t-YSZ & U [ (o828 |y (112)c-NiO &
(502) tVO2] =
(502) tVO2] = (200) £VO,] = -
+10.3%
+9.3% 25%

6.3.2 VO3 epitaxy ont-YSZ (002)

Epitaxial growth of VQ on t-YSZ or c-YSZ buffer layer on Si (100) represents a major

milestone towards achievingOx-b as e d Asmarto sensor or me mo

crystal structure of V@at growth temperatures (typically above ~°69 is tetragonalg; =
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by = 4.55 A,c, = 2.88 A) which transforms into monoclinia{= 2¢; = 5.743 A by, = 4.517

A c,=5375Ab= 122.6)). In our earlier work, we determined the growth orientation and
in-plane arrangements of monoclinic Y(@n-VO,) ont-YSZ buffer layer using detailed-X

ray U-scars. Based on that information, we have determined the epitaxial relationships
between tetragonal V@ (t-VO;) and YSZ at growth temperatures.-dlane atomic
arrangements, across the ¥¥6Z interface of V, Zr and O atoms also appear to support our
epitaxial relationship detail&inderstanding the epitaxial growth of tetragonal, &V O,) is
necessary in order to understand the effect of intrinsic strain on SMT characteristics.
Figure 6.4 (a) and (b) schematically presents thglane arrangements of (010) oriented
VO2 and mVO; unit cell on (00) orientedt-YSZ unit cell, respectivelyFigure 6.4 (c)
shows the oxygen (O) atom on oxygenminated (001) orientedtYSZ buffer layer.
Similarly Figure 6.4 (d) andFigure 6.4 (e) represent the vanadium (V) atom arrangement on
vanadiuminitiated (010) oriented-VO, and mVO, thin films, rotated in accordance with
Figure 6.4 (a) andFigure 6.4 (b). Only with such irplane arrangements 6O, andt-YSZ

unit cells at the interface, can thescars be explained.
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Figure 6.4 Schematic showing arrangements of unit cells of {41 and (b) mVO, on

(001) oriented unit cell of-¥YSZ. Atomic arrangements at the YSZ/\fferface are shown

(c) for oxygerterminated YSZ buffer layer (d) for vanadumtiated VO, thin film at
growth temperature (e) for vanadidmtiated mVQO, thin film at room temperature.
Horizontal and vertical dashed lines in (c), (d), and (e) are guide to the eye to see atoms
along them. Some of the atoms are slightly below the planerandharefore, shown with

faded color

97



Therefore, it can be deduced that the epitaxial growth of (@00) with tetragonal structure

at growth temperature occurs such that (120%$Z ||(101) t-VO, along[110] t-YSZ or [10]

t-VO, (Figure 6.5) with interplanar spacing misfit of ~4.7% [110) t.vysz = 2.55 A andd

won tvoz2 = 2.43 A). This leads to a matching of twettySZ (110) planes with twenignet-

VO, (101) planes across the interface. Similarly, along the perpendicufdane direction,

i.e. [110] t-YSZ or [205] t-VO,, ninet-YSZ (330) planes match with tetVO, (502)

planessince the planar misfit is ~B% [d 30) 1-vsz = 0.85 A andd (s02)t.vo2= 0.77 A].

<“—— vanadium

@
2 S
k .. ‘_. ® 288 o gls— oxygen
000...'
@ O o o o ; .
° o 800808980 zirconium

&
o800
@ o o

)

Figure 6.5 Schematic showing arrangements of atoms acrossntbegace betweerf010)
oriented tVO, and Q01) oriented 4¥SZ Planeshown, perpendicular to the interface, are

(101) t-VO, and (110) tYSZ The view direction fot-VO; is [101] and for tYSZ is[110] .
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Subsequently, when the film is cooled to room temperature,cvi@tal structure transfms

from tetragonal to monoclinic. Under this situation, existing epitaxial relationship between

mVO, andt-YSZ can be written as: (116)YSZ [|(100) mVO, along[110] t-YSZ or [001]

mVO,, (110) t-YSZ ||(407)mVO, along [110]t-YSZ or [704] mVO,, and (002)}-YSZ ||
(010) mVO, along [001]t-YSZ or [010] mVO.. Interplanar spacing misfit calculation
reveal that the misfits remain the same as in the ais¢-VO, with oneto-one
correspondence which is expected since tetragonal to monoclinic phase transformation
occurs via single coordinated jump of V catidis.

6.3.3 VO, epitaxy onc-YSZ (001)

XRD (-scans were performed in order to obtain informatibout irplane orientations for
the VO2 £-YSZ/ Si(001) heterostructurand results are shown kigure 6.6. The fourfold
symmetry andtoincidencewith Si (202 peaks seen ithe (i-scan for YSZ(101) planes(2d
=50.08, y = 45) confirm that YSZ icubicand, therefore, the epitaxial relationship between
YSZ buffer layer and silicon substrate can be written as [¥$@// Si[110] and YSZ
(00D//Si (00)) In order to assess the-jtaneorientation of VQ at room temperature, @&
scan of(011) planes with & =27.8° andy =45° was performed. Thi§ -scan exhibits eight
sharppeaks aB2° angular separation from YSA01) reflections.The eight stronger peaks
correspondwo-fold symnetry of (011) reflectiongndfour equallyprobable arrangementa

shown inFigure 6.7 (b), where VQ [00]] is parallel to YSZ100] or YSZ[010].
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Figure 6.6 X-ray d-scan for (011), (101), and (202 reflections of V@ YSZ, and Si,
respectivelyconfirming the epitaxial growth of¥SZ on Si (100) and of ¥Onc-YSZ.

Now, we will disucss the epitaxial growth of Y®@n c-YSZ buffer layer which can be
explained in a wy similar to VQ on t-YSZ. Figure 6.7 (a) and (b) schematically presents
the inplane arrangements of (010) orientedO2 andm-VO unit cell on (001) oriented-
YSZ unit cell, respectivelyFigure 6.7 (c) shows the oxygen (O) atom on oxygemminated
(001) oriented:-YSZ buffer layer. SimilarlyFigure 6.7 (d) andFigure 6.7 (e) representhe
vanadium (V) atom arrangement on vanadiuitiated (010) orientettVO, andm-VO, thin
films, rotated in accordance witkigure 6.7 (a) and (b). Only with such iplane
arrangements of-VO, and c-YSZ unit cels at the interface, can the XRO-scars be

explained.
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Therefore, it can be deduced that the epitaxial growth of (@00) with tetragonal structure

at growth temperature occurs such that (0&¥)SZ [|(101)t-VO, along [020]c-YSZ or
[101] t-VO; (Figure 6.8) with interplanar spacing misfit of ~5.4%l [0z c.vsz = 2.57 A and

d worvoz = 2.43 A]. This leads to a matching of seventeeiSZ (020) planes with
eighteent-VO, (101) planes across the interface at growth temperature. Similarly, along the

perpendicular irplane directionj.e. [200] ¢-YSZ or [205] t-VO, ninec-YSZ (600) planes

match with tent-VO, (502) planes, since the planar misf#t +10.3% ¢l (00) c-vsz = 0.86 A
andd (502)t-vO2 = 0.77 A]
Subsequently, when the film is cooled to room temperature,c@tal structure transforms

from tetragonal to monoclinic. Under this situation, existing epitaxial relationship between
mVO, and c-YSZ can be written as: (02@-YSZ [|(L00) mVO, along [020]c-YSZ or
[001] mVO3, (200)c-YSZ ||(407) mVO; along [200]c-YSZ or [704] m-VO,, and (002)-
YSZ || (010)m-VO, along [001]c-YSZ or [010]m-VOs,. In this case as well, intgdanar

spacing misfit calculations show that the misfits remain the same as in the t&&@,0fith

oneto-one correspondence.
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Figure 6.7 Schematicshowingarrangements of unit cells of (a)MO, and (b) mVO, on

(001) oriented unit cell of-¥SZ. Atomic arrangements at the YSZ/\ffferface are shown

(c) for oxygerterminated YSZ buffer layer (d) for vanaduimtiated +VO, thin film at
growth temperature(e) for vanadiuminitiated mVO, thin film at room temperature.
Horizontal and vertical dashed lines in (c), (d), and (e) are guide to the eye to see atoms
along them.
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(101) t-VO, and(020) ¢ YSZ. The view direction fotMO; is [101] and for ¢YSZ ig200].

