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RESUME

Un matériau a changement de phase comme le VO: a attiré beaucoup d'attention en
raison du changement spectaculaire de ses propriétés électriques, passant d'un
comportement isolant a basse température a une caractéristique métallique a haute
température. Ce changement réversible de premier ordre des caractéristiques se produit
~ 68 AC et sbdbaccompagne d'un changement str
phase tétragonale rutile. En choisissant certains substrats, I'effet du dopage au chrome
sur la transition de phase isolant-métal et sur la microstructure des couches minces de
VO: est examiné. Les substrats choisis comprennent de la silice fondue amorphe (quartz
- SiO2), du saphir avec des plans r et ¢ (Al203) orientés respectivement selon lI'axe  ppTt ¢
et 11U T @t de I'aluminate de lanthane (LaAlOs - LAO) orienté selon l'axe 1t 1t pLes
couches de VO2 non dopé et dopé au Cr synthétisées sur du quartz devraient étre de
nature polycristalline, tandis qu'une structure épitaxiale est obtenue pour les couches
synthétisées sur des substrats de saphir avec des plans r et c. Enfin, des couches
texturées sont obtenues sur des substrats de LAO.

Pour les couches polycristallines sur quartz, une étude systématique a été menée afin de
contrbler la température de transition isolant-métal (Y ) des couches minces de VO:
ainsi gue de leurs phases métastables en dopant les couches avec du Cr sous différentes
pressions d'oxygéne. A basse pression d'oxygéne, Y diminue de 69 & 34 °C lorsque la
concentration de Cr dans le VO2 augmente de 0 & 10%. A pression d'oxygéne plus
élevée, Y augmente de 72 a 90 °C sur la méme gamme de concentration de Cr. Cet
effet combiné du dopage au Cr et de la pression d'oxygene entraine la stabilisation
structurelle des phases métastables (triclinique, T, monoclinique, M* et M2) des couches
mincesdeVO2" t emp®r ature ambiante, tel qubdobserv®
et spectroscopie Raman. Les mesures de spectroscopie photoélectronique a rayons X
(XPS) confirment la présence de V3* dans les phases stabilisées a faible pression
d'oxygene - T et M*, tandis que les images de microscopie a force atomique (AFM)
montrent des changements dans la rugosité des couches. Une comparaison de la fraction
volumique des phases monocliniques, déterminée a partir de mesures de résistivité et de

transmission infrarouge, a mis en évidence la signature de la percolation dans le VOo..



Les résultats obtenus a partir de I'étude des couches polycristallines permettent de mieux
comprendre la stabilité de phase des couches polycristallines de VO2 par Cr dopage et
offrent une nouvelle perspective pour contrdler la transition isolant-métal (IMT) a grande

échelle, comme cela peut étre nécessaire pour les applications technologiques.

Apres avoir observeé les différentes phases métastables dans les couches polycristallines,
il est devenu intéressant d'explorer la dynamique de ces couches lorsqu'elles sont
synthétisées de maniére épitaxiale. Ces couches ont donc été synthétisées sur des
substrats de saphir avec les plans r et ¢ afin de comprendre I'effet du dopage au Cr sur
la transition de phase structurelle ainsi que la contribution de ce processus au désordre
vibratoire thermique. Ainsi, une étude simultanée des transitions de phase dans les
couches minces de VO2 non dopé et dopé au Cr a été réalisée. Les propriétés
structurelles, morphologiques et électriques des couches ont été examinées et I'effet de
|l eur microstructure sur | 61 MT a ®t ® mi s
spécifiqgue pour analyser les données Raman des couches minces de VO2 non dopé et
dopé au Cr en fonction de la température, et nous avons corrélé les résultats avec les
mesures électriques des couches de VO:2 afin de donner un apercgu du couplage entre la
transition de phase structur el | e aldn8nP €t
combinées avec des mesures EXAFS et un lien entre les intensités Raman et les facteurs
de Debye-Wal | er moay @énétablilll a été constaté que la dépendance en
t e mp ®r a tral(V-¥) calcalé dpartir de I'intensité Raman retrace bien la dépendance

en temp®r axtrsf (V&) obitenu & partir de I'analyse des données EXAFS.

Nos résultats mettent en évidence le rdle critique du désordre vibratoire thermique dans
les transitions de phase du VO2. Notre étude démontre que la corrélation des données
Raman avec l'analyse EXAFS permet de sonder la dynamique du réseau et de la

structure électronique.

Les couches de VO: sur des substrats de LAO présentent une phase B polymorphe et
une phase M1 lorsque I'on fait varier I'épaisseur de la couche et ont suscité quelques
études en tant que métamatériaux possibles pour des hétérostructures a I'échelle nano
ou micrométriqgue pour des applications électroniques avancées. Cependant, aucun

groupe de recherche n'a encore exploré ce phénoméene dans le VO2 dopé au Cr. Par
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conséquent, des couches de VO2 dopé au Cr synthétisées sur LAO ont été étudiées dans

le cadre de cette these. Pour comparaison, des couches de VO2 non dopé ont également

été synthétisées. En fait, en augmentant I'épaisseur de la couche, la croissance de la

phase polymorphe BpourleVO2non dop® a ®t ® favoris®e jJusqud
(autourde¢un m t el qudobserv® dans une ®t udtladepr ®c ®d
laquelle une phase M1 est favorisée. Afin de comprendre a la fois l'influence du dopage

au Cr sur la phase B et I'épaisseur critique de la couche au-dela de laquelle la phase B

cesse de croitre, des couches de différentes épaisseurs ont été synthétisées. Les

propriétés structurelles, morphologiques, électriques et optiques Raman des couches

texturées de VO2 non dopé et dopé au Cr sur LaAlOs (LAO (001)) confirment que les

phases polymorphes comme VO2 (B), VO2 dopé au Cr (B), VO2 mixte (B+M1) ou (M1) et

VO:2 dopé au Cr (B+M2) ou (M2) sont obtenues selon I'épaisseur de la couche. On

constate que la phase B induite par le substrat est similaire en structure et en morphologie

pour le VO2 non dopé et dopé au Cr. Cependant, pour les couches de VO:2 dopées au Cr,
I'émergence de la phase mixte (B+M2) se produit a une épaisseur critique, 6 L ™M,
contrairement a la phase mixte (B+M1) qui a été rapportée comme émergeant a environ

0 ¢ wm. La morphologie de surface montre une faible rugosité pour la phase B dans

les couches de VO2 non dopé et dopé au Cr, tandis que les phases mixtes (B+M1) et

(B+M2) présentent une rugosité de surface plus élevée.

La compréhension de la nature de la croissance de la phase B polymorphe dans le VO-:
non dopé et dopé au Cr et de leurs phases polymorphes mixtes pourrait étre exploitée

dans des dispositifs énergétiques avancés basés sur des hétérostructures.

Ces études sur les couches de VO: dopé au Cr synthétisées sur différents substrats
permettent de comprendre comment le dopage au Cr affecte les propriétés structurelles,
morphologiques, électriques et optiques (infrarouge et Raman) des couches minces de
VOz2, et ouvrent de nouvelles perspectives pour les applications technologiques avancées

des couches minces de dioxyde de vanadium.

Mots clés : VO2, VO2 dopé au Cr, dépot par laser pulsé, couche mince, pression

d'oxygene, spectroscopie Raman, épitaxie, microstructure.
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ABSTRACT

A phase changing material like VO2 has attracted lots of attention due to the dramatic
change of its electrical properties changing from an insulating behaviour at low
temperature to a metallic characteristic at high temperature. This reversible, first order
switch in characteristics occurs atx 68 °C and is accompanied by a structural switch from
a monoclinic phase to a tetragonal rutile phase. By choosing certain substrates, the effect
of chromium doping on both the insulator-metal phase transition and the microstructure
of VOz2 thin films is examined. The chosen substrates include amorphous fused silica
(quartz - SiO2), r- and c-plane sapphires (Al2O3) oriented along the pprt ¢ and T T @
axis respectively and lanthanum aluminate (LaAlOs - LAO) oriented along the 1 11 @axis.
Undoped and Cr-doped VO: films grown on amorphous fused quartz are expected to be
polycrystalline in nature whereas an epitaxial structure is obtained for the films grown on

r- and c-plane sapphire substrates. Finally, textured films are obtained on LAO substrates.

For the polycrystalline films on quartz, a systematic study was carried out to achieve the
tuning of the insulator-metal transition temperature ('Y ) of VOz2 thin films as well as their
metastable phases by doping the films with Cr under different oxygen pressures. At low
oxygen pressure, 'Y decreases from 69 to 34 °C when increasing the Cr concentration
in VO2 from 0 to 10%. At higher oxygen pressure, Y is enhanced from 72 to 90 °C over
the same Cr concentration range. This combined effect of Cr doping and oxygen pressure
yields the structural stabilization of metastable (triclinic, T, monoclinic, M* and M2) phases
of VOz2 thin films at room temperature, as observed by x-ray diffraction (XRD) and Raman
spectroscopy. X-ray photoelectron spectroscopy (XPS) measurements confirm the
presence of V3* in the low oxygen pressure stabilized phases i T and M*, while atomic
force microscopy (AFM) images show changes in film roughness. A comparison of the
volume fraction monoclinic phases, determined from resistivity and infrared transmission

measurements, evidenced the signature of percolation in VOa2.

The findings obtained from the study of the polycrystalline films provide a deeper

understanding of the phase stability of polycrystalline VOz2 films by Cr doping and offer a
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new perspective to tuning the insulatori metal transition (IMT) over a large scale as may

be needed for technological applications.

After observing the various metastable phases in polycrystalline films, it became intriguing
to explore the dynamics of these films when epitaxially grown. Hence, these films were
grown on r- and c-plane sapphire substrates to understand the Cr doping effect on the
structural phase transition as well as the contribution of this process to thermal vibrational
disorder. Thus, a concurrent study of the phase transitions in undoped and Cr-doped VO:2
thin films was performed. The structural, morphological and electrical properties of the
films were examined and the effect of their microstructure on the IMT was highlighted.
We used a distinctive approach for analyzing the Raman data of undoped and Cr-doped
VOz: thin films as a function of temperature, and correlated the results to the electrical
measurements of VO2 films to provide an insight into the coupling between the structural
phase transition (SPT) and the IMT. These data were also combined with reported
EXAFS measurements and a connection between the Raman intensities and the mean
Debyei Waller factors,, was established. It was found that the temperature dependence
of , ®w  as calculated from the Raman intensity retraces the temperature

dependence of ,, @  as obtained from the EXAFS data analysis.

Our findings provide an evidence of the critical role of the thermal vibrational disorder in
the VO:2 phase transitions. Our study demonstrates that correlating Raman data with

EXAFS analysis, the lattice and electronic structural dynamics can be probed.

VO:2 films on LAO substrates exhibit a polymorphic B phase and an M1 phase when
varying film thickness, which has stimulated a few studies as possible metamaterials for
heterostructures at either the nano or the micrometer scale for advanced electronics
applications. However, no research group has explored this phenomenon in Cr-doped
VOz: yet. Therefore, Cr-doped VOz2 films grown on LAO were investigated as part of this
thesis. For comparison, undoped VO: films were also synthesized. Actually, by increasing
the film thickness, the growth of polymorphic B phase for undoped VO2 was favoured up
to a critical thickness (around ¢ \nm as observed in a previous study in our group) beyond
which an M1 phase is favoured. In order to understand both the influence of Cr doping on

the B phase and the critical film thickness beyond which the B phase ceases to grow,



films of various thicknesses were synthesized. The structural, morphological, electrical
and optical Raman properties of the textured undoped and Cr-doped VO: films on LaAlOs
(LAO (001)) confirm that polymorphic phases like VO2 (B), Cr-doped VO:2 (B), mixed VO:2
(B+M1) or (M1) and Cr-doped VO2 (B+M2) or (M2) are obtained depending on film
thickness. It is found that the substrate-induced B phase is similar in structure and
morphology for both undoped and Cr-doped VO2. However, for Cr-doped VO: films, the
emergence of the mixed (B+M2) phase occurs at a critical thickness, 6 v Tm in
contrast with the mixed (B+M1) phase which was reported to emerge at about 6 ¢ v
nm. The surface morphology shows a low surface roughness for the B phase in both
undoped and Cr-doped VO: films while the mixed (B+M1) and (B+M2) phases exhibit a

higher surface roughness.

Understanding the nature of the polymorphic B phase growth in undoped and Cr-doped
VO2 and of their mixed polymorphic phases could be exploited in heterostructure-based
advanced energy devices.

These studies on Cr-doped VO: films grown on different substrates allow understanding
how Cr doping affects the structural, morphological, electrical and optical (infrared and
Raman) properties of VO:2 thin films, and open new perspectives for advanced
technological applications of vanadium dioxide thin films.

Key words: VO2, Cr-doped VOq, pulsed laser deposition, thin film, oxygen pressure,

Raman spectroscopy, epitaxy, microstructure.
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SOMMAIRE

SYNTHESE ET CARACTERISATION DE COUCHES MINCES DE DIOXYDE DE
VANADIUM DOPE AU CHROME DEPOSEES PAR LA TECHNIQUE DITE DE DEPOT
REACTIF PAR LASER PULSE

Les matériaux a changement de phase comme le VO:2 subissent une transition
électronique et structurelle réversible de I'état isolant vers I'état métallique et, de maniéere
concomitante, de la phase monoclinique a la phase tétragonale ou rutile aux alentours
doune temp®r at UYr ae GBeéC. Ces @hangemenis g'accompagnent d'une
variation significative des propriétés optiques et électriques. A I'état isolant, le VO2 pur
est monoclinique (phase M1), mais il existe également une autre phase appelée M2. La
phase monoclinique M2 peut étre obtenue par pression axiale du matériau VO2 pur ou
par dopage avec des éléments accepteurs tels que Al ou Cr. La phase M2 étudiée dans
cette thése a été obtenue par dopage au Cr du VO2 ou le Cr se substitue au vanadium.
Le Cr pénétre ainsi dans le réseau du VO:2 sous la forme d'ions Cr3* pour créer un
systeme dopé au Cr, CrxV1-xO2 [25i1 27]. Le diagramme de phase d'un tel systéme est

montré sur la Figure I.1.

Le VO2 dopé au Cr conserve généralement les propriétés de transition isolant-métal (IMT)
de son matériau parent jusqu'a un certain degré de concentration en Cr. En conséquence,
et en raison de ses phases isolantes proéminentes telles que la phase triclinique, T, et la
phase monoclinique, M2, le systeme VO2 dopé au Cr a attiré beaucoup d'attention depuis
gue | a communaut® scientifique sOi ndp@rnensse au
dopé). Ceci est di en partie a la différence reconnaissable entre les phases

monoclinigues M1 et M2 en termes d'arrangement de leurs chaines de vanadium.

Dans ce travail, une étude systématique de l'effet du dopage au chrome sur la transition
de phase isolant-métal des couches minces de VO: est réalisée. Cette étude se
concentre sur les propriétés structurelles, électriques et optigues du VO:2 dopé au
chrome. Une nouvelle phase métastable, que I'on croit étre de nature monoclinique,
appelée la phase M*, a été obtenue dans ce travail en étudiant le dopage au Cr du VO-

synthétisé a faible pression d'oxygene sur de la silice fondue (quartz). D'autres phases
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meétastables comme la phase triclinique T et la phase monoclinique M2 ont également

été observées sur ce substrat suite a I'effet combiné du dopage au Cr et de la pression

d'oxygéne sur la structure du VO2 dopé. La présence de ces différentes phases
sbaccompagne dobéune grande var i atyY oRaratlears,| a t em
pour les couches minces déposées sur les substrats de saphir (orientations r- et c-cut),

| 6®volution de | a structure et de |l a r®sistiuv
ont ®t ® ®tudi ®s. Un ®cart entre | 0®wvaiureet i on d
la transition électronique a été observée pour le film non dopé sur le substrat de c-saphir,

indiguant la présence d'une structure isolante intermédiaire. Au contraire, pour le film non

dopé sur le substrat de r-saphir, la température correspondant aux transitions structurelle

et électronique est presque la méme, ce qui met en évidence pour ces couches minces

un couplage fort entre |l a transition de phase
désordre de vibration thermique a également été établie aprés avoir corrélé nos données

Raman avec les données de structure fine d'absorption de rayons X étendue (EXAFS)

rapportées dans la littérature. Enfin, des phases polymorphes B, mixtes B+M1 et B+M2

ont été obtenues selon I'épaisseur des films de VO2 non dopé et dopé au Cr sur des

substrats de LAO. A faible épaisseur, pourleVO2dop® et non dop®, on nbd
phase polymorphe B. Au-dela de 25 nm pour le VO2 non dopé et de 50 nm pour le VO2

dopé, les phases M1 et M2 apparaissent.

La thése est organisée en six (6) chapitres. Le CHAPITRE | constitue l'introduction
générale de la thése. Les techniques expérimentales et de caractérisation sont
présentées dans le CHAPITRE Il. Dans ce chapitre, la technique de dépbt réactif par
laser pulsé (RPLD) est décrite. Les outils de caractérisation utilisés pour I'étude des
couches minces de VO2 non dopé et dopé au Cr sont également présentés. |l s'agit de la
diffraction des rayons X (XRD), de la microscopie a force atomique (AFM), de la
microscopie électronique a balayage (SEM), de la spectroscopie photoélectronique
induite par les rayons X (XPS), de la spectroscopie de rétrodiffusion Rutherford (RBS),
de la spectroscopie infrarouge a transformée de Fourier (FTIR), de la spectroscopie
Raman et de la mesure de résistivité (ou conductivité) par un systeme de sonde a quatre

points. Les techniques de caractérisation des propriétés des matériaux ont été utilisées
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pour étudier les propriétés structurelles, morphologiques, chimiques, optiques et

électriques des couches minces de VO2 non dopé et dopé au Cr.

Le CHAPITRE Il présente la synthese de couches minces polycristallines de VO2 non
dopé et dopé au Cr sur des substrats amorphes de quartz. Les couches dopées au Cr
ont été synthétisées a partir de cibles de vanadium dopé a 5% et 10% de Cr, sous une
fluence de ~ 2 J/cm? et a une fréquence de répétition de 10 Hz. La pression d'oxygéne a
été variée dans la gamme de 5 mTorr 0 22 mTorr pour tous les échantillons, en
mai ntenant | 60®paisseur du film ~ 140 nm et | a
de cette partie est de présenter une étude systématique pour comprendre |'effet combiné
de la pression d'oxygene et de la concentration en Cr sur la stabilisation des phases
métastables de VO, et leur influence ultérieure sur le comportement de la transition

isolant-métal (IMT).

Le CHAPITRE IV présente les résultats concernant les couches minces de VO2 dopé au
Cr obtenues par croissance épitaxiale a partir d'une cible de vanadium dopée a 5% de
Cr. Pour ce faire, la synthese de VO2 dopé et non dopé a été effectuée sur des substrats
soit d'oxyde d'aluminium (Al203) soit de saphir dans les orientations « r- et c-cut ». Des
couches minces dans une gamme d' ®pai sseur 5 ni
température de substrat de 550 °C sous environnement d'oxygéne. L'objectif de ce
chapitre est de comprendre l'effet du dopage Cr sur la microstructure et les propriétés de
la transition isolant-métal dans les films obtenus par croissance épitaxiale. En particulier,
il s'agit de comprendre I'effet du dopage au Cr sur la transition de phase structurelle ainsi

que la contribution de ce processus au désordre de vibration thermique.