6.3.4 VO, epitaxy onc-NiO (111)

In this subsection, we will discuss the details epitaxial growth-@fO, on (111) oriented-
NiO [a = 4.176 A] epitaxial buffer layer that was deposited oM £; substrate. Details of
the deposition procedure are given elsewh&Fegure 6.9 (a) and (b) schematically presents
the inplane arrangements of (010) orientedO2 andm-VO, unit cell on (111) oriented-
NiO unit cell, respectivelyirigure 6.9 (c) shows the oxygen (O) atom on oxygerminated
(111) orientedc-NiO buffer layer. SimilarlyFigure 6.9 (d) and (e) represent the vanadium
(V) atom arrangement on vanaditinitiated (010) oriented-VO, and mVO; thin films,
oriented inplane in accordance witkigure 6.9 (a) and (b). Only with such 4iplane
arrangements of-VO, and c-NiO unit cells at the interface, can the XRbscars be

explained*
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Figure 6.9 Schematic showing arrangements of unit cells of {1 and (b) mVO, on
(111) oriented unit cell of-8liO. Atomic arrangemnts at the NiO/V@interface are shown
(c) for oxygerterminated NiO buffer layer (d) for vanadidmtiated tVO, thin film at
growth temperature (e) for vanadidmtiated mVQO, thin film at room temperature.
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along them.
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Therefore, it can be deduced that the epitaxial growth of (@00) with tetragonal structure

at growth temperature occurs such tifgt2) c-NiO || (100)t-VO, along [110] c¢-NiO or

[001] t-VO, with inter-planar spacing misfit of abot25% [d (112 enio = 1.7 A andd (200t

voz = 2.27 A](Table6-1) This leads to a 4:Batching between-NiO (112) planes witht-

VO, (200) planes across the interface at growth temperature. Similarly, along the
perpendicular irplane directionj.e. [112] ¢-NiO or [100]t-VO,, the planar misfit is only

2.5% [ 20 onio = 1.48 A andd (ooz)tvoz2 = 1.44 Alfavorable for near onto-one matching

to occurAtomic arrangement, across the interface, viewed ajang] c-NiO is shown in
Figure 6.10.
Subsequently, when the film is cooledroom temperature, Vi Zrystal structure transforms

from tetragonal to monoclinic. Under this situation, existing epitaxial relationship between

(010) orientedn-VO; and (111) oriented-NiO can be written as(112) c-NiO || (001)m-

VO, along [110] ¢-NiO or [100] mVO, and (220) c¢-NiO || (201) mVO, along[112] c-
NiO or [102] mVO.. In this case as well, intgdanar spacing misfit calculations show that
the misfits remain the same as in the cageid, with oneto-one correspondence.

6.4 Conclusions

In summary, this chaptgrresents theletails of epitaxial relationships between yénd
different buffer layers such asyYSZ, c-YSZ andc-NiO, at the tempetare of growth. Using

atomic arrangemestand misfit strain between different planes of the film and template as a
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guide in both monoclinic and tetragonal phases and, keeping growth orientation in mind,
epitaxial relationship analysis has been substadti&eom temperature temperatirgcans

also support the details of epitaxy presented in this chapter.
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Figure 6.10 Schematic showing arrangements of atoms acrosintbdace betweerf010)
oriented tVO, and (111) oriented-NiO. Planesshown, perpendicular to the interface, are,

for (a) (112) c-NiO || (100) tVO, and for (b) (220) c-NiO || (001) tVO,. The view direction
for (a) is[110] ¢-NiO || [001] t-VO; and for (b) is[112] ¢-NiO || [100] t-VOs..
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7. Effect of thicknesson the semiconductorto-metal transition characteristics of

VO, films integrated with YSZ/Si (100) heterostructures
In this chapter, a study of effect of thickness on the semicondwetoetaltransition of VQ
films is presented. V@JYSZ/ Si (100) heterstructures were used as the system in thisistudy
which VO, film thickness waslteredby depositing for varying number of puls&ructural
characterization reveals that film behavior chanfgem singlecrystalline to polycrystalline.
Resistive switching behavior and semiconduttemetal transition characteristics have been
correlated with the microstructural properties of the films.
7.1 Introduction
Recent advances in thin film growth andodigery of interesting phenomenon such as, high
temperature superconductivity, colossal mganetoresistance and semicchmuoital
transition in strongly correlated electron systems has attracted significant research interest.
Vanadium dioxide (V@ is ore of such systems which exhibit a reversible drastic
semiconductoto-metal transition (SMT) near room temperature {63 making it suitable
for potential senserand memory type of devicésThe SMT in VQ, which occurs upon
heating and reverses upon bog), is also concomitant with drastic changes in optical
properties where it becomes highly reflective fidtotonsof infra-red wavelength$?® In
comparison to bulk single crystals, polycrystalline M@in films generally show broader
transitions anddss drastic changes in their physical properties such as, electrical resistance
and optical transmissioiT® Control and reproducibility in the growth of higfuality, single

phase VQ films is a challenging task because of a large number of stableivamadide
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crystalline phases that can form in a very narrow range of compoSsifitie SMT
characteristics are a strong function of the details of the microstructure and chemistry, which
are controlled by processing and substrate parameters. Charasteistjain boundaries

and their relative orientation, gragize and distribution, and defects content in the films play

a critical role in determining the characteristics of the S®T Thus, it is importanto
establish fundamental correlations among microstructure and SMT characteristics while
preserving the single phase YOIn this study we have chosen YOYSZ/Si (100)
heterostructure system whetéferent parameters associated vilie SMT were studid as a
function of microstructural properties of the \¥OThis provided an opportunity to correlate

the microstructure with the SMT characteristics of the, Yions.

7.2 Experimental Details

The VO,/YSZ/Si (001) thin film heterostructures were grown in a ntaitget deposition
chamber (base pressure = 1X1Mbrr) by sequentially ablating yttria stabilized zirconia and
VO, targetsusing LPX 100KrF excimer lase( &48 nn). The Si (001) substrates were
cleaned ultrasonically in acetone and metharigDs-doped(8-10%) ZrQ target was used to
deposit he cubic YSZ buffer layeron Si (100) asubstrate temperature 630; first, for 400
pulsesunder base pressuamd then for 60(ulsesin 5x10 *Torr oxygen partial pressure.

The resulting YSZ buffer layer thickss was ~60 nnT.he VG, films were deposited at 500

°C and 140 2 Torr oxygen for different timewhile keeping the target to substrate distance
constantfo achieve different final thicknesses. Our thickness calibration was such that 1500

pulses resulteth about 7675nm thick film.Pulse energy density for the growth aif the
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VO, films was kept 2 J/cnf and repetition rate was 5 HA Keithley 2400 sourcemeter

was used to measure the resistance of, Vilins in Van der Pauw far-point probe
arrangemenfrom room temperature to 10t. The crystalline structure of théO, was
determined using HRXrayPdritf f PROt MBDadidiognst em W
Surface morphology of the samples was investigated using atomic force microscopy (AFM).

7.3 Results and Discussion

The surface morphology of the ¥@hin films of varying thickness was investigated using

atomic force microscope (AFM) and the results are presentdeéigare 7.1. Images were
acquired in the tapping mode and typical le
while the grain shape largely remains simftarall thicknesses, grain size increases as films

with higher number of pulses were deposited. It should also be noted that the root mean
square roughness of the films also increases with increasing thickigs® 7.2 showsX-

ray diffractiond-2 cspectraobtained from pristine V@films depositedor varying number

of pulses on /YSZ/Si (100) heterostructures. Also, it can be seen that all films consisted of

only the VO, phase and peaks corresponding to any other vanadium oxide phase were
absat. This indicates the exclusive formation of singlase VQ films and confirms the

excellent degree of control and high reproducibility of our pulasdr deposition procedure.

The fullwidth at halfmaximum (FWHM) of the V@ (020) peaks decreased & tfilm

thickness was increased by depositiachigher number of psks. Decreasing FWHM
correspondedo increasing grain/domais i z e , according t,and8isherr er

was consistent with results from AFM observations.,¥Wns showed uniqué€020) peak
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and singlecrystalline nature up to films deposited for 4500 pulses (as confirmed by detailed

XRD (i-scans presented in previous chapter) but, polycrystallinity started to appear beyond

| 1500 pulses,29nm | [ 4500 pulses, 9.8nm |

[ 6000pulses, 15nm | | 7500 pulses, 17.8nm | | 9000 pulses, 18.7 nm |

Figure 7.1 Atomic force microscopy images showing surface morphology changes as a
function of pulses of Vdeposited on-YSZ/Si (100) heterostructures. All imagt®w a
lem x harea Tisedabel below each image shows the number of pulses and the rms
(root mean square) roughtness in nm.

thisthickness. For thicker films, other d@eaksi.e. (011), (102), and (012) can also be seen

in XRD d-2 d&pectra. As seen in the AFM images, roughness of the films increased with the

thickness. Higher surface roughnedgghe films could cause other orientaticasp.(011) to

nucleate. For V@ the(011) orientation is energetically favorable due to its low surface free
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Figure 7.2 Comparison of X ay-2dd di f f rtarest foro\ViQ/YSE/&it (100)
heterostructures deposited for varying thickness of. W@ film thicknesswvas observed to
scale with number of pulse&ilms deposited for 6000 pulses and above show some
polycrystallinity.
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energy. For the Vfilms depositecon amorphous substrates like glass or.S80 (011) is

the predominantly reported orientation. Also, we have seen that if the temperature for the
growth of VG films was lowered, (011¢rientation was also present in addition to (020),
most probably dueotthe reduced surface -atom mobility. Therefore, the nucleation of
(011) orientation will be likely to occur with higher surface perturbations whiclespe
significant for the film deposited for 4500 pulses (rms roughness = 9.8nm) or small changes
in stoichiometry of the plume. Therefore, it can be concluded from the XRD spectra that up
to 4500 pulses films were single crystalline while beyond polycrystallinity in the VO
initiated and increased with increasing thickness (number of pulses).

Based on XRDresults, our V@ films deposited on¥SZ/Si (100) heterostructures can be
divided into two main categories: 1) singlgystalline films with increasing graisize and 2)
polycrystalline films with increasing polycrystallinity and graize. Figure 7.3 shows the
variation of the electrical resistance of the Md@ms as a function of temperature for one
thermal cycle (heating followed by cooling). The characteristic transition from the low
temperature semiconduatj phase to the higemperature metallic phase in clearly observed

in all samples. For the sample with Y@m deposited for 250 pulses, film resistance was
infinite and no resistivity measurements could be made because of the discontinuous nature
of thefilms. The parameters associated with semicondtuotaretal transition (SMT) were
quantitatively derived using a systematic approach in which analysis of the derivative of the
resisivity variation curvese. d[-log(resistivity)]/dT was calculated andtéd to a Gaussian

profile for both heating and cooling cycles. Thus, the SMT was characterized by the
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following four parameters: (1) The transiti temperature (Tt) defined as the center (peak) of

t he Gaussian profile; (2) the hysteresis (
differencein the temperature values of peak position in heating and cooling cycle; (3) the
transition width or sharpiss of the SMT which is characterized by the full width at half

maxi mum ( FWHM) of the Gaussian profil e; and
decades) which corresponds to the area under the derivative curve. A summary of these SMT
characteristics of V&films has been plotted as a function of number of pulses used for the
deposition Figure 7.4). Correlation of these SMT characteristics with the microstructural
properties of the films has been made largely om fthasis of phenomenological
thermodynamic model presented by Naragaral'® As shown in previous chapters, tensile

strain alonge- or a-axis causes shift inyTowards higher temperatures. For films with lower
thicknesses e.g. deposited for 500 pulses éffect would be the largest and therefore, we
observe higher transition temperature for films deposited for 500 pulses. As the film
thickness increases and approaches critical thickness, some dislocations might nucleate to
relax some of the strain predgan the films. Furthermore, as films become polycrystalline,
introduction of large angle grain boundaries would further relax the strain. This is likely to be

the reason behind decrease in transition temperature (as sEeuie 7.4 (a)) for films

deposited for higer number of pulses$. f | (6 ) is the change is Gibbs free energy
associated with phase transition, critical size of stable nuclei woulodcbe 2 3,/ gwcher e 92 i
the interfacial energym T is the deviation from the equilibriutnansition temperature, and

o Sis the discontinuous change in entropy between thetlvoa s e sanbe dur€ctly
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Figure 7.4 Plots summarizing the variation of SMTachcteristics of V@ films of different

thickness (a) transition temperature, (b) hysteresis, (c) transition width/sharpness, and (d)
transition amplitude.

rel ated t o t)haes hgyTsa.ph) (eliseretore, thggkH wi | | decr eas:
increasigrrand decr easikggre?™(b), AspHs eleercriermses monot o
films deposited from 500 to 4500 pulsd$e gdructural nature of these films was single
crystalline with crystallographically egvalent domains (twins or low angle broundaries). So

whi | e 0 ¢ a tobebabmosh @rsstannia the singlgystalline regime, graisize ¢

increased (as seen from AFM and XRD)the number of pulses were increased. This

explains the monotonic décé of the hysteresis width up to 4500 pulses. Beyond this
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thickness (for 6000 pulsed)ims showedpolycrystallinenatureandwould have large angle,
randomly oriented grain boundaries resulting in higher interfacial er{eygand therefore,

h i g h elowapdi, as the film thickness (i.e. grain size) increases further (7500 and 9000
pulses), largangle grain boundary area per unit volume decreases and hysteresis width
decreaseweaklyas shown irFigure 7.4 (b).

The transi ti on wismlatdd taberovesalhdefecpoorgestper gngpviolume

as 74 Wwher€Gis a constant angy is density of the defects, including point defects,
cluster, impurities, dislocations, and griioundary area. Inhe single crystalline regime

(from 500 to 4500 pulseshhe transition width(1/sharpness) of the transitionaleases as

grain size increasesincethe number of defective sites per unit volume associated with grain
boundaries decreas@s the film thickress increases transition width increases since the
polycrystallinity of the films would increase the defect density. As the grain size (thickness)
increases in the polycrystalline regime, transition width exhibits decreasing behavior because
the bulk defecdensity decreasg&igure 7.4 (c). In addition, it could alsde due to easier
nucleation ofthe metallic phase resulting from the presence of laggle grain boundaries

with higher grairboundary free energdy

The amplitude of the transition (@A) -also d
boundary area and crystalline nature of the filmghéwsingle crystalline regime, V{ilms

with smaller grains contain a larger density of grain boundaries vibroh to lower the
resistivity of the semiconducting phase through the presence of defect levels in #yapand

while, on the other hand, increasitige resistivity inthe metallic phasevia defectgrain
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boundary scattering. This leadsasmaller amplitde ofthetansi t i on. @A 1 ncr eeé
size increases in the single crystalline regime, as seigume 7.4 (d). Subsequently, as the

films become polycrystallinghe amplitude of the resistive switching decreases.

Optical transmission measurements were also performed to investigate theedhfra
transition behavior of V@YSZ/Si (100) heterostructures for different thicknesshefVO,

layer.The results are presentedrigure 7.5 with theinset showing the resistive switching
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Figure 7.5 Comparison of the armalized transmitted intensity of infraed ( 1. 5¢& m) I
incident on the film side of the samples with different Y@ thickness. Inset shows the
resistive switching behavior of the same samples for referencetoc@me correspondence

between resiste and optical switching can be clearly seen.
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behavior of the same samples for comparisbrcah be seen that in term of transition
behavior, the optical switching behavior of the ¥¥%Z/Si (100) heterostructures is
consistent with resistance switchibghavior. However, they reveal an off§ePK) between

the effective electrical and optical switching temperatures with optical switching starting to
occur earlier on the temperature scale. This can be explained on the basis of effective
medium theor}? which essentially means that the optical transmittance depends linearly on
the volume fraction of the metallic phase while; the resistance of the sample is not greatly
affected until a continuous lovesistanceathis formed.