Le CHAPITRE V décrit les propriétés physiques des phases polymorphes de la
croissance hautement texturée de couches de VO2 non dopé et dopé au Cr déposées
sur LAO (001). Les propriétés structurelles et électriques ainsi que les signatures micro-
Raman ont été étudiées pour différentes épaisseurs de films dans la gamme de 2 a 170
nm. Cette étude est en partie motivée par le fait qu'aucun groupe de recherche n'a encore
exploré les couches de VO2 dopé au Cr sur des substrats de LAO. Ce travail vise
egalement a démontrer la croissance exclusive du polymorphe VO2 (B) dopé au Cr et
I'émergence d'une phase mixte de VO2 (B+M2) dopé au Cr en se basant sur les travaux
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précédents sur le VO2 menés par Emond et al. [38]. Pour comparaison, des films de VO2

non dopé ont également été synthétisés. Les couches de VO: sur des substrats de LAO

présentent une phase polymorphe B et une phase M1 lorsque I'on fait varier I'épaisseur

du f il m. Ces couches peuvent °tre envisag®es

| e d®vel oppement doh®t ®r o0-sou rmicorétrique pour’les | ' ®c h e

applications électroniques avancées.

Le CHAPITRE VI résume les résultats obtenus a partir des travaux présentés dans les

trois chapitres précédents et rapporte les perspectives envisagées de ce travalil.

Nous allons a présent décrire les résultats importants obtenus dans cette thése. Dans le
CHAPITRE Il sont exposés les résultats pour les couches déposées sur du quartz a
partir de cibles de vanadium dopé a 5% et 10% de Cr a 5, 13 et 22 mTorr. On décrit la
variation de la température de transition isolant-métal (IMT) et la stabilisation des phases
métastables du VO: dues au dopage et a la pression d'oxygéne. Apres dopage du VO:2
avec du Cr et en faisant varier la pression d'oxygéne, nous avons obtenu des phases
structurelles métastables de couches minces de VO2 dopé au Cr a température ambiante.
Ces phases sont nommées triclinique, T, et monoclinique, M2 et M*. Ces phases
structurelles métastables ont été identifieées par diffraction X (XRD) (voir Figure I11.1). Sur
la Figure 111.1, on observe que la phase M2 differe nettement de la phase M1 du VO2 non
dopé. En effet, le pic (011) de M1 est divisé en deux pics (-201) et (201) pour M2. Une
division similaire est également observée pour la phase T triclinique. Une phase M* a
€galement mise en évidence dans le cas de la couche mince synthétisée a 5 mTorr a
partir doéune ci bl e 10% deCa lresichagese nicoopc@piea foreec
atomique (AFM) sont présentées sur la Figure 1.2 et montrent des changements dans la
rugosité du film. Les résultats de spectroscopie photoélectronique a rayons X (XPS) sont
présentés dans les Figures 1.3 et lll.4. Le Tableau Ill.1 présente les positions des
energies de liaison des films VO2 non dopés et dopés au Cr. Ces mesures indiquent la
présence de V3* dans les phases stabilisées a faible pression d'oxygéne - T et M*. De
plus, une fraction significative de V°* est présente pour les films dopés au Cr synthétisés

a partir de cibles de vanadium dopées a 5% Cr et 10% Cr (voir Figure 111.3(b)). Ceci est
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sans aucun doute d au dopage au Cr puisque les dopants de faible valence Cr3* jouent

le r6le d'accepteur qui stabilise les phases M2 et T.

Afin de différencier ces différentes phases, nous avons utilisé la spectroscopie Raman.
Les résultats Raman sont présentés sur la Figure I11.5. Les signatures Raman du VO:
non dopé et dopé au Cr sont généralement identifiables par la position des modes Raman
a basse fréquence (V-V) et des modes Raman a haute fréquence (V-O). Le Tableau 111.2
résume tous les modes Raman des films VO2 non dopés et dopés au Cr. Le mode Raman
V-0 haute fréquence de la phase T triclinique est positionné a 633 cm-* par opposition
aux phases M1 et M2 dont les positions sont respectivement a 613 cm™ et 647 cm™. Le
mode Raman V-O de la phase M* a été déconvolué en trois pics (623, 643 et 664 cm™)
- voir Figure 111.5(b), confirmant une possible coexistence de la phase T ou M2 au sein de
la phase M*. La stabilisation des phases T et M* a 5 mTorr montre que la pression
d'oxygene est un parameétre critique dans le contréle des phases métastables des films
de VO:2 dopés au Cr, indépendamment de la concentration en Cr. Une comparaison de
la fraction volumique des phases monocliniques, déterminée a partir de mesures de
transmission infrarouge (Figure 111.7) et de résistivité (Figure 111.9) a mis en évidence la

signature de la percolation dans le VOo..

Pour les mesures électriques illustrées a la Figure 111.9, a une faible pression d'oxygéne
(5 mTorr), Y diminue de 69 a 34 °C lorsque la concentration en Cr dans le VO:
augmente de 0 a 10%. A une pression d'oxygene plus élevée (22 mTorr), 'Y augmente
de 72 a 90 °C sur la méme plage de concentration en Cr. Ce résultat est présenté sur la
Figure 111.9 et les valeurs de Y sont données dans le Tableau II.3. Une diminution de
"Y ( 85.16 °C/at. % Cr et -4.15 °C/at. % Cr) est observée par rapport au VO2 non dopé
pour les films déposés a 5 mTorr. Par ailleurs, une augmentationde Y (& 0, 82 UC/ a
% Cr et 2,05 °C/at. % Cr) est obtenue pour les films déposés a 22 mTorr. Une
augmentation similaire de Y est observée a 13 mTorr (voir Figure 111.9(b)). Les résultats
de cette étude permettent de mieux comprendre la stabilité de phase des films
polycristallins de VO2 par dopage au Cr et offrent une nouvelle perspective pour contrdler
la transition isolant-métal (IMT) sur une grande échelle, comme cela peut étre nécessaire

pour les applications technologiques.
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Ce travail a été publié dans Applied Surface Science : Aminat Oyiza Suleiman, Sabeur
Mansouri, Joélle Margot, Mohamed Chaker, Tuning VO2 phase stability by a combined
effect of Cr doping and oxygen pressure, Applied Surface Science 571 (2022) 151267
(https://doi.org/10.1016/j.apsusc.2021.151267)

Les propriétés structurelles, morphologiques et électriques des films de VO2 non dopé et
dop® au Cr sur des substrats de saphir r
présentés dans le CHAPITRE IV. Les résultats de la diffraction X pour les films de 140
nm sur les substrats de saphir c et r sont présentés sur la Figure 1V.1. Pour les couches
de VO2 de 140 nm non dopé et dopé au Cr sur r-saphir, les pics sont respectivement
positionnés a 37.17° et 37.18°, ce qui correspond a l'orientation (200/-211). Par ailleurs,
pour les films sur le c-saphir, les pics sont respectivement positionnés a 39.86° et 39.90°

avec une orientation (020/002).

La rugosité des couches ainsi que les images AFM sont respectivement présentées dans
les Figures IV.2 et IV.3. Une augmentation de la rugosité RMS avec l|'épaisseur est
observée pour le VO2 non dopé pour les substrats de saphir dans les plans c et r. Pour
le VO2 dopé, la rugosité est trés faible. Sur la Figure V.3, la distribution des grains est
remarquablement différente pour les films non dopés par rapport & ceux qui sont dopés.
Par exemple, les échantillons de VO2 dopés au Cr ont des grains plus petits et de forme
sphérique, ce qui pourrait étre attribué a I'effet combiné du dopage au Cr et de la nature
du substrat. Le dopant Cr est connu pour réduire la taille des grains du matériau VO2
parent.

Les résultats des mesures électriques sont présentés sur la Figure 1V.4. Les films de VO
non dopé sur des substrats de saphir de plan c et r ont montré une température de
transition (Y ) généralement plus élevée que ceux dopés au Cr, soit respectivement de
7.1 °C (c-saphir) et 4.2 °C (r-saphir). Les couches minces de VO2 déposées sur les
substrats de saphir ¢ et r présentent une transition nette avec une hystérésis étroite et un
changement de résistivité allant respectivement jusqu'a 4.6 et 4.7 ordres de grandeur.

Une augmentation moins abrupte de la transition est observée pour le VO2 dopé au Cr

avec une variation de 4.0 (c-saphir) et 3.8 (r-saphir) or dres de grandeur .

et

plus ®troite et |l a transition est de plus
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décroit pour les couches minces dopées (sur les deux substrats) 1 voir X.15 et X.16. En
outre, la Figure IV.4 montre que pour le VO2 non dopé, 'Y est plus élevée que le celle
du matériau massif dans le cas du c-saphir (70.9 °C) et plus faible (63.1 °C) dans le cas
du r-saphir. Cette variation du Y est attribuée a une déformation en compression ou
en tension subie le long de I'axe & du VOz rutile déposé respectivement sur des substrats
de saphir dans les plans c et r. Pour le VO2 dopé, de plus faibles valeurs de Y sont
obtenues (soit 63.8 °C pour c-saphir et 58.9 °C pour r-saphir).

Les résultats de diffraction X ont été confirmés par des mesures Raman. Toutes les
signhatures Raman associées aux films de VO2 non dopé et dopé ont été identifiées. Ces
résultats Raman sont présentés sur la Figure 1V.5 a différentes épaisseurs de films pour
la température ambiante tandis que les spectres Raman selon la température sont
présentés dans la Figure IV.6. La motivation principale des mesures Raman, en plus de
la confirmation des résultats XRD, était d'utiliser une approche distincte pour corréler les
données Raman avec les résultats des mesures électriques ainsi que les données de
structure fine d'absorption des rayons X (EXAFS) des films VO2. Ces résultats sont

présentés respectivement aux Figures IV.7, IV.8 et IV.9.

La Figure IV.6 montre les spectres Raman des phases VO2 (M1) et VO2 dopé au Cr (M2)

en fonction de la température durant le cycle de chauffage pour les films de 140 nm

déposés respectivement sur des substrats de saphir de plan c et r. A température

ambiante, une structure de phonon est observée. Avec l'augmentation de la température

jusqu'a 60 °C, les signatures Raman des phases VO2 (M1) et dopées au Cr (M2)

décroissent pour finalement disparaitre au-dessus de “Y . Des signatures Raman

similaires sont obtenues pendant le cycle de refroidissement lorsque Y Y . La

di sparition des pics ° haute temp®rature est
rutile du VO2. Cette énorme différence dans les signatures Ramandepart et ddbéautr
I'IMT fait de la spectroscopie Raman une sonde sensible pour analyser les composants

de | a phase structurelle. En poussant | danal y:
électriques, nous avons pu étudier la variation la fraction métallique (rutile) en fonction de

la température. Ceci est illustré a la Figure IV.7. Les résultats présentés dans cette figure

révelent que le couplage entre les transitions structurelles et électroniques dans les films
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de VO: est sensible au substrat (contrainte du film en tension ou en compression) et a la
nature des transitions de phase impliqguées (M1-R ou M2-R). Le Tableau IV.1 montre les
températures de transition déterminées a partir de la Figure IV.7. Il est clair que le VO2
non dopé sur le substrat de c-saphir montre une différence notable entre les températures

de transition structurelle et électronique.

En plus d"utiliser l es donn®es Raman agp
électronique et structurel dans les films, il est également important de comprendre le role
de la vibration du réseau dans la métallisation du VO3, ainsi que l'influence du désordre
structur el |l ocal de part et d 6 a ées Ramandoat
€galement été combinées avec des mesures EXAFS rapportées dans la littérature et un

lien entre les intensités Raman et les facteurs de Debye-Wa | | er mfa gteéwabli. I

ou

r

a

ok

SP

a ®t ® constat® que | a d®o®pea&nl-¥nalalé & partirtde mp ®r a't

|l "intensit® Raman retrace bi e nexas?adV-\f) @Gbpeeurad anc e

partir de lI'analyse des données EXAFS. Nos résultats mettent en évidence le réle critique
du désordre vibratoire thermique dans les transitions de phase du VO2. Notre étude
démontre que la corrélation des données Raman avec l'analyse EXAFS permet de

sonder la dynamique du réseau et de la structure électronique.

Les résultats des films de VO2non dopé et dopé au Cr sur des substrats r- et c-saphir ont
été publiés dans Scientific Reports : Aminat Oyiza Suleiman, Sabeur Mansouri, Nicolas
Emond, Boris Le Drogoff, Théophile Bégin, Joélle Margot, Mohamed Chaker, Probing the
role of thermal vibrational disorder in the SPT of VO2 by Raman spectroscopy, Scientific
Reports, (2021) 11:1620 (https://doi.org/10.1038/s41598-020-79758-1).

Dans le CHAPITRE V, on soO0int®resse aux propri ®t ®s

électriques et optigues Raman des films texturés de VO2 non dopé et dopé au Cr sur des
substrats de LAO (001). Les résultats confirment que des phases polymorphes comme
VO:2 (B), VO2 dopé au Cr (B), VO2 mixte (B+M1) ou (M1) et VO2 dopé au Cr (B+M2) ou
(M2) sont obtenues en fonction de I'épaisseur du film.

La Figure V.1 montre les spectres de diffraction X des couches minces de VO:2 dopé et
non dop® pour diff®rentes ®paisseurs de

25 nm, la croissance de la phase B polymorphe est favorisée pour le VO2 non dopé. Ceci
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confirme des résultats obtenus dans une étude précédente par notre équipe (Emond et
al. [38]). Au-dela, la phase M1 est favorisée résultant en un métamatériau B+M1. Dans
lecasduVO2dop® au Cr , |l a phase B est favori
nm. Au-dela de cette épaisseur, une phase B+M2 est favorisée. Pour les films de VO:2
non dopé et dopé au Cr, la phase B induite par le substrat est similaire en structure et en
morphologie. En revanche, les phases mixtes B+M1 et B+M2 different en termes de
structure et de morphologie. Les mesures AFM montrent que la phase B a une trés faible
rugosité de surface pour les films non dopés et dopés tel que le montre la Figure V.3. Par
ailleurs, les phases mixtes (B+M1) et (B+M2) présentent une rugosité de surface plus

élevée comme le montre la Figure V.4.

Les mesures électriques du VO2 non dopé et dopé au Cr sur LAO sont présentées dans
la Figure V.5. Les phases B présentent des comportements métalliques sur la plage de
température étudiée, sans transition et avec une absence d'hystérésis. La dépendance
en température de la résistivité pour les phases mixtes (B+M1) et (B+M2) (Figure V.5(a))
montre | 6ap pstérésist liee tempéraures deltransition sont déterminées a
partir de |l a d®riv®e | ogar it hmiFgweV.5(ke Les
parameétres associés a la transition dans le cas des phases mixtes (B+M1) et (B+M2)
sont répertoriés dans le Tableau V.1, ® "Qw "€t w “Yeprésentant respectivement la largeur

d'hystérésis, la largeur de la transition et le contraste de résistivité.

L'énergie dact i vati on a ®t ® d®ter mi n®e ~ partir

phases B et (B+M2) présentées dans la Figure V.6(b). pour la phase B du VO2 dopé au
Cr, I'énergie d'activation diminue de fagcon non monotone de 0.13 a 0.10 eV avec
l'augmentation de I'épaisseur du film comme le montre la Figure V.7(b). Cette diminution
est plus faible que pour les échantillons massifs ou elle est respectivement estimée a
0.45 et 0.4 eV pour les phases de VO2 non dopé (M1) et dopé (M2) [20,153]. Des travaux
récents sur un polymorphe apparenté de VO2 (A) montrent une énergie d'activation
d'environ 0.29 eV [154].

La Figure V.8 montre les propriétés optiques infrarouges en réflexion et en transmission
pour la phase B et les phases mixtes des couches minces dopées et non dopées. La

réflectance et la transmittance de la phase B sont généralement plus élevées que celles
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des phases mixtes (B+M1) et (B+M2). La Figure V.9 montre la signature des spectres
Raman pour les phases B, mixte (B+M1) et (B+M2). Les phases mixtes des films dopés
et non dopés présentent des modes Raman dominants des phases pures M1 et M2 et
sont distinctement différentes de la phase B. Comme mentionné précédemment, les
modes Raman a basse fréquence, V-V et a haute fréquence, V-O sont des signatures
caracteéristiques des matériaux VO2. Pour une phase pure (non dopée) de VO2 (M1), les
positions des modes Raman V-V et V-O se situent généralement a 199-225 cm™ et 618
cm ! respectivement [87], tandis que la position du mode Raman V-O est d'environ 640
cm? pour la phase pure M2 [8]. Les modes Raman des phases mixtes répondent
fortement a la longueur d'onde d'excitation du laser, produisant des spectres identifiables
qui rappellent les phases pures M1 et M2. En revanche, la réponse de la phase B a
I'excitation laser était faible.

La croissance et les caractérisations des différentes phases polymorphes dans les films

de VO2 non dopé et dopé au Cr déposés sur du LAO ont permis de mieux comprendre

| 6infl uence de | eur microstructure sur | eurs
voie 7 | 6int®gration de ces m®t amat ®ri aux pour
nano- et micrométrique dans le cadre des applications électroniques avancées. Les

r®sul tats de ce travaill f ont actuell ement | 60

En conclusion, I'objectif général de cette these a consisté en I'étude systématique de
diverses propriétés de couches minces de VO2 non dopé et dopé au Cr dans la gamme
de concentration du Cr (00OxO00, 1) wemétalBEwur i nf
choisissant certains substrats, I'effet du dopage au chrome sur la transition de phase
isolant-métal et sur la microstructure des couches minces de VO: a été examiné. Les
substrats choisis comprennent de la silice fondue amorphe (quartz - SiO2), du saphir avec
des plans r et ¢ (Al203) orientés respectivement selon l'axe ppmt¢ et 1 1 1T @t de
l'aluminate de lanthane (LaAlOs - LAO) orienté selon lI'axe 1t 11 pLes couches de VO:2
non dopé et dopé au Cr synthétisées sur du quartz devraient étre de nature polycristalline,
tandis qu'une structure épitaxiale est obtenue pour les couches synthétisées sur des
substrats de saphir avec des plans r et c. Enfin, des couches texturées sont obtenues sur
des substrats de LAO.
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Pour les couches polycristallines sur quartz, une étude systématique a été menée afin de
contrbler la température de transition isolant-métal (Y ) des couches minces de VO:
ainsi que de leurs phases métastables en dopant les couches avec du Cr sous différentes
pressions d'oxygéne. A basse pression d'oxygéne, Y diminue de 69 & 34 °C lorsque la
concentration de Cr dans le VO2 augmente de 0 & 10%. A pression d'oxygéne plus
élevée, 'Y augmente de 72 a 90 °C sur la méme gamme de concentration de Cr. Cet
effet combiné du dopage au Cr et de la pression d'oxygene entraine la stabilisation
structurelle des phases métastables (triclinique, T, monoclinique, M* et M2) des couches
mincesdeVO2” t emp®r ature ambiante, tel qubdobserv®
et spectroscopie Raman. Les mesures de spectroscopie photoélectronique a rayons X
(XPS) confirment la présence de V3* dans les phases stabilisées a faible pression
d'oxygéne - T et M*, tandis que les images de microscopie a force atomique (AFM)
montrent des changements dans la rugosité des couches. Une comparaison de la fraction
volumique des phases monocliniques, déterminée a partir de mesures de résistivité et de

transmission infrarouge, a mis en évidence la signature de la percolation dans le VOo:.

Les résultats obtenus a partir de I'étude des couches polycristallines permettent de mieux
comprendre la stabilité de phase des couches polycristallines de VO2 par dopage et
offrent une nouvelle perspective pour contrdler la transition isolant-métal (IMT) a grande

échelle, comme cela peut étre nécessaire pour les applications technologiques.