7.4 Conclusion

In conclusion, contited growth of single phase \WOwith varying film thickness was
successfully achieved using pulsed laser deposition technique. It allows us to systematically
investigate the effect of film thickness on the microstructure and SMT characteristics and

establsh structureproperty correlations on the basis of a thermodynamic model.
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8. Electronic excitation induced controlled modifications of semiconductcto-
metal transition in epitaxial VO3 thin films

In this chapterwe reporton the controlled modiications in the semiconductto-metal
transition characteristics of \VOsinglecrystal thin films induced by swift heavy ion
irradiation with varying ion fluences. At very high energies of ions (200 MeV), the electronic
stopping (~200®V/A) dominates ovenuclear stopping (~16V/A). Under these extreme
electronic excitation conditions caused by electronic stopping and the passage of swift heavy
ions through the entire thickness of the film, we expect creation of certain unique type of
defects and some stirdered regions. -Xay diffraction, Raman spectroscopy, infed
transmission spectroscopy,-r&y photoelectron spectroscopy (XPS), and electrical
measurements were performed to investigate the characteristics and role of these defects on
structural, optal, and electrical properties of ¥@hin films. XPS and lectrical resistivity
measurementsuggesitthatthe iorirradiationinduces localized defect states which appear to
correlate well with the creation of disordered regions in the M films. The high energy
heavy ionirradiation changes the transition characteristics drastically from aofulst to a
secondorder transition (electronic Mott type). The low temperature conductanizafor
these ioArradiated filmsfits well with the quasanmorphous model for resistivity of VO
whereion-irradiation is believed to create mimhndgap defect states.
8.1 Introduction
Vanadium oxide (V@) exhibits a sharp firsbrder semiconducteio-metal transition (SMT)

at 68°C, where the crystal structure chasgeom monoclinic to tetragonal (metal) at high
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temperatures. INO; singlecrystal, the typical SMT characteristics involve over four orders

of magnitude change in resisty and a drastic drop in fanfra-red transmittanc&? Since

the phase transforation involves crystal distortions, it is envisaged that repeated thermal
cycles across the transition temperature can lead to cracking of bulkcry€dals making

them unsuitable for practical device applications. On the other hand, thin films are able to
withstand these distortions; therefore, practical devices needing repeated thermal cycling can
be fabricated using only thin films. However, fabrication of high quality ¥ films with
desirable properties requirgeod control ovethe epitaxial grovth procedure, as the SMT
characteristics of V© thin films are known to be a strong function of epitaxial
characteristics, defects, microstructure, and stoichiomé&®Recently, high quality V@thin

films have been grown on-sapphire, 1sapphire, and iS(100) substrates with yttda
stabilized zirconia (YSZ) buffer layers using the paradigm of domain epifaS@MT
properties of these films were also found to depend upon their defect content and the
properties were rationalized according to the phenofogital model presented by Narayan
etal.® Detailed umderstandingf the role of defects in modification of SMT characteristics of
VO, thin films is also important from the technological point of view sincel Sivbperties

can be tuned according to the device applicati®mevious attempts to modify the SMT
characteristics of V&xhin films include proton irradiation, lowwnergy (few hundred eV) ion
bombardmentandelectron beam (MeV) irradiatiof?®*° In all of these caseslamage due

to thedisplacementascadess thedominantmechanism through which dets are generated

in the films™! Furthermore, the nuclear stopping is not constant throughout the film thickness
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for these lowenergy implants and there& the effects are not uniform, which renders
considerable ambiguity with respect to distribution of defects and their role in producing
changes in properties of VO

In this chapter, we report our investigation of the effect of swift heavy ion (Skd)iation

on the SMT of epitaxial V@thin films. The unique advantage of swift heavy ion irradiation

of materials is the production of nanometer sized cylindrical zones, so called ion tracks,
provided the electronic energy lossceed the threshold valu&he number density of these

ion tracks can be controlled by ion beam parameters such as fluence. Microstructure and
defect content can be controlled by ion irradiation parameters, such as ion type and energy,
which dictate the dominant energansfer melsanism. Under SHI irradiation, thenergy

loss through electronic stopping dominates and the energy is deposited uniformly into the
entire thickness of the film. This energy is transferredtipasto electronic excitations and

from these electronic excttans, energyransfer occurgo the lattice via electrephonon
coupling. This can cause extremely rapid (on the order of fewgaconds) heating and
guenching in the localized regions along the ion path leading to the formation of a latent ion
track. h our experiments, we have carefully chosen the energy of the ions such that
electronic stopping power remains essentially constant throughout the thickness of the film.
8.2 Experimental Details

VO, thin films were grown epitaxially on Si (100) with ytusaebilized zirconia (YSZ) as an
intermediate layer using pulséaiser ablation technique. These films were irradiated using

swift heavy ions (200 MeV Au ions) at different fluences ranging from xt01x10°
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ions/cnf. The swift heavy ion SHI) irradiation influences the structural and electrical
properties of VQ thin films by the introductionof defectsin a controlled fashion with
varyingion fluence. In this paper, we present the effects of SHI irradiation on structural and
electrical (SMT) characteriss of the VQ thin films. The changes in SMT characteristics
are shown to correlate strongiyth the changes in crystallinigs well as electronic structure

of the VG, thin films. The VO,/YSZ/Si (001) epitaxial heterostructuresvere grown using

KrF pulsel excimer laser (pulse duration 25 ns) with fluence-8fZcnf and repetition rate

of 5 Hz A complete description of deposition procedure can be found elsef/fibee SHI
irradiation on these films was penfoed atinter University Accelerator Centre New Delhi,
Indiain Materials Science beam linBhe crystalline structure of the thin film heterostructure
was determined usindHRXnayoeéeftr &PRO oMRDsyst
radiation. MicreRaman data of pristine and irradiated films were recorded with a Horiba
Jobin Yvon LabRam ARAMIS using 633 nm laser excitatioat room temperaturelo
determine the oxidation states in thedaposied and the irradiated \\@ilms, XPS analysis

of the films wascarried out in a Kratos Axiblltra X-ray photoelectrorspectrometer using

Al  X-dy source. The values corresponding to the C 1s peakusedeas a reference for
the spectrumanalysis.A Keithley 2400 sourcemetenas used to characteriZ2MT by
measuring the resistance of ¥fdms as a function of temperature.

8.3 Results and Discussion

Nuclear and electronistopping powerg$S, and 3, respectively) oSHIin VO, matrix were

calculated using SR simuationsand are shown in theigure 8.1.*? For ion energiesised
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in this study,the values of $in VO, were about 2009 eV/A whil§, was only ~16 eV/A

Nuclear stopping mechanism dominates at laserenerges (<IMeV), whereas the
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Figure 8.1 Electronic and nuclear stopping powers as a function of eneri{/Aafions upon

incident VQ as target materials. Athe energy used in this studyQMeV, electronic
stopping is clearly the dominant energy loss mechanism. Inset shows thelrhin fi

heterostructure and normal incidence of ions schematically.

electronic stopping is the dominant enerfpss nthanism at higher energieb nuclear
stopping, ions collide wh the target atoms elastically and lose their energy to the target
lattice causing atomic displacements which lead to the creation of Frenkel defects (vacancy
and interstitial pairs). However, electronic stopping is inelastic in nature and dense alectroni
excitations are induced at high ion energies. The energy stored in electronic excitations is
transferred rapidly to the phonons as the eleghlmomon relaxation times are less than a

picosecond. These dense electronic excitations can raise the temgperaeveral thousand
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degrees, according to thermal spike model, within a narrow cylindrical zone of a few nm
around the ion path for short time duradhThe electronic excitations are also known to
cause breaking of chemical bonds via Coulomb exphoaiad this can lead to significant
disorder in the/O, matrix around the ion tracké Using SRIM/TRIM calculations, itvas
simulatedthat the projected range imins, of energies used in this studgsof the order 18
micrometers which wasuch larger than the thickness of VOfiims (~220 nm)and the
electronic energy loss {Sis almost constant throughout the film thicknéas shown in
Figure 8.2). Thereforethe effecs of electronic excitations on the structuraldaelectrorns
properties ofVO; thin films areexpected to be uniform across tletire thickness ofthe
films.