Apres avoir observé les différentes phases métastables dans les couches polycristallines,
il est devenu intéressant d'explorer la dynamique de ces couches lorsqu'elles sont
synthétisées de maniére épitaxiale. Ces couches ont donc été synthétisées sur des
substrats de saphir avec les plans r et ¢ afin de comprendre l'effet du dopage au Cr sur
la transition de phase structurelle ainsi que la contribution de ce processus au désordre
vibratoire thermique. Ainsi, une étude simultanée des transitions de phase dans les
couches minces de VO2 non dopé et dopé au Cr a été réalisée. Les propriétés

structurelles, morphologiques et électriques des couches ont été examinées et I'effet de

|l eur mi crostructure sur | 61 MT a ®t ® mi s en ®

spécifiqgue pour analyser les données Raman des couches minces de VO2 non dopé et

dopé au Cr en fonction de la température, et nous avons corrélé les résultats avec les
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mesures électriques des couches de VOz: afin de donner un apercu du couplage entre la
transition de phase structurelle (SPT) et | 61 MT. Ces donn®es or
combinées avec des mesures EXAFS et un lien entre les intensités Raman et les facteurs
de Debye-Wal | er moay @énétabliill a été constaté que la dépendance en
t e mp ®r a trl(V-¥) calcalé dpartir de l'intensité Raman retrace bien la dépendance

en temp®r axtrsf (V&) obitenu @ partir de I'analyse des données EXAFS.

Nos résultats mettent en évidence le rdle critique du désordre vibratoire thermique dans
les transitions de phase du VO:2. Notre étude démontre que la corrélation des données
Raman avec l'analyse EXAFS permet de sonder la dynamique du réseau et de la

structure électronique.

Les couches de VO: sur des substrats de LAO présentent une phase B polymorphe et
une phase M1 lorsque I'on fait varier I'épaisseur de la couche et ont suscité quelques
études en tant que métamatériaux possibles pour des hétérostructures a I'échelle nano
ou micrométriqgue pour des applications électroniques avancées. Cependant, aucun
groupe de recherche n'a encore exploré ce phénomene dans le VO2 dopé au Cr. Par
conséquent, des couches de VO2 dopé au Cr synthétisées sur LAO ont été étudiées dans
le cadre de cette thése. Pour comparaison, des couches de VO2 non dopé ont également
été synthétisées. En fait, en augmentant I'épaisseur de la couche, la croissance de la
phase polymorphe BpourleVO2non dop® a ®t ® favori s®e jusqudc
(autourde25nm t el qubdobserv® dans une ®t udktladepr ®c ®d
laguelle une phase M1 est favorisée. Afin de comprendre a la fois l'influence du dopage
au Cr sur la phase B et I'épaisseur critique de la couche au-dela de laquelle la phase B
cesse de croitre, des couches de différentes épaisseurs ont été synthétisées. Les
propriétés structurelles, morphologiques, électriqgues et optigues Raman des couches
texturées de VO2 non dopé et dopé au Cr sur LaAlOs (LAO (001)) confirment que les
phases polymorphes comme VOz2 (B), VO2 dopé au Cr (B), VO2 mixte (B+M1) ou (M1) et
VO:2 dopé au Cr (B+M2) ou (M2) sont obtenues selon |'épaisseur de la couche. On
constate que la phase B induite par le substrat est similaire en structure et en morphologie
pour le VO2 non dopé et dopé au Cr. Cependant, pour les couches de VO2 dopées au Cr,

I'émergence de la phase mixte (B+M2) se produit a une épaisseur critique, 6 L ™M,
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contrairement a la phase mixte (B+M1) qui a été rapportée comme émergeant a environ
0 ¢ um. La morphologie de surface montre une faible rugosité pour la phase B dans
les couches de VO2 non dopé et dopé au Cr, tandis que les phases mixtes (B+M1) et

(B+M2) présentent une rugosité de surface plus élevée.

La compréhension de la nature de la croissance de la phase B polymorphe dans le VO2
non dopé et dopé au Cr et de leurs phases polymorphes mixtes pourrait étre exploitée

dans des dispositifs énergétiqgues avancés basés sur des hétérostructures.

Ces études sur les couches de VO2 dopé au Cr synthétisées sur différents substrats
permettent de comprendre comment le dopage au Cr affecte les propriétés structurelles,
morphologiques, électriques et optiques (infrarouge et Raman) des couches minces de
VOz2, et ouvrent de nouvelles perspectives pour les applications technologiques avancées

des couches minces de dioxyde de vanadium.
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CHAPTER | INTRODUCTION

.1 The transition metal oxides

Correlated materials such as transition metal oxides have largely been classified as either
insulators or metals based on the method used for pure, stoichiometric crystalline
materials [1]. However, some of these oxides simultaneously exhibit both insulating and
metallic properties. Nonetheless, attempt was made to explain the purely insulating
characteristics in this group of oxides, knowing that the Qband lies near the Fermi surface,
and is associated with the transition-metal ions. Furthermore, the overlap of the i and 'Q
bands pushing the former up the Fermi surface and the completely filled 2r band
associated with oxygen ion pushed down the Fermi surface makes 'Q band responsible
for the observed electrical behaviours in these materials [1]. In this respect, a band
theoretical approximation was proposed to explain the behaviour of some set of highly
insulating materials. However, it encountered a problem as it classified some of those
materials as metallic, owing to the inability to deal with the problem of distortion inherent
in the considered materials, and which opens a band gap. The most notable of these
materials were CoO, MnO and NiO [1,2]. It was then concluded that a band theoretical

approach without the consideration of electron correlation could not be adopted.

In 1949, Mott [3] tried to explain generally the insulating nature of this kind of materials,
which possess extremely narrow band near the Fermi surface. He suggested that 1) a
total reduction of kinetic energy brought about by delocalization does not overcome the
total increase of potential energy because of Coulomb repulsion between electrons of
ionized states; 2) a critical lattice constant specific for each material should result in a
sharp transition between an insulating and a metallic state using a band approach. Mott
argued that there is an attraction between a free electron and a free hole through a
Coulomb interaction due to the removal of an electron from the vicinity of one atom and
placing it on another. However, in the presence of free carriers, such a free electron and
a free hole attract each other via what he called a screened Coulomb interaction resulting

in a sharp transition. This was later called the Mott transitions, used to explain the above



mentioned materials and was also predicted for materials that undergo IMT under

pressure at a critical value of lattice parameter [1].

The above success was later complicated when transition-metal dioxides that undergo
IMT for which VO2 belongs to become conducting above a critical temperature. The
guestion then was whether a Mott insulator could be conducting above a critical
temperature. To answer this question, Hubbard [47 6] introduced correlation effects into a
simple model. However, the model could not deliver the sharp transition predicted by Mott
unless a complete neglect of interatomic Coulomb terms in the model is maintained. The
implication of this will be the elimination of the screening effect considered by Mott as a
necessary recipe for sharp transition, making unlikely the Hubbard model to exhibit a
temperature-dependent insulator-metal transition. However, Mott transition was already
observed as pressure increased, with the exception of NiO, rather than temperature [5,6].
Nonetheless, a correlation effect could have played a role in the gap opening of crystals
in the low temperature phase, particularly if it is accompanied by distortions. Other models
considered were band overlap, crystalline symmetry change, antiferromagnetism,
electron-phonon interaction etc. [1].

.2 VO as atransition-metal dioxide

Stoichiometric VO2, which belongs to correlated materials of metal oxides, is known to
undergo an insulator-metal transition (IMT) at a near-room temperature of 68 °C (341 K)
and ambient pressure [7,8]. Concomitantly, it is accompanied by a structural phase
transition (SPT) from monoclinic to tetragonal (rutile). An abrupt change in resistivity of
more than four orders of magnitude renders this material interesting for fundamental
studies and potential applications [91 12]. In spite of these unique characteristics, a
complete understanding of the mechanism of transition is still sought. As a result, several
theoretical and experimental studies were carried out with proposed models like Peierls
[1,2,13i 17] or Mott-Hubbard [3,187 20]. Although these models should account for lattice
instabilities, electron-phonon coupling and electron-electron interactions, neither has
been successful in explaining the transition mechanism in VOz2 [21]. In particular, most of
the experimental works performed to investigate the intrinsic nature of IMT have been

contradictory mainly due to the stoichiometry of VO, its impurity content and crystal
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quality [22]. In this work, the two models for which the mechanism of IMT in VOz: is widely

described will be explained in details.
.3 The case of Peierls or Mott-Hubbard

In the early discussions of appropriate models fit for the description of observed IMT
signatures, electron-phonon or electron-lattice distortion and crystal structural change
were considered. In the mean time, Goodenough had developed a model based on a
cation-cation interaction in which metallic band electrons are trapped below the transition
temperature as a possible explanation for many of the transition-metal oxides with a
negligible cation-anion-cation contribution [17,22]. Although it was found that the latter
contribution cannot be neglected particularly when VO2 vanadium ions form a body
centered tetragonal lattice with oxygen ions [23]. Goodenough et al. [16] gave the band
theoretical description of IMT in VO2 as thus: The tetragonal rutile metallic VO2 (R), which
exists at high temperature, has a vanadium valence state, V4* with one electron in the 3Q
emersed in the centre of oxygen octahedra. As a result, five degeneracies of 3! atomic
orbitals of V split into two sublevels: the doubly degenerated Q and levels and the triply

degenerated 0 levels. Figure I.1 shows the band structure of insulating and metallic

VOo2. The former forms the ,, and , “ bands and the latter forms the “ and the “ *, and the
Q bands. It is the overlap of the Qg and “ * bands at the Fermi surface that defines the
metallic behaviour of VOz2 at high temperature. A distortion of the rutile structure is marked
by a transition towards a monoclinic structure, usually referred to as M1. In this case, a
Vi V pairing along @ -axis and small displacements of VV atoms perpendicular to & -axis

“w Z

occur, giving rise to a band gap opening of* 0.6 eV as“ "~ band is raised above the Fermi
surface, O and the Qg band is split into an empty and an occupied state. The empty Qg
is usually denoted as % This description of VO2 agrees well with many experiments
except with the large Qg splitting of 2.5 eV [24] observed, prompting further theoretical

approach [18,20].
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Figure I.1 (a) Tetragonal rutile and (b) monoclinic band structure of VOo..

As explained in Section I.1, Mott and Hubbard predictions have been used primarily to
account for the insulating state of most transition-metal oxides, particularly by accounting
for electron-electron correlation. This was later called the Mott-Hubbard model, and such
insulating materials called the Mott-Hubbard insulators [20]. The basic assumption was
that the potential energy as it relates to localization of electrons, and kinetic energy as it
relates to delocalization of electrons, is such that the latter does not overcome the former.
In this case, an opening of a bandgap leads to an unoccupied upper Hubbard and an
occupied lower Hubbard band in the VO2 material. Contrary to Goodenough picture, the

changes in crystal structure result in the bandgap opening during phase transition.

A renewed attention was given to the Mott-Hubbard proposal when another insulating
monoclinic phase i the M2 phase i was stabilized through a substitutional dopant like
Cr, which enters the VO: lattice in the form of Cr3* ions to create a Cr-doped system,
CrxV1-xO2 [251 27]. A complete phase diagram of such a doped system is then established
while retaining the IMT properties of its parent material. As a result, and due to its
prominent insulating phases such as the triclinic, T, and the monoclinic, M2 phase, this
system has expectedly attracted a lot of attention since it was proposed to provide an

insight into the mechanism of IMT in pure (undoped) VO2. This was due, in part, to the
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recognizable difference between the monoclinic, M2 and M1 phases (M1 being used to
denote the insulating phase of undoped VO2) in terms of the arrangement of their
vanadium chains. In M2 phase, the vanadium atoms along one chain are paired with
alternate displacement out of their rutile position along the rutile, ¢ -axis and the other
chain has vanadium atoms that are placed in a zig-zag like with no pairing and alternately
displaced perpendicular to the @ -axis. The experimental observations in M2 phase of Cr-
doped material changed the narrative of narrow band split off by the crystal structure.
Instead, Zylberstz et al. [20] argued that the role of Hubbard intra-atomic correlation,
explained through a localized model for the insulating VO2, best describes the observed
phenomenon. Hence, the distinctive role and relative contribution of electron-phonon
coupling and electron-electron correlation still drive the focus on the mechanism of IMT
in VOo.

.4 Undoped and Cr-doped VO crystal structures

The low temperature-insulating phase of VO is characterized by a reduced symmetry
exhibiting a monoclinic structure. The associated space group is P21/c and the lattice
parameters are & UV UVEB © T®THE ©® uvdYBandi pcdJ The
insulating phase is a result of structural distortion of the high-temperature tetragonal
phase such that all chains of the vanadium atoms dimerize and tilt along the rutile, @& -
axis. On the other hand, the tetragonal rutile structure (see Figure 1.2) characterized by a
metallic state is of higher symmetry and has a space group of P42/mnm and lattice
parameters of ¢ T® vB and @ c& v B The body-centered tetragonal lattice
features vanadium atoms surrounded by oxygen, O octahedron. This way, a chain of VOse

octahedra along the rutile, @ -axis is formed with a repeating distance of pgo (B [28,29].
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Figure 1.2 Crystal structure of monoclinic M1, intermediate M2 and tetragonal rutile

R phases of VO2 with indicated vanadium atom distances as taken from [30] et al.

The doping of VO2 with Cr leads to the formation of a complicated phase diagram,
presented in Figure 1.3(b), with the different insulating phases such as monoclinic, M1,
M2 and triclinic, T phases. The insulating M2 phase has two distinct types of vanadium
chains in which on one chain, the vanadium atoms are alternately paired and displaced
from the rutile position along & -axis with no tilt and on the other chain, a zig-zag
arrangement with no pairing, alternately displaced perpendicular to & -axis. The T phase,
considered to be an intermediate phase between M2 and M1, has the vanadium atoms
tilt in pairs to a different degree while the zig-zag chain of vanadium atoms dimerize or
pair [20,2771 29]. This description is illustrated in Figure 1.3(a). The transition from T to M2
has been observed at w 18t 0 [25], which is arguably a first order transition. Across Cr
concentration range however, M2-R transition is considered to be strictly a first order
transition. The M2 structure has a space group of C2/m and lattice parameters of @

W8l BT® U WXBM®  T® ¢ vBlandt w @ P[26] and the T structure has
a space group of Pp and lattice parametersof & & ,® ® ,® o and]

wp,U PCGCI T w TT[27].
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Figure 1.3 Schematic depiction of (a) the arrangement of vanadium ions along the
chains for the insulating M1, M2, T and metallic rutile phases, and (b) temperature-

composition phase diagram for CrxV1-xOz,respectively drawn based on [28] and [26]
.5 Review of recent experiments

Since the last decades of fierce debate with respect to the driving mechanism of IMT in
VO2, improved experimental techniques have led to different researchers throwing their
weight in support of Mott-Hubbard or Peierls mechanism or both. The brief review of such

recent experiments is presented.

Most of the recent experiments that have favoured the Mott picture are typically the
optically driven ones through pump and probe measurements. The near-infrared laser
pulse, which serves as the pump, initiates the phase transition through photoexcitation at
a certain threshold excitation power and the probe pulse maps out the dynamics of the
phase transition in VO2. Kubler et al. [31], using a femtosecond laser as a pump, separate
the electronic and structural phase transitions with a probing THz pulse to study the
dynamics of the phase transition. Through lattice vibrations and optical conductivity, the
tracking of THz contributions from structural phonons and induced electronic conductivity
was possible, arguing that a metallic conductivity was established before the transition
into a structural rutile phase [31]. A similar separation of electronic and structural phase
transitions was also obtained by Kim et al. [32] after inducing the insulator-metal transition
by a DC electric field. The microscopic evolution of the structural phase transformation

was then observed using diffraction and Raman techniques. Another notable experiment
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proving the presence of a Mott-type transition was by Hilton et al. [33]. Using an optical-
pump THz-probe spectroscopy technique, a fluence threshold required to photo-induce
insulator-metal transition was determined, which decreases with increasing temperature.
This behaviour is attributed to the softening of the insulating phase because of nucleation
of metallic domains. The observation of coexistence of both insulating and metallic
phases evidenced the mediation of phase transition via excited carriers, which further

corroborates the Mott transition picture [33].

In another report [34], a combined ultrafast electron diffraction and time-resolved
measurement established an antiferro-electric order-like monoclinic metal phase
structure different from the M1 phase during a photo-induced insulator-metal transitions.
The orbital ordering driven phase transition showed that the metallic properties are
determined by the structural transition, and occurs on the same timescale as the latter
[34]. Although the metallic-like monoclinic phase was previously reported by Morrison et
al. [35], where using a pump-probe ultrafast electron diffraction and time-resolved infrared
transmission, the amplitude of an infrared transmission measurement was about 100%
at a pump fluence of around o8 *#i , indicative of the metastable monoclinic metallic
structure. In addition, a dominant contribution of the latent heat by the structurally driven
transition to the first-order phase transition was observed, indicating that IMT is more
structurally driven than being electronic one [35]. Others have positioned that the
structurally driven IMT arises from thermal vibrational disorder due to phonon contribution
from the lattice. By studying the local structural properties of vanadium atoms using
temperature-dependent x-ray and extended x-ray absorption fine structure, Hwang et al.
[36] observed that the structural phase transition (SPT) was not congruent to the
electronic transition. They determined the Debye-Waller factor! attributed to phonon
contributions in the high-temperature tetragonal rutile phase, which was larger than that
in the insulating phase. However, a structural disorder along the V(0)-V(1) prevents the

migration of electrons from the V 3Q along the & -axis, which may explain the Mott

1 This is also referred to as the temperature factor, which describes the displacement of atoms from their

fixed position due to thermal motion or vibrations.
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insulating nature of M2 phase. This is also associated with the incongruity observed
between the SPT and IMT. To account for the thermodynamic forces driving the IMT and
give a global picture of lattice dynamics in VO2z, Budai et al. [37] have used x-ray and
neutron scattering measurements combined with ab-initio molecular dynamics
calculations. Phonon contributions accounted for 2/3 of the total increase in entropy at
the IMT, with the vibrational entropy change being dominant and in good agreement with
their ab-initio calculations. The large vibrational entropy, which arises from soft
anharmonic phonons, also accounted for the stability of the metallic rutile phase, with an
increased occupation of vanadium orbitals being responsible for the structure driven

instability (Peierls) resulting in an opening of band gap in the insulating phase.
.6  Objectives of the study and methodology

The main objective of this work is to investigate the effect of chromium doping on the
insulator to metal phase transition of VO2 thin films by systematically studying the
macroscopic electrical and microscopic optical Raman properties of Cr-doped VOz2. The
thesis is organized into six (6) chapters. CHAPTER | gives the general introduction to the
study. The experimental techniques are presented in CHAPTER Il. In this Chapter, the
reactive pulsed laser deposition technique is described. The characterization tools used
for the investigation of both undoped and Cr-doped VOz: thin films are also presented.
This includes the x-ray diffraction (XRD), atomic force microscopy (AFM) in conjunction
with scanning electron microscopy (SEM), x-ray induced photoelectron spectroscopy
(XPS) together with Rutherford backscattering spectroscopy (RBS), optical Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy and resistivity (or
conductivity) by four-aligned point probe system. Respectively, the characterization
techniques for the material properties were used to study the structural, morphological,
chemical, optical and electrical properties of the deposited undoped and Cr-doped VO:
thin films. CHAPTER Il describes the polycrystalline synthesis of undoped and Cr-doped
VO:2 thin films on amorphous fused quartz substrates. The Cr-doped films were
synthesized from 5%Cr- and 10%Cr-doped vanadium targets at a fluence ofx 2 J/cm?
and a repetition rate of 10 Hz. Oxygen pressure was varied in the range of 5mTorr 0

22 mTorr for all the samples, maintaining the same film thickness of 140 nm and
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constant substrate temperature of 510 °C. The objective of this part is to present a
systematic study to understand the combined effect of oxygen pressure and Cr
concentration on the stabilization of metastable phases of VO2, and the subsequent
influence on its insulator-metal transition (IMT) behaviour. This work was already
published in Applied surface Science: Aminat Oyiza Suleiman, Sabeur Mansouri, Joélle
Margot, Mohamed Chaker, Tuning VO2 phase stability by a combined effect of Cr doping
and oxygen pressure, Applied Surface Science 571 (2022) 151267
(https://doi.org/10.1016/j.apsusc.2021.151267)

CHAPTER 1V describes the epitaxially grown Cr-doped samples from a 5%Cr-doped
vanadium target. We used the existing optimized process using pulsed laser ablation to
grow VO2 on aluminum oxide (Al203) or sapphire substrates in the r- and c-cut orientation.
However, some additional optimizations were carried out for depositing Cr-doped
samples on these substrates, which enabled the synthesis of undoped and Cr-doped VO:
thin films in the thickness range of 5nm 0 140 nm. The objective of this chapter is to
understand the effect of Cr doping on the microstructure and the insulator-metal transition
(IMT) properties. In particular, the role of thermal vibrational disorder in the structural
phase transition (SPT) of VO: is investigated by Raman spectroscopy. It is shown that
the coupling between the structural and electronic transition in VOz2 films is sensitive to
the substrate strain and the transitions between the monoclinic M1 or M2 and the metallic
rutile R phase. A connection between Raman intensities and mean-square relative
displacement, ,, is established. The result of the undoped and Cr-doped VO: on r- and
c-sapphire substrates was already published in Scientific Reports: Aminat Oyiza
Suleiman, Sabeur Mansouri, Nicolas Emond, Boris Le Drogoff, Théophile Bégin, Joélle
Margot, Mohamed Chaker, Probing the role of thermal vibrational disorder in the SPT of
VO2 by Raman  spectroscopy, Scientific Reports, (2021) 11:1620
(https://doi.org/10.1038/s41598-020-79758-1).