Figure 8.3 shows thecomparison oiX-ray diffraction d-2 gpatterrs of a typical Si/'YSZ/VQ
heterostructuresamples in pristine and iarradiated conditions with different fluences of
200MeV Au ions. Detailed characterizationusing Xray diffraction, of the epitaxial
orientationof asdepositedVO, thin films has been reported elsewhetecan be clearly
seen thaas the ion fluences are increased gradupklyak intensity for V@ peak decreases
and FWHM (full width at haimaximum) increasest was also confmed by full range d
scan that no other vanadium oxide phases were present. lrdesity anl higher FWHM

of the V& (020) peaksuggest that then-irradiation causes disordereeyionsin the films,
which increase with ion fluencélso, the VQ peakfor ion-irradiatedfilms was found to
shiftt o a | compared tdhefasdeposited films. Asidcussedn our earlierwork, as

deposited films are undeompressive strain ithe out-of-plare direction® Relaxation of this
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Figure 8.2 Energy los&Stopping power a200 MeV **’Auions inVO, matrix as afunction of

film thickness Sn and Se denote nuclear and electronlosses, respectively. Inset shows
uniform value oSein ~225 nmVG0; film thickness.

compressive strain is likely to occupan SHI irradiationas SHI irradiation causezteation

of defects andlisordered regionwhich can lead to a shift in the \é{@eak positionlt was

also seen that above the fluence of 6 X" 16ns/cnf, VO, (020) peak disappears almost
completely which is due to the fact that overlapping of ion tracks (defective disordered
regions) occurs above this fluence. Single ion impact leads to a cylindriéain(r
nanometeradius) disordered zone tughout the film thickness and after theedapping
fluence (which is ~ 6xI3-1 x 10" ions/cnf), the whole volume of the film is full of

disordered zones. At this fluence, no pristine,\f€gions remain and the entire Y@m

becomes highly disorderexdt amorphous causing the nehsappearance of the \d@eak. It
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can also be seen from tliégure 8.3 that FWHM of YSZ (002) reflections also increases

with increasing fluence which confirms that ions pass throbghentire thickness of VO

films.
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Figure 8.3 Comparison of X-ray diffraction patters of a pristine Si(100)/YSZ/V®
heterostructureand swift heawon irradiated VQ films with 200 MeV Au ions at varying

ion fluencies.
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Creation of defects andisordered reigns upon SHI irradiation is also evident from Raman
spectra of pristine and irradiated Y@ms. Figure 8.4 shows for comparisonthe Raman

spectra of aslepaited and irradiated V&iilms at different fluencesThe spectra were
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Figure 8.4 Raman spectra of the pristine and ion irradiated Mins (with 200 MeV Au
ions), shown one below the other for comparisBiicon peak at 520.07 ¢hwas used to
calibrate the spectra.
calibrated using Si peak at 520.07 tas a reference. Raman spectrum of thdegsited

film shows distinct peaks at 193 and 223 'Groorresponding to ARaman modé> As the

VO, films are irradiated with increasing ion fluence, these peaks shift to lower frequencies
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and FWHM increases. It is envisaged that this shift occurred due to creation of defects
(presumably oxygen vacancies) in disordered-trank regions, and FWHM increased
consguently due to increasing disorder (loss of symmetry) in the films. Similar phenomenon

of Raman peak shifts has been observed in PhyWwbere increasing amount ehift to

lower frequency was attributed to increasing oxygen vacancy concentfafiba.ide that

Raman peaks shift to lower frequency with introduction of oxygen vacancies is also
supported by the observations that Parker made in which shifts to higher frequencies for
oxygen rich VQ were observed’ Similar to XRD results, in the case of Raman
spectroscopy also, it was observed that the distinct Raman peaks disappear*at 1x10
ions/cnf fluence. This confirms that the ion fluence of 13 is above the threshold of
overlapping fluence where ion tracks overlap with each other. Thereforghdoron
irradiated films, Raman peaks corresponding to, Vi{brational modes disappear due to a

high degree of disorder in overlapping ion tracks through the whole thickness of the VO
film. The IR (infrared) transmission measurements, using an IR lagavelength = 1.5

em), were also performed to furthtinfiesl uci da-
These results are presentedFigure 8.5, where % transmittance has been plotted as a
function of temprature with varying ion doses. Althougbrmalized transmittance has been
plotted in theFigure 8.5, it was observed that with increasing ion dose, transmittance of the
sample under test was decreased such thaedet or 6 s gai n was needed
measurable signal. It is clear from thigure 8.5 that controlled tailoring in semiconductor to

metal transition of V@can be obtained by carefully controlling tibe fluence.
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Figure 8.5 Comparisonof infrared transmissiorof as-deposited andSHI irradiated (with

200 MeV Au ionsYO; thin films as a function of temperature with varying ion fluences.

Figure 8.6 shows, forcomparisonXPS specat of asdeposited and ieitradiated VQ films.

As shown in thdigure, V,>?

peakfor ion-irradiated filmsshifts toa lower binding energy
values as the ion fluence increassignifying the increasing concentratiai V3 oxidation
state of Vanadiunwith increasing ion fluenc¥ ' In the disordered regionshich are
created due t&HI irradiation loss of oxygen is likelyto occur whichleads to a shift of
spectrum twards higher biding energieslt is also envisaged that localized heating around

the tracks leads to oxygen deficiencies in the films and increasing concentratidvathyv

respect to the adeposited sample.
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Figure 8.6 Comparison between-bpay photoemission spectra of -deposited and ion
irradiated VQ (with 200 MeV Au ionshhin films showing shift of 553’210 lower binding

energy indicating presence of mor&'V

A comparison of resistivityas a function of tempetare, for the asdeposited and ion
irradiated filmsis shown inFigure 8.7. It can be clearly seen that thedepositedvVO, films

show a first orderSMT and the resistance drops sharply by ~3 orders of magnitude.
However, ionirradiatedfilms start toexhibit an increasingly broad transition with increasing

ion fluence. It is expected that as the number of defective sites (disordered regions/ion tracks)
in the films are increased with increasing ion fluence, thglitude of the transition will be

smaller due to higher defect content. Also, as the ion fluence is increased, hysteresis width of

the transition decreases as there will be increasingly more nucleation sites available for the
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Figure 8.7 Comparison between resistivity ofdsposited and icirradiated thin films(200

MeV Au ions)plotted against temperature (Thystematic changes in resistive switching
behavior were evident as ion fluence was increased.

transition to occur. It should also be noted that resistivity of the films decreases in the low
temperature (semiconducting) regiontlsnumber of carriers (electrons in the case ob)VO
increases with increasing concentration &t ¥rising from increasig ion fluence. Also, in

the high temperature (metallic) regions, resistivity increases with increasing ion fluence as
the carrier scattering is expected to be proportional to the defect content in thihivO

films. For the 6 x 18 ion/cnf fluence, trasition becomes similar to that of nemmorphous

films. 2° This phase transition is of second order type and less of structural nature where
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pairing of V atoms, unit cell doubling, and charge ordering is critical. This is similar to the
Mott typetransition a diffused second ordéransition which would typically bexpectedn
disordered/amorphous \s@hin films.

For the agleposited films, plot of In(conductivity) against 1/T in semiagiohg phase
yields a Arrheniugype of straight line (shown ifigure 8.8 (a)) with activation energy

~0.19 eV.This valueis comparable to what has been reported in the literatanéirming
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Figure 8.8 (a) Plot of In(conductanceagainstl/T for as deposited film and ion irradiated
films, with increasing iofiluence curves becomes increasingly H4ioear and deviate from
Arrehenius/thermally activated transport behavior (ijtpf In(conductance) againgt™*
for films ion irradiated at 3 x 18 and 6 x 18" ion/cnf fluence, curves show linear behavior
with T¥*indicating variablerange hopping transport.

high-quality of asdeposited films* An interesting point corens the increasing deviation of
ion-irradiated VQ films from Arrhenius behaviom the semiconducting region. Fan-
irradiated filmsa In(conductanceys T™** plot showsa straight linefit which suggests a

6quamdor phouso6 descri pt i(hownonFigute B.&(b) fordsxild t i vi ty

and 6 x 18" ion/cnt fluence.?® This can be explained by taking into account, the defects
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created upon SHI irradiation the present cas# ion-irradiated films, SHirradiationcan
inducelarge numbers of localized statgresent in the barghp,by introduction of disorder

in the VG thin films, and also the presence ofions (as seen in XPS spectra) can lead to
mid-gap defect state$his leads to a variable range hopping transport behavior in the ion
irradiated fims, where In(conductance) follows a linear relationship with".TThis is in
agreement with previous reports, where similar deviations from Arrhenius behavior have
been observed in VCXilms upon proton irradiation where radiation induced defect states
were believed to be responsibfe.