CHAPTER V describes the physical properties of the polymorphic phases of highly
textured growth of undoped and Cr-doped VO: films deposited on LAO (001). 5%Cr-
doped vanadium target was used in the deposition of the Cr-doped VO: films. The
structural and electrical properties as well as micro-Raman signatures were studied for

various film thickness in the range of ¢ 0 p X mm. The work aims to demonstrate,
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based on the previous work on VO2 by Emond et al. [38], the exclusive growth of Cr-
doped VOz2 (B) polymorph, effect of Cr doping and the emergence of a mixed Cr-doped
VO2 (B+M2) phase. The natural stabilization of different polymorphic phases in undoped
and Cr-doped VO: films should pave the way for the possibility of nano/micro
heterostructure designs for technological applications. The results of this work are

currently being worked on for publication.

CHAPTER VI summarizes the results obtained from the works presented in all the

chapters and the perspective to this work is also presented.
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CHAPTERII  EXPERIMENTAL AND CHARACTERIZATION
TECHNIQUES

.1 Reactive pulsed laser ablation

Reactive pulsed laser deposition (RPLD) is a physical synthesis technique that has found
its way to the forefront of oxide growth due to its capability to synthesize high quality films.
Its interest deals with the possibility to achieve good stoichiometry, reproducibility and
good control of film crystallinity unlike other film synthesis techniques. RPLD falls under
the category of physical vapor deposition, and as such, ablated material species mix with
gas-vapor, which condense on the substrate. It makes use of a UV excimer laser (KrF)
operating in the nanosecond range ¢ 15 ns) with laser intensity ofx 10 1 10 W/cm?
and enough power density to ablate a stoichiometric target material in a vacuum chamber.
The ablated species form a plasma plume (or plasma pen), and they travel
perpendicularly to the target surfacet owar ds t he s uHlosated ataéxéds sur f
distance. The characteristics of the grown films depend on various parameters such as
the laser beam properties, the target, the gas environment, the nature of the substrate,
its surface condition and its temperature and lastly, the target-substrate distance. The
laser beam must possess the appropriate laser energy, pulse duration, and wavelength
while the target should have the right composition and density. Depending on the kind of
film to be synthesized, the gas and its pressure are adequately chosen. By their very
nature, the films are spatially inhomogeneous because the angular distribution of the
particle flux in the plasma plume varies as AT G—, where ¢ is the forward peaking factor
and can vary fromx 4i 30, —is the ejection angle of the material with respect to the normal
to the target [39]. Therefore, to solve the issue of film inhomogeneity, both the substrate
and target are made to rotate continuously during deposition so that the plume scans the

whole substrate surface.

[I.L1.1 Experimental set-up of the reactive pulsed laser deposition

Figure 1.1 shows a schematic drawing of the experimental set-up (Pulsed Laser
Deposition System 7 PVD 3000) in our laboratory used for the synthesis of the films. It is
equipped with a 3" diameter of 99.99% pure or Cr-doped vanadium target. The KrF
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excimer laser (_ ¢ T @m) is focused on the target using a lens and a set of mirrors.
The size of the focal spot of the laser beam on the target is adjustable via the position of
the lens, while its energy is controlled by means of attenuators placed between the laser
beam and the lens. A valve placed before the turbomolecular pump is used to control the
pressure inside the chamber while the introduced gases are monitored through
flowmeters. Below and above the substrate, an oven-like system containing six quartz
lamps is placed. The heat generated by the quartz lamps allows achieving the required

substrate temperature during the deposition process.

Focusing lens

Pulsed UV laser beam Substrate

Vacuum chamber

Vacuum puinp mlet

Figure Il.1 A simple schematic of an RPLD set-up. The curved arrow indicates the
rotating substrate around the vertical axis.

To initiate the pulsed laser ablation process in the vacuum chamber (with a base pressure
ofx 10 mTorr), the laser beam interacts with the rotating solid target in the vacuum

chamber, which forms energetic particles of ablated species with energy up to a few eVs
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or tens of eVs. During this process, two mechanisms take place: the interaction of the
earlier laser pulse with the target and the interaction of the later laser pulse with the
plasma formed at the target surface. The first mechanism initiates electronic excitation of
the material, which is converted into vibrations and thermal energy. Hence, at a certain
fluence ¢ 1 J/cm?) greater than the ablation threshold depending on the wavelength of
the laser, an ablation plume (or plasma pen) is created [40]. In the second mechanism,
the laser energy heats the plasma plume that continues to travel towards the substrate.
In RPLD, the ablation plume travelling from the target to the substrate also interacts with
the ambient gas. Depending on the materials of interest (e.g. oxide), a reactive gas such
as oxygen or nitrogen or their combination with argon can be used. When the pressure
increases in the chamber, the particles in the ablation plume decelerate and lose part of
their kinetic energy. Consequently, introducing a reactive gas allows the formation of
species able to interact with the substrate, condense on it and form stoichiometric thin
films [41,42].

[1.1.2 Growth dynamics of thin films

Another important aspect of RPLD is the growth kinetics, which is relevant based on
whether the system is in thermodynamic equilibrium or not. For example, when a
thermodynamic equilibrium approach is used, a crystal growth close to equilibrium
(thermodynamically stable) is considered. In this case, nucleation is formed when a
critical density is reached. With this approach, growth modes of films close to equilibrium
can be determined. This means that kinetic effects play no role as film morphology relies
on the stability between the free energies of the film surface, [ , the substrate surface,
[, and the interface between film and substrate, [ . The relationship between these
energies can lead to three different growth modes: Frank-Van der Merwe (layer-by-layer),
Volmeri Weber (island), and Stranskii Krastanov (layer-by-layer to island). The layer-by-
layer to island growth is likely to occur in heteroepitaxial growth. In this growth mode,
lattice mismatch between the substrate and film occurs, which leads to biaxial strain that

introduces elastic deformation energy that grows as the layer thickness increases [43].

In vapour-phase deposition techniques and notably PLD, film growth is far from a

thermodynamic equilibrium. In this respect, nucleation and growth of islands become two
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known independent processes that are determined by kinetics during film growth, and this
influences the surface morphology of the thin films. In this non-equilibrium state, the large
nucleation rate occurs due to high supersaturation of the vapour because of limited
surface diffusion of deposited material (high surface energy), and kinetic effects result in
different growth modes. In homoepitaxial growth, lattice parameter misfit and thermal
expansion coefficients are absent since the deposited material is the same as growth
substrate such that the crystalline structure of the latter is extended into the growing film.
Thus, 2D growth modes are expected based on the behaviour of the deposited material
[43].

In general, there are fundamental parameters to consider for the growth of high quality
films. They include substrate temperature, kinetic energy of the ablated species,
deposition rate and background gas.

One of the film growth processes influenced by substrate temperature is the film
morphology. Re-evaporationofthed eposi ted fl ux from the substr
into clusters, consumption by the existing clusters or trapping by a surface defect site
occur at initial stages of the film growth. These processes are dependent on the mobility
of the atoms on the surface with each having their characteristic activation energies. This

kind of rearrangement occurs at high temperatures and not at low temperatures [44].

Another parameter is deposition flux energy. Generally, high quality film growth is
obtained from ablated species impinging on the substrate at high kinetic energy. The
effects of this high kinetic energy include ballistic collisions, ion mixing and thermally
stimulated exchange mixing. Such effects govern film properties like film stress and
crystal structure, which have been observed to result in a layer-by-layer growth with a

limited ion mixing at higher kinetic energy (10 eV) [44].

The deposition rate is the rate at which species or ablation plume impinge on or are
ejected from a surface, and it is dependent on the material to be deposited. However, it
is generally known that too high deposition rate causes deterioration in the film, as the
film has no opportunity to relax. Too low deposition rate, on the other hand, prolongs the
deposition runs and puts a high demand on the vacuum quality. Gaseous impurities

contamination of the film is also enhanced at low deposition rates [44].
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.2 General characterization techniques

I1.2.1 X-ray diffraction theory

X rays are high-energy electromagnetic waves and diffraction is a modification of
behaviour of such photon or waves after passing through a medium. Therefore, x-ray
diffraction is simply a modification of behaviour of x-rays after interacting with a medium
or an object. Since the double slit experiment by Thomas Young, diffraction became a
possibility in the study of crystal structure after the discovery of x-rays by Wilhelm
Rontgen. The principle of the double slit experiment was based on a beam of light passing
two parallel slits such that interference fringes of dark and bright lines were produced on
a screen. The same fringes were formed when the double slits were then replaced by
diffraction grating with a line source of electromagnetic radiation. It was then discovered
that the line spacing between the fringes was dependent on the wavelength of the line
source and the spacing between the splits of the grating. Subsequently, Max von Laue
applied the same idea to crystals. He realized that if x-rays possessed wavelength close
to spacing of atomic planes, that crystals could diffract x-rays, and therefore would be

possible to retrieve important information on the atoms making up the crystal.

Based on these previous discoveries, W. L. Bragg developed a relationship between the
wavelength of the x-rays and the spacing of the atomic planes in a crystal, since scattered
waves from periodic arrays of atoms in this crystal can interfere constructively to obtain
diffracted beams in a specific direction. This became the well-known Bragg's law on which
x-ray diffraction technique is developed and it is satisfied when ¢ _ ¢QO E-+where ¢ is
an integer, _ is the wavelength of the incident wave, Qis the spacing between the lattice
planes, usually referred to as "MAThus, x-ray diffraction is a tool used to study crystals
in order to obtain important information that includes structures, lattice parameters,
phase, crystallite size etc. thanks to the Bragg's law. In a more conventional way, Bragg's

law can be rewritten as _ ¢QO Efassuming a higher-order reflection as a first-order
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reflection from lattice planes that is at a distance of pfe of the previous spacing. The

Bragg's condition is shown in Figure 11.2 [45].

J

Figure I1.2 A simple illustration for the satisfaction of t he Br a g,glkethed a w
from [45].

I1.2.2 X-ray diffraction (structural) characterization

The basic set up of the instrument (symmetric Bragg-Bretano) used includes an x-ray
source, a sample and a detector at a ¢—angle. The x-ray radiation is incident on the
sample at an angle —and the detector registers the diffracted beam, and for a thin film, a
grazing incident x-ray diffraction (GIXRD) is employed. In our laboratory, the x-ray
diffraction structural characterization was performed using a — ¢— configuration
equipped witha P ANal yt i ¢ aMateXads Research BiffRaGometer with Cu K U
radiation with _ p® 1 B, operated at 45 kV and 40 mA. The structures of the
investigated thin films (samples) are either polycrystalline or epitaxial. In the former case,
the grain orientation of the samples is random thus producing broader diffraction peaks,
and in the latter case, sharp diffracted peaks with strong substrate intensities are
recorded. GIXRD can be used to study both epitaxial and polycrystalline films, especially

since it limits the penetration depth of the incident x-ray beam, which is of a particular
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problem for epitaxial samples due to strong substrate signal and weak signal from the
film. It is important to add that the term 'grazing incidence' is usually associated with a
diffraction technique in which the angle of incidence with the sample surface is small. To
perform this kind of measurement, the angle of the incident beam and the diffracted beam
are at a small angle to the surface of the flat sample (obtained by tilting the sample) given
by the double angular speed of the detector. This way, crystallographic atomic planes,
which are perpendicular to the surface of the sample, get diffracted and collected by the
detector in any diffraction angle (see Figure 11.2). In this work, the GIXRD technique is
used to study the polycrystalline samples while the conventional — ¢—scan, which has
a large penetration depth of the incident x-ray beam, is used in the study of epitaxial
samples (see Figure 11.3). For the two sets of techniques, the x-ray beam is often
diffracted by the different sets of grains, such that the fractional volume of grains in a
given orientation gives the diffraction intensity. Therefore, the grains with parallel planes
to the surface of the sample possess higher diffracted intensity compared with the grains

that are randomly oriented [46].

Surface normal

O

Diffracted x-ray beam

Incident x-ray beam

1

Figure 1.3 Configuration of P Pscan measurements.
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1.3 Atomic force microscopy

Atomic force microscopy (AFM) is one of the scanning probe microscopy techniques used
to generate a surface topography of a sample. It does so by the lateral scanning of a
cantilever tip and the vertical movement of the cantilever in such a way that the force is
kept constant. The vertical movement is used to record the topographic image of the
sample. There are two operating modes of AFM, namely; the contact mode and the
vibrating mode. Amongst the vibrating modes, the amplitude modulation AFM (tapping
mode) is the most widely used for measurements since it can be used in air. The operating
principle of all AFMs requires a microlever with a sharp tip, a sample and the tip-surface
interacting force. In the vibrating mode (used in this thesis), the tip at the free end of a
microlever is excited at or near its free resonance frequency such that the oscillation is
used as a feedback to track the topography of a sample surface. Figure 1.4 shows a

typical set-up of an AFM.

From the AFM measurements, parameters like variations in surface morphology, surface
roughness, grain size etc. can be obtained. Surface roughness is the parameter of

interest in the samples investigated as will be shown later in CHAPTERS IlI, IV and V.
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Photodetector Laser source

Sample ———=ct> -

Z
I — Piezoelectric scanner

Figure 1.4 Schematic diagram of a typical AFM set-up.
.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique used to determine the elemental
surface composition of a sample. The VG Escalab 220i XL used for the surface analysis
of the samples in this work has a hemispheric analyzer with an x-ray energy source of
1486.6 eV. It is designed to filter the kinetic energy of electrons. It possesses two sources
of x-ray beam: a monochromatic and a polychromatic source. Based on the nature of the
sample and the substrate used, either of the sources can be used. An energetic beam of
x-ray radiation irradiates the sample causing ionization of the atoms residing on the
sample surface through a phenomenon called photoelectric effect. Figure 1.5 shows the

set-up of an XPS system.

The kinetic energy of escaped electrons and their amount are scanned and analyzed.

The ionized electrons possess a kinetic energy characteristic of their elements, and the
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binding energy of the measured electrons with respect to the vacuum is described by the

simple Equation 11.1:
o 1 0o w, .1

where "Qis the Planck constant, ’ is the frequency of the x-ray radiation, O is the kinetic

energy of the ejected electrons and w is the work function of the material.

The spectrum obtained from the scan of the energetic electrons is analyzed, and the peak
position (binding energy) is determined to identify the signature of the atoms/or elements
present in the sample. Hence, their relative quantities or concentration and other relevant
information can be obtained. Argon ion (3 keV) etching was carried out for the analyzed
samples in this thesis since the XPS technique is characterized by high sensitivity to

surface contaminants due to the low depth profile.

Narrow angle of electron extraction Electron analyzer
|_ (hemispherical electrodes)

Vacuum chamber

X-ray beam

Detector
(Counts electrons with Ey)

Lens

X-ray penetration depth

(electron excitlation area)

___________ Sample

X-ray excitation area
(electron emission area)

Figure 1.5 An XPS system showing the operating principle (schematic is made
based on [47,48]).
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.5 Resistivity measurement

The electrical properties of all the samples in this thesis, measured as a function of
temperature, were performed using a Keithley model 2400 four-point probe system with
a source meter. The operating principle of this system relies on four metal tips, which are
aligned and equidistant from one another. The four tips are placed non-destructively on
the sample surface while current is injected through the two outer metal tips and the
voltage between the two inner tips are measured by the source meter. Figure 1.6 shows

the four-point probe simple set-up.

Since the thickness of the thin film layer is negligible compared to the distance between
the metal tips and the dimension of the sample, then the resistivity of the film layer is

given in Equation 11.2 as
" 00wro, 1.2

where’ O  “71 ¢6 with 6 being a geometric factor dependent on the distance between

the tips and film layer dimension, ois the film thickness.

S A

'—Film surface

Substrate

Figure 1.6 Four-point probe set-up for the resistivity measurements.
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1.6 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy is a technique used in transmission or absorption
measurement. Although the infrared region covers 10 to 12800 cm™, the mostly used
region for infrared absorption spectroscopy is in the range of 400 to 4000 cm™* since most
inorganic materials absorb radiation in this range. Figure 1.7 shows the set-up for the

Michelson interferometer.

A source beam is incident on a beam splitter, which is designed to transmit half and reflect
half of the beam. This way, the optical path is modified such that the intensity of the signal
reflected off the fixed and moving mirrors is recombined and finally transmitted to the
detector. When both mirrors possess the same distance from the beam splitter, a zero
path difference is established. However, as the mirror moves away from the beam splitter,
an optical path difference is established. This process determines the phase of the beam,
in which case a maximum intensity signal of the detected wave implies a constructive
interference and a minimum intensity signal of the detected wave indicates a destructive
interference of the beam. The forth and back movement of the mirror generates a cosine
wave in the form of interferogram. The interferogram, which is based on time domain is

Fourier transformed resulting in a deconvolution to FTIR spectrum.
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IR source

Beam splitter

Detector —_— | Fixed mirror

Sample cell

Movable mirror

Figure Il.7 A set-up of FTIR spectrometer utilizing the Michelson interferometer.
.7 Raman spectroscopy

Raman spectroscopy is one of the non-destructive spectroscopic tools that has become
prominent in the study of condensed matter systems, used for probing local structures to
retrieve microscopic structural details and identification. It is characterized by light
(photon) scattered off optical phonons in solids and molecular vibrations. The scattering
can be of two ways: Rayleigh (elastic) and Raman (inelastic) scattering. Rayleigh
scattering occurs when a photon is scattered off a molecule due to distortion of electron
cloud leading to small frequency changes. It is known to be the most intense form of
scattering. In the case where a nuclear motion is perturbed in the scattering process, a
change in energy occurs due to transfer of energy between the photon and the molecule.
This form of scattering is referred to as Raman or inelastic scattering, which is a two-
photon event: annihilation of an incident photon and a creation of a scattered photon.

Specifically, Raman scattering is a symmetry-dependent scattering process such that an
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inelastically scattered photon by such a solid or molecule will have a shift in frequency
that can be assigned to different vibrational modes of the solid or molecule. These
vibrational modes bear the hallmark of the different chemical bonds and the symmetry of
the solid or molecules, thus making it a vital tool for non-destructive probing of material
structures. In addition, selection rules based on changes in polarizability are discussed at
length in [49]. During Raman scattering, there is a simultaneous annihilation and creation
of photons, and as a result, two processes are associated with Raman scattering: Stokes
and anti-Stokes processes. A Stokes process takes place when the frequency of the
scattered photon is smaller than the incident photon such that a quantum of energy is
added to the scattering medium while an anti-Stokes process occurs if the frequency of
the scattered photon is larger than the incident photon such that an excitation of the
medium is annihilated. In other words, the change in energy associated with Stokes
process is lower if the medium irradiated is in the ground state and higher (anti-Stokes) if

the medium irradiated is already in a vibrationally excited state [50].

In solids, when radiation interacts with lattice, quantized phonons are generated due to
the vibrations of atoms. This vibration can be along the direction of or occurs at right
angles to the direction of propagation of the radiation. Both the former and the latter are
referred to as longitudinal and transverse mode, respectively, and are collectively referred
to as lattice modes. These modes can further be divided into two: acoustic and optic
modes. In acoustic modes, vibrating atoms in the lattice are in phase, with the lattice
modes possessing lower energy, while in optic modes, the vibrating atoms in the lattice

are out of phase and the lattice modes possess higher energy.

In general, a conservation of energy and momentum is preserved in a Raman process:
Q Q ‘@ ,with] ,7 and] being the frequency of the scattered photon,
incident photon and phonon respectively, where the minus and plus are indicative of
Stokes and anti-Stokes process, respectively. In addition, as stated earlier, Raman
scattering is dependent on a change in the polarizability of the medium during an
interaction with an incident photon. This view assumes a classical approach to the Raman
scattering and therefore, can be expressed in terms of the field, Ofrom an incident photon

and a dipole, * as shown in Equation II.3:
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‘ | Q 1.3

where| is the polarizability defined as the tendency of electrons in electron clouds around
a molecule or solid to polarize. An induced dipole with a constant polarizability, which
oscillates at the frequency of the incident photon, determines the Rayleigh scattering
while a change in polarizability determines the two processes in Raman scattering:
Stokes and anti-Stokes. Both in-depth treatment of the classical theory as well as the

guantum mechanical representation are discussed in [51].

In this thesis, the Raman measurement was performed using a green laser with an
excitation wavelength of 514 nm in a 90° scattering geometry. Filter in the form of
monochromators are employed in the instrumentation to separate Raman scattering from

other unwanted scattered frequencies.
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CHAPTER Il POLYCRYSTALLINE SYNTHESIS OF UNDOPED AND
Cr-DOPED VO2 THIN FILMS

The work presented in this chapter was already published in Applied Surface Science:
Aminat Oyiza Suleiman, Sabeur Mansouri, Joélle Margot, Mohamed Chaker, Tuning VO2
phase stability by a combined effect of Cr doping and oxygen pressure, Applied Surface
Science 571 (2022) 151267 (https://doi.org/10.1016/j.apsusc.2021.151267). It describes
a0t wo d itunabitty of imsualaior-metal transition (IMT) temperature and stabilization
of metastable phases of VO2 by Cr doping and oxygen pressure. Tuning of IMT
temperatures has largely been controlled through substrate temperature variations and
substrate types. To significantly tune the IMT of VOz, doping of the parent material of VO2
is usually performed. Depending on the interest, a substantial decrease of the IMT
towards room temperature or an increase could be achieved. For example, tungsten, W
has been used to obtain the former according to literature [7]. On the other hand, doping
VO2 with Cr increases its IMT based on Cr concentration [29]. It is well known that
intermediate structures or metastable phases can be obtained either via a VO2 under
uniaxial pressure [13,19,25,521 54] or Cr doping [26,27,55,56]. In particular, studying the
properties of the monoclinic M2 phase (one of such metastable phases), could provide a
valuable information to better understand VO2 IMT driving force [19]. Indeed, as opposed
to the M1 phase, where all the vanadium ions along the & axis are tilted and dimerized
to form a zigzag pattern, only half of these ions undergo dimerization while the other half
remains undimerized forming a zigzag chain in the M2 phase. Otherwise, the dimerized
chain is tilted and the equally spaced undimerized zigzag V ions are dimerized for the
triclinic, T phase [28,57]. In this study, a combined effect of both oxygen pressure and Cr

concentration is explored.
1.1 Introduction

The observation of reversible first-order phase transition from insulator to metal in the
vanadium-oxygen system has garnered huge interest from both experimental and
theoretical point of views, particularly for vanadium dioxide (VO2), which shows an

insulator-metal transition temperature “Yy; -y 68 °C. This transition is characterized by a
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structural phase transition (SPT) from low temperature monoclinic, M1 to high

temperature rutile R and concomitant large resistivity contrast.

The tunability of VO2 IMT features from defect engineering [581 62], applied electric field
[631 65], photon excitation [35] and changes in both stoichiometry and crystallite size [661
69] has been thoroughly investigated. Strain engineering [701 72], stress or pressure
[52,53] as well as doping with donor [26,73,74] and acceptor [7,9,75] elements have also
been studied as a way to modify VO2 electronic and structural properties. In particular,
doping VO:2 with the appropriate amount of high valence elements like W was reported to
have the most important impact for reducing the IMT in VO2 while low valence elements

like Cr increase the IMT in addition to stabilizing various metastable phases.

Intermediate triclinic T and monoclinic M2 phases were observed in pure VO2 by applying
uniaxial stress/pressure [13,19,25,52i 54] and Cr doping [26,27,55,56]. Studying the
properties of these new phases could provide a valuable information to better understand
the VO2 IMT driving force [19]. Indeed, as opposed to the M1 phase, where all the
vanadium ions along the @ axis are tilted and dimerized to form a zigzag pattern. Only
half of these ions undergo dimerization while the other half remains undimerized forming
a zigzag chain in the M2 phase. Otherwise, the dimerized chain is tilted and the equally
spaced undimerized zigzag V ions are dimerized for the T phases [28,57]. The space
group of M2 and T phases are respectively C2/m and Pp, with their respective lattice
parameters of &  wBIQ BT 0 LY WXBMT®  T® ¢ vBvand | w @ Y [26],

and®d & ,0 ® ,® & and] wp, P pccd T w T[27].

Substitutional doping using chromium (Cr3*), which has a lower oxidation state than
vanadium (V#*), introduces holes into the VO: lattice and is reported to slightly increase
its “Yo -ySuch an increase is attributed to the enhancement of the interactions between V
atoms induced by Cr-doping due to the elongation of V-V dimers, therefore increasing the
stability of the insulating phase [76]. Recently, a report on Cr induced distortion in 1D VO2
nanobelts showed that Cr doping increases the IMT temperature in VO2 [77]. "Yoi {8
linearly dependent on the Cr dopant concentration [26,76] and it has been demonstrated
that 2.4 at. % Cr stabilizes the M2 phase of VO2 at room temperature [26]. The M2 phase
of Cr-doped VO: thin films is considered as a potential candidate for some prospective

60



microelectromechanical or optomechanical device applications, owing to the high

resonance frequency observed in Cr-doped (M2) phase cantilevers [78].

All these previous studies focus on the effect of Cr doping on the IMT of VO2, and aim
mainly to understand the driving force of its insulator-metal transition. Herein, the goal is
to systematically investigate how to tune “Yy; 9f undoped and Cr-doped VOz: thin films by
examining concurrently the effect of oxygen pressure (Po2) and Cr concentration on the
IMT and on the stabilization of metastable VO2 T, M2 and M* phases. For this purpose,
the films were deposited using reactive pulsed laser deposition, where the oxygen
environment was tightly controlled. The structural properties, surface composition,
morphology and electrical measurements were carried out using XRD, optical
measurements (FTIR and Raman spectroscopy), XPS, AFM and point probe resistivity

measurement.

In this work, we have established a structural phase tuning of VO2 doped with Cr under
oxygen pressure. By varying the Cr concentration and oxygen pressure, monoclinic, M1,
M2, triclinic, T, and M* phases were stabilized. The stabilization of the metastable VO2 T,
M* and M2 phases was confirmed using XRD and Raman spectroscopy. The structural
phase tuning is accompanied by large scale tuning of the “Yy; yywhich is also confirmed
by infrared transmission hysteresis measurementat 3 ‘ | . The volume fraction of metallic
phase is also determined from both the electrical resistivity and optical transmittance
supporting the percolative nature of IM transition in VO2, which is tied to phase
coexistence and the topology of conductive clusters. The observed decrease in "Yy -
resulting from the T and M* metastable phases is attributed to presence of oxygen

vacancies.
1.2 Experimental details

Undoped and Cr-doped VO: thin films were synthesized on fused silica (quartz)
substrates using reactive pulsed laser deposition (RPLD). Three KJ Lesker targets (pure
vanadium, 5% Cr-doped vanadium and 10% Cr-doped vanadium) with 99.95% purity
were mounted in a vacuum chamber (with a base pressure of 10-® Torr) at a distance of
6.5 cm from the substrate and ablated using a KrF excimer laser (&= 248 nm, fluence of

~2 Jlcm?, repetition rate of 10 Hz). Both the substrate and the target were rotated, and
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the laser beam was rastered over the target surface by the periodic movement of the
focusing lens. The substrate temperature was maintained at 510 °C during the deposition
process. A constant thickness of the films (t = 140 nm) was achieved through a proper
optimization of the deposition rate using both undoped and Cr-doped vanadium targets
under different oxygen pressures of 5, 13 and 22 mTorr. For clarity, the samples
deposited using the Cr-doped vanadium targets will be denoted by 5%Cr-Target and
10%Cr-Target samples.

The structural properties of the films were examined by both grazing incident x-ray
diffraction (GIXRD) in the [ ¢J configuration using a PANal yti cal
di ffractometer w i, toperaté@uat 46 kV and @0 mA and rRaman
spectroscopy. It was necessary to complement the XRD with Raman measurements
since Raman spectroscopy has been successfully used to investigate microstructural and
microscopic properties of materials, especially those of close space group symmetry,

which is the case in this study.

The surface morphology of the films was investigated by using AFM, with images taken
using a DI-EnviroScope, Veeco. XPS is an efficient technique used to extract information
about the elemental and chemical composition of the near-surface of materials. XPS
measurements were carried out using a VG Escalab 2201-XL system equipped with a
monochromatic Al K| (hf = 1486.6 eV) radiation. Argon ion etching was performed for 6
minutes before measurements at an energy of 3 keV to remove the oxides and
contaminants from the film surface. The etching time was obtained by monitoring the

decrease in the C 1s photoemission line intensity.

Temperature-dependent infrared transmission measurements were performed by Fourier
transform infrared spectroscopy (FTIR) using a ThermoFisher 1 Nicolet 6700 equipped
with a temperature-tunable sample holder. The spectra were recorded under dry air

purged environment to avoid any absorption caused by humidity.

Unpolarized Raman spectroscopy measurements at ambient temperature were
performed with a Renishaw inVia Reflex confocal equipped with an excitation laser
operating at &= 514 nm, a 1800 lines/mm grating and a 1 cm* spectral resolution. The

laser power was limited to 100 ¢ W to avoid any local heating of the samples and possible
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modification of their structure. For the in-situ temperature measurements, the temperature
was controlled by a Linkam 600 thermal stage with a silver heating/cooling element,
providing temperature stability of £0.1 °C. A long working distance objective lens of x50
magnification with a numerical aperture of 0.5 was used for the measurements. The noise
observed in the Raman signals is attributed to Cr doping effect on the grain size and the

nature of the substrate used.

[11.3 Results and discussion

[11.3.1 Structural and morphological analyses

Figure 1ll.1(a) and (b) show the full diffractogram of undoped VO2 (M1) and Cr-doped VO2
(M2) phase at 13 mTorr. The VO2 (M1) phase, which is widely identified in literature
[79,100] and confirmed by the presence of an intense peak positioned at 27.98°, is shown
in Figure 111.1(c)-(e). When VO:2 is doped with Cr, a split of the (011) peak occurs. The
splitting of the peak corresponds to (-201) and (201) orientations of the metastable
phases M2 and T, which are shown in Figure 111.1(f)-(h), (j)-(k). The position of the (-201)
and (201) peaks are 27.47° and 28.29° as determined by fitting each peak with Gaussian
functions and in accordance with the ICDD file No. 01-76-0674. It is further supported by
the splitting of other peaks such as the (211) M1 peak [55.69°] that splits into (-421)
[54.96°] and (421) [55.94°] M2 peaks. It is observed that the peak splitting is more
enhanced for the M2 phase than for the T phase, indicating a structural difference and a
strong influence of the oxygen pressure on the stabilization of these metastable phases,
irrespective of Cr concentration. The observed peak splitting among the metastable
phases, which XRD cannot clearly differentiate due to closeness in space group structure,
can be confirmed with Raman spectroscopy since it is an efficient tool to reveal
microstructural details. More interestingly, the thin film from 10%Cr-Target at 5 mTorr
(Figure 111.1(i)) does not exhibit this metastable T phase by splitting into (-201) and (201)
as observed in Figure I11.1(f) but instead splits into peaks located at 24.3° and 29.5°, with
the latter further deconvoluted into 27.4° and 28.6°. This particular phase is labelled M*
phase (see Figure Ill.1(i)) and is identified as a close relative of M1 phase emerging due

oxygen deficiency in pristine VO:2 as reported in Ref. [80]. In addition, no other identified
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phase from Raman peaks was observed by Zhang et al. [80], attributing the appearance
of the M* phase solely to oxygen vacancy. In our study however, Cr doping is involved
which may not rule out a co-existence of the M* phase with other possible phases like T
or M2 phases as indicated by the deconvoluted peak in Figure Ill.1(i). The deconvoluted
peaks at 27.4° and 28.6° could be closely associated with T or M2 peaks. Furthermore,
the presence of a significant portion of V> for the films from10%Cr-Target at 5 mTorr due
to Cr doping, may have played a role in the mixed state of M* and T/or M2 phases. This
is because the low valence state dopants like Cr3* is used to stabilize either T or M2
phases since it acts as acceptors or hole dopants by introducing a V°* ion on a nearest-
neighbour V site, inducing their rearrangement on a sublattice [25,66]. Due to closeness
in space group structure and volume discontinuity between T and M2 phases, it is
important to add that XRD cannot differentiate between them with no ambiguity even
though a weaker reflection of the (-201) and (201) peaks is usually observed from XRD
concerning the T phase. Thus, we have used Raman spectroscopy to probe these
structures to identify the different stabilized phases which will be discussed in Section
11.3.3.
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Figure Ill.1 Grazing incidence x-ray diffraction (GIXRD) pattern of (a) VO2 (M1), (b)
Cr-doped VO2 (M2), (c)-(e) (011) M1 peaks, (g)-(h), (j)-(k) (-201/201) M2 peaks, (f) (-
201/201) T peaks, and (i) M* phase. The dash lines are the Gaussian fits of all the

peaks.

Figure 111.2(a)-(f) show the AFM of undoped and Cr-doped VOz: thin films at 5 and 22
mTorr. Surface morphology exhibits differences in grain size depending on Cr doping

concentration and oxygen pressure. The RMS roughness is shown in Figure 111.2(g) as a
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Figure 111.2 AFM images of undoped (a), (d) and Cr-doped (b)-(f) VOz2 thin films at
oxygen pressure of 5 mTorr and 22 mTorr along with their lateral scales. (g) The

surface roughness of all the films.

function of oxygen pressure. The quality of the Cr-doped VO: film crystals is evidently
sensitive to the oxygen pressure. In particular, the morphology of films at 5 mTorr from
the 5%Cr- and 10%Cr-Target show little effect of Cr doping, with a roughness ranging
from 12 to 14 nm (see Figure 111.2(g)). The major effect of Cr doping occurs for 10%Cr-
Target film at 22 mTorr, which is associated to a significantly low film surface roughness
of about 6 nm. Indeed, the grain size of undoped VO2 (M1) films increases with the oxygen
pressure as previously reported [79]. For Cr-doped films however, different morphological
behaviour with varying oxygen pressure is observed. The different morphological
behaviours observed in the doped films are not due to change in temperature but due to
the combined effect of Cr doping and oxygen pressure. This pattern of behaviour is
evidenced in broadening and/or sharpness in the XRD pattern shown in Figure Ill.1(c)-
(k). In addition, previous study [74] has shown that doping decreases the grain size of
VO: thin films. Increasing doping concentration decreases VO: grain size. Also, reduced
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VO: film thickness generally results in a reduced grain size. Since the thickness of doped
films are influenced by the dopant, we could attribute the noticeably reduced grain size of
10%Cr-Target film at 22 mTorr to a combined effect resulting from doping concentration
increase and thickness decrease.

[11.3.2 X-ray photoelectron spectroscopy analysis

X-ray photo-electron spectroscopy (XPS) is an efficient techniqgue to determine the
elemental and chemical compositions of the near-surface of materials. Knowing the
composition of a binary oxide is essential to determine its phase since the signature of
different oxides is in part determined by their oxidation state contents. For example, the
V203 phase should contain V3* as its dominant oxidation state while the V20s phase has
a dominant V°* oxidation state. Since we study VO2 and its doped counterparts, it is

expected that the dominant oxidation state is V4* and V°* respectively.

Figure 111.3 shows the V 2ps2 core-level spectra, fitted for the undoped and Cr-doped
samples at 5 and 22 mTorr, consistent with previous studies [811 84]. Four vanadium
oxidation states (V°*, V4*, V3* and V?*) are present in all the samples. The V?* contribution
usually appears after Ar etching since Ar* ions break some bonds and, in the case of
oxides, reduce such intermediate oxidation states like the V2*, which is the case in this
study. The etching was performed to remove surface contaminants as already mentioned.
The V#* oxidation state is prominent in all the samples, which confirms a stable phase of
VO3, in agreement with the XRD data. The presence of a significant fraction of VV°* for the
Cr-doped films synthesized from 5%Cr- and 10%Cr-Targets (see Figure 111.3(b)) is due to
Cr doping since Cr3* low valence dopants play the role of an acceptor that stabilizes the
M2 and T phases. Indeed, Pouget et al. [25] have shown that the presence of Cr in VO
lattice causes a transfer of d electron from V to Cr atoms to establish two pairs: V5*1 Cr#*
and V41 V°*, Thus, the M2 and T phases are formed when Cr3* introduces a V°* ion on a

nearest-neighbour V site, inducing their rearrangement on a sublattice [80].
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Figure II1.3 (a) XPS spectra of V 2p3/2 of VO2, 5%Cr-Target, and 10%Cr-Target thin
films and (b) their respective valence content at oxygen pressure of 5and 22 mTorr.
The raw data appear in solid orange dots, the Shirley background in olive green

and the cumulative fit in wine colour (left).

68



Table II1.1 lists the binding energies for the various V oxidation states (see Figure 111.3(a))

of the core level V 2 ps2 at various oxygen pressure.

Table 1ll.1 Vanadium oxidation states of VOz, 5%Cr-Target and 10%Cr-Target thin
films at various oxygen pressures. The values of the binding energies are the same

for all oxygen pressures considered: 5, 13 and 22 mTorr.

Binding Energy - BE (eV)
V5 VA V3t V2
Oxygen V 2pszcore lines
pressure
(mTorr)
VOz2, 5%Cr, 5 517.25 515.73 514.47 512.75
10%Cr
\Y 13 \ \ \% \%
Vv 22 \Y \Y Vv Vv

Figure lll.4(a) and (b) show the nominal Cr concentration determined relative to vanadium
and O/V ratio respectively for all the samples at various oxygen pressures. The mark

shows that the values are the same for the same samples and oxygen pressures.
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Figure 111.4 (a) Nominal Cr concentration of 5%Cr-Target and 10%Cr-Target thin

films, and (b) the oxygen-vanadium ratio for all oxygen pressures.