8.4 Conclusion

In conclusion we have shown thabntrolled modifications in SMT in V&xhin films were
induced by the introduction of defects upon swift heavyititadiation. The ionirradiation
creates disordered regions containing defects around ion traestaxial VQ thin films.
Dense electronic excitations caused by electronic stopping, the dominant -lxssrgy
mechanism at these energies, facilitate the introductiodetécts in V@ matrix. Our
electrical resistivitymeasurementsand XRD and XPS studies support the observation of
defectinduced Mott (electronic) type of SMT in \,Ghin films. It is envisaged that the ion
irradiation, where nature/extent of KO, interactions and resulting defect content can be
controlled by changing the iarradiation parameters, provides an interesting opportunity to
understand the role of defects in SMT and to design a new class,dfag@d smart sensor
devices. Further studieowld be conducted to understand in detail, the nature of these

defects, and their influence on magnetic properties.
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9. Effect of vacuum annealing on semiconducteto-metal transition characteristics

and magnetic properties of vanadium dioxide
Ourresearch work reported in this chapter has focused on correlation of the effect of oxygen
vacancies and resulting nastoichiometry to the semiconductm-metal transition
characteristics and magnetic properties of the, ¥in films. Highquality epitaxal thin
films of VO, were deposited using a pulsed laser techniquedepssited films were
annealed irsitu under vacuum at 508C. Our experimental observations fromray
diffraction, micreRaman spectroscopy, and-rXy photoelectron spectroscopy stigdie
suppored the argument that this heméatment results irthe incorporation of oxygen
vacancies in the V&xhin films. The aystalline quality of the films remained unaffected after
vacuum annealing. It was found thhe introduction obxygen vacanceinto the VQ thin
films significantly altes ther semiconductoto-metal transition characteristics frogharp
first-order structural tdroadsecondorder transformation. Similar to other oxides, such as
ZnO, oxygen vacancies in \jOalso lead to enhaement of room temperature
ferromagnetism. Saturation magnetization of the films was found to increase neafbydwo
as a result of vacuum annealing.
9.1 Introduction
Semiconductor to metal transition characteristics of YHih films areknown to be a strong
function of microstructure (grain size distribution and grain boundary characteristics) and
chemistry (stoichiometry, dopant and/or other defects). However, the individual effect of

these factors on the SMT parameters is not well understotiik prast,the effect of vacuum
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annealing on adeposited V@ thin films has been studiet?**. However, films studied in

these cases were either polycrystalline or had other oxide phases A8sgor\WW»03) or
dopants present in the films which is likely to puod a combined effect of all these
parameters in modification of SMT characteristics. Therefore, there is a need to understand
the role of vaccum annealing oM3 while other factors such as, tlegitaxial qualityand

the phase purityof the films etc were kept the same. In th&tudy presented here, we
deposited singkerystalline high quality films of V@and annealed them in vacuum while
maintaining the epitaxial quality of the films. We have demonstrated large modifications in
SMT characteristics uponaeuum annealing which we believe apeimarily due to
incorporation of oxygen vacancies (defects). We also show thattietsdeposited and
vacuum annealed films exhitatdefectmediated ferromagnetism arising from the presence

of otheroxidation state of vanadiunthan V**, which was found to beonsistent with the
previous observations made Pang et. al® The introduction of defects upon vacuum
annealing led to an increased saturation magnetization moment which can be rationalized by
taking into cosideration that vacuum annealing introduced increased concerdrafion
oxygen vacancies.

9.2 Experimental Details

Epitaxial thin films of VQ were grown on AlO3; (0001) (esapphire) substrates using LPX
100 KrF pulsed exci mer | aepesition Charmb8rdThe M;m) i n
(0001) substrates were cleaned ultrasonically in acetone and methanol prior to loading into

the vacuum chamber. The chamber base pressure wa$ fortGvhile during deposition
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pressure was 102 mtorr of oxygen. The substmwas kept at 508C during deposition.
Pulse energy density for the growth of ¥fdms was kept 23 J/cnf and repetition rate was
5 Hz. Deposition was carried out for 20 minutes a film thickness ofoughly 300 nm
After deposition, all samples wereooled underthe same oxygen pressurhat was
maintained during the depositioRor vacuum annealing of the epitaxial Y@&l,03; (0001)
heterostructureshetemperature of the oxygen cooled samples was raised fC5&0dthen
maintained for5 hours at 60 °C. All heating and cooling steps were performed gite of

~20°C/minute X-ray diffraction patternfor structural characterization ¥10./Al,O3 (0001)

heterostructues were acquired using a Rigaku Geigerflex diffractomer for - phase

identification andstructural characterization. Micit®aman studies of all samples were
performed with a Horiba Jobin Yvon LabRam ARAMIS usin§38 nmlaser excitation at
room temperature. To determine the oxidation states in thdepssited and annealed YO
films, XPS amlysis of the films was carried out in a Kratos Akikra DLD X-ray
photoel ectron spe c tay soueetCemparisos of mgiconductottdc U
metal transition characteristics wegyerformedby measuring the resistancealf samplesn
two-probearrangemenin the temperature range 260-360 K. Ohmic ®ntacts were made
using gold wire pressed with &kly cut indium dots. Current waeptatl € Ar smaller to
minimize any heating effects and the curreoltage behavior wasbserved to béinear.
Magnetic measurements were performed using a Quantum C@QigiD (superconducting

guantum interference device) magnetometer.
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9.3 Results and Discussion
Figure 9.1 shows, for comparisorthe X-ray diffraction (XRD) pectraof asdeposited and
vacuum annealed samples. For bothdegosited and vacuum annealeeterostructures

films had single phase (\panduniqueout-of-planeorientation (02pdetermined using
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Figure 9.1 Comparison of ay diffraction d-2 dspectra of asleposited and vacuum
annealed V@c-sapphire heterostructures.

method described in our earlier wofkFor as deposited filmshe VO, (020) peakposition
wasat 2 d °while¥d® va®uam anneatbfims (®0) peak shifted’. to | o\
This peak shift wamore prominent irsecondorder reflection (040whereas hi ft from 2

86.08t o 2 d °was BbServ8dBhifting of XRD peak®ccurs as a resulf vacuumheat
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treatment which is expe&ted to introduce oxygen vacancies in the \Othin films.
Introduction of oxygen vacancideads toan increase in lattice parametaroutof-plane
directionthatcauset he XRD peak t @lsositwad notedtthat thielowidehr 2 d .
at haltmaxmum FWHM) of vacuum annealed filsNgp 2 d 0.18) wasthe same as that for
asdepositedfiims. This resultis of critical importance, as will be described later in the
chapter since semiconductdéo-metal transition characteristics varied so drasticallgne
though the crystalline quality of the films remained the same. didgervationthat the
orientation and th&WHM of XRD peaksremained same allows us éaclusivelycorrelate

the changes in semiconductormetal transition and magnetic propertieshte point defects

in theform of oxygen vacancies

Figure 9.2 presents the comparison between Raman spectra-aépasited and vacuum
annealed V@films. The nstrument was calibrated using standard Si peak a®B20i" as

a reference. As seenkiigure 9.2, Raman spectrum of the-deposited film exhibits the
characteristic Raman modes mbnoclinic VO,, consistent withthe other reportéound in

the literatureconfirming the presence dhe VO, phase’®® These include distinct peaks at
194.8 cni, 224.2 crit and 619.6 ci corresponding to ARaman modé.After vacuum
annealing these peaks shifted to 192.2'c222.5 cnt', and 610.8 ci, respectively. It is
envisaged that this shift occurred due pieesence ofoxygen vacancies in the vacuum
annealedVO; thin films. Similar observations of Raman peak shifts have been made in

PbTiG; where increasing amowsf shift to lowerfrequency was attributed to increasing
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Figure 9.2 Plot showing the comparison of Raman scattering intensity vs wavenumber (in
cm?) for asdeposited and vacuuamnealed samples. A 633 nm laser was usegtire
the spectaWhile the characteristic peaks of monoclinic M@an be seen for both, peak shift
to lower wavenumbers is clear, indicating oxygen deficienvy.
oxygen vacancyoncentratiod® The idea that Raman peaks shift to lower frequency with
introduction of oxygen vacancies is also supported by the observation that Parker made in
which he observed shifts to higher frequencies for oxygen rich*¥@nother important
feature to note, in the Raman spectra, is that the peak at 36& @me s n 6 tupomh an g e

vacuum annealing which leads us to believe that this vibrational modenaiaably not

sensitive to oxygen vacancies and the local stress generated due to them.
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Early research efforts using Haffect measurementsave establishedthat the electrons
were predominant carrieia VO, on the both sides of semidonduetormetal transition
This was recently confirmedy direct dc measurements of the Hall effect in high quality
thin-film VO,.** Upon vacuum annealing of \(Othin films, creation of oxygen
vacancies in V@ thin films is expected tooccur due to the deficiency of oxygemo
maintain the charge neutrality, this musad toan increaseén concentration of ¥ and
majority carriers i.e. electrons Overall reaction can be explained as below

VO,z W b +¥ (1)
where Vo represents thexygen vacancyand theVyo act as V** ions. From the above
relation it is clear thathe oxygen vacancies and msiwichiometric V" induced byvacuum
annealingwould lead to arincrease in carriefelectron) concentrationl herefore,vacuum
annealed films should exhibit lower resistivity in the semiconducting state which is exactly
what we observed in owglectrical resiginceversus temperaturgtudies (discussed later in
the chapter)
The chemicatomposition of theasdepositedand vacuum annealed films was characterized
by XPS full scan and higresolution XPS spectra focusing on the ©ahd V 2 regions
after 1 minute sputter cleaning. In the ftdhge XPS spectrunexcept for features arising
from V and O, there are also ¥ and C 5 which arise from surface contaminatjow other
elemental impurities were detectethe adventitious C 1s peak, typically associated with
binding energy o284.5 eV was used to calibrate the binding eneajywanadiumwhen

compensating for charging effectafter the Shirley background subtraction, the ¥*'2
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peaks were best fitted by deconvolution into two pemisg CasaXPS softwat&!’ For as
deposited films the two peaks were attributed {6 &hd \#* oxidation state, with relative

concentration 82.6% and 17.4%, respectively, as showigure 9.3 (a). For vacuum

(a);

As-deposited
—— Raw dataV 2p
—_— 2p3/2 & V4+
S\ 2p3/2 = V3+
— Shirley BG
— Envelope

3/2

IIIIIIIIII]lIliII
528 524 520 516 512

252

Vacuum-annealed (b)
—— Raw dataV 2p3/2 ]
R ¥ 2p3/2 - V4+
- 2p3/2 - V3+
—— Shirley BG
—— Envelope

Counts (arb. units)

I
532 528 524 520 516 512
Binding Energy (eV)

Figure 9.3 High resolution Xray photoelectron spewtscopy scan on the O 1s and V 2p
regions of (a) asleposited and (b) vacuum annealed,\fiins deposited on AD; (0001)
substrate.

annealed V@ films the peaks were attributed to*Vand \#* with relative concentration

59.3% and 40.7%, respectively, stown inFigure 9.3 (b). Therefore, \7* concentration in
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vacuum annealed films increased nearly -feld compared to adeposited films. It is
envisaged that vacuum annealing at elevated temperatuf¥C5@@ves aygen out of VQ

thin flms and generates oxygen vacancies and gives rise tstoichiometry in form of
increased concentration of

Figure 9.4 shows the variation of electrical resistance of thelgmositedand vacuum

annealed VO2 films as a function of temperature for both heating atidgogcles. The

characteristisharp semiconductdo-metal transition is clearly observed irdeposited

106§ ’ I N 1 N 1 ® 1 ’ I ' I

Resistance (ohm)

—— As-deposited

1/ ——Vacuum Annealed
10 — T

T T ¥ ) T T T Y T ¥
290 300 310 320 330 340 350 360
Temperature (K)

Figure 9.4 Conparison of resistive switching behavior ot@sposited and vacuuannealed
VO, films deposited on-sapphire substrates.

films. On the other hand, vacueamnealed films exhibited a broad transition and showed an
increase in transition width and hysteseand a decrease in the order of magnitude of change

in resistance. The change from a fiostler type sharp SMT to secendder type broad SMT
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can be attributed to the increase in concentration®6fo¥ oxygen vacancies upon vacuum
annealing since othdactors affecting SMT characteristics, like, grain size, orientation and
phase purity were observed to be the same. It should also be noted that the resistance of the
VO, in semiconducting state decreased through the defect levels in thgdyatitht were

likely to be created by oxygen vacancies. On the other hand, these defects limit the
conductivity in the metallic state (an increase in resistance) through defeetrisgatif
electrons. The modification of semiconduetommetal transition characteristics upon
vacuum annealing is also evident from thermally induced changes in transmittance of the

films, as shown ifrigure 9.5. Near oneto-one correspondence with resistsagitching

{ =—— As-deposited
- \acuum Annealed

|

sl

Transmitted Intensity at constant gain (A.U.)

v T v T v T ¥ T v T ¥ T v

290 300 310 320 330 340 350 360
Temperature (K)

Figure 9.5 Comparison of transmitted intensity vs temperature spectra-dépssited and

vacuumannealed VQf i | ms . 1.5 &m wa vaad amplifiet! gain was &eptr wa s
constant.
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behavior can be seen. Optical switching data reveal smaller hysteresis and an offset (~2K)
between the effective electrical and optical switching temperatures with optical switching
starting to occur earlier on themperature scale. This can be explained on the basis of
effective medium theof§ which essentially means that the optical transmittance depends
linearly on the volume fraction of the metallic phase while; the resistance of the sample is not
greatly affectd until a continuous lowesistance path is formed.

Comparison betweetmom temperatureagnetic properties of the-deposited anstacuum
annealed V@films was performedy measuringoom temperaturenagnetizatiorcurvesas

a functionof applied magneti field. Dataplotted has been smoothened by usiri@goint
SaviztkyGolay smooting routine. The diamagnetic contribution due to the substrate was
subtracted usinthe negative slope of the hidireld data. It can be seen froRigure 9.6 the
magnetization starts to saturate in magnetic field of about 5000AlSe, the saturation
moment for the vacuurannealed films was nearly twice of that for thedaposited films
(increased from ~7.5 emu/émo 13.9 emu/cr). As seen from XPS spectra, the
concentration of ¥ increased nearlywo-fold from asdeposited to vacuum annealed ¥O
films (17.4% to 40.7%)Concentration of oxygen vacancies is expected to fad@mmilar

trend (from equation (1)). Therefore, the irage in saturation moment of vacuamealed

VO, can be attributed to the increase in concentration of oxygen vacancies or valence charge
defects (V") with unpaired electron®lotted in the inset are the magnifiedHloops which
clearly show the presena® hysteresis which isypical of ferromagnetic behavioiThe

roomtemperatureénagnetization curves show considerable hysteresis for batbpasited
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Figure 9.6 The field dependence odomtemperaturemagnetization (MH) of asdeposited
and vacuurrannealed V@films. The inset shows magnifiedH/curve that clearly shows
the presence of hysteresidear twofold increase in coercive field and saturation moment
corresponds well with increase in conceniwatof \?*, as seen in XPS spectra.

and vacuurrannealed films. The rootemperature coercive field increases from 43 Oe for
asdeposited films to 73 Oe for vacuurannealed films. Since there were no magnetic
impurity elements present in A@iims asconfrmed by XPS spectra, this roet@mperature
ferromagnetism(RTFM) is expected to arise froraxygen vacancies amonstoichiometric

oxidation state of vanadium in \JO

9.4 Conclusion

In conclusion, we havestablished the correlatighat introduction of oxygemacancies by
means of vacuum annealing drastically modifies the semiconeloetoetal transition

characteristics of adeposited V@thin films on esapphire substratdhe SMT behavior of
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asdeposited films was found to change from sharp-@irder tyge to broad secondrder

type with large hysteresis. The marked changes in resistive and optical switching behavior
were attributed to the increase in concentration of valence charge def&3tar(® oxygen
vacancy upon vacuum annealing since crystallimityl phase purity of VOfilms was
preserved. It is envisaged that the observed RTFM had its origin in presencé aridv
oxygen vacanciesThe increase in the concentration of defects (oxygen vacancies) upon
vacuum annealing also led to an increasedra@bm magnetization moment and coercive
field (enhanced ferromagnetism) The results from magnetic studies also suggestthas VO
excellent potential for use in multifunctional devices exploiting its switching and magnetic

properties.
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10. Modifications of semiconductofto-metal transition characteristics of
VO,/YSZ/Si (100) heterostructures by KrF excimer laser irradiation