[11.3.3 Raman analysis

To confirm the structural metastable phase stabilizations shown in Figure Ill.1, Raman
measurements were performed. Figure Ill.5 shows the Raman spectra of undoped and
Cr-doped VO: films at room temperature. As predicted by group theory, the insulating
monoclinic VO2 (M1) has 18 Raman-active modes that are assigned equally to either Ag
or By modes while the insulating monoclinic M2 phase has the same number of modes
but with 10 Ag and 8 Bg modes [85]. The room-temperature Raman modes of undoped
and Cr-doped VO: films have been identified according to references [56,861 89] and are
listed in Table I1l.2. From Figure 111.5, the position of the high frequency Vi O Raman mode
of the triclinic T phase is 633 cm™ as opposed to the M1 and M2 phases whose positions

are at 613 cm™ and 647 cm, respectively. Indeed, a Raman mode of 629 cm, which is
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close to our study was confirmed for the T phase in a previous study [90]. The Vi O
Raman mode of M* phase was deconvoluted into three peaks (623, 643 and 664 cm™) i
see Figure lI1.5(b), confirming a possible coexistence of T or M2 phase within the M*
phase. The stabilization of the T and M* phases at 5 mTorr shows that oxygen pressure
is a critical parameter in controlling the metastable phases of Cr-doped VO: films,
irrespective of Cr concentration. The Vi V Raman mode (also known as low frequency
Raman mode) arises from the perpendicular arrangement of V ions to the & axis [91,92],
and this Vi V mode is determined to be around 194 and 223 cm for the M1 phase, 200
and 221 cm for the T phase, and 205 and 223 cm! for the M2 phase. This establishes
a frequency shift of 8 and 11 cm from M1 to T and M1 to M2, respectively, considering
the mode at 194 cm™! (see Table 111.2). On the other hand, a frequency shift of 2 cm™ is
observed for the mode at 223 cm- for the T phase only. The Vi O Raman mode (also
known as high frequency mode) occurs at 613 cm for the M1 phase, which has been
associated with the Vi O bond stretching vibration. A big frequency shift of about 34 cm!
from 613 cm™ mode to around 630 and 647 cm™ has traditionally served as an indicator
of a transition from the M1 phase to the T and M2 phases, respectively [93]. It also
indicates the shrinking of the Vi O bond due to Cr doping [92].

From Table IIl.2, notable differences in the Raman modes between the T, M*, M1 and M2
phases are observed. In particular, the Raman modes at 260, 309 and 659 cm-%, which
are associated to the M1 phase, disappear completely as expected for the T and the M2
phases. Similarly, modes at around 280, 300 and 750 cm* are notably observed for both
the T and the M2 phases while missing for the M1 phase as expected. The Raman mode
at 390 cm in M1 phase persists until the appearance of the T phase (Cr-doped film from
5%Cr-Target at 5 mTorr), where it is redshifted before its complete disappearance in the
M2 phase. The Raman mode at 448 cm* undergoes a blue shift from the M1 phase to
the T and the M2 phases of the Cr-doped VO: films. The Raman mode around 141 cm?
(see Figure 1l1.5) marked with a black dotted line has been associated with movements
of structural units [94] and in a recent study [92], where its origin is associated with a spin
excitation, shows a monotonous blue shift as a function of oxygen pressure and Cr
concentration in the targets (see Table I11.2). Similar result was obtained in a recent study,

where VO2 doped with Mg was investigated, and a monotonous blue shift of the mode
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with respect to at. % Mg was observed. A mode around 750 cm* which was not discussed

yet in literature to our knowledge, is observed for the M2 phase only.
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Figure IlIl.5 (a) Room temperature Raman spectra of undoped and Cr-doped VO:
thin films showing the monoclinic M1, M2 and the triclinic T phases, the dash lines
serve as guide for the eye. (b) The high frequency Vi O Raman mode of M* phase

with the deconvoluted peaks.

72



Table Ill.2 Room temperature Raman modes of undoped and Cr-doped VO: thin

films.
Raman modes | Undoped VOz2 | 5%Cr-Target film | 10%Cr-Target film
symmetry

13 mTorr 5/13/22 mTorr 5/13/22 mTorr

o 121/126/124 122/---/---
"Ag 141 142/---/--- 139/131/131
Ag 194 200/205/203 196/202/198
Ag 223 221/224/223 219/219/219
Bg 260 —f-f-- ] - [---/---
Bg 274/276/274 287/276/279
Ag/Bg 309 e e e [---/---
Ag 301/297/299 ---[297/---
Bg/Ag 338 340/344/340 ---/343/330
Ag 390 398/---/--- 373/---/---
Bg 448 433/434/434 436/434/431
Ag 498 501/---/-- | --- [---/---
Ag 586 575/541/--- ---/535/---
Ag 613 e e e [---/---
Ag ---/618/--- -—-[---/---
Bg 633/647/644 623/644/646
*Alg/Bg *659 e e 643, 665/---/---
A ---737/751 ---/756/731
Bg 821 817/821/822 810/820/817

SThe *Ag mode shift to lower frequencies.ARaman mode symmetry not found in literaure.
*Raman mode symmetry assigned as Alg by Srivastava et al. [88]
- No peaks found

Figure I11.6 shows the temperature-dependent Raman measurements of all the samples.
All the Raman peaks vanish at high temperature Y “Y , which indicates a transition
from the insulating M1/M2/M*/T phases to the metallic rutile, R phase (see Figure 111.6).
In particular, the mode around 141 cmt, which is attributed to a spin excitation in a recent
study of Mg-doped VO:2 [92], undergoes a monotonous shift for all the phases due to
temperature effect (see Figure 111.6) and persists until their respective “Y . The structural
volume fraction calculation from the Raman data (see X.1) for each sample closely
corresponds to the volume fraction of the metallic phase obtained from the resistivity
measurements. This has been determined through structural fraction analysis from

Raman data as recently reported by Suleiman et al. [8].
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Figure 111.6 Raman spectra of undoped and Cr-doped VO: thin films deposited at
Po2 of 13 mTorr. (&) Undoped VO: films (b) 5%Cr-Target films and (c) 10%Cr-Target
films. The two dotted lines on the left of each figure indicate the position of the low
frequency, ViV, and the dash line on the right indicates the position of the high
frequency, Vi O Raman modes. The red and green arrows indicate the heating and

the cooling cycles, respectively.

[11.3.4 Fourier infrared transmittance and volume fraction analyses

FigurellL7s hows the infrared transmittance at
heating and cooling cycles, evidencing that the hysteresis width reduces with decreasing
oxygen pressure and increasing Cr concentration. Both Cr-doped samples show a high
transmittance “Yo; -at 13 and 22 mTorr as expected due to the combined effect of high

oxygen pressure and Cr concentration (see Figure 111.7(d)). However, the Cr-doped
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samples deposited at 5 mTorr also show a transmittance “Y lower than the undoped
samples and their doped counterparts at 13 and 22 mTorr. It is important to recall that the
Cr3* low valence ion should induce hole doping by acting as acceptors thus stabilizing the
M2 or T phases. The observed low transmittance "Yo; ~gould be attributed to oxygen
vacancies [951 97] which induce donor doping, thereby lowering the IMT temperature.
Similar observation for VO2 deposited at low pressure has been attributed to the creation
of a donor level by the oxygen vacancy betweenthe V3dibands and “bdmds
s uc h t h'dandstade eccupied by thermally generated free electrons [16,97].

The undoped samples, on the other hand, show a wider hysteresis width (see Figure
[11.7(a)) with an enhanced IR transmission for the sample deposited at 13 mTorr. The
heating cycles are distinctively different from the cooling cycles, which could be explained
by metallic phase content or percolation model [98], where an insulating phase remains
with many regions of the films already in the metallic state. Essentially, the conductivity
appears metallic because the conduction paths are made of metallic domains. It may as
well be related to uniformity in grain size and shapes [79] as observed in the AFM images
in Figure 1l1.2. The derivatives of the electrical conductivity and optical transmittances
(see X.2) show that the maxima of the conductivity occurs at a lower temperature than
the highest transmittance for all samples. The shift of conductivity maxima with respect
to temperature has been attributed to the enhanced conductivity within the grain
boundaries distributions and percolation-controlled conductivity through clusters [99].
Moreover, VOz2 is known to be a percolative system. Similar observations were made for
an optical terahertz transmission experiment where the resistance changes at a lower
temperature than the transmission. It was attributed to the presence of low resistance

pathways even when the coverage by metallic conductive clusters is small [79].
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measurements as a function of oxygen pressure.

Figure 111.8(a)-(f) shows the volume fraction of metallic phase obtained from the electrical
resistivity and infrared transmission measurements for undoped and Cr-doped VO: films.
Both volume fractions have been calculated using Equations 1.1 and I11.2 as derived from

Bruggeman effective medium approximation [8,94,100,101]:

. 1irc 11.¢ Irre¢c 1i1,¢c 1i,c 11.¢C . 1.1
0 P C aic 17c dic iTc aT.c
where 0 , , ,, and ware the volume fraction of the metallic phase from resistivity

measurements, conductivity at insulating state, conductivity at metallic phase and a factor

fixed at 1.5, respectively [101]. It is important to add that Equation 111.1 has been modified
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by the introduction of the log function to obtain the same transition temperatures that are

coincident with the logarithmic derivative of resistivity measurements.

0 Y Y] Y Y h .2

where U4, “Yoand ", are the fractional volume of the metallic phase from transmission

measurements, the transmittances at insulating and metallic phase, respectively.

VOz2 is known to be optically transparent at low temperature insulating state and opaque
at high-temperature conducting/or metallic state. The gradual disappearance/or
appearance of this transparent characteristic of VO2 could be attributed to the co-
existence of both the insulating and conducting (metallic) phase. Thus, by using the
assumption in Refs. [98,103i 105] i.e., the optical transmittance being proportional to the
metallic phase content (although metallic phase decreases transmittance, this decrease
is due to the presence of free electrons that interact with light and diffuse light), the volume
fraction of the metallic phase can thus be determined using Equations Ill.1 and 1.2, which
is a symmetrical effective medium theory modified for VO2, from the resistance and
transmittance of undoped and Cr-doped VO:2. Both results are shown in Figure 111.8. The
hysteresis width of the volume fraction of metallic phase, ¥( of the electrical resistivity
for the undoped films increase with increasing oxygen pressure, whereas it decreases for
the doped films with increasing oxygen pressure and Cr concentration. For the optical
transmittance, the hysteresis width of the volume fraction for the undoped and doped films
increase with increasing oxygen pressure and dopant concentration (cf. Figure 111.8(c)-(d)
and (e)-(f)).

The hysteresis width of volume fraction, ¥( determined from infrared transmission
measurements are generally larger than that determined from the electrical resistivity
measurements, particularly for the undoped films (p 1 Y( p xas opposed to ¢
Y(  p g whereY( and¥( denote the volume fraction hysteresis width obtained from
the electrical resistivity and optical transmittance respectively. This kind of discrepancy
was attributed to spatial distribution of conductive clusters during thermal cycles in VO2
films [99,104].
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[11.3.5 Electrical analysis

Figure 111.9(a) and (b) show the temperature-d e pend e nt r19)ofithe undapedt y

and Cr-doped VO: films deposited at oxygen pressure of 13 mTorr, together with its
derivative which is used to determine "Yo; By taking the log derivative of resistivity (i.e.,
d[ I o gT)fprhpdthheating and cooling cycles, and using a Gaussian fit of the resulting
curve, it was possible to determine “Yy; -for both cycles as shown in Figure I11.9(b) as a
function of oxygen pressure. A decrease of "Yy; (¢ 85.16 °C/at. % Cr and -4.15 °C/at. %

Cr) as compared to undoped VO: is observed for the Cr-doped VO: films deposited at 5

mTorr while an increase of ‘Y5544 0. 82 UC/ at. % Cr and 2.

the films deposited at 22 mTorr. A similar increment in "Yy;; g observed at 13 mTorr (see
Figure 111.9(b)). These enhancements are similar to that reported in [26] but lower than
that reported for bulk in Refs. [55,106]. The low value of "Yo; -at 5 mTorr could well be
associated with the stabilized metastable phase, T/or M*, which may be related to oxygen
vacancies. Majid et al. [90] reported a transition temperature of 331 K ¢ 58.3 °C) for the
T phase, which is close to the one obtained in this study. The significant presence of V3*
oxidation state in samples at 5 mTorr may have also influenced the IMT temperatures,
since V3* is known to act like donor dopants [79]. Moreover, there is a general decrease
in V°* content at the said oxygen pressure (see Figure 111.3(b)). In addition, the ratio of
V3* to V#* is highest for the samples at 5 mTorr, decreasing as oxygen pressure increases
(not shown), further reinforcing the point of an oxygen-deficient stabilized T and M*
phases already discussed in sub-section 111.3.1. It has been well established that oxygen
vacancy degrades the resistivity of VO2 and its related switching properties [16,95].
Consequently, the presence of V3* due to oxygen vacancy together with the internal strain
generated due to Cr doping may have had a combined effect on the “Yy; -and influenced
its orthodox structural phases, resulting in the stabilization of metastable T and M*
phases. Furthermore, oxygen-deficient structural stabilization, which causes suppression
of "Yoy yhas its origin from localized distortion [60,63,66]. Other factors like microstructure,
grain orientations and interstitial electronic conductions in grain boundaries [97] may also
play a role. However, in this work, the stabilized metastable T and M* phases are driven
by the combined effect of oxygen pressure and Cr concentration, ushering in an

innovative method to tune both the structural phases and transition characteristics.
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respectively, and the dash lines in the derivative curves serve as guides to indicate

the transition point for the various samples. (b) J|| L1 determined from the derivative

log of temperature-dependent resistivity as a function of oxygen pressure for

undoped and Cr-doped VO2 thin films.

Table 1l1.3 lists “Yy;; -for all the samples at various oxygen pressures.
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Table Ill.3 The transition temperatures as determined from the derivative log of

temperature-dependent resistivity at various oxygen pressures.

Po2 (mTorr) 5 13 22

Transition temperature (3 L1 ) °C

VO2 ~69 ~71 ~72
5%Cr-Target ~48 ~76 ~76
10%Cr-Target ~34 ~81 ~90

.4 Summary of CHAPTER Il

In summary, we have studied the effect of Cr doping and oxygen pressure on the
structural phase stability of polycrystalline VO2 and its IMT properties. Using this
approach, we were able to tune metastable phases and to control the transition
temperatures over a wide scale. We successfully stabilized T and M* phases at 5 mTorr
of oxygen pressure from 5%Cr- and 10%Cr-Targets, respectively. As for the M2 phase,
it was stabilized at 13 and 22 mTorr for both 5%Cr- and 10%Cr-targets. These phase
stabilizations were evidenced by XRD and Raman measurements. Our XPS analysis
shows that the stabilization of T and M* phases is governed by oxygen deficiencies. Of
prime importance is our finding that the transition temperature associated to M2, T and
M* phases decreases from 90 °C to 48 °C and 34 °C, respectively. Our volume fraction
calculations of the monoclinic/insulator phase reveal also a strong correlation of the
thermal switching associated with the electrical and optical changes in Cr-doped VO:
films. This correlation fits well the percolation theory predictions. Our study presents a
systematic approach for structural and Y  tuning of Cr-doped VO: thin films, which
should pave the way to better understanding and tailoring of Cr-doped VO2 materials for
novel technological applications in which highly controlled device environment may be

required.
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CHAPTER IV  HETERO-EPITAXIAL SYNTHESIS OF UNDOPED AND
CHROMIUM-DOPED VANADIUM DIOXIDE THIN FILMS

The work presented in this chapter was already published: Aminat Oyiza Suleiman,
Sabeur Mansouri, Nicolas Emond, Boris Le Drogoff, Théophile Bégin, Joélle Margot,
Mohamed Chaker, Probing the role of thermal vibrational disorder in the SPT of VO2 by
Raman spectroscopy, Scientific Reports, (2021) 11:1620
(https://doi.org/10.1038/s41598-020-79758-1). The chapter presents the results of the
films deposited on r- and c-sapphire substrates with emphasis on the various structural,
morphological, electrical and optical properties of the films. It also describes the role of

thermal vibrational disorder in the SPT of VO2,

IV.1 Introduction

Vanadium dioxide (VO2) is a typical correlated electron material, which exhibits a
reversible first-order insulator-metal transition (IMT) at a relatively low temperature D 68
°C. Upon heating, the VO2 switches from an insulating monoclinic phase (M1 or M2) to a
metallic tetragonal rutile (R) phase [2,22,55,107]. This IMT, with a huge change in the
conductivity of up to 5 orders of magnitude, has been attracting considerable interest for
fundamental aspects [13,91,108,109], and for potential applications [9,11,12,1107 116].
This unique property positions VO:2 at the forefront of exploitable new technologies such
as in micro/nanoelectronic and photonic applications that include thermal control systems
[11,12], microbolometers [9], optical limiters [110], ultra-fast optical switches [111], gas
sensors [112], nanoactuators [113], smart windows [114], thermochromic devices [115],
and IMT transistors [63,116]. However, to efficiently implement VO: in functional and
optimized devices, the microscopic origin of the IMT needs to be elucidated, as it is still
debated. Is it a Peierls-like structural phase transition (SPT) mechanism where the IMT
is driven by instabilities in electron-lattice dynamics or a Mott transition where strong
electron-electron correlations drive charge localization and collapse of the Iattice
symmetry? [13,91,108,109] Recent progress in VO2 IMT mechanism points to a key role
of lattice vibrations and attribute the metallization of vanadium dioxide to a large phonon

entropy [37]. In addition, using extended x-ray absorption fine structure (EXAFS), Hwang
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et al. [36] revealed a significant increase in the Debyei Waller factors of the vanadiumi
oxygen (Vi O) and vanadiumi vanadium (Vi1 V) pairs in the (111) direction at the IMT. This
thermal disorder is attributed to the phonons of the Vi V pairs in the same direction. There
is, thus, some real interest in the understanding of the role of the thermal vibrational
disorder in the phase transition and how this factor could influence the M1-R and the M2-
R phase transitions. This can be addressed by studying the electrical and lattice-dynamic
properties of VO2, which offers useful information in the understanding of the IMT in VOq,
since combining electrical and Raman data (more sensitive to the structural transition) we

can get concurrently information about the electronic and the structural transitions.

Raman spectroscopy probes the local structural properties of materials based on the
characteristic of their vibrational modes (frequencies, widths and intensities) and it has
already been successfully used to study the coupling between charge and lattice degrees
of freedom in strongly correlated electron systems [117,118] and observation of low-
frequency spin excitation [92]. Moreover, the evolution of phonon intensities as a function
of temperature provides crucial information on the electronic properties as well as the
bonding covalence and the local thermal disorder. The Raman data can be combined
with EXAFS measurements for a deeper understanding of the local lattice properties of
strongly correlated electron materials. The approach is based on the analysis that the
bond-stretching vibration of the atoms, which also contributes to the reduced Raman
intensity, is fundamentally the vibrational mechanism determining the EXAFS Debyei
Waller factors [119]. Parameterizing EXAFS measurements in terms of structural
guantities provide information on the average near-neighbour distances, its mean-square
relative displacements (MSRD) , , and the coordination numbers 0 [119]. More
specifically, the,, of the central absorbing atom relative to its neighbours, which appears

in the Debyei Waller (DW) factor A® ¢Q, , is crucial in the EXAFS analysis. Its
temperature dependence determines the thermal contribution to DW factor and inform on

the local structural and thermal vibrational disorder.