In this chapter, we present our results from experiments in which effect of yasdsed
irradiation onstructural, opticaland electrical properties alsdeposited VQ'YSZ/Si (100)
heterostructures was studied dsraction of laseipulse energy density.
10.1 Introduction
In the field of semiconductor science and technology, use of laser has been employed in
variety of applicatias such asthin film deposition,postgrowth processing or rapid thermal
annealingand lasemachiningetc’? Interaction of lasers with the target material often lead
to interestingphenomenonsuch as, surfacenodification, formation of new phaseard
restoration of ioimplanted disordered wafers to crystalline perfectioi® Pulsed laser
with photon energiesiigher than the bandap energyare strongly absorbed irthe near
surface regions of semiconductors. The photon energy is transfertezietedtronic system
of thetarget materiain less than 1& s which, in turn, is transferred to the lattice in less than
a nanosecond. This energlyen leads tanelting of thin layers of semiconductoia the
surface region
Vanadium dioxide (V@ (bard-gap = 0.50.7 eV) exhibits an interesting semicondudimr
metal transition near rootemperature in which its al&icalresistance and IR
transmisiity in infra-red wavelength for drops sharglyModification of structural and
electronic properties 0O, by laser irradiations an interesng research opportuniggwing

to the control that carbe achieved Since semiconductdo-metal transition (SMT)
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characteristics of V@are a strong function of microstructure and chemistry, controlled
interaction/iradiation ofVO, films with lasers would result imterestingmodificatiors of

SMT behaviof To the best of our knowledge, there is only one repothériterature in

which the effect of XeCl (wavelength = 308 nm) laser irradiation on morphology ptidab
propertiesof polycrystalline VQfilms was studied.However, the study did not provide any
electrical resistance data any detailn theeffect of variation ofpulse energy density on
theopticaland electrical properties of \V\O

In the presenstudy, we have performed lagemadiation ofhigh-quality epitaxial VO, films

that were integrated with Si (100) using cubic yistabilized zirconia as intermediate layer.
Detailed structural, electrical, and optical characterization of the pristchéaae+irradiated

films were performed to correlate the structure and property modifications arising as a result
of laser irradiation.

10.2 Experimental Details

All samples were deposited using pulsed laser deposition. KrF excimer laser of wavelength
248 nm wth pulse duration 25ns was used. Si (100) substrates were cleaned as described
earlier in the chapter 4. Cubic YSZ buffer layer was deposited dt@&f0, first, 400 pulses

in vacuum and then, 600 pulses in 5.4%T®rr of oxygen pressure. Subsequent{, thin

films were deposited for 4500 pulse225nm)at 500°C in 1012 mTorr oxygen pressure.

For deposition of all layers, pulse energy density at the target \Ba¥cf and pulse rate

was kept at 5 Hz. After the deposition, all samples were caolembm temperature at a rate

of ~20°C/min. Laser irradiation was performed usthg same KrF pulsed laser for energy
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densities 0.15, 0.20, 0.25, and 0.30 JicAbove the energy density 0.30 J/ gnsurface
crackingwasobserved on the films. For alkjgeriments, single pulse was used to irradiate
VO,/YSZ/Si (100) heterostructures with laser beam incident on M@ side. Structural
characterization was performed usingra¢ diffractometry, crossection transmission
electron microscopyMicro-Raman dta of pristine and irradiated filmsasacquiredwith a

Horiba Jobin Yvon LabRam ARAMIS using 633 nm laser excitaticat room temperature.
Changes in semiconducttw-metal transition behavior of pristine and laseadiated VQ

films were studied by nasuring fouspoint resistance as a function of temperature in the
range from roonrtemperature to 360K. Infreed transmittance versus temperature
measurements were also performed to characterize changes in optical transition
characteristicsof Veusingal . 5 e m | aser .

10.3 Results and Discussion

The surface morphology of the \¥@hin films heterostructures was observed before and after
laser irradiation at different energy densities using AFM and results are presehtgdren

10.1. It was observed that for samples irradiated with energy density 0.26 dvdrigher,
significant surface smoothing occurred. Root mean square roughness values decreased from
~10 nm to ~1.5 nmWe believe that laser irradiation at 0.15 Fanly caused hemg or

melting of very thin layes; thereby, preserving the grain features in the, Yilths. On the

other hand, surface smoothing at higher energy densities occurred as a result of evaporation
of very thin surface V@layers at energy densities equal aregter than 0.20 J/émSimilar

laser evaporation led smoothing has been observed in diamond filni8 also.
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Pristine, 9.8 nm | 1 pulse - 0. 15J/cm 9.2nm | I 1 pulse - 020J/cm 1.5nm

I 1 pulse - 0.25 J/cm ,1.3nm I | 1 pulse-0.30J/cm ,14nm |

Figure 10.1 Atomic force microscopy images showing surface morphology changes as a
function of energ density used for pulsddser irradiation of VQ deposited on &/'SZ/Si

(100) heterostructures. Al i mages show a 1lc¢
shows the energy density andetrms (root mean square) roug#ss in nm.Surface
smoothening caused by evaporation can be seenin cases@fiened ensi t § O 0. 20
Figure 10.2 shows, for comparison, the-bay d-2 d s poé pristimeaand laserradiated

VO, films. It can be seen that upon laser irradiation, peaks corresponding ;t¢02Q)

planes sghtly broadenedlt is envisaged thdaserbeaminduced heating or surface melting

leads to structural disorder in the films which causes XRD peaks to broaden. Absorption

coefficient ofVO, for 248 nm wavelength light is 3x1@m™ which means that mosf the

laser energy is absorbed in the top -380nm thick region of the Vgfilm .** As the laser
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energy is absorbed, \A@Ims would exceed their SMT tempure and become metallic. In

the metallic state o¥/O, its absorption coefficienincreases to ~5xfa@&m™ which would

further limit the laser interaction depth. Tresérinduced rapid (~interaction time scale ~

100 ns) melting and subsequent quenchiogld lead tothe introduction of texture or
amorphization in the top 385 nm region of the films which woulse refleced asa broad

peak in XRD spectra. Another interesting feature that was observed in XRD spectra was that
for energy density).20 J/ cri and above, another broad but very small peak et 38.1

was present We have not been able to uniquely identify the phase and the orientation
corresponding tehis peak but the possibilities include® (311) or \,O3 (006) according

to X-ray diffraction database.

Figure 10.3 shows the results from cressctional transmission electron microscg@pizM)

studies performed on the ¥AYSZ/Si (100) heterostructure irradiated with one pulse of
energy density equal to 0.30 JfcriRiromthe lowresolution micrographs iRigure 10.3 (a)

and (c) and Zontrast image ifrigure 10.3 (d) the presence of a distinct contrasthatop

30 nm region could be seen. This is consistent with theraction depth calculations
performed earlierFigure 10.3 (c) shows the selected area electron diffraction (SAED)
pattern using an aperture covering all three layers: Si, YSZ ang B@ght peaks
confirming the orientation refi@nship Si (001)//YSZ (001)//V&(010) could be clearly seen.
Some faint peaks are also present (marked by white arrows) in the SAED pattern which are

likely due to the texturing present in the top 30 nm ob\&Yer. Laser irradiation induced
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Figure 10.3 Transmission electron microscopy results for lasexdiated VQ/YSZ/Si (100)
heterostructure for 1 pulse of energy 0.30 Jca) and (b) show the lomagnification
micrograph and corresponding diffrach pattern, respectively (c) another low
magnification image with objective aperture to enhance the contrast¢dh#ast image of
laser irradiated VQ/'YSZ/Si (100) heterostructyrdifferent contrast in top ~30nm region
meltedby laser pulse can be cely seen
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smoothing is also evident from TEM imag&scethe pristinefims showed~10 nm rms
roughness.
To characterize the nature of structural disorder in the-laseiated VQ films Raman

spectra were also acquired and the results are shokigure 10.4. As discussed in previous

Figure 10.4 Comparison of Raman spectra of pristine and lasadiated VQ/YSZ/Si (100)
heterostructures at different puls@eezgy densityThe remaining V@film below the top
~30nm dominates the Raman scattering behavior and no detectable changes (in peak
position) occurred except that the FHWM of Raman peaks increased marginally.

chapters of this dissertation, the 4ioradiated and vacuum annealed ¥€hows that the

main Raman peaks shifted to lower wavenumber values. Raman spectra-ofddssed

VO, films showed no detectable shift in the peaks corresponding to monoclinicA&D,
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