In this work, we have stabilized the M2 intermediate monoclinic phase by doping VO2 with

chromium (Cr) using reported methods [26,56]. Thus, by studying concurrently the M1-R
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and the M2-R phase transitions, it is expected that valuable information will be achieved
to better understand the VO2 IMT driving force. We present a distinctive approach for
analysing Raman data of the undoped (M1) and Cr-doped (M2) VO: thin films as a
function of temperature. Films with different thicknesses are deposited on c- and r-plane
sapphire substrates. The crystallinity and morphology of the films are examined by XRD
and AFM techniqgues. The Raman measurements are correlated to the four-probe
resistivity measurements to learn more about the coupling between the SPT and the IMT.
The spectra of VO: films are deconvoluted to extractthe i & 1 ratio where & and i
are the fitting parameters relative to the monoclinic and the rutile phases, respectively.
We also combine Raman data with EXAFS to reveal a connection between the Raman
intensities and the mean Debyei Waller factors, ,, . We find that the temperature
dependence of the, @  as obtained from the reduced Raman intensity reproduces
the temperature profile of the ,, @  measurements as deduced from the EXAFS
data therefore providing a clear evidence of the role of the thermal vibrational disorder in
the SPT.

IV.2 Experimental details

Undoped and Cr-doped VOz: thin films were deposited on r- and c-sapphire substrates
using reactive pulsed laser deposition (RPLD). The undoped and 5% Cr-doped vanadium
targets were mounted in a vacuum chamber (base pressure of 10'6 Torr) at a distance of
6.5 cm from the substrate and ablated using a KrF excimer laser (_ ¢ 1 gm, fluence
of 2 J/cm?, repetition rate of 10 Hz). Both the substrates and the targets were rotated and
the laser beam was rastered over the target surface by the constant translation of a
focusing lens to achieve good film homogeneity. The temperature was maintained at v v
°C and the oxygen pressure at 22 mTorr during the deposition process. A constant film
thickness was achieved through the optimization of the deposition rate. The structural

properties were examined by x-ray diffraction (XRD) in the — ¢—configuration of a

PANal ytical XoPert P R OU radiafioh oparated@min#é kVeand 4&i t h

mA. The morphological and electrical characterizations were performed respectively
using a JEOL JSM-6300F scanning electron microscopy (SEM) and a standard four point-

probe measurement [79]. The stoichiometry of the films was CrV1i®@2 (x = 3%) as
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determined using Rutherford backscattering spectrometry (RBS) measurements.
Temperature-dependent unpolarized Raman spectroscopy measurements were
performed with a Renishaw inVia Reflex confocal equipped witha _ v p mm excitation
laser, a 1800 lines/mm grating and a 1 cm'* spectral resolution. The laser power was set
to about v T &W to avoid any local heating of the samples and possible modification of
their structure. The temperature was controlled by Linkam 600 thermal stage with a silver
heating/cooling element, providing temperature stability of + 0.1 C. A long working
distance objective lens of x50 magnification with a numerical aperture of 0.5 was used

for the measurements.

IV.3 Results and discussion

IV.3.1 Structural analysis of undoped and Cr-doped VO:2 synthesis on r-plane i

Al203 (1-102) and c-plane i Al203 (00006) sapphire substrates
Figure IV.1 shows the — ¢—XRD patterns from 140 nm undoped and Cr-doped VOz2
samples deposited on c- and r- plane sapphire substrates, along with the fitting of the VO2
peak with a Gaussian function in the inset. The stoichiometry of CryV1 k02 @ T8t ais
determined from Rutherford backscattering spectroscopy. The main ¢—positions of our
films for the preferential growth along the (002) [120i1 123] /(020) [124i 126] for the c-
sapphire and (200) [127,128] for r-sapphire were respectively determined to be 39.86°
and 37.17° for VO2 and 40.04° and 37.18° for Cr-doped VO:2. The epitaxial growth of the
VOz2 (M1) films along the (200) is confirmed by the good agreement of the peak positions
with previous studies [123,126,128] and the phi-scan (X.9) measurements performed for
the VOz2 (210) and (220) off-axis peak indicate the high crystalline quality of the VO2 (M1)
films on both substrates. No diffraction patterns for heteroepitaxially grown Cr-doped VO:
with M2 phase films have been reported in literature. The evolution of the (002) and (200)
peak positions as a function of thickness has been investigated down to 5 nm (see Figure
S1-1 in the Supplementary Material). Deconvolution of the peaks of Cr-doped VO:2 on c-
sapphire was performed using three Gaussian functions with centers at 39.90°, 40.04°
and 40.21° while that of VO2 on r-sapphire was done using two Gaussian functions with
centers at 37.18° and 37.41°.
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A clear peak shift and broadening was observed for thicknesses from 5 to 140 nm for all
samples (see Figure S1-1 in the Supplementary Material). For example, for undoped VO:2
on c-sapphire, the broadening reaches a maximum at a thickness of 30 nm accompanied
by a slight shift to lower angles at 140 nm. On the other hand, for doped samples, the
broadening also reached a maximum at a thickness of 30 nm (39.89°) but without any
obvious peak shift. In contrast, for Cr-doped VO:2 on r-sapphire, the peak sharpens with
thickness while shifting to lower angles, from 37.44° at 5 nm to 37.18° at 140 nm.
Undoped VO:2 on r-sapphire showed a broad peak at 5 nm at an angle of 37.96°, which
shifts to 37.01° at 15 nm and remains close to this position for larger thicknesses, just
slightly shifting to higher angles. The broadening and shifting of peaks with varying
thicknesses is most probably related to the strain effect (tensile or compressive) exerted
on the film by the substrate due to lattice mismatch, the lattice parameter of the films

getting closer to that of the bulk with increasing thickness.
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Figure IV.1 P Pscans of undoped (a) and Cr-doped VO:2 (b) films deposited on

c- and r-plane sapphire substrates with their respective insets showing the main

peak positions.

IV.3.2 Morphological properties of the films

Figure IV.2(a),(b) show the RMS roughness and the mean grain size as determined from
the analysis of the AFM measurements performed on VO2 and Cr-doped VO: films
deposited on c- and r-plane sapphire substrates. A slow increase in RMS roughness with
thickness is observed for wundoped and Cr-doped VO2 on c-and r-

plane sapphire substrates.
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of undoped and Cr-doped VO2 on c- and r-plane sapphire substrates.
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Figure IV.3 AFM surface morphology of 140 nm-thick undoped (a), (b) and Cr-doped

(c), (d) VO2 films on c- and r-plane sapphire substrates.

IV.3.3 Electrical resistivity and optical infrared transmission measurements

The temperature-dependent resistivity of single phase undoped (M1 phase) and Cr-
doped (M2 phase) 140 nm-thick VOz2 films on c- and r-plane sapphire substrates is shown
in Figure 1V.4. The transition temperature ('Y ) of VO films were generally higher than
their Cr-doped counterparts by 7.1 °C and 4.2 °C, respectively. The observed VO:
behaviour is in line with previous studies [129,130] as a large and sharp transition with a
narrow hysteresis is observed for VO:2 films grown on c- and r-sapphire substrates, as
shown in Figure 1V.4(a),(c), where up to 4.6 and 4.7 orders of magnitude change in
resistivity were respectively obtained. For Cr-doped VO: films on c- and r-sapphire, a 4.0
and 3.8 orders of magnitude were respectively obtained compared to the undoped films.
Generally, a smaller hysteresis and a larger transition width were recorded for the Cr-
doped samples on both substrates as thickness decreases (X.15 and X.16). It is evident
from Figure IV.4(a),(c) that higher and lower "Y  were obtained on c- and r-sapphire

substrates as compared with the bulk value. This result is in agreement with previous

90



studies [131,132], and is attributed to the compressive/tensile strain experienced along
the ¢ axis of rutile VO2 deposited on c-/r-sapphire, respectively. Interestingly, for Cr-
doped samples, lower Y of 63.8 °C and 58.9 °C are obtained for films deposited on c-
and r-plane sapphire respectively. This observation is in contrast to what is reported in
literature [26], where VO2 with Cr (2.4 at. %) results in a rise in transition temperature.
The observed discrepancy between these two results could be related to the location of
the dopant in the lattice, interstitial instead of substitutional. Pan et al. [76] showed that
the total energy of the system with Cr substitution defects was 8.9% smaller than that with
Cr interstitial defects, thus, Cr substitution should result in increment of the phase
transition since it gives rise to charge transfer from V to Cr. It could also be due to higher
density of grain boundaries for Cr-doped samples, which creates a greater number of
nucleating defects limiting the electrical conductivity. These grain boundaries are

enhanced by the spherical-like grainspre sent on both substrateds

the undoped ones (see Figure 1V.3). The better connection between the grains for Cr-
doped samples with regards to undoped ones facilitates the formation of a current path
between the electrodes. To confirm the enhanced connection between these grains,
optical measurements (X.17) were performed and the transition temperatures of undoped
samples were observed to be higher than that of electrical measurements compared to

the doped samples.
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IV.3.4 The role of thermal vibrational disorder in the understanding of structural
phase transition (SPT) by Raman technique
Figure 1V.5 (a) and (b) show the unpolarized Raman spectra of VO2 and Cr-doped VO2
phases as a function of film thickness (140, 70, 30 and 15 nm) deposited on c- and r-
plane sapphire substrates. Typical phonon signatures associated with the M1 and M2
monoclinic VO2 phases are observed [56,87,88]. The line widths of phonons are narrow,
close to 8 cm™ for the 193 and 224 cm modes, confirming the high crystalline quality of
our films in agreement with our XRD data. Also, with decreasing thickness down to 15
nm, the typical Raman signature of VO2 was still observed indicating high structural and
chemical phase stability of our films. The Raman spectra of VO: films are numerically
calibrated with respect to that of the substrate to avoid any spectrometer readjustment
during our measurements. Table 1V.2 lists the phonon frequencies observed for undoped
and Cr-doped VO:2 on c- and r-plane sapphires for all the film thicknesses down to 15 nm.
Based on space group analysis, 18 Raman-active modes are predicted for the M1 phase
(9 Ag +9 Bg) and the M2 phase (10 Ag + 8 Bg) [56]. For the M2 phase, group theory
predicts the same number of Raman active modes but with different symmetries (10 Ag
+ 8 BQg) [56]. As expected, similar peak patterns are observed for the M1 and M2 phases
but with different peak positions and intensity distributions. In accordance with previous
studies, the appearance of the M2 phase is mainly marked by the emergence of the mode
at 640 cm [56,93]. However, in literature, an unequivocal assignment of the phonon
symmetries and the ionic displacements is still missing [86,87,133]. Here, our assignment
of the phonons is based on a recent study on the assignment of monoclinic VO2 Raman
modes [86]. Marini et al. [56] have shown, using isotope substitution and density
functional theory calculations, that the two low-frequency Ag modes, (193 cm' and 224
cm) correspond to Vi V lattice motion while all the other modes involve the Vi O bonding,
especially the mode around 615 cm that exhibits the largest shift. These peaks are
indicated by the shaded green area in Figure IV.5(a) and (b) while the shaded blue area
highlights the peak shift between the doped and the undoped samples. The high
frequency (Vi O) Raman modes for 15 and 30 nm Cr-doped VO:2 on c-sapphire moved to
lower values of 630 cm™ from 646 cm* and from 637 cm™ to 619 cm™ on r-sapphire for
thicker films (70 and 140 nm). A shift from the Raman mode at 613 cm™ (70 and 140 nm)
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to 615 cm™ (15 and 30 nm) VO:2 on c-sapphire was also observed. Similarly, for VO2 on
r-sapphire, a shift from 615 to 619 cm* was observed. The respective redshift and blue
shift of peaks for both samples could be attributed to the different strain experienced by
the films. Although it is known that a compressive (blue shift) strain is associated with r-

plane sapphire while tensile (redshift) strain is associated with c-plane sapphire.

V-V 4 c-sapph. g §V~0 (a) :V-V E g r-sapph. gV-O (b) :
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Figure IV.5 Room temperature Raman spectra of VO2 and Cr-doped VO: films with
different thicknesses on c-plane (a) and r-plane (b) sapphire substrates. The
shaded green areas highlight the Vi V and the Vi O Raman modes while the shaded
blue areas indicate the shift of the M1 Raman modes in the M2 phase in addition to
the shift of the ViO Raman modes. The asterisk indicates the respective

Ssubstrateb6bs Raman peaks.
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Figure IV.6 shows the Raman spectra of VO2(M1) and the Cr-doped VO2 (M2) phases as
a function of temperature (for heating process) for the films of 140 nm deposited on c-
and r-plane sapphire substrates respectively. The Raman spectra obtained for the cooling
process are presented in the Supplementary Material (Figure S1-6). At room temperature,
a sharp phonon structure is observed. With increasing temperature up to 60 °C, the
Raman signatures of both VO2 (M1) and Cr-doped (M2) phases weaken to finally
disappear above “Y . Similar Raman signatures are recovered during the cooling
process when Y Y . The disappearance of the peaks at high temperature testifies
the structural phase transition to the rutile metallic phase of VO2. This huge difference in
Raman signatures across the IMT makes Raman spectroscopy a sensitive probe for the
structural phase component analysis. Previous quantitative analyses of VO2 Raman
spectra generally discuss about the temperature dependence of the Raman intensity of
some specific peaks and rarely consider the whole Raman signatures [131,134i 136].
These previous studies mainly focus on the modes around 610 cm™ and 200 cm-?, since
they are still clearly observed across the IMT. Furthermore, the previous studies
considered only the integrated intensity of the Raman lines that was determined with
respect to the background Raman signal. However, the Raman response within a
standard model curve [137], is not only composed of the phonon contributions, each
described by damped harmonic oscillator, but also an electronic contribution which arises
from the collision-dominated electronic scattering. This makes these previous quantitative
analyses not entirely reliable, as metallic domains are already present during the IMT.
This is visible in the Raman spectra via an increase in the background signal as observed

in our temperature-dependent Raman spectra.
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Figure IV.6 Raman spectra of undoped (a), (b) and Cr-doped (c), (d) VO2z on c-plane
and r-plane sapphire substrates with the red arrows indicating the thermal cycle of
heating. The dotted black and blue lines depict the Raman peak positions of the

low (Vi V) and the high (Vi O) frequency Raman modes respectively.

Here, we analyze the structural phase changes across the IMT by comparing the phonon
signature of mixed phases with that of the pure room and high temperature phases. In
this analysis, the Raman spectra at room temperature (RT) and at high temperature (HT),
i.e., well above Y , are considered as the reference for monoclinic and rutile phases
respectively. By a Multiple Linear Regression analysis and using Equation IV.1, we can

find the fitting parameters & and i, which correspond to

YY 6°Y a’YYY 6'Y i1YOY 07, V.1

where 'Y "Y and 0 "Y are the experimental Raman spectrum and its corresponding

straight baseline, respectively. The baseline curve is determined from the linear part of
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the spectrum above 1200 cm™ owing to weak electronic scattering contribution to the
Raman response at high frequency. Using the fitting parameters & and i, the quantities
afd& 1 andifd& 1 correspond to the monoclinic and rutile phase fractions (i.e.,
the co-existence of highly conductive (rutile) and weakly conductive (monoclinic) phases
over a broad "Yrange across the IMT, even at the nanoscale level as reported by recent
studies [138,139]), respectively. Hereafter the calculation of these quantities is called
structural fraction analysis. The evolution of rutile phase fraction (the i ¥ & i ratio) of
VO2 (M1) and Cr-doped (M2) phases as a function of temperature for both c- and r-plane
sapphire substrates is shown in Figure IV.7. The obtained results reproduce similar
temperature profile as our electrical measurements and confirm the VO:2 reversible IMT
between the insulating monoclinic phase and the rutile metallic phase during the heating
and the cooling cycles. Here, the transition temperature for the cooling and heating cycles
is defined where the i¥ & 1 ratio equals to 0.5. In order to learn more about the
coupling between the SPT and the IMT in both VO2 (M1) and the Cr-doped (M2) phases,
we compare, in the same figure, the rutile phase fraction for each samples to its
corresponding metallic fraction. The metallic fractions are deduced from our electrical
measurements using a modified Bruggeman effective medium approximation [101]

following Equation IV.2:

@ p & T[, V.2

where wand p @ are the volume fractions of conductive, ‘Qand insulating, "‘(phases,
respectively, while Y "Y is the measured resistance. The factor n is related to the
depolarizability wby f p @ ¥& This factor is fixed atf;  p® as reported in the Refs
[102,136]. In our approach, we take as a variable log(R) since in conventional analysis
Y is determined using the logarithmic derivative. At each temperature, the volume
fraction of the metallic phase @can be calculated using the measured resistance values
presented in Figure 1V.4. Here, the transition temperature for the cooling and heating
cycles is also determined when wequals 0.5. This approach makes it possible to find the
same transition temperatures coincident with the logarithmic derivative of our resistivity

measurements with an adjustment (introduction of the log function to obtain the same
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transition temperatures that are coincident with the logarithmic derivative of resistivity
measurements) of the equation in Ref. [101]

Taken together, these results reveal that the coupling between the structural and the
electronic transitions in VO2 films is sensitive to the substrate strain (tensile or

compressive strain) and to the nature of the involved phase transitions (M1-R or M2-R).
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Figure IV.7 Metallic and rutile fraction analysis of undoped (a), (b) and Cr-doped
VOz2 (c), (d) on c-and r-plane sapphire substrates. The black and red arrows indicate
the cooling and the heating cycles.

The transition temperatures, obtained from metallic and rutile fraction analyses, are
summarized in Table V.1. A difference in the structural and electronic transition

temperature is observed for undoped VO:2 on c-plane sapphire substrate as seen in Figure
IV.7(a).
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Table IV.1 Transition temperatures determined from fraction analyses of electrical

and Raman measurements.

Samples Thermal cycle Metallic fraction (°C) | Structural fraction (°C)
Heating 74 70
VO2/Al203(0006) Cooling 69 67
Cr-doped Heating 67 67
VO2/Al203(0006)
Cooling 63 67
Heating 65 65
Cr-doped Heating 60 65
VO2/Al203(1-102)
Cooling 56 60

At 0.5, the structural fraction analyses give transition temperatures of D 67 and D 70 °C
for cooling and heating cycles respectively, while those from the metallic fraction analysis
are 69 and 74 °C. Also, we find that the electronic transition takes place when the
structure is completely rutile. Furthermore, our Raman study in heating (cooling) run,
showed an unexpected blue shifts at D 70 °C (D 67 °C) of the characteristic phonons at
193 cm'?® (Vi V vibration) and at 614 cm'! (Vi O vibration) (see X.19). The frequency
hardening behaviour is similar to that reported in previous studies [131,135] where it was
attributed by the authors to a transient structure, like the M2 phase, stabilized in a narrow
temperature range occurring just before the transition to the rutile phase. Okimura et al.
[126] have observed an intermediate insulator phase by in situ temperature-controlled x-
ray diffraction across the IMT specifically in VO2 grown on c-plane sapphire substrate,
which they assigned to the M2 phase. In agreement with these previous studies, the
fraction analysis approach is consistent with the presence of an intermediate insulator

structure that may induce a large phase separation around the IMT for the VO2 grown on
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c-plane sapphire (see Figure 1V.7(a)). Actually, the presence of this intermediate phase

for the case of VO2 on c-sapphire (referred to as a third phase) makes the hypothesis of

the co-existence of only two phases invalid and as such, the IMT and SPT temperatures

cannot be directly compared. This intermediate insulator structure, observed mainly

between 68 and 71 °C, is stabilized at the interface level of VO2 on c-sapphire due to

substrate strain effect. The small discrepancy in the temperature range at which the M2

phase is observed in this study compared to that reported in Ref. [126] could be due to

the different conditions of growth that may affect the microstructure of the studied films.

In addition, the frequency of the Raman modes at 193 and 613 cm™,

Table IV.2 Observed room-temperature phonon frequencies of undoped and Cr-

doped VO:2 on c- and r-plane sapphires for thicknesses of 140, 70, 30 and 15 nm

[86].

Raman VO2/Al203(00 | Cr-doped VO2/Al203(1-102) | Cr-doped

modes 06) VO2/Al203(0006) VO2/Al203(1-102)

symmetry
140/70/30/15 | 140/70/30/15 nm | 140/70/30/15 nm | 140/70/30/15 nm
nm

y -[-1-1- 122/126/126/129 | -/-/-I- 128/135/137/134

By 140/141/141/ | -I-I-I- 139/139/140/140 | -/-I-/-
137

Ag 193/194/195/ | 199/197/197/197 | 195/195/196/196 | 201/197/198/194
195

Ag 224/224/224] | 224/224/224/222 | 224/224/225/225 | 223/222/224/223
224

Bg 262/262/263/ | 273/273/272/273 | 262/262/263/- 272/269/271/-
260

100




Aqg/Bqg 308/309/310/ | 304/306/305/308 | 309/308/310/- 304/309/305/301
309

Aqg/Bqg 338/339/339/ | 340/340/340/341 | 339/335/336/- 341/-/-/-
341

Aqg 390/391/391/ | -/-I-I- 390/386/382/- 1-1--
390

Bq -1-I- 394/394/-/- 396/397/399/- -/-1401/399

%Aq 435/-/435/- | -I-I-I- I-1-I- 438]-/-/-

Bq 444/443/435]- | 446/444]-/- 444]443/-/- 444-|-/-

Bq -1-I- -1-I- I-1-I- 453]-/-/-

y -1-I- -1-I- AT9IATTI-1- I-1--

Aqg 497/496/498/ | 501/501/504/- 497/498/491/- 500/495/-/-
477

Aqg 613/614/615/ | -/-/-I- 616/615/618/619 | -/-/-/-
615

Aqg -1-I- 620/619/-/- -1-I- I-1--

Bq -1-I- 646/648/632/630 | -/-/-I- 637/626/632/619

*Ag/Bg "655/660/662/ | --I-I- 664/°646/-/- I-1--

Bq 820/822/820/- | 815/812/816/- 822/824/818/- 823/815/816/815

YRaman mode symmetry not yet assigned in literature; YRaman mode symmetry assigned as Ag by Aronov

et al. [141] ; "Raman mode symmetry assigned as Aig by Srivastava et al. [88]; and i no peaks found.
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considered as a fingerprint for the different VO2 phases, shifts to higher energy when the

thickness of the film decreases (see Table 1V.2).

In particular, the Vi V mode at 193 cm approaches the corresponding mode frequencies
of M2 phase and the 613 cm* mode by 2 cm* while broadening. These observations are
in agreement with the findings reported by Atkin et al. [93] to distinguish the Raman
response of the M2 phase from that of the M1 phase. This indicates that the appearance
of the intermediate insulating phase (expected to be M2 phase) in the VO2 films grown
on c-plane sapphire is due to a structural disorder induced by the in-plane tensile strain
along the & (i.e., & ) axis that destabilizes the M1 phase. By doping VO2 with 2.4 at.
% Cr, only the M2 phase is present, the large phase separation vanishes and the SPT
and IMT temperatures remain similar. For the undoped VO: on r-plane sapphire substrate
in Figure IV.7(b), no evidence of phase separation is observed and the temperatures
corresponding to the structural and electronic transitions are almost the same, attesting
the strong coupling between the SPT and the IMT. This connection vanishes (or is
reduced) when the film is doped with Cr as seen in Figure 1V.7(d). Interestingly, in this
case, the electronic transition precedes the structural transition. The SPT and the IMT in
Cr-doped VO:2 on r-plane sapphire develop over different temperature scales and are
separated by region where an unusual monoclinic-like metallic phase is present. Our
finding suggests that the monoclinic-like metallic phase, recently identified in VO2 thin
films grown on TiO2 (110) [142], also takes place for Cr-doped VO2 grown on r-plane
sapphire. This unusual monoclinic-like metallic phase could be due to a substantial
weakening of the ViV bond stabilized by a combination of substrate compressive and
doping strain effect, since metal doping of VO2 is known to create an internal strain effect
[76].

In order to learn more about the role of the lattice vibration in the metallization of VOq,
and the influence of the local structural disorder across the SPT, we combined our Raman
data with EXAFS measurements as reported in Ref. [36]. In EXAFS theories, the Debyei
Waller describes the temperature dependence of the envelope of the EXAFS oscillations
which is expressed in terms of the mean-square relative displacements (MSRD) between
the absorbing atom and its near neighbours [143]. The connection between Raman and

EXAFS data relies on the fact that the bond-stretching vibration of the atoms, which
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contributes to the Raman intensity, is essentially the vibrational mechanism determining
the EXAFS Debyei Waller factors [119]. The appropriate way to interpret the Raman
intensity is therefore to examine the reduced Raman spectrum IR(¥), which should be
free from temperature dependent factors, and it compares better with the phonon density
of states given by Equation IV.3.

01 1 0j&1 p, V.3

where € 7 is the Bosel Einstein distribution factor and ‘Q is the observed intensity.
This reduced Raman intensity can be approximated by the product O7 o1 "1,
where'O7 is a matrix element or a frequency-dependent coupling coefficient and ” ]

is the density of vibrational states. A best fit for the phonon density of states usually results
inO71 97 [117,119,144]. To consider only the contribution of the monoclinic phase of
VO2 to the Raman response, we normalized the reduced Raman intensity to the
monoclinic phase fraction aj & i i [119,143,144]. The nearest neighbour MSRD
may be expressed in terms of a relative density of vibrational states (also referred to as
local or projected density of vibrational states) to which only the modes giving rise to
compression of the bonds contribute. Using the reduced Raman intensity expression, the

nearest neighbour MSRD is given by Equation IV.4:

AT 6 % V.4
” —| A I ~
J o
i cQY 1k

" ¢ 1

where 9 is the reduced Planck constant, ‘ is the reduced mass of the atomic pair and 'Q
is the Boltzmann constant. In this calculation of, @ @ of the Vi V pair, we considered
only the Raman active-modes at low frequencies, which are sensitive to the ViV
vibrations. In other words, the integral was taken to be the surface of the involved peaks
around the Vi V region of 100 and 300 cm™, where the Vi V vibration of the bonds exists.

The results of this calculation are presented in Figure IV.8.
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Figure IV.8 Temperature-dependent mean square relative displacement determined
from the Raman data and from EXAFS measurements [36]. Filled symbols
correspond to heating cycles and open symbols to cooling cycles (EXAFS). Pink

symbols are for Raman measurements and blue symbols for EXAFS.

The temperature dependence of, ®w ® obtained from the Raman data is compared
with that deduced from the EXAFS measurements of , @ w as reported by

Hwang et al. [36] for the VO2 grown on c-plane sapphire. In the fits of the EXAFS data,

the disorder parameter ,, » ,  includes the static disorder,  and the thermal
vibration disorder,, .The MSRD, obtained from the Raman data represents only the
thermal vibration disorder , . In Equation 1V.4, the only adjusting parameter is the

proportionality factor between ‘O] and] , which is independent of temperature and
controls only the , magnitude. By adjusting this factor to obtain the same ¥, @ ®
shift, we can estimate the static disorder,, , whichisx Tty , X 1@t @w . The

temperature dependence of , @ , obtained from the Raman data, is in agreement
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with that of ,, ®  deduced from the EXAFS analysis, exhibiting a slight shift of
the transition temperature, which is probably due to the intrinsic property of each studied
film (thickness, microstructure and growth conditions). Interestingly, both, @ « and
» @ w show an unexpected increase around the transition temperature. Indeed,
previous theoretical and experimental studies have shown that the rutile phase is
structurally more stable than the monoclinic phase [145]. Hence, it is expected that the
disorder parameter , of the Vi V pairs should be larger in the monoclinic phase than in
the rutile phase, since the zigzag configuration of the V atoms in the M phases can induce
more static disorder in the atomic Vi V pairs. Moreover, an additional structural disorder
is expected in the monoclinic phase since the VO:2 films, initially grown at 550 °C, are
stabilized in the rutile phase and cooled down to the monoclinic phase at room
temperature. While EXAFS measurements of ,, cannot separate between the static
disorder and the vibrational disorder contributions but, here, by calculating the MSRD ,,

from vibrational Raman data, we clearly reveal (see Figure IV.8) that the unexpected
increase of ,, is not due to a static disorder but is rather related to the thermal vibration
contribution, which gradually increases (decreases) during heating (cooling). Our findings
provide an evidence on the role of the thermal vibrational disorder in the SPT in VO2 and,
accordingly, in its IMT. In particular, our results indicate that the presence of an
intermediate insulator structure, the M2 phase for VO2 grown on c-plane sapphire, is
mainly related to a vibrational structural disorder, particularly at the V sites. This structural
disorder could be sensitive to the in-plane tensile strain induced on the film by the c-plane
sapphire. To calculate the thermal vibration disorder,, @  in VO2 and Cr-doped
VO:2 on c- and r-plane sapphire substrates, we have extrapolated the same analysis on
the Raman data from Figure IV.6 and the results of our calculation are presented in Figure
IV.9. We found that, generally,, @  increases across the SPT in all the studied
films attesting to the key role of the thermal vibration disorder in VO2 phase transition.
Further investigations are currently underway on VO:2 polycrystalline films to understand
the effect of oxygen pressure during deposition and VOz2 films Cr content on this thermal

vibrational disorder.
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Figure IV.9 Temperature-dependent d, s 1 determined from Raman data,
which is obtained using the same parameters as in Figure IV.8. A negligible fraction

contribution is not considered.
IV.4 Summary of CHAPTER IV

In summary, we have performed a systematic Raman study of the phase transitions in
undoped and Cr-doped VO: thin films epitaxially grown. The coupling/decoupling
between the SPT and the IMT in the studied films was analyzed by quantitatively
comparing the structural fraction analyses, calculated from Raman data, to the metallic
fraction obtained from electrical measurements. Our results show that the coupling
between the structural and the electronic transitions in VO2 films is sensitive to the
substrate strain (tensile or compressive strain) and to the involved transition (M1-R or M2-
R). Interestingly, our observations suggest that the monoclinic-like metallic phase,
recently identified at ambient pressure in VO3 thin films grown on TiO2(110), is also taking

place in the Cr-doped VO2 grown on r-plane sapphire. We have established some
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connection between the Raman intensities of the VOz2 films and the mean-square relative
displacements ,, , that determines the Debyei Waller factors in the EXAFS analysis. We
also found that the temperature dependence of the , ® @ as obtained from the
Raman data, reproduces the temperature profile of the ,, @  deduced from the
EXAFS data. Our analysis demonstrates that the thermal vibrational disorder, not
considered in previous theoretical works, plays an important role in the phase transition
of VOz2 films. This effect, expected to exist in a wide variety of strongly correlated electron
materials, such as IrTe2[146], can be explored with this combination approach between
Raman and EXAFS data.
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CHAPTER V TEXTURED GROWTH OF UNDOPED AND CHROMIUM-
DOPED VANADIUM DIOXIDE THIN FILMS ON LaAlIOs (LAO)
SUBSTRATES

V.1 Introduction

In addition to the mainly studied phases of VO2 such as M1 and R phases, there are other
polymorphs of VO:2 film material. Among the polymorphs that has attracted attention is
the B phase, which is also a monoclinic structure. It has the same space group as M2
phase, C2/m but different from M1 phase, P21/c. It is considered to be metastable in
ambient conditions with lattice parameters & p @t B o BhD @8 Bh

p 1tdp J145]. The VO2 (B) phase is a layered structure due to its arrangement of double
layers parallel to the ¢ dplane with a slightly distorted octahedral. VO2 (B) films usually
exhibit a tendency to layered growth, especially along Tt 1t pcrystal planes that are
parallel to the substrate surface. However, it has also been shown that at high
temperature, say 450 °C as reported in [147], other polymorphs can also become
favourable depending on deposition method and substrate used. Other authors have also
explored low temperature stabilization of VO2 (B) phase without lattice-match to the
substrate [148] and with lattice-match on p 1T fcut SrTiOs etc. at a relatively high

temperature [149].

In a previous work by Emond et al. [150], VO2 (B) phase polymorph was obtained on
LaAlOs (LAO) substrates, with a critical thickness of around 25 nm beyond which a mixed
(B+M1) phase emerged. In this work, the film thickness on LAO substrates was varied to

attain the polymorphic B phase while maintaining a growth temperature of 550 °C.

By using the same substrates, we have demonstrated that the same B phase could be
obtained from Cr-doped VO: films. In particular, the Cr-doped VO: (B) phase was
obtained at a critical thickness, 0 v Tmm beyond which the mixed (B+M2) phase
emerges. With the report of Cr intercalation in layered materials like LiVO2 explored for
battery applications, which has led to improvement in structural stability and retention
capacity [151], this layered polymorphic B phase could be explored for such applications.

Moreover, a metal-insulator-metal structure including Cr-doped VOz2 film could form a new
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selector device for bipolar switching resistive random access memory (ReRAM) [152],
including a prospect for microelectromechanical or optomechanical devices [78]. The Cr-
doped VO2 (M2) intermediate phase, stabilized as an intermediate metastable phase in
this work, has also been touted as an important step towards the fabrication of a practical
Mott transition field effect transistor (MTFET) [91]. Thus, the motivation for this study is to
understand the behavioural dynamics of Cr-doped VO: films on LAO in forming a layered
polymorphic B phase as film thickness varies, and to explore their different structural and
switching properties.

The samples were grown on (001)-cut LAO substrates by PLD through the ablation of a
vanadium metal target in oxygen at 22 mTorr and at a substrate temperature of 550 °C.
A gas flow of 5 sccm was maintained during all depositions. The LAO substrates were
thoroughly cleaned in an ultrasonic bath with acetone at 60 °C, rinsed in isopropanol, and
blown with N2 gas before being placed in the vacuum chamber. The deposition rate was
carefully optimized separately for both VO2 and Cr-doped VO: using a laser fluence ofx

2 J/cm? and a repetition rate of 10 Hz. After deposition at 550 °C, the sample was cooled
inside the chamber with no post-annealing. All the sample cross-sectional thicknesses
were determined by scanning electron microscope (SEM) and were re-confirmed through

x-ray reflectivity (XRR) measurements.

V.2 Structural, electrical and optical properties of undoped and Cr-
doped VO thin films on LaAlOs (LAO) substrate.

Figure V.1 shows the — ¢—x-ray diffraction scan of all the studied samples for various
film thicknesses. The B phase polymorph of undoped and Cr-doped VO: peaks have
been indexed as (14.26°, 28.86°, 43.94°, 59.86°, 77.19°) according to the ICDD File No.
01-084-3056 showing a strongly favoured 1 1 reflections while the M1 and M2 phase
peaks have been indexed according to ICDD File No. 00-04-31051 and 01-076-0674
respectively. Unlike undoped VO3, where the thickness at which the M1 phase fully
emerged was at 38 nm according to a previous study [38] (and in agreement with this
work i see Figure V.1(c)), the thickness at which the M2 phase emerged for the Cr-doped
VO: is higher than v Tnm as seen in Figure V.1(a). Interestingly, despite structural

differences between undoped and Cr-doped VOq, the stabilized B phase polymorph for
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low film thickness exhibits the same XRD structure in both cases. This could be due to
strain exerted on the film by the substrate, since the films assume the crystallographic
orientation of the substrate in epitaxial growth processes. The emergence of M1 or M2 at
higher thickness may also have resulted from the strain relaxation process as film
thickness increases. In Figure V.1(b) and (d), the reflectivity spectra are shown as a
function of the angle of incidence —for the various film thicknesses of undoped and Cr-
doped VO: film.

— 1 !
o T 1
[] - 1
3 ; 1
> | 1
= | 1
(/) . 1
c 1
9 ; 1
c :
= 1 1
1 +cCr-doped VO,(B) # Cr-doped VO,(M2) 1 +vouB) *VO,(M1)
20 40 60 80 20 40 60 80
20 (°) 20 (°)

—2nm .

o (b)
20 nm
35 nm
=50 nm

—um(d)

w100 NmM

Intensity (a.u.)

.0.5 1 '1:5' é .2i5. é '3:5 '0:5. ‘i l115. é .2:5. é .315

20 (°) 20 (°)

Figure V.1 P Px-ray diffraction scan at all investigated thicknesses of (a) Cr-

doped and (c) undoped VO: thin films together with their corresponding x-ray
reflectivity measurements (b) and (d). The +, O and * dtedpeakes t he
of B, M2 and M1 phases from undoped and Cr-doped VOz2, respectively.

The oscillatory structures, also called Kiessig fringes, are visible with amplitudes larger

for low film thickness and smaller for high film thickness. These oscillations originate from
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the interference of x-rays reflected fromthef i | més surface and the sub
VO2zor Cr-doped VO2/LAO. The ability to measure the reflectivity spectra for the high film
thickness indicates the growth of a film with highly textured structure with smooth surfaces
and a well defined substrate interface. The film thickness (0) was confirmed by analyzing

the critical angle, — using Equation V.1.
o — OEL Al & T, V.1

where ¢ is the number of minima or maxima taken into account after —, —is the angle of
the ¢ fringe and o is the film thickness in A (0 will be the same units as lambda). The
critical angle, determined from the derivative of intensity and angle in Figure V.1(b) and
(d), and the calculated density of the Cr-doped VO2 (B) phase are shown in Figure V.2 (a)
and (b). Both decrease as film thickness increases.
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Figure V.2 Critical angle (a) and density (b) of the Cr-doped VO2 (B) phase as a
function of thickness. The blue shaded region denotes the density of bulk B phase

polymorph.
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Figure V.3 shows the AFM images of B, B+M1 and B+M2 phases for undoped and Cr-
doped VO:. The surface morphology and roughness of the B phase are in sharp contrast
to those of the B+M1 and B+M2 phases. In particular, the B phase shows a lower surface
roughness compared to the mixed phases. The surface roughness is shown in Figure V.4
as a function of film thickness, which increases with increasing film thickness. The surface
roughness is low for the B phase and high for the mixed phases from both undoped and
Cr-doped VOz2 films. The difference in morphology seen in Figure V.3 marking the critical
thickness at which the M1 and M2 phases begin to co-exist with the B phases, is in
agreement with the XRD observations. The morphological differences are also visible

between the mixed phases obtained from undoped and Cr-doped VOo..

vCr-doped VO, WO,
(a) 4 " > 0 nm; A 20.5ni

15.0

10.0

Figure V.3 Left side: AFM images of Cr-doped VO:2 (B) for two film thicknesses [(a)
and (b)] and (c) Cr-doped VO2 (B+M2); right side: AFM images of undoped VO: (B)
[(d)] and VO2 (B+M1) phases for two film thicknesses [(e) and (f)].
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Figure V.4 Surface roughness of (a) VO2z (B, B+M1) and (b) Cr-doped VO:2 (B, B+M2)

phases.

The various stabilized phases exhibit different electrical characteristics as shown in
Figure V.5. The temperature-dependent resistivity of the mixed (B+M1) and (B+M2)
phases (Figure V.5 (a)) generally shows a steep rise in transition hysteresis indicating the
dominant influence of M1 and M2 phases on the insulator-metal transition compared to
the B phase. The B phases show semi-metallic-like behaviours over the temperature
range shown with no transition, and very narrow or no hysteresis width, in agreement with
previous studies [148]. The critical transition temperatures are determined from the
differential log of resistivity shown in Figure V.5(b). The 4 orders of magnitude recorded
for both the mixed phases of undoped and Cr-doped VOz: indicate the dominant phase of

pure M1 and M2 phases, as also observed recently on sapphire substrates [8].
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Figure V.5 Temperature-dependent resistivity (a) and differential log of resistivity
(b) of undoped and Cr-doped VO: for various film thicknesses. The red arrow

indicates the heating cycle and the wine arrow indicates the cooling cycle.

The switching parameters of the mixed (B+M1) and (B+M2) phases are listed in Table
V.1 with 3'Q 3"Yand 3-Y representing the hysteresis width, the transition sharpness and

the resistivity contrast.
